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spatial information is important, such as inthe WKDW ZKHQ WKH OHDUQLQJ H
cHOG R Byasidll, FOYBXR training  ciently different from the environment in which
can also eliminate some of the risks inherent tdearning is subsequently measured, performance
highdevel training by placing individuals in a tends to sufferfulving & Thomson, 1978 This
simulation rather than a reaerld dangerous principle was further explored experimentally
situation. by Godden and Baddeley (197%) which they

7UDLQLQJ LQ ;5 SURPLVHVYoundRhaK Ecifbd divétQwhg WiédMmorized lists
beyond simply supplementing traditional train of words on dry land recalled those lists-bet
ing protocols. Whether it is a tingaving, cost-  ter above, rather than below, the surface of the
VDYLQJ PHDVXUH RU QRW At&ad. Thikl €li$ inty yliestidh vidéthir[ieavnidg
may still outweigh potential drawbacks. Evencan fully transfer from practice to performance
ORZGHOLW\ 95 FRQWDLQV D MWhéehFté Vpdribridakcd &&Ury InFD dfferent
world that cannot be replicated in the traditionalenvironment from training, such as is the case
classroom settingsKpzak et al., 1998 One when XR is used. In thEodden and Baddeley
FDQ DUJXH WKDW D VLP XO DWHSexampl Wiatfsdther@alk Mamdpiing H
LQ FRPPRQ ZLWK D UHDO E ivivdal @HndiMiu& was keBrngh B/ saely
classroom. operate an underwater air tank? In such a sit

The potential also exists that XR might beuation, training on land for subsequent perfor
used to help people prepare for situations thatnance underwater could prove disastrous if the
do not yet exist, or are not yet safe for humanstraining did not transfer effectively. This same
and thus cannot be adequately prepared for iBoncern can be potentially extended to train
situ, for example, prospective missions to Marsing in XR. The situations in which simulation-
(Hancock, 201y XR allows for training in EDVHG WUDLQLQJ KDV WKH PR
locations and for events where there are no safexpensive, and/or unsafe conditions) also have
and realistic parallels. Additionally, such sim the highest cost of failure when training proves
XODWLRQV FDQ EH UDSLGO\inededaatd.!| ¢t FLHQWO\ XSGDWHG
as new information becomes available, unlike
RWKHEPYGNHOOW\ EXLOW HQYLURQPHQWYV ZKLFK DUH
much less malleable. Outcomes of Extended Reality and

However, training in XR does not solve all of Simulation-Based Training
the problems that plague current training meth ~ Simulationbased training has already proven
ods. While simulation may be the solution to advantageous for the military. It has been shown
some issues, it comes with its own set of caveat8W KDW SLORWYV ZKR (UVW WUDLC
and concerns that have to be balanced againd HVWLU®EW WUDLQLQJ WLPH EH
those of more traditional methods. One suchacceptable level of competencRaftanen &
caveat is the rate of technological innovation,Talleur, 200%. Simulators, as surrogates for
which far exceeds the speed of designingmany of the expensive and limited resources or
implementing, and testing a training regimendangerous situations encountered by the military,
(Hancock & Hoffman, 2016 Therefore, by the free up equipment (such as runways) that might
WLPH D VLPXODWRUTTV HI¢ F Dbh&unavailable tietD ozt aperatvrRIRIOEnys
fully tested, it is already out of date. The vari and allow the training of dangerous operations
ability between the technology in use makes it VXFK DV ALJKW DQG DLU WUDI
GLI¢FXOW LI QRW LPSRVYVL B@iherWwARditopaly, UraiRidgO 0 \sitnideSdD L
cate an earlier investigation of Xbased train  environments offers the possibility of immedi
ing effectiveness. ate feedback (Haque & Srinivasan, 2006). Such

In light of these concerns and the numerousmmediacy promotes faster and more accurate
EHQH/WERVYHS WUDLQLQJ Lianihg/by SR theVIBathey s@itRect mis
assess the applicability of the training (in XR) takes before the result of the error is propagated.
to execution of the task (in the real world). The Training in XR appears to hold similar prem
SULQFLSOH Rl 3HQFRGLQJ 5&a&sRlsgl@tiomfdr many 6f the Problévs that
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FXUUHQWO\ PDNH WUDGLW L RécbadisivV thit Lriddh Be GdanlsilErdD WovD Q C
ineffective. Of course, the question of whetherWKHQ FDQ WKH HI/JEFEDVH®RI VQ
or not XR is a suitable medium for trainingis VSHFL¢; FDEDOAHG WUDLQLQJ El
the subject of some debate. Applicability of XR To answer this question we conducted a meta-

as a training platform lacks some of the hapticanalysis of the current empirical literature on
feedback that the real world offers. Additionally, the topic.

the variability in visual quality of different XR

products, lag and tracking problems, and therhe Present Meta-Analysis

potential for simulator sickness are all sources

Rl OLPLWDWLRQ WKDW PD\ aqoyd?g,@aigﬁw eﬂ%gﬁﬂﬁﬁﬂﬁ;ﬂ&&%ﬁé

cacy. To that end, the success .Of Kased a topic, and training so important an area, that
training must be evaluated empirically acros

S . .

n Il cts o ining in, XR have been
GLIIHULQJ DSSOLHG ¢(¢HOGV aZ}d sg?&é&éa%ﬁ:\/a d \tai%b e In'meta-
not a straightforward task. Learner CapaCitieSanalysis One previou,s medaalysis exam
vary, and inherent individual differences _hgve LQH G RQO\ WKH HIZFDF\ RI V3
been shown to affect the transfer of training,

hether f I imulated B (seeHaque & Srinivasan, 2006a vital but
whether from real or simulated sourc (ng small areaFletcher etal. (2017)examined a
etal., 2010. Additionally, the modes of deliv

lyzing the_effecti ess_of
HU\ Rl YLUWXDO WUDLOLQJ YIS pogre: PY
LW\ %RWK RI WKHVH |DFWRL{X§3§%§§§%}‘1@H JTF;, A gee (ﬁg& i %/v

on later performance measures. we employ. Fletcher’'s analysis allowed -arti
. . FOHV ZKHUH SV\FKRORJLFDO A

The Transfer Effectiveness Ratio during virtual training represented an outcome

2QH RI WKH PRVW EHQH /¢ RlaRble;RaydRibhaM, ¥rti€lds were included in
assessment is that transfer of training from-simtheir assessment where performance was mea
ulation to the target environment can be directlysured during the time in the virtual environment
measured. The transfer effectiveness ratio (TERyr with the help of virtual aids. In the present
determines the value of time spent training in ametaanalysis we employed stringent selection
VLPXODWRU E\ FDOFXODWLQJF WHKM#HHILE DR RUWKYH WRU; OO |
tual) training session (and s&oscoe, 1971  tightly controlled, methodologically sound, and
The equation is as follows: comprehensive me@nalysis. We only included
articles if performance measurement took place
after virtual training, but entirely in the non
o i virtual world, to demonstrate training transfer.
whereY, indicates the amount of time or num Our focus is narrower, but no less important;

ber of trials. it takes to train an individual on a e |ook to determine the direct effect that train
VSHFL ¢ F W Ddiddtes@ Bne ittakes t0 jng ysing XR has on reavorld performance.

train someone who has already trained onasim-'y v H (QGLQJV ZLOO VHUYH W

ulator, to complete that same task to the samg,q application of training regimens using XR.
level of competence. Thus, a TER value of 0.5

indicates that training on a simulator can reduce
X L . . METHOD

the inperson training time by onalf. Using . .

this formula, it is possible to specify numeri Searching the Literature

cally the time saved by training using simula A literature search was conducted in order

tion in general or a particular XR technology. to identify all published, peeeviewed articles

However, not all training success factors can ben the topic of training transfer from Xpased

measured in terms of time saved. Further, not aliraining. Search terms consisted of a primary

domains have the resources or ability to experphrase describing forms of XR, combined

LPHQW LQ RUGHU WR VSHF Lwith & sekonHdry §rioup\ ofRohrés&sFoértaining

particular set of simulation content and deliveryto training. All possible combinations of the

TER = Yo Lo x 100
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variable measured something other than perfor
mance after training, such as level of enjoyment
or engagement. Additionally, the performance
Primary Term Secondary Term being measured had to take place in the real
world. Experimental results were rejected if the

TABLE 1: Tabulation and Combination of Search
Terms

Virtual reality Tra'n',ng outcome variable was performance with the aid
VR Learning of XR or performance in a simulation. Articles
Augmented reality Encoding speci city were required to include original empirical
Mixed reality data. If a dissertation included a sample, and
Simulation that same data were then later used in a referred

publication or conference proceedings paper,
WKH VDPSOH ZDV RQO\ LQFOXC
analysis. Determination of inclusion and subse
search terms were used, and the terms are listeflient coding of the statistical data in the articles
in Table 1 were completed by two individuals.

The 15 search strings were each entered into a |f 3 study examined the appropriate variables
series of search engines (ProQuest, EbscoHosE XW GLG QRW LQFOXGH VXI¢F
DQG *RRJOH 6FKRODU  $0 OmatibhMeX d2dtMing hletfecEsizé, hd \authors
examined to determine whether they met inclu were contacted direcﬂy and asked to Supp|y
sion criteria. The search took place in Februarysych information. If the authors did not respond
2019 and included all articles published priorwith or could not supply the needed statistics,
to that time. Additionally, prominent schol the article was not included. While there were a
ars in the area of XR were contacted andyariety of different forms of XR used for train
asked whether they had any relevant researciug, all fell into one of the aforementioned three

DSSURDFKLQJ IUXLWLRQ -ZKdafeKorRd-AK WRONMKH FULWH
ULD ,GHQWL¢{HG WHDBWHOW DUWLFOHV

then examined more closely and rejected-(
105) or includedA = 24) in the metanalysis.
2QH DUWLFOH ZDV LGHQWL ¢ HGe awteompwazable, irsaiipatyded gteoss,
after the initial search and was included in thewas some dimension of performance taken after
analysis \Whitmer et al., 2019 This process is training in XR had occurred. Predictor variables

Variables

illustrated inFigure 1 fell into three general categories related to (a)
the simulation, such as immersiveness, (b) the
Inclusion Criteria trainee, such as age, or (c) the task, such as task

Articles met inclusion criteria if at least one G L!1¢FXO WA
of the reported outcome variables measured
performance that took place after training inimmersiveness. Of the XRyelated variables,
XR. Articles were also required to be publishedone oftenexplored concept involved compari
in a peereviewed journal, the proceedings of sons across differing virtual environments. For
a conference, part of a dissertation or thesis, oexample, VR using a headset was considered
a peerreviewed technical report. Articles were more virtually immersive than desktop VR or
not included if the population was under 18,AR. Each of these differing levels of immersion
such as elementary schaaje students. Articles may have been compared to an entirely nonsim
were also rejected for inclusion if the reportedulated control condition (e.g., reabrld train
VWDWLVWLFVY GLG QRW SUR Ng)@Ho ¥ g immetsyevrainiid Fool FsicivdsR Q
so as to determine an effect size. Suitable staan interactive video or a simple instruction man
tistics in this analysis were d, F, t, or means XDO +HUH ZH FDOO WKLV YDUL
and standard deviations. Finally, it was requiredand use the word to refer to any comparison
that all articles involved training in MR, AR, or between environments where one is more virtu
VR. Articles werenot included if the outcome ally immersive than the other. Despite the
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differences in level of immersiveness of thePre/post training. 7KH YDULDEOH 23S
training environment, all studies included inincludes any comparison between an individual
WKLY DQDO\WLY PHDVXUHG oQ® @rogps beRdirranc@ FodfoteQXRas&H
real world. training intervention, with performance after

that same intervention. This variable examines
VR vs. control. A subset of the studies where the posttraining improvement (or lack thereof).
immersiveness was a factor compared trainindRegardless of whether or not performance
in a fully immersive VR setting to training in a improvement was the hypothesis of the original
nonvirtually immersive control. Such studies DUWLFOH LI SHUIRUPDQFRH ZD\
were included both in the overall effect sizecient statistical information was supplied, then
analysis of immersiveness and in their own spethe prescore was compared to the pi@Eting
FL6F VXEDQDO\VLYV
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scoreonly for groups where the training was Data Analytic Strategy

virtual. Many of these articles examined both VR and
AR and most reported more than one pairwise
Task Type relationship between variables of interest. Thus,

The data were examined to determine thnultiple effect sizes were taken from each.
direct effect on performance of each variableSome articles were included in the number of
described above. The data were also examinedtudies k) for multiple predictor variables  if

with task type as a moderator. The three types dhat article reported enough data to determine
task Categorles were as follows. an ef’feCt Slze Of two dlf‘fel’ent Varlab|eS (eg, if

a study reported enough statistical information
to calculate an effect size for both immersive
QHVV DQG WDVN GLI{FXOW\N W
ffect sizes were calculated). For variables
herek = 1, only one article reported results
in a method suitable for inclusion in the meta-
analysis. The calculated Cohew’'ss provided
here, but, as data only come from one source,
Physical tasks. Physical tasks involved some DQ\ FRQ:;GHQFH LQWHWNIBOV V
sort of bodily training, such as balance or aeronot be meaningful and thus were not included.
bic activities. The predominance here was orguch information is included to illustrate what
psychomotor skill assimilation. is covered by the current research. Individual
effect sizes are listed in Appendix B.
Mixed tasks. Some tasks included combina A total of 176 effect sizes were included,
tions of both physical and cognitive require Which were each converted to Cohed’'sind
ments, such as a maintenance task that requirgdeighted, based on the number of participants
participants to use learned physical skills whileincluded. Effects between similar pairs within
simultaneously recalling applicable proceduralthe same study were combined. Therefore, even
information (se&Marras & Hancock, 2094 if any one particular study had several effect
sizes measuring the same variable, results were
: aggregated in order that each study only had
Included Articles H RYHUDOO HIIHFW VL]H IR

R
7ZHQW\H DUWLFOHV FWW V\Mﬂ%}" it B &6l had two separate studies,

criteria and so were incIugied in the analysis.using two different samples, then two effect
Twenty-hree articles examined the XBlated ;o5 were calculated. This was done so that the

factor of immersiveness. The majority of these,oqits from one sample would not disprapor

included at least one pairwise comparison\y | r QDWHO\ LQAXHQFH WKH RX
between a VR training condition and a €on independence.

trol setting £ = 21). A number also examined A jihou ;

| gh all dependent variables repre
AR compared to a control setting % 5). ONe  gapieq 5 performance outcome, the scales used
examined training results after training in VR as;y measure performance varied widely. In addi
compared to ARA(= 1), and two studies looked ;| R QO WKH FRQFHSW RI 3SHUIF

at different Ieve]s of ARk(:. 2). ) between articles. Therefore, it was not possible
Twelve stqdles were mclugied in the pre/, compare directly between studies. As a result
post comparison, one of which focgsed O"ywe used a randorffects model when calcutat
AR and Fhe rest on .VR.' Only one art'de.thating the metaanalytic results. For each study a
met our inclusion criteria examined pred'Ctorweighted value/ was determined as the effect

variables other than XRB{er et al., 2018 . :
This work included the effects of both a of the predictor variable on performangetiat

andtaskG LI FX0W R S HUIR USRI DI WRSR gler e,

ing in VR.

Cognitive tasks. Cognitive tasks included sit
uations in which participants learned informa
tion that later had to be either remembere
directly, such as in a test of recall, or utilized in
a subsequent applied setting.
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TABLE 2: Overall Effect Sizes of the Associated Variables

Number of Studies 95% Con dence Interval
Predictor (K) Cohen’s d Lower Limit Upper Limit
Immersiveness 23 .07 0.22 +0.07
VR compared to control 21 13 0.27 +0.02
Pre/post training 12 .09 1.05 +1.23
Age 1 .08
Task dif culty 1 .15

VR, virtual reality.

TABLE 3: Effect Sizes by Task Type

95% Con dence Interval

Task Type Number of Studies (K) Cohen’s d Lower Limit Upper Limit
Cognitive tasks 9 .01 0.24 +0.27
Mixed tasks 12 .07 0.31 +0.17
Physical tasks 8 .36 +0.01 +0.70

* indicates signi cant effect beyond p < .05 level.

VLIH DQG WKH DVVRFLDWH Gmmersivé&n€ss,Gbl @i s th® ¥ubset analysis
vals. SPSS was used to compute the effect sizesf VR compared to control, showed no signif
The effect sizes determined from this analy icant difference between levels of performance
sis were not intended to determine whether XRoost training, regardless of the virtual immer
training was effective. Rather, results addressegdiveness. While the negative effect sizés=(
the question of whether it was different from the i DG UHVSHFWLYHO\ LQ
other methods of training to which it was beingdecrement in training effectiveness when a vir
compared. If the effect size of immersivenessual environment was used, the fact that the
LV ERWK VLIQL¢{¢FDQW DQG BRYLWHIHH LG WHISADD HQ YX (
improvement on traditional training. If the whether one trains in a virtual or a real setting,
HITHFW LV ERWK VLJQL¢FDQ We l24i€s afe Bskentallyetlivalé i Hresdncé
opposite is true. If a zero effect size falls within WKHVH ¢QGLQJV LQGLFDWH WK
WKH FRQ{¢GHQFH L QWH U YAQ 6ffectiWy adtRditidral tkaidiad-dpptddies.
here that all levels of immersiveness exert an Table 3shows the effect size based on task
equivalent (or similar) effect on performance type. Results show that XR is a more suitable
outcome. medium for training on physical taské<£ .36),
but otherwise the type of task learned in simula
RESULTS tion does not have an effect on the performance
The effect sizes are reportedTiable 2 The  outcome.
table also indicates the number of separate The overall pattern of effect sizes is com
studies investigating each respective predicpared inFigure 2 Additionally, in Figure 2
tor (k). Some articles included more than oneSRWHQWLDOO\ PRGHUDWLQJ L
study. Weighted overall levels dfare included, E\ WDVN W\SH :KLOH WKHVH 3
DV DUH FRQ¢:;GHQFH LQW Hre Yn@stingR We HAYE ko dadt®@D against
tionship.Analysis of the associated variable of relying excessively on these results at present.
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Overall

Cognitive

Mixed

Physical

-1 -0.8 -0.6 -0.4 -0.2

d [95% Confidence Interval]

-0.07 [-0.22, 0.07]
-0.13 [-0.27, 0.02]
0.09 [-1.05, 1.23]
-0.08
0.15

-0.01[0.24,0.27)
0.01 [-0.21,0.23]
0.07 [-0.30, 0.16]
0.74 [-11.68, 13.16]
-0.08

-0.15

-0.07 [0.31,0.17)
-0.31[0.55,-0.07]

-0.40 [-0.66, -0.14]
0.85 [-0.1.79, 3.49]

0.36[0.01,0.70]
0.16 [-0.14, 0.45]

0.16 [-0.14, 0.45]
0.54[0.09, 0.99]

Figuwre2. )RUHVW SORW RI| HIIHFW VL]HV E\ DVVRFLDWHG YDULDEOH

This is because, with the addition of each modtwo conditions present in each evaluation,
erating factor, the number of applicable studiegshey are mirror images of each other. Only

is smaller. Thus, there is less betwestndy

their size and magnitude are meaningful; the

variation in the calculations for the smaller value of the averageitself has no realvorld
number of studies. For forest plots showingmeaning except in indicating the difference
the effects of individual studies by task type/between scores of participants in each condi
predictor clusters, see Figures 4 through 6 irtion. The fact that averagescores were so
small in value serves to highlight the similar
ity between conditions. The measscore for

Appendix C.

Additional Analysis and Overlap Between

Conditions

be quite similar between immersiveness-con

the more immersive condition was lower than

the less immersive and control conditions, yet
Within each study, performance tended to WKH RYHUODS EHWZHHQ FRQ¢

ODUJH

7KHVH ¢QGLQJV LQGL

ditions. To that end, it was important to deter more virtually immersive training condition
mine the similarity between the conditions "esults in slightly worse performance than a
beyond simply noting that for immersiveness'€al training setting, the majority of individuals
YDULDEOHV FRQ¢GHQFH LQWlishow simlgr resyits afterdraining; igqar
For this reason, scores were compared in orde®Ss of the level of virtual immersiveness.

to determine overlap. The data cou

compared directly, as each study used differ

Id not be

DISCUSSION

ent scales to measure performance. So, the The fact that the zero could not be excluded
mean performance of each training conditonl URP WKH FRQ¢/({GHQFH LQWHU®
within a study was converted teacore. The of the present overall predictors indicates an
averagez-score for each condition, as well as apparent equivalency between XR training and
D FRQ¢(¢GHQFH LQWHUY Digaditional MdtrieoQal EddhDiués employed
in Figure 3 As thesez-scores came from the in situations such as a classroom. If we take
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-0.033
S W—
More Immersive Condition [-0.121, 0.055]
0.033
Less Immersive/Control Condition [-0.056, 0.121] —_———————

-0.036

VR [-0.133, 0.061] —

0.036
Control [-0.061, 0.133] —_—————
-0.3 -0.2 -0.1 0 0.1 0.2 0.3

Figure3. ,PPHUVLYHQHVYVY YDULDEOHY DQG FRQ¢{GHQFH LQWHUY

an optimistic perspective, these results -conafterthefact. Though it is beyond the quantita
cUP WKDW WKH XVH RI 95 (6 scp®d thistmeatahapdisQthe use of VR
ing procedures provides at least an equivalenih training has been shown to affect presence
performance result to that which is normally and immersion, as well as the psychological
experienced in traditional instruction methods. GLPHQV LR Q Rllackdy 2t al/,Hp16
If this is the case, and performance outcomedll of these are important factors to consider
DIWHU ;5 WUDLQLQJ DUH Q Riwtraining®@eyprid@vaMatnyg e tfdrnrhbcke- QW
than outcomes after traditional training, then thecome alone.
SUHYLRXVO\ HQXPHUDWHG E HIQ &igitiéry toRthe ; edll Lezel 6F the ffect
(such as safety, cost, and ease of implementingizes noted inFigure 2 there proved to be
changes) make it, on the whole, a more valu XQXVXDOO\ ODUJH FRQ¢{¢GHQFF
able investment of time than traditional training larly concerning the pre/post variable. These
methods. After all, if the performance outcomeranges of variability mean that there were an
LV HYVHQWLDOO\ WKH VD P H apptdkiraiely égHdl nEnbe) tof; effeets Rdpord
training make it a superior option. ing strong transfer, as there were effects indicat
However, it must be acknowledged that XRing negative transfer. This range may be viewed
has often been held out to offer superior train as disturbing. On the principle ofé no harm -~
ing capacities (especially in popular press andt is important to know that an imposed train
by various vendors). The results of the presening regimen will not actually cause the trained
metaanalysis indicate that the case for thsLQGLYLGXDO WR EH OHVV SUR,
proposition is at bestnor proven ~ 7 KR X Jidve been with a traditional training approach.
RQH VWXG\ GLG ¢(QG WKDW WilpteRt] ligdaus@oftbe hs3&ldtedvdedgsee of
speed of a maintenance task, compared to a neariability we cannot ensure that this is always
training control groupGanier etal., 2014, the VR ,W PD\ EH WKDW ;5 SURYLC
comparison of interest is not between XR andIRUPDQFH EHQH¢ WV EXW HTXDC(
no training, but XR and traditional training. that such a manipulation may inhibit learning in
Overall performance following XRased train  some cases. Some studies found large positive
ing is neither better nor worse than performanceHI IHFWV Rl ;5 WUDLQLQJ -EXW
following traditional training. tive effects (see Appendix C). The sources were
2l FRXUVH WKH EHQH¢W \Riedéndlgh @at@ wadrbt@nnieHiately clear
measured in more than just performancewhether there were any commonalities between
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WKRVH (QGLQJ QHJIDWLYH HIMdriyWtities’é&armiQngtbMgidaltBsws Hiid
further would require a larger body of researchshow actual performance improvement after
from which to draw conclusions. The fact that XR training. Several of these studies included
XR-based training had the same level of succesis the analysis involved special populations
as traditional training indicates that “encodingsuch as stroke victims, with the virtual train
VSHFL¢ FLBOddenV8HBhddeley, 1975 ing a method to improve their physical abili
does not pose a problem for XR training. Thatties and retrain them in lost skills. Studies on
is, the virtual environments employed in XR healthy populations have occasionally shown
are clearly similar enough to the real environ WKDW HYHQ SURFHGXPYQOGLWDV
ment that transfer can occur effectively. tcanFDQ EHQH;W PRUH IURP YLU)
therefore be accepted that any negative transfdrom standard trainingQoldiez et al., 2007
or otherwise poor performance after X8sed 6XFK (QGLQJYV PD\ KDYH EHHC
training is not a result of XR itself being an the variability of the populations examined
unsuitable medium, but a result of some othein the included studies. The literature does
IDFWRUV VXFK DV ¢(¢GHOLW\ Rt yeQsBdpdrt & KdpeCth@ dulghHex ainih &tiary
There are several possibilities as to whyof task or population differential as a subpre
this high degree of variability occurs. First, the dictor. However, these shortfalls can be recti
actual training tasks represented in the summas, HG ZLWK | X WTFabl¢i4dheivg iddet) F K
tion here were highly heterogeneous. While eaclstudy by task type and population examined.
study examined a separate form of task, the twélere, a typical population refers to any pepu
main categories of tasks were physical (wherdation where participants were not selected for
participants were required to practice or learnDQ\ VSHFL¢{F H[SHUWLVH RU L
some spatial, procedural task) and cognitiveevery case was an undergraduate or university
(where participants acquired new information,sample.
but did not need to use it in a physical sense). In the analysis of cognitive tasks, one study
Yet, even within these categories, there provednvolved adults with autism, and six involved
to be large variations. For example, cognitivesamples from the general population (one of
tasks ranged from rote memorization of factswhich having age restrictionBjer et al., 2018
about planets to conducting simulated medicallhe mixed tasks involved four populations from
dissections. Physical tasks involved balancingnedical school, two groups of experienced
skills, as well as performing a maintenance taskWHFKQLFLDQV DQG ¢YH W\SL
similar to that which a factory worker might do the examination of physical tasks, three studies
on the job. involved typical populations, although one had
While overall XR training was more suc an age restrictiorPfasertsakul et al., 201.&nd
cessful on physical tasks than cognitive tasks, RXU PHGLFDO VDPSOHV ZLWK
WKLV ¢QGLQJ ZDV QRW F RIQe/dispatitiHiQ pdpulaiQns exdaminedih each
included in the analysis of the physical taskstask type is thus fairly clear.
used XR in order to teach the recovery of 2QH RWKHU FDYHDW ZLWK U
balance to stroke patientkge et al., 2016  ings of the present metmalysis is the teeh
Results of this particular study found that anology used in each study. While some of the
large number of participants performed worseLGHQWL¢ ¢ HG VWXGLHV LQFOXC
in the follow-up assessment. Of course itis WKH VSHFL¢{F PRGHO RI 95 R
possible that the stroke patients were deterioused, not all did. Of the studies that did provide
rating in capacity over time, that is, a declininginformation, many utilized different levels of
baseline. On the other hand, a cognitive taskhe XR platform (e.g., interactive video games,
study where participants learned mathematic$ull-motion simulators). This differentiation
showed that scores were consistently highemight help explain some of the performance
after the VR training interventiorB(er et al., differences. While the examined variable of
2018. However, due to the variability in the immersiveness addressed some of the differ
literature, this question needs further study. ences between the degrees of virtuality, no
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TABLE 4: Task Types and Populations

Citation Task Type Population
Andersen et al. (2016) Mixed Otorhinolaryngology residents
Andersen et al. (2018) Mixed Otorhinolaryngology residents
Bailey et al. (2017) Mixed Normal

Bier et al. (2018) Cognitive 27 older and 30 younger adults
Buttussi and Chittaro (2018) Cognitive Normal

Chan et al. (2011) Physical Normal; dancers
Ganier et al. (2014) Mixed Normal

Gavish et al. (2015) Mixed Experienced technicians
Gerson and Van Dam (2003) Mixed Medical residents
Gonzalez-Franco et al. (2016) Mixed Normal

Hamblin (2005) Mixed Normal

Kober et al. (2013) Physical Population: spatial disorientation
Lee etal. (2015) Physical Stroke population

Ma et al. (2011) Physical Parkinson’s population
Macchiarella (2004) Cognitive Normal

Madden et al. (2018) Cognitive Normal
Martin-Gutiérrez et al. (2010) Mixed Normal
Prasertsakul et al. (2018) Physical Adults age 40-60
Rose et al. (2000) Physical Normal

Smith et al. (2014) Cognitive Autistic adults
Valimont et al. (2007) Cognitive Normal

Wang et al. (2014) Mixed Medical students
Webel et al. (2013) Mixed Experienced technicians
Whitmer et al. (2019) Cognitive Normal

Yang et al. (2008) Physical Stroke population

such distinctions can be made in the case othe learner. Nor was there enough information
difference in quality. Noall XR technologies to fully examine the subject of training trans
are created equal, and to compare two-studlHU IURP ;5 LQ VXI¢FLHQW GH:
ies using different XR systems may even beconclusions can be reached. Further, there were
inappropriate to some degree. DisparatetechLQV XI1¢ FLHQW QXPEHUV Rl VW)
QRORJ\ PDNHV LW GLI¢FXO Nze W BffeGid-Ed/distinet frar-hoSe o/ \HRF Tive
effects of each training intervention with so 3 FRXQW RI VW XG Tablés2 RRIBX P Q \
few studies being suitable for analysis (seeeveal the surprising paucity of research in this
Hancock & Hoffman, 2016 vital area. This then is not simply a case of “more
Finally, it is important to reiterate that results UHVHDUFK LV QHHGHG ~ EXW D
of the present metanalysis, as are results diverse research is needed. This may well be an
from all such analyses, are constrained by théssue involved with the impetus and constituen
limits and extent of the existing body of litera cies to fund such research. Many organizations
WXUH 7KHUH ZHUH LQVXI;FENQOWOVWGDHYLWR BHKDWP ULQHT X
many of the factors related to either the task orobust quantitative evidence of the value of that
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training in their promotional literature. The goal population factors such as experience or-com
here is not to simply point out shortcomings infort with XR technology.
WKH H[LVWLQJ ¢HOG RI UHVHTKH-KWHERQYGWRU IL\G HEDNOL | \E X W
those points where future research should bés the technology in use. At present there is a
FROQGXFWHG LQ RUGHU WR EwdéVWange] &f PR Qelddseds BrQ Whutae&E-end
DOQWHFHGHQWY RI WUDLQLQ dornirhkepts Dsed ih §udiBs. These are potentially
of very different quality, although quality was
LIMITATIONS AND CONCLUSIONS rf;ﬁ"_'érﬁpgrf_e\?v v ”Eevmgth;ds SfGeagi SLt‘f:d?(" .
Although the current literature is surpris regularity, but in the absence of consideration
ingly sparse, posing some limitations for theof how the affordances of a virtual environment
present metanalysis, our present results areor of a simulation used met the needs of those
not inconclusive. However, due to this pres peing trained. In this endeavor, a useful set of
ent paucity, certain analyses cannot be effecGLPH QVLRQV KDYH DOUHDG\ EH
tively performed. For example, it might be of World Knowledge, Reproduction Fidelity, and
useful and insightful to consider the ways in Extent of Presence Metaphor ($d#gram et al.,
ZKLFK WKH YDULDEOHYV DMY0B FRededichefs weukdHib WellRdGriplete
with training per se are nested within thoseany simulation studies multiple times with differ
particularly focused upon the state of theentdisplay technologies, especially when the dif
technology in each of AR, VR, and XR. To I[HUHQFH LQ TXDOLW)\ Havicazio UH D
GDWH LQVXI¢(¢FLHQW LQ4RERDMNWIERQ KDV EHHQ FRO
lected upon these combinations such that we The third area which requires more speci
PD\ EH FRQ¢GHQW RI WKH RXWRRRH) BY WKWKWHKINVGHVLJ
and other current shortfalls, we have high training sessions were entirely different as
lighted important gaps in the literature thatthey were meant to train unique tasks. Indeed,
QHHG WR EH DGGUHVVHG LtheWriédem blody DR Hed:Wgesls thét nbt
to move forward. For any meaningful effects DOO WDVN W\SHV EHQH¢W HTX
to be determined from future comprehensivecognitive division may not be the most criti
studies (meta or otherwise), the questiongal one. What makes tasks amenable to- con
raised in our present work must be addressedy LVWHQWO\ HI¢FDFLRXV ;5 W
One of the most pressing areas needing morgot well understood. Indeed, all three of these
research is individual differences; soldiersfactors, and any interactions between them,
are a very different population from elderly PDNH LW GLI¢FXOW WR GHWHL
stroke victims. Studies are needed that enablgual training on later performance. What the
performance comparisonBetween popula literature does support, currently, is the fact
tions by holding variables such as simulationthat XR training has similar performance -out
platform, task, and performance measuregomes to traditional training. In the absence
constant and studying performance by differ RI DQ\ VLJQL¢{FDQW GLIIHUHQF
ent population groups. This is essential fortraditional training, there is a bright future in
understanding which differences in resutsFRQVLGHULQJ WKH PDQ\ EHQH
can be attributed directly to the effect of promises.
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APPENDIX A: De nitions of AR, VR, and MR
Type of
Simulated
Reality De nition Source
Augmented  Any system that has the following three characteristics: Azuma (1997)
reality 1. Combines real and virtual
2. Is interactive in real time
3. Is registered in three dimensions
All cases in which the display of an otherwise real environment is Milgram and
augmented by means of virtual (computer graphic) objects Kishino (1994)
Augmenting natural feedback to the operator with simulated cues Milgram et al.
(1995)
The enhancement of the real world by a virtual world, which subsequently Feiner et al.
provides additional information (21993)
AR displays are those in which the image is of a primarily real environment,  Drascic and
which is enhanced, or augmented, with computer- generated imagery Milgram
(1996)
Virtual reality VR can be de ned as a three- dimensional computer- generated environment, Boud et al.
updating in real time, and allowing human interaction through various (21999)

Mixed reality

input/output devices

Strictly the term virtual reality describes something that is “real in effect
although not in fact” [virtual] and which “can be considered capable of
being considered fact for some purposes” [reality]. A virtual environment,
put simply, is an environment other than the one in which the participant is
actually present; more usefully it is a computer- generated model, where a
participant can interact intuitively in real time with the environment

A “virtual reality” is de ned as a real or simulated environment in which a
perceiver experiences telepresence

Virtual reality is an alternate world lled with computer- generated images
that respond to human movements. These simulated environments
are usually visited with the aid of an expensive data suit which features
stereophonic video goggles and ber- optic data gloves

It is a new emergent mode of reality in its own right, that comes together
with actual reality to construct an extended world of human experience

Virtual reality is a technology that convinces the participant that he or she
is actually in another place by substituting the primary sensory input with
data produced by a computer

A computer- generated display that allows or compels the user (or users) to
have a sense of being present in an environment other than the one they
are actually in, and to interact with that environment

Mixed reality refers to the class of all displays in which there is some
combination of a real environment and virtual reality

Mixed reality environment is one in which real- world and virtual world
objects are presented together within a single display

Wilson (1997)

Steuer (1992)

Greenbaum
(1992)

Yoh (2001)

Heim (1998)

Schroeder
(1996)

Drascic and
Milgram
(1996)

Milgram et al.
(1995)
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APPENDIX B: Effect Sizes by Study

Effect
Source N Task Type  Associated Variable Size
Andersen et al. (2018) 37 Mixed Immersiveness 0.54
Andersen et al. (2018) 37 Mixed Immersiveness 0.55
Andersen et al. (2016) 40 Mixed Immersiveness 1.40
Andersen et al. (2016) 40 Mixed Immersiveness 1.12
Andersen et al. (2016) 40 Mixed Immersiveness 0.92
Andersen et al. (2016) 20 Mixed Pre/post 0.54
Andersen et al. (2016) 20 Mixed Pre/post 0.07
Andersen et al. (2016) 20 Mixed Pre/Ppost 0.47
Bailey et al. (2017) 83 Mixed Immersiveness 0.27
Bailey et al. (2017) 83 Mixed Immersiveness 0.06
Bier et al. (2018) 27 Cognitive Task dif culty 0.92
Bier et al. (2018) 30 Cognitive Task dif culty 1.28
Bier et al. (2018) 27 Cognitive Task dif culty 0.28
Bier et al. (2018) 30 Cognitive Task dif culty 0.19
Bier et al. (2018) 27 Cognitive Task dif culty 0.53
Bier et al. (2018) 30 Cognitive Task dif culty 0.88
Bier et al. (2018) 27 Cognitive Task dif culty 0.05
Bier et al. (2018) 30 Cognitive Task dif culty 0.26
Bier et al. (2018) 57 Cognitive Age 3.83
Bier et al. (2018) 57 Cognitive Age 0.61
Bier et al. (2018) 57 Cognitive Age 0.08
Bier et al. (2018) 57 Cognitive Age 0.23
Bier et al. (2018) 57 Cognitive Age 2.07
Bier et al. (2018) 57 Cognitive Age 0.77
Bier et al. (2018) 57 Cognitive Age 1.10
Bier et al. (2018) 57 Cognitive Age 0.87
Bier et al. (2018) 14 Cognitive Pre/post 0.98
Bier et al. (2018) 13 Cognitive Pre/post 0.06
Bier et al. (2018) 15 Cognitive Pre/post 1.42
Bier et al. (2018) 15 Cognitive Pre/post 0.85
Bier et al. (2018) 14 Cognitive Pre/post 0.58
Bier et al. (2018) 13 Cognitive Pre/post 0.19
Bier et al. (2018) 15 Cognitive Pre/Post 0.51
Bier et al. (2018) 15 Cognitive Pre/post 0.54
Bier et al. (2018) 14 Cognitive Pre/post 1.18
Bier et al. (2018) 13 Cognitive Pre/post 1.69
Bier et al. (2018) 15 Cognitive Pre/Post 1.77
Bier et al. (2018) 15 Cognitive Pre/Post 1.31
Bier et al. (2018) 14 Cognitive Pre/post 0.55

(continued)
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Effect
Source N Task Type  Associated Variable Size
Bier et al. (2018) 13 Cognitive Pre/Post 0.18
Bier et al. (2018) 15 Cognitive Pre/post 0.39
Bier et al. (2018) 15 Cognitive Pre/post 0.08
Buttussi and Chittaro (2018) 96 Cognitive Immersiveness 0.12
Buttussi and Chittaro (2018) 96 Cognitive Immersiveness 1.00
Buttussi and Chittaro (2018) 96 Cognitive Immersiveness 0.88
Buttussi and Chittaro (2018) 96 Cognitive Pre/post 6.26
Buttussi and Chittaro (2018) 96 Cognitive Pre/post 5.62
Buttussi and Chittaro (2018) 96 Cognitive Pre/Post 6.50
Chan et al. (2011) 8 Physical Immersiveness 1.65
Chan et al. (2011) 4 Physical Pre/post 2.07
Ganier et al. (2014) 42 Mixed Immersiveness 1.17
Ganier et al. (2014) 42 Mixed Immersiveness 1.14
Gavish et al. (2015) 20 Mixed Immersiveness 0.28
Gavish et al. (2015) 20 Mixed Immersiveness 0.28
Gavish et al. (2015) 20 Mixed Immersiveness 0.21
Gavish et al. (2015) 20 Mixed Immersiveness 0.00
Gerson and Van Dam (2003) 16 Mixed Immersiveness 1.12
Gonzalez-Franco et al. (2016) 24 Mixed Immersiveness 0.12
Gonzalez-Franco et al. (2016) 24 Mixed Immersiveness 0.58
Hamblin (2005) 18 Mixed Immersiveness 0.06
Hamblin (2005) 18 Mixed Immersiveness 1.67
Hamblin (2005) 18 Mixed Immersiveness 2.30
Hamblin (2005) 18 Mixed Immersiveness 0.34
Hamblin (2005) 18 Mixed Immersiveness 3.70
Hamblin (2005) 18 Mixed Immersiveness 2.13
Martin-Gutiérrez et al. (2010) 49 Mixed Immersiveness 0.63
Martin-Gutiérrez et al. (2010) 49 Mixed Immersiveness 0.51
Martin-Gutiérrez et al. (2010) 25 Mixed Pre/post 1.02
Martin-Gutiérrez et al. (2010) 25 Mixed Pre/post 1.27
Kober et al. (2013) 11 Physical Pre/post 0.21
Kober et al. (2013) 11 Physical Pre/post 2.92
Lee et al. (2015) 24 Physical Immersiveness 0.07
Lee et al. (2015) 24 Physical Immersiveness 0.07
Lee etal. (2015) 24 Physical Immersiveness 0.04
Lee et al. (2015) 24 Physical Immersiveness 0.04
Lee et al. (2015) 24 Physical Immersiveness 0.25
Lee et al. (2015) 24 Physical Immersiveness 0.26
Lee et al. (2015) 24 Physical Immersiveness 0.03
Lee et al. (2015) 24 Physical Immersiveness 0.03

(continued)
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Effect
Source N Task Type  Associated Variable Size
Lee etal. (2015) 24 Physical Immersiveness 0.49
Lee etal. (2015) 12 Physical Pre/post 0.38
Lee et al. (2015) 12 Physical Pre/post 0.38
Lee etal. (2015) 12 Physical Pre/post 0.42
Lee et al. (2015) 12 Physical Pre/post 0.42
Lee etal. (2015) 12 Physical Pre/post 0.49
Lee et al. (2015) 12 Physical Pre/post 0.49
Lee etal. (2015) 12 Physical Pre/post 0.51
Lee et al. (2015) 12 Physical Pre/pst 0.51
Lee etal. (2015) 12 Physical Pre/post 141
Ma et al. (2011) 33 Physical Immersiveness 0.73
Ma et al. (2011) 33 Physical Immersiveness 0.45
Ma et al. (2011) 33 Physical Immersiveness 0.24
Ma et al. (2011) 33 Physical Immersiveness 0.00
Ma et al. (2011) 33 Physical Immersiveness 0.28
Ma et al. (2011) 33 Physical Immersiveness 0.53
Ma et al. (2011) 33 Physical Immersiveness 0.4
Ma et al. (2011) 33 Physical Immersiveness 0.46
Ma et al. (2011) 33 Physical Immersiveness 0.10
Ma et al. (2011) 33 Physical Immersiveness 0.76
Ma et al. (2011) 33 Physical Immersiveness 0.16
Ma et al. (2011) 33 Physical Immersiveness 0.16
Ma et al. (2011) 33 Physical Immersiveness 0.02
Ma et al. (2011) 33 Physical Immersiveness 0.26
Ma et al. (2011) 33 Physical Immersiveness 0.10
Ma et al. (2011) 33 Physical Immersiveness 0.08
Ma et al. (2011) 33 Physical Immersiveness 0.24
Ma et al. (2011) 33 Physical Immersiveness 0.73
Ma et al. (2011) 33 Physical Immersiveness 0.42
Ma et al. (2011) 33 Physical Pre/post 0.71
Ma et al. (2011) 33 Physical Pre/post 0.61
Ma et al. (2011) 33 Physical Pre/post 0.3
Ma et al. (2011) 33 Physical Pre/ppost 0.38
Ma et al. (2011) 33 Physical Pre/post 0.10
Ma et al. (2011) 33 Physical Pre/post 0.25
Ma et al. (2011) 33 Physical Pre/post 0.18
Ma et al. (2011) 33 Physical Pre/post 0.10
Ma et al. (2011) 33 Physical Pre/post 0.44
Ma et al. (2011) 33 Physical Pre/post 0.13
Ma et al. (2011) 33 Physical Pre/post 0.33

(continued)
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Effect
Source N Task Type  Associated Variable Size
Ma et al. (2011) 33 Physical Pre/post 0.12
Ma et al. (2011) 33 Physical Pre/post 0.04
Ma et al. (2011) 33 Physical Pre/post 0.03
Ma et al. (2011) 33 Physical Pre/post 0.03
Ma et al. (2011) 33 Physical Pre/post 0.18
Ma et al. (2011) 33 Physical Pre/post 0.00
Ma et al. (2011) 33 Physical Pre/post 0.45
Ma et al. (2011) 33 Physical Pre/post 0.33
Macchiarella (2004) 96 Cognitive Immersiveness 0.05
Macchiarella (2004) 96 Cognitive Immersiveness 0.44
Macchiarella (2004) 96 Cognitive Immersiveness 0.82
Macchiarella (2004) 96 Cognitive Immersiveness 0.39
Macchiarella (2004) 96 Cognitive Immersiveness 0.76
Madden et al. (2018) 172 Cognitive Immersiveness 0.11
Madden et al. (2018) 172 Cognitive Immersiveness 0.24
Madden et al. (2018) 56 Cognitive Pre/post 1.48
Prasertsakul et al. (2018 8 Physical Immersiveness 0.61
Prasertsakul et al. (2018) 8 Physical Immersiveness 0.23
Prasertsakul et al. (2018 8 Physical Immersiveness 0.90
Prasertsakul et al. (2018 8 Physical Immersiveness 0.23
Prasertsakul et al. (2018) 8 Physical Immersiveness 0.01
Prasertsakul et al. (2018) 8 Physical Immersiveness 0.05
Prasertsakul et al. (2018) 8 Physical Immersiveness 0.07
Prasertsakul et al. (2018) 8 Physical Immersiveness 0.02
Prasertsakul et al. (2018) 8 Physical Immersiveness 0.93
Prasertsakul et al. (2018 8 Physical Immersiveness 1.37
Prasertsakul et al. (2018) 4 Physical Pre/post 0.11
Prasertsakul et al. (2018 4 Physical Pre/post 0.42
Prasertsakul et al. (2018 4 Physical Pre/post 0.57
Prasertsakul et al. (2018 4 Physical Pre/post 0.32
Prasertsakul et al. (2018) 4 Physical Pre/post 0.26
Prasertsakul et al. (2018 4 Physical Pre/post 0.11
Prasertsakul et al. (2018) 4 Physical Pre/Post 0.15
Prasertsakul et al. (2018 4 Physical Pre/post 0.03
Prasertsakul et al. (2018) 4 Physical Pre/post 0.22
Prasertsakul et al. (2018 4 Physical Pre/post 0.32
Rose et al. (2000) 100 Physical Immersiveness 0.17
Smith et al. (2014) 26 Cognitive Immersiveness 0.72
Smith et al. (2014) 16 Cognitive Pre/post 0.56
Valimont et al. (2007) 32 Cognitive Immersiveness 0.45

(continued)
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Effect
Source N Task Type  Associated Variable Size
Valimont et al. (2007) 32 Cognitive Immersiveness 0.69
Valimont et al. (2007) 32 Cognitive Immersiveness 1.01
Valimont et al. (2007) 32 Cognitive Immersiveness 0.51
Valimont et al. (2007) 32 Cognitive Immersiveness 0.59
Valimont et al. (2007) 32 Cognitive Immersiveness 0.67
Wang et al. (2014) 16 Mixed Immersiveness 0.35
Wang et al. (2014) 16 Mixed Immersiveness 1.51
Webel et al. (2013) 20 Mixed Immersiveness 151
Whitmer et al. (2019) 41 Cognitive Immersiveness 0.89
Yang et al. (2008) 20 Physical Immersiveness 1.08
Yang et al. (2008) 20 Physical Immersiveness 0.67
Yang et al. (2008) 20 Physical Immersiveness 0.99
Yang et al. (2008) 20 Physical Immersiveness 0.89
Yang et al. (2008) 20 Physical Immersiveness 0.61
Yang et al. (2008) 20 Physical Immersiveness 1.00
Yang et al. (2008) 20 Physical Immersiveness 0.47
Yang et al. (2008) 20 Physical Immersiveness 0.13
APPENDIX C: Forest plot of individual studies by task type/predictor clusters
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