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measure temporal features of gMdFEdr dtNVens ttlidfe | Md TeSx eCchud N %end 3§ ¢
which reflect respectively th&nhYokBssugh E?quf%'tlo?]‘Etu idn% st ahs
and answer planning and that & &&XPddtCiintgd Yt hoeb SconVt&do| -SoifnN & eartlrb‘
strategy in answer formulati ofRCTWESalr®dTheéionse mdddedlSc £tqiNon
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events. Results show that: in9%hng& f&W Condkitt i ongse tehigty meeg, & he
showed Il ess execution time thamxhBastiQWe Xkt aS€ Tromb?M@sori A1 tH
exhaustive test, the full scoerxeamsbqlédqrhtsse@how_eg)mpé@uierxeescuctdrg
time than the |owest score Oﬁﬁﬁvp(péJstlb'lfb Rembi A &6t dns tdhie ghive
performing students had | ess \mﬁ:,a@he@(@,q@l,ﬂ,O@ngién@ur[d]a@aljéwﬁe dogNl
performing ones. These resultsingegedqals tihatexhasuRitti et eeltdi ZigMn
students who appropriately apRlbhstheceorbmdlinaktivarsi alplygs t hter &
in these tests are more goal-qjlsregc‘etneedfaqnq, esfrdaiiclieerNty Hain P4 &AM D
executing response strategiesgtfhaBntdogrewhBaeakétEai ot @ntdmeste T
study provides process-based Keglgemnes @rhqula,regq $galse | eeiidegmee
scientific inquiry practice |r}e|qru,e(detheahtt|or]aﬂl t S Ss€ SsSeMesnet, . exhau
K d resources especially i n situati
eywor S combinations. How to conduct an
Control-of-variables strate |epﬁrré‘rﬁ‘éjra|ta1toen itn m%c'%rkce%u?dkbﬁaEE?hl
gy
en |lie in the 8t h, 2t h, or hi
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Scientifieféemguti oyt he actlV|’[|persocb‘:f%/duvx}rha1I ¢ hK N0 Wyl geedndt €5  Oly eff Porp0 C €SS
knowl edge of scientific ideas!@n&dlh¥desSi&ndendwWsStsurhiedtilgd
the natural world in a scien€Cifdildr§ly LhP]IeFﬁe%tT%'M andcatdiud
scientific inquiry skills hav®X poeeretn'se i,t8 dave Iéjé)ffg&é'llt
scientific literacy [2,3], anfOWEYVERt i JtUL alnd S3FERRE TEACHL 6F
advocated teaching science as MddddiVry ef(hF’ ]ngA%to‘h%'Psscife%thsfipc
inquiry activitiepsl a(nseeies g[gona nfdp h ao&eMineWdi.gitally-based assess
carrying outhaweelsongabeoosme agpsileishimemd! d0CUESHuxfati onal Progr
childrends and youngsterso seindmthicleidc (TEQUIRYMPrAEVECDRed ud
Many studies aim to investigatpg.,achhgseaed Pprrhiemgritleyr akh ifv&s Mol sus ed
how students design controlIgﬁ|yexppﬁhmergtusomibytecdon§,§§w@,tg'ngb.
related conditions for comparis§qQMents formulate their answers
Fair tests and exhaustive te&HE) h&lv&Clg &8y Wi de on,rr§&6bpé‘d agy
examine how students plan, d@@fﬂﬁ% addi tciaq l etI dedger QN eWyh
exper i nfeaitrs (seet an example inl &88FEL18b. o E ddg£Mms .thav now touct
controlled investigation carridd!&ddd N9 M2d dwe rSCcd edNEi€e n t3NfY; SoqCu'
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Rat her than concrete events rehbcbedeia@ @admianinetde rpgd cressp aattiav

TE items, the time needed for Tdii fsf ecrheonitc estwaagse sdwod saeci ehteki € oin
has been wundervalued in recendt urdeesnetasr chha voef nodi ereteinf itcauigmd u ihrow
problem solving [26]. TemporaweiaVortatiaskscanwmi aveakrddf ber @
stages of problem solving, dlad@ i ftyysper wer enmaadei npiasttteerrends mo B t
students with different |l evel xdfaupnaolvleerh esdIsv iweg ec oantpneitneinsctye r e
all ow inferring something abowt tclhhell do qmitt iswed egrtodead ge ¢ exd su rarn
at various phases of probl em sdludiemg.s of the same grade. Thir
Noting t hese, this st_ud_y almsdlhg)tsfnrpcv setsaltngi teestgtuhdeivnhe[icscihennerae\/qoid%let|
practice, to be spe_clflc, ggnlatc%t eogg r?sétglpdé]rgtsc?o Qe
experiments by applying the ran exhaustlve ests
evaluating relations between DdefltmedhprpCESacbaaaﬂd, seemper ah
measures and studentsodé performamcepgaadédg ceogvuesry ettaessktisi vga ks en( t b
address the foll owing two r eseaardch ognuteesxtti oonfs :t he r eal tasks. Cc
(a) Wh a't are the process-basesdtrcuthuarcetsera'lnsdt|rcesquo|fre (Ie h F] FP
performing (indicated by d|ffe2reEta|s|eor'[eé)Ststudg@tosr iifmg‘h‘RulB?'
(b) Are these process-based chhhirsact@®sti s¢3m®m& fcronmiadn ehar tahe raonsds
fair and exhaustive tests? is as follows (see Figure 1). A
north winds each year. I'ts gover
Answers to these questions camp|henrehigt pbivergenretaledi sgpgesi gns
scientific inquiry practice, re§rptergi§ﬁd|y wvihet Rer md bt aGSnY.  salfrt aety
mani fest di fferently across viagi pHe ftaiPest &t 1 PAdn g Yo ft atSHkes - t al
also provide actionable feedbtacpke tod teaeRi mhdaddopethBmnNat th
skills required in SC|ent|f|crelsnecmburlyngtqshlgsrelglq)rg(p,\éern,eaphtﬁes
enriches the Iliterature of usinpgtpéeorsss dpréw) andi derimedi | M)A,
to address theoretical issues gifh gé dnb@Uahttiad ma! E&RSHE Svomenntain hol d
In the rest of the paper, we °ePLdlc rlivoPe® the NWAE P P& ePnl cn tredi raty
and exhaustive test wused in hlesesstfudom Odneflpnos'tth'Onérmd)c,ué‘stsa-'ﬂ‘a
measures, and describe the aHaICyastl's°~§ t?ﬁeﬁhrgv% rYeR &S O pt
results, discuss the researchsﬁh‘ég?l{?ﬁé’ g"cEBrHP plo Ctand rdggE
the study by highlighting thedP&CidSalPedOrep ANt iaddfir appaSlsi'cnagtic
process-based analyses in eduddt® &fTE£fd- psB)ychc?lda)J rePdfr MpPunt
There are two types of variables
2 METHORDS AND MATERI ALp®sition on mountain. To illustr
: mu st control the positions of t |
2. NAEP Science Tasks conditions. (mountalns).P('lzlhér)e =ar‘
Our stud_y uses the 2018 NAEP_634%|e_C Co(?cré'sl_?to t§§|§aen ég(&o 3:?) fan t
congressionally mandated, natLopwi ﬁopégétﬁ%etastskeessfmae tprOtJ e
admini stered by the National Center for Education atistics
(NCES) in the Institute of FN{i‘,:"‘°\"i£...Tf S e S Nmeetac© U- S
Depart ment of Education. NAEF, o gul ar
assessments on many disciplin?%‘@m’%‘%writim
science, etc.). Al the asses (@) dat ed
content specialists, educat i o MNemh_ North .4 Nosts North g om ar o
the U.S. Participants of t he MAMMMH-MM
(~13-year-olds) and 12 (~17-y Medium B o High vith t|
assessment, survey data of st . i R i ol s a
gat hered, covering studentso N 7 A P (gende
and ethnicity), speci al progr $@“§m‘#& High ‘tﬁ&'formar
et c. NAEP has now become one ¢ ©) ortant
nati onal assessments of what LUFigure 1. Exampl e answersdoin t
g raR ey e ntueirees T e Rotin“sTal iy ne
. tree planted. In (a), the
from the .NAEP sample. T_he SCl 9f trees are planted at th i %'t
VAR provded raneie i Tan Shat EETa b he T R TRl T
¢ K Tut : | d planted on the second and t h%'rVd
ask. utortats an surveys W€ pneans no trees on the fourfh mou
A total of 32 science tasks weignores tree types and thggpmopin
test, some of which were admi submitted answer can thus gbned demn
students. Our study focuses o trees in tkh stive
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Table 1 shows the scoring rubtrhe mdt -tehd ssi Itye sftor eTsheee nr whornidd tii gom
tree type, since students cannbasp'utieshestsmdnenttsy(pesloiflItrleeevselisr
mountains or two positions e mountain. [, t al so i ores _t
mountain without trees (nNone )h,'SS|triacSek 3 Sg dsm'n'dsetfearul(i: coonai
of the test; no matter how toStalﬁ%(?Nrétrs'thLEhe[ersq:S,poorhsee maonu%tparl%ce
be |l eft without trees. A comp?%kI ercl,.to?np‘é{?rigorne Oor% dOV\)n‘[hteh e &%,
of trees requires t he condititcgnvevfkﬂﬂﬁtrgarseoergs, utd: - in€ rhli% q
students are not required to! gtpruopcetshsisa &n iftillgho’ STHRe NS
focuses on the target variable ofTabni®e ePosgt raBsi aCHPSBEhEMOEREK &
Answers meeting the fair test —feguit+ement rﬁf‘cei.ve a—F—u+ scor e
those partially meeting the rﬁﬁ?l‘?rr%mnnf get Lﬁ_brp_'ncrfinl sclor e (2
those not meeting the requiremeft| h38keq neondiwkisengcpovel 13l
. . 3 Saved <conditions do not in
Table 1. Scoring rubric of tihsg gfuar'er é(eg)t OR do nolt i ncl
Scof e Rubric Figure 2(b) or Figure 2(c)
3 Choices of trees have the samavepdsictoinedmnsi onsthdobeeot in
mountains (e.g., Low; L ow Lo/Wiignurki gu(rde) ,1(@R) do no't i ncl
2 Two types of trees ajre |on |[Fhgusam2( p)osart iFingguref 2(c), C
mountains (e.g., Medium; High,ccomHidgh iiomsFiodurmre glu(tk) 2(a) and
1 Positions of the threle tlypdes 8hvedeesendnt moonstdonsparmat
W

al | distinct (e.g., Lo Hi gh; Medium in Figure 1(¢

C
2 . Brocess-Based IWeasn}res

This task was administered tphel IQ;&I?P(§|2§|tfaelmaé§§éssgnﬁeandte s8y st
students. The response and rerceéés sdadat a0 fi nl  t6n0e7s el Q%Qefr%r@fih‘?/%
students were recorded in th% fask besthcfovityalygespl fid fitye
students, due to various reasqiSer %Wietnthe f(r g reachyigng ntgh & rfodpi,
system events (e.g., play instruc

2. Bxhaustive Test, ScorecrgstRubdtriing ,subnit dedn e sswer s,
This test came from a |ife scﬂérﬁ(geatnéjslgfolpté)rc@\ﬁé/r‘ ngéd delied i gal
Farmers attempt to cultivate Off otweersse icttH Vatispeci BRS@®| @R §h
natural way (without using anyhFeetiemperal mBe&asysriensy thvponet ywp &
fertilizers. After simple instdMfctMedms exfeCiufé Othad ik MesPgde ANS WE
to design an experi ment to sho&p avhdtc(he Ay ay smeasf it Med haisg htehset du
probability to induce the targeateeokdre. tEBeyse@anesahdUmaReCPRE
by selecting (or not ) any (orasbodtrha)g-tayhpie debopthbheaef eybiel ioZFerisr.e
setting up a condition, they conmi¢lionk wphhdédlhte Hmy sicd©twein]| ifizSearvs
button to save the conditionwefbBeyi¢aR ahsérgetiicCknsOnamd SPNVN&
condition and click on the ARealsevteg® b ht ttopne ttoOe sht € MOcVeen eist. . ThAfetr
setting up and saving many cofiidméi gnudenht BdesnpteSntcadn cheeki pg
ASubmito button to submit savedfqaenrdist ithnesS taSmef ifnoarl satNESMET tSs  t ¢
This is a typical exhaustive a®sWelwitas ftohuirn kp cashsdi pdiedt d £afivn 4 to
of the variables (see Figure ZXxecluhd ¢aomdinis odesf inPe o edd idhe&edu
2(a)) and both fertilizers (Fifgursa 2a(ndd) )l adsfte amOstweera-sriel|ya tfeod ees\ee
was not when students clicked on

* * because we do not know exactly wl

\/ \/ answers after making their |l ast |

N h before submission. | f they did r

- - measure can certainly capture su

(a) (b) not make any changes, it i's uncl €

3 - |l ast answer-related event and t he
reviewing. Many students actually

§/ \/ i mmedi ately after the | ast answer

- ad &' ET is the sum of the durations c

© () related events. I'n the fair test‘

Figure 2. All combinations m%ugﬁ %?@Uﬁw et e5FR (R Sana
None; (b): Al (c): B (d): AseI cting one two fertilizers,

Table 2 shows the scoring rubar|$avoe‘dtchree.teSltuddntshalsa\tiorug dicf
among which partially high (3)Ydidrnéerpattiedlfloytlsowhed) cameduchkt asg
by submitted saved conditionsmayesrmedqgtliar e ydiwhfea mhent tmembearnsc | afd

E

which already | ead to different
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t hmean execution ti mel MEET . anVdBI®.ridshgp edvfe t0 2), & and4 MEDP6 dOO0 E) 2

operationalized as the executbhenwadmes addrvd dgrdo wpys .t hTea bnl uembde r s ho
answering events. ET reflects ttelsd st oteslul efsf.orltts rrmavcal sy thtad d e
construct answer s including ssheotrttienrg Pulps,, rEelwsi, s ianngd OME T(sp a shsainb

i ces, wher eas dMET sy efbluacttsheashee mees ages e fwfed
heir answembet wardn tthecodobotwestsandepaffeat [0]
s of event s.

reviewing their cho
made to construct t
by different number

Freauencv of Final Answer Positions

Apart from temporal measures, one can also measure the numbers
of answer related events made by students during the answerin
process. However, for studentr ww o o -7 “rmber
of answering events, this cour? rify h
much effort each event costs 164(10.21%) a2nts m
not al ways require more efforts, since an efficient test-take
conduct many events in a short period of ti me; and more event
alone cannot predict performance in different tests, since son
the events could be answer revisions, which simply indicate |
efficiency. The temporal measures defined in our study avoid
these confu3|ons and are more informative of studentsd degrees
efficiency in designing controlled experiments in those tasks.
2. Anal yses
For each dataset, we take a 98% winsorization estimation [ 27]
remove spurious outliers. We also remove the missing values.
We <conduct two types of anal yese-s Eirect wa ~haecl  haw many
students appropriately applied Figure 3. Top 10 frequentkestansm
on score distributions and ill Numbers on top of bars ar&o0funml
or incorrect submitted answers those inside brackets ar e sprao proar
vari abl e, we conduct t he Kr vsd | s e L
parametric version of ANOVA tuT "?‘1 E'CI'}Y’) EcTom?pabr&Nl%T %C: ?s?‘s é-)c))'rr]ee |
and the three measures across> sconr S) e I rt"iﬁ(:e eomnlgﬁg S
produces @ walgnea,f iweantonduct tSH&DN \ﬂulrdnﬁﬁﬁoéﬁnnpd-
rank test on pair-wised score [g5COfpes to RTarify WhTich {wMEJr o
have different population means bf| th®. Sehsures66)Thi 41t/230 (5.
non-parametric. These two statis2ijcaB5te54s(proovjde dBrjeor eti
on the relation between studentgbd pegf@amapgelfgyorgg)o@@d(lth
process-based measur es. The tests are T mptemented Usi g the
kruskal .test and wisltcgpax Kk ®gde TamlBWiilécnosx oinn st lymed-rank test res
3.6.1 [29]. For each task, ther63(’arientthheeefiKrrsutskcadlLiW\alnIIdeSnotta-t
respectively on three m@aahuegra@u@é:togdanglMestthestcartlptsmgpdses,
for identifying significance ig§ gantf|c0ant05r/e?su6}t301a6r7e mar k e d in
PT ET MET
3-RES_ULTS lvp 15894213623 )(16B6H6 |(.548)
3.Rair Test 1vB176639 |(.001) 2038350.|5 (.00
In this test, 41.4% of the stq@gfzgg@@_d5t(h_901l40)wesiggsfpg)7re5 (1)o
only 29.5% properly applied the CVS and got the fufit score (3
The rest (29.1%) received a pa&rt Eg(lhacuosrtei(\/Zé Test
Figure 3 shows the top 10 fhglRih$ tafSstwerZS 2% mift ttelge t?)}”de
student s. It shows that r"]Low;anLdov\?’3 190y 0P TioP ef | ¢ t’f\(P?t'PFjed hen C
correct answer, but other cordddd z§r?§\ﬂlé3r§4l)|kehf? dFf Sdmrel\ﬁéedlv@rﬁ
Medi umd and fiHigh; High; High8aktbalb¥s! (2h (andaot/O)l 0hC 08 ow;
Medi um; Higho is the most comrpqrguvyrorhg sahrbsw‘%erthel ttsopVaer' ity g0gNySe r
such as fAHigh; Medium; Lowo orm AL@wW; NHin@h; aM%dllw@O,va@F%t@bﬁg i
frequent, but all of them rechlveBt ,\ponleoowersetces,c\peretﬂé. fiiseesda
Answers receiving a partial éSﬁlﬁEre(dz)to(th& an@WMeAEuUmA +Opg
Medi umo) are less frequent, Cﬁmﬁab?nGn@Otﬁéhﬁlésttypleéq@éntanasﬁ"’sev{}e
These results indicate that oye§ (QFeOfgptadent styldd amsOWerperhpd
apply the CVS strategy in this.scNeemdg)f igr ingwi (%.gask.j A+
Table 3 shows the means and std§88&rd e rJ §ss s fOWthtehaff on?:aensys-sbtaus(
measures in each score group.SCTROLKFUSKADPAWLRT Y §Kitlelsts report
significant &iffe2edcedfd@)®T ET (












