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Abstract

This research aims to improve students’ understanding of force and motion
using the multimedia-supported predict-observe-explain (POE) approach, integrated into
large lecture classes. It is compared to the instructor-led problem-solving method using
t-test, normalized gain and model analysis. The samples are science (SC, N = 420) and
engineering (EN, N = 434) freshmen, from Prince of Songkla University, Thailand. The pre-
and post-tests were based on the well-known research-based multiple choice test of the
force and motion conceptual evaluation (FMCE). Results revealed that the POE method
(post-test mean = 13.11%6.64) promoted student learning better than the problem-solving
method (post-test mean =10.91£5.80), proved by the independent samples t-test at 0.05
significant level. However, the students’ learning gain from both methods was in a low level
(<g> < 0.3). Moreover, the model analysis of students’ mental states indicated that the
computer-based POE approach was able to best activate students’ learning for the concepts

of velocity in the graph context.
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<g>= |slope| = <Gain> | Max. Possible <Gain> S
N I T Y T T
20 40 60 80 100

% <Pretest>

JUT 2.2 nywlpnuduiussenind %(G) Auazuuuvadeunewsey (pre-test) voIngy

f79819919INN15ANE T LILIdeves Hake U 1998

PNNaNSITEmUIn I MRt Traditonal Lecture (T) A (g) wadls 0.23, 3313
FOULUU Interactive Engagement (IE) fudns (g) 0delsl 0.48 warlsifivioasouln éd (g)
NI 0.7 BrvaanenAsewuiTianseouLU Traditional Lecture A (9) Igsinin 0.3
[29-31] fetiluendde PER Fatnldeni (9) < 03 Jufiavunasgruumisnisaeuuy
Traditional Lecture lun1sifSeuiieuan (g) AUTBMIAEULULELY wazANINSaVIAIAIY

Aanaiaves (g) (Sen 0 q)) WA WATS A WENNST (2)
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Toefl  x  fe AledAvAzuul post-test Feagld o, =sd, /N (d

W uuIInIgIUUBIANRREYeS x: standard deviation of the mean of x)

y Ao AuadeAzuuu pre-test Bzl o =sdy/\/N (du
W UUNIATFINYBIALRAEYVEY v: standard deviation of the mean of y)

sd,, sd, Ao @nudenuunnsgu (standard deviation) 8 X uay y

AUAGIU
= ° v & Aa O ] v
N AB 'inu’)u;dLﬁﬂumﬂﬁﬂﬂmmmﬂﬂgLLUUﬂQULLagﬁaQLiﬁJU
C ﬁa %LLUULﬁm (M%@ﬁ']u’lu@ﬁﬂqll)

ALAUVBINITIATIYN average normalized gain AoufuAiilifuiuasuuy
nagaUnauEsU 0819lsAnuTUITere Marx wag Cummings Tl 2007 laitA  average
normalized gain 1ldUsEIUNANMITBUIVRIEL BUMANSUNUTOIIAUINREN  TuMTAATIEn
Toya TuRe M <g> fanudidesunsuamnuvunedmsuauilepsuuundasoumas,
(g9) Bsaglutae 0-1 Wutmitliaunmslumsularmumneudeys wazlunsaligSouls
azuuudnlunsnageuieudsudmaliruiamen (g) luld deudledosinwa Marx uay

Curnming S UismsAmnasewSandu nomnalized change (c) Feuanansaunisi (3)

( post-pre
E— post > pre
100-pre
drop post =pre =100o0r0 ..., (3)

¢ :< 0 post = pre

post-pre
_— post < pre

\  pre

laeil ¢ Ao normalized change

= 1 v a

post A AveIAzLULABUMEaSuduUesIEURIN 100%

pre Ao AwespzluudounsussuluUssidudain 100%

= ° v ~ o .
PR R RRBM IS B BNl average of nomalized change: Coe  10Y
NsAnTIBYARaLEINLIMAREY Fanundinsannumnalaguieaiuan (g) NN Co.e
= oA N D] o o o w v v A o P =
ey fe Wueiiliiinnuaidesdmsuauilanzuuuvdussutaeniineusey (post < pre),

ANY C,e BEMUTI -1 B9 1 TalnsuUsynanliogeauunns wazsenisuendunsdiiaaunis
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7 (3) @TOAMINMAT Coe HVNNTE VRTUANLNTOMIAIANUAANAINTDY Coe 1A 138N

standard error of mean of ¢ (sem.) AMUANUFURUSHIFUNTN (4)

Toeii o, Ao dudosuianassuressiagen ¢ (standard deviation of
the individual c-score)
¢ A f1 normalized change Y@El38UTIYAAE (individual
student’s normalized change)

c. A8 A1 average of normalized change Y1MBaTaU

ave

[
Y

N Ao IUIUGSEUmUaTINIALLUUneULAE MRS Y

2.5 Model analysis

19991nafif t-test uaz normalized gain SsuenlalléingiFouiianiuzmma
mnuAededemil  rieinsidsusnurieuazndSousedemisetnils  fofuseurlud
2001 Bao wag Redish lasauniunmunisnisuseiliunuulngdisonin model analysis lngonde
fugnuanemAfesnunisfine  (education), 39IneIna3euy (cognitive science) e
Usvaniven (neuroscience) fiflwindadn dulszamsingg neluavesimtfiidesleiy
vugfirunadnszuumsivitedomisg Tnefinssuiunistiuiuuiun (context) voaidos
g Huddey [15-16] wAda model analysis wiseantdu 2 wuu (algorithms) e

(1) Concentration factor LJuisn1sliaseteaeuuaziudeninenain ns
NILAUFIVOIAINDY

(2) Model estimation Juismsiaszsimunliurieuuudians (model)
mammﬁmﬁ;:JSemi%w’%aamusmammimmidiﬁau (student” s knowledge state) (usisedauls
Anwanizdinues model estimation i)

PvaeAfeiinan wul nsdeudvesdiBpuiutuniun [13-16] @
vangaud  dmiunguianunildiieadesiuniauuAavdn (one concept) wsiiuFuM
(contexts) uansnatuluTuusiazdiniy fiFeuenaneuunsdiniugn udenanouunsdiauii il
wsggisewdenldguiuuauAn (mental model) lunismauusiazAnuseiuvsonaanie

wiled Usunvesaanuwatulunseiulvigiseudonlasuuuuainufniisieiy
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=3

Aatiumndimaunivilwfardan  uatiusundneiusnligisewi  awnse

d‘yd L

Creations

Weuanuduiusvesmnuinasundseuasldsuuuuanudnsiieg Tunsneudald  dagy
23
q
— Model 1
qz
—— Model 2
Cont ration -
Contexts ™ Activations or > Model 3

Model w

v

oy
£

JUN 2.3 wnudsnssuiumsasisguiuuanudn tnefisduuunnudevianue w suuuy luly
TelunsuAdgwidug (Model 1, Model 2, ..., Model w) Wag G, Gy...,G LUUAL

%

Wz dunifisourzgnnazaulilduuuuanufnuuunigg [13-16]
WansaiisufsaLIRativwAannamaniateuiuls  lnsanugves
sULUUANLAA (model state) YosglTouwnumeUIniivesgUluuaLAa (model space) il
3 a s Ay o s o [ A o v <
nnwesvesgluuuANNAn  (nwesvedluag)  AduTuSAUANYMzAmeuTinwualy 1Ty
VINWBIFIUNANAIAIN (orthonormal basis vectors: e,) MpgaugUkuuANAn 3 JULUY

(3 models: e, e,,e,) uandldnsguil 2.4

=p.

U

U

2.4 Y3figUuuuanufn 3 JULUUIKNUAIELNNESJURUUTAMRINT R uLaE Y [13-16]

liansnsaussanuguuuuauda (model estimation) lalagendeuimaiianis

NAMENIAIOUALLTUUNINDILATN1T1IAT eigenvalues, eigenvectors F9838N13A3H
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(1) asnnnesiiewugUuuuanuAnwuudneg  veutey  Jadunaunain

av A = ' =) . o 1 ! )
UNIYLBIAUNIN 38L38127 common model (M) 198 physical model 8nAIEYU - 1IN
Nanun w model 15U 1 concept az@d1ald M, fi9 M,, @28 linear vector space lngflusay

model kN8 orthonormal basis vector; e, faaun1s (5)

1 0 0

A O A 1 A O

e1 — R e2 =\ . , .,eW: ......... (5)
0 0 !

AatiuanurveIgULUUANAR (model state) vestinizouaun k™ uand

Aennmesutlsnulglu model space; u, AIEUNTN (6)

e

S Ry PO

== | oy (6)
nk

Tne?l n* Ao snuvesrmeuvsstniSeuaui kM fden Model 7 i

Q) ﬁi’wmugmwuﬁmauﬁmm (common models)

Db

n1
w
m

9 uuAIunmuaiiagly concept Wiy

o))}

(2) 11 model state veuiSEULAAAUINATIIUVENDAUMUILIY (density
matrix) 8nFBEITU N8 1 concept &l 3 common models (w = 3) aglawwsndany

vnuuvesgULuueuAsueninGeuaui K" (the k" student model density matrix) Wanasi

aumﬁﬁ )
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Dk=uk®u:=|uk><uk|=# \/W n; m ......... (7)
(3) thwvindanumunutuvesindeutmuslutudeunnsiuiy e lirlel

LUNSNFAUNUIL ULV ITUSBUTY (class model density matrix) Lansnsaun1syn (8)  lag N

AD TIUIUTNSIUNINUA LUTUS U

pﬁ p12 pf) ! ! 2 !
D=|p, p. P.|=

Py Pn  Ps «[ngnwk qnsknf ng

(%
(7

mﬁmmmuu’glﬁummgm (diagonal elements) YBIVENT ALY
Seudo p,, p, Wy p, wuendwndeninSeuiiesiidentd model 1, 2 uay 3 (afuly
Wiy 1) dausuenuuaduniessin (off-diagonal elements) WU p, UenAmINTiDsvDITILIY
tfniSeufiden model 1 way 2 Feazuanafiannunadunin (consistency)  veFouneny
Tumsden model 1 ua 2 Usneuiu namie dridnSeumeauiidentia model 1 uaw model 2

Amlsnazan (arge mixing WwkEmD P IANEUATIAN (ow consistency) Taesialumn off-diagonal

elements (it p, ) axfiodniifeddydlo — L2 100 > 50%
\/(pll X pzz)

(4) A1 eigenvalues Wag eigenvectors A1 class density matrix i
LEAINITNTLANBAIVOY  common model maﬂﬁ'ﬂﬁﬂuﬁ'ﬂ%uﬁﬂu o8 eigenvalues wUBN
consistency vastiniFuissuFoulumaden model mnfidsnnuansiiFoudlugdonld
model Ad1e fu wimnatissuansifizoulutuFoudonld model nsgateiu (a1naide
989 Bao @upiimsiAwn 0.65 FwrieldiinSeudilnaluiudeudenldanuzma
ANUARAGNYY 1) d3U eigenvectors UBNDA class model state fearvenigFeuluty

Seudlugidon model o

Tunsiauenan1siAsIest class model state 31nA7 eigenvalues Way

eigenvectors aziiauaMENNIULUUAUAR (model plot) Fadunsiw 2 FRTuanatsAY
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mﬁ]uﬂumaqﬂﬁauﬁﬁuﬁauﬁ%”L‘si’f model 1 %38 model 2 lumsmeuaw Awanslugun 2.5 lag

al

Tiwnu y Wuanuiesduiiadld model 1 (P,) Faduzuuuunnudniignsies uazun x Wu
muuzluiiegld model 2 (P) Fuduguuuurrudniing Jeyaiadluiiuiingn  Jugeiida

(P,Py) wiu 90 B iudu dmsuiuiveinsm model plot gnuuadu 4 danndng fis udldduay

Ly 1 |

Fuawriniu 1/3 1Wuusi model 2 (model 7Ra), Nufdwnataduusiial mixed model,

= =] £ LY ! ! v <) a = & A a ¥ o A
fummioduanuduavindu 3 Wuuiia model 1 (model Mgn) wazitunusnalnagaiiia

e

Feagladu P, + P, = 0.4

A
1.0
| 3 Mode] 1
siope = 80 ) Region
'T': dl‘( l""\ r‘-) =
R Mixed
s :D ~, [« Region
fnles "
=g 04 Model 2
E 2. 2 N Region
“é Oy Vg .
=9
] S
P+P, = 0.4 . » | slope = 1/3
A 0 v 1.0

Probability of Using Model 2
UM 2.5 Model plot kagvaulaniiuiisieg veenssiiuunu@na [13-16]

dmsunmauusemnatudu 173 uaz 3 Tu model plot W ondsaudiiudifeyuuas

a

\FeLduves physical models Liipsa1n model plot 1Wunswl 2 87 A8 model 2 wuu MmN

Miluszuu Wi model P uay model M dawandlugy 2.6(n) yuiinfuluszuiu 15eni

model projection angle 1 ¢, , @wsnAwnlAfsaNnIsi (9)

Ja
(I)np. = arctan \/7 ......... (9)
d,

model projection angle

o))
©

e O

1 I Aov a I v
AnuuazluiinEeudenld model p

e
=
Db
©

! [ Ao a I v
AuUaziduninissudenlyd model n

e
=
Db
©
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wseannsndngUindladuansluaunisi (10)

tanz(d)w):z_u ......... (10)
n

waztilosndniswiagalussuuduy 3 dwuwhg Ay Wisuansiaveuwnves

model W, model M uaz model finauiu 3anindu angular distribution plot Aauandlugy

N = v O v T ~ YR a
N 2.6() Wewnu x Wy q wazwnu y Wy q, dedy g1 ¢, =— aw@eulusuanuduiusids
n n nu 6 ]

duludunssifinnudu 173 ibiiuives model n Fsegneldidunssaiutu 1/3 uazly

o = Y 1 [ A 1) Y] ° o & Ay v v
anyidslngInuan o, ZE QBVLﬂLaumiﬂmﬂJﬁ'lﬁlﬁmu 3 UULDY ﬁ’]ﬁi‘UwummLﬁumiﬂ P+ P,=04

Tu model plot ﬁ?u 5@LﬁuﬁuﬁmmgﬂLmemﬁmm (secondary model region) Lﬁaqmﬂﬁyuﬁ
fananinannansiuIniiean eigenvalue fiflantosdauaniiansnszaiesannuesdiSeou
TueaSeulunisidentd model vilsvihuiganuiiazsdulumsidenld model meswaila
model analysis 1dpnn wiannaudsenuiilneiiliuds eigenvalue ﬁﬁmmaﬁqﬂ%ﬁm
11nN11 eigenvalue ﬁﬁaaﬂﬁ'}ag 34 9 Svnneh eisenvalue fiflentdosundunauay

fifinaslu model plot azlafiinegldidu P, + P, = 0.4 Lawe

A Model p A%

Model n Mixed Model u
- Region Region Region
\."I q]l

d]‘l“

.— > ! >¢’1”L
y4, Modeln 0 /6 /3 /2

(n) ()

3‘1]17‘ 2.6 LWNUNIWKEAS (1) model projection angle uag (¥) angular distribution plot
[13-16]
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lumsiuamiiia  (P,P) vy model plot  agldrmanmuseving
eigenvalue 711 N¥1anva4 class density matrix f7UAY eigenvectors Y84 eigenvalue WU (F4ag

Senindu primary eigenvectors) auaunsy (11)

P=cVv uwe P =0
VY 2 Hoo2p

lay o) Ae  eigenvalue NflANaNTIgA

V,=| V.| @B eigenvectors U84 eigenvalue ilA1NINTIEN

38 model analysis fyausuaifuismsfionderisnuifodamnimain msm
sunuumAfsdeyaiednuazdadaUiinaitamsad luldiungusiogissuuanals
uennidnideyafitnizouhiignuasiinuiieseiBewinannnisiesest fiun fe ttest
wag normalized gain ﬁiﬁﬁmwwzdauﬁﬁﬁauﬁmﬂwhi?u Fadunssriauszansamnisldau
vouuurngsuInsglunuid PER saideBmstianmnsovenldigFoudimnudladion
TuanuzlaneuFoulasvdassudmalyiausaveniimuinisvessSeusuimavedisnmsaou

PrlUlguiSsulspegatmau [13-16]

Y
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LK)

A5N15Aiun1sIAY

a v le’ ' £ a 14 d‘ ¥ v = :.JI ~ A
ndeilijudumafiuanudilangniewesinfnmdudn . 1 Ao

a s d' d' o ac ]
emans  Sewsuazmaafen  lagendeiSnsaeunuy POE  aulunisussenslu
VeussuvwInlvg WisuWeuiuIsMsaeukuuuTIEeninidlandaiuguasinfnuwdul

@ v

71 AngArINssueA1ans wnudanalaeldwuuusein FMCE wagims1zvinanie normalized

kY

[V
v A va v

gain Az model analysis MaTAIElARLTUNITNUTUABUAS

3.1 Msas1awazUseiuaseslenlalunuise

3.2 ANSAIUNISIVY

3.1 nsas1anazUseiunsaslian lalueuive
3.1.1. LUUUSZIUAINLIN AL D9sIkazN1stARaUN (FMCE: Force and

Motion Conceptual Evaluation)

A ]

TurmAdedlduvutsmduamudlafesusuaznisiadoudl (FMCE)
atunwilve  dwau 43 4o FawlawagshunsUssdiununlaenguidefanddnu
PENThai na3n#i@nd aaugivenmans uninedeuiing @Uuusulssd 2553) dwsuiiu
Joyansulssuwazraaseuveanguiiegtluaddy  (manuin  n)  legaswdnlyly
Aol dldensimaanudosiuvemuulsuiiu FMCE ileBusumnuinidodie
vouedesilednads  fewedanamanuidesuuudnguildaemuusunuresnsuuy
Jundnilegrrwaenadosnelureseiosile  (ntemal  consistency)  fegisn1sves
AWnD3-3130du-20 (Kuder-Richardson 20) fungusies i iuda 1 9mm 790 e

A AT EVIAPINLIR 3] LUBLUUYIPEBU A BEUMST 12

r, = K 22Pay (12)
k-1 S2
t
e Iy unu AIALTDLUVDILUUNAGDU
k unu uudeaoulunuuysziiiu

p Wiy dndduvesiingnludenias
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(FMUAUIYNMNIIANILIIUIUAUFD UV
q Wy dnduvesiinaaludenta e 1-p

SZ o ‘U ‘U = = R
t bNU AZUUAINULLUIUTIUVBIATINDRUUUU

NAMSIATIEE WU ARty (KR-20) Y0uuuseiumnndhba

- a0 o

Sosusiarmsiedeudl (FMCE) SAwvintu 0.87 (Afivensuldlunudsy fie r, > 0.70) [32]

[y

FanokuvUseliutienuiteialusauivausula

3.1.2. 25n15dauUkUU POE

v ad a

aa A va o X o & o ¢
Fnnsaeuluy POE Nifidveenuuuiuluassll erdedeiianiiduesulatiain
ca 1 oA A v o v = a aa ¢ 4
nuledningeds Tasagldnuiunisaaunuuussensluneauiou v ddnd Sowsiuaznis
LAAOUN T5N1T@ULUY POE & 3 TURDUNAN® AIUAD
Uil 1: N15%147¢ (Predict: P)

va o

AdsluguziasuazisusulaensidndeAnlennetesiuillemuug i

(%
v o

Unfinwg wdsisdnn wu awmdnieerlsiuludeAdle/ Jumszesly/uavazuegisls
Y = = v A < v Yo ¢ ° ° H oo

owdeududadeaug WUuiu waglvdndnwaswinenavesiney Tuduneuiisouss
MUEHAMUAIUSLANTARGIUN (prior knowledge) AnntuasdlntinAnwuarlviitoudls nas
waneiu  JaeunowdnAnwluiomsng  iegin  wansvhuevesinfnwidiulvgly
sy Wuedals wdldsAnlenunldlufanssuiildunann 1) Youtube amnsaiaalaann

https.//www.youtube.com/; 2) msveasaaiioutunaniuled  Physics  Education

Technology (PRET) wesumingrdslalasila luawmes (University of Colorado Boulder)

annsaiddslsian htn/phetcoloradoeduen/simulations/categons/physics/; 3) Fenmiedeulyn o

Serway Physics @131150L 0154101270

http://www.cyut.edu.tw/~cpyu/Active Figures/simulation/Active%20Figures.html; e

4) Fleuardenisaousineg  91nuanans online NMaBININgduRanuLIuleives

Academic Earth aunsalnaelaain http://academicearth.org/online-college-

o '
v % 1 [~

courses/physics/ yisilagda/Anleldluripssuunananagun 3

Yuil 2: n1583nm (Observe: O)
sonaeunUnde/AnleNavuanmaresusingnisel  seduludnvasuue

wwameesuliindne  wdliindnwdSnuduseniadeun  Adslndiu  faeulzifiu


https://www.youtube.com/
http://phet.colorado.edu/en/simulations/category/physics/
http://www.cyut.edu.tw/~cpyu/Active_Figures/simulation/Active%20Figures.html
http://academicearth.org/online-college-courses/physics/%20%20ทั้งนี้ตัวอย่างสื่อ/วีดีโอ
http://academicearth.org/online-college-courses/physics/%20%20ทั้งนี้ตัวอย่างสื่อ/วีดีโอ
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[%
v a QJGLEJSJQ

gouny MusavAL/wiaznguAaiiuegalsiudeAflendaeulalig SnvislifSeunenenn
PIYAUNAMEY
&

i foc) consaten [ ) s o
ooty 3 [

f—r-1
A e ':::ﬂ 14 @) » B |

mg sind = N
. mg cosd = N
. N Stuffed

S n-[omN \\ 7\ T=[ 20069] N Monkey D
\ :
\ \

p
P
Q -
\‘ "7 migeos

F

(F Mhi_..’

&
e

initial angle
07 degrees  time
AT s ) D)

-45. X 5. :
sl san) (pause] - C |

f081980/ 0 LaNttUsenaunsaauwUU POE Tuaulded A) Aeg19d@an1saauann

€an
c
=D.
W

Youtube; B) f1eg19E0N15@0UINN PhET; C) F10g9&@0n1580UN  Serway

Physics; uwag D) fee9d@en1sd@euan Academic Earth

Suft 3: MsesUY (Explain: E)
Tudugeinefaeunazinfnwagsuiueiusenaiiiuande/ Afleusznounisaou

Haoudnonu TSouneumunnuatasla wasiUSeudisusneuitufnsuanmsyiune

Tupauusn LLazﬁaauﬁaqﬂLLmﬁwé’m'%'aqﬁ?m 3nats udniuasiniehiedidlandiile

Y Y

vewfn  wagiinnsunlavnestesiuiuifniy  fegrdandusdiugaeuligsey

Y
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nauluvindunistnu dnnslvreaseiumaivledvevMsenindu LMS@PSU 5939

\WenuavenalsuszneunisusseneviauafazgnirusubiliinAnwisae

3.2 msaniunisidey
3.2.1 USUNLASNGUAIRENN
nauegnduinfnwndudn 1 veswmivendeawaiuaiuns U

'
1 =

nafiny 2555 enuadu 2 Ngu Ao 1) NquVAaRITLTEUTDIIaYNISAGOUTIRIEITNNS

q

'
A £y

= [y ada a [ & 1% a [ o =
douwuu  POE  Vindededaniweiduiugiy  luveassuussenadutnfnwmainane
Weeans MaaseuseIvdndiugm 1 91w 420 au (wee 24%) (Senngy tnfinw SO
W oA g ' = = o Y  aa a '3 )
wag 2) naunegildungulSeuiisy FaSeumeismsaeuluuuTIneuayialangaiug U
Unfinwan Auedmnssueans NaaSeunedvi@ndinly 1 §1wu 434 au (weny 67%)
(Sunngu Unfnw) EN) Mmungnidenwuua1eas (purposive sampling) wazidutin@nwiidl
Wadeya FMCE neunagnduiouasuiiu  Meaenquiliasusiieiy wildlonaisusznaunis
Ussenewmileuiy waslidnnutiluslunmsasy 8 auwiniy BnviadnAnwinsaesngule

UuRNsiEndnonvazdmadonnudilalzassaznisndeunmilouiu

3.2.2 AISAIUNISEDU

(%
LY a o

Tunuideliituneunmsuiinsidendang 3 du dmsunguéledi

Y A ! Y & o & P w ! & 1o
Vi 1 Aowd1TuSeulssan 1 Wou Nguseg1ansaeanguyi
wuuUsEiiu FMCE Wunsnaaeuneuseu (pre-test) Iagldiiayinuseana 30 uil

Y A J = w2 = d‘l = gy
quil 2: Tutuiseu NRUUNANET SC LIYULTDILIIALNITLARDUNAIY

WMsaeuluy POE suiumsussene 3nuiu 8 au dwdutdnfnw EN 158u3annms
VT8I 6 AU LLazaﬂwéLﬁﬂmaﬁgaawé’u'%auwﬁﬂ 2 AU

il 3: wdaFeuau 1 Weu nquietheaeshuuulssdiu FMCE
snadudumsvadeundaieu (post-test) mﬂﬁ?uﬁ’]ﬁﬁau”a pre-test W@y post-test U
AATILYAE  paired t-test, normalized gain Wwag model analysis \euszdiuuas

= = aa 5 aa |
WSsueuisnsaeuieanisaaly
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U 4

NANISAIUNITILKAZALATIZINE

AsAUNTIvEaNAIIN laveln AN YIS a LS ILaTNISIAREUN  fY
NsaeuUmEls POE dwsuisaseuussenguunlvg) Inseninadeya FMCE Mg ttest,
normalized gain Way model analysis W3guUiBUAUIBNTEDULUVUTTINEATNSALaNE

Aug lanansialull

4.1 Aasizvdaya FMCE G t-test waz normalized gain

(% (%
[ v = [

Tuuddedn@nudulan 1 vesnsdnermans 19sunisaeusieds POE
Tueafeuussens  dwsutinfnwangdmnssumans  Idsunisasunuuussenefiinisio
landavg WisuWeurateya FMCE aInnouwasvaasey laen1sinsien ttest wae
normalized gain lékademnsedl 4.1 %ﬂdauﬁsumﬂmimaaaau%’a%a FMCE  @1uv93
pre-test g8 Independent sample t-test wuin UnANYY SC way EN ﬁmmﬁﬁug’lu lai
wANARY (Sig.=0.06) waaTeu nuidhdne SC linzuuwade 30% wasindnwn EN 16

AzuLLRBY  25%  leentnAnwinsaeingulinsiuuiafena s suiiiIuINnnounaws ey

o v A

pg1idudAy 0.05 aadeulaniy paired sample t-test (Sig.<0.01) wazileiAszn

(%
¥ Y 1

Uoya post-test YBIIABINGNAIEY Independent sample t-test WUIMAWTEUAIETS POE

Y

=

tinAnwildnzuuuadonnnitsewigiSusseeninisidlandaiug (Sig.<0.01) wieealsh
MY WeNANTUEINYRINANISISEUSILILAY (learning gain) Me normalized gain Wu31 4
doisnsaeud il suinnisiseuiiindulalusedui (<g> < 03) [11] lngnum

<g>to., = 0.1240.03 dwiuvindnwingy SC MSeulagds POESNAUUITNY uag

) v v = 1

= 0.04+0.04 dwmsuindnwingu EN ASeulaedSusseneniouialandmiug Jeuandlviii

14
ada o

7 Meaesdslfinslasunissulsuiinfuielidngnseuiunisdanisseuiiidu  active

¥ v
= v

learning 11NB9UU VIsHNNITEUARTUTBLTEU WU UABsuUNdIug AN IilalunIg

1%

a o o/ = Y1 v A £ Y Y a a1 ! X aa
ANUTYLATADUAINNUDY "NLUUIUI@’J']OW%Jﬂ’]iﬂi%GJMIMNLﬁEJUlIﬁ’JUTJlliﬂﬂ“UU I9N17dU

Y

|

wuu POE 7ildluvieaseuusseneilonvasanunsatislgisouinnaseuslusedungaule
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M13199 4.1 IinTevinatoya FMCE 678 t-test Uag normalized gain aninAny Ay

Anedans (SC: N=420) wazun@nwiausidInssueans (EN: N=434)

Statistics aPre- aPost- %Pre- %Post-
Mean 8.98 13.11 Mean 9.56 10.91
Standard 4.01 6.64 Standard 487 5.80
deviation deviation
Standard 0.20 0.32 Standard 0.23 0.28
error of mean error of mean

Paired t-test Groups  bpD "SE, ! Sig. Groups bp °SE, t Sig.
Pre-SC  4.13 0.28 1475 <0.01 Pre-EN 1.35 026 510 <0.01
Post-SC Post-EN

Independent Groups Sig.

t-test Pre-SC and Pre-EN 0.06
Post-SC and Post-EN <0.01

<g>%o_, 0.12+0.03 0.04+0.04

qaziuududy 43 aziuu
b | | a
D AsNan1eua9nILRay

°SEg oA standard error Ya9NAR190IA AR

4.2 Apsnzvidaya FMCE @78 model analysis

WieAAsnesianuymsasAn (model state) vasgfiSouluusiayngudniy
vosderou FMCE (nunanafl 2) Taneuuasudaou et doyailfiduuumedmsy
Haoulumsusuuseisnmsasusioly Madluusasngudiniuazdinsus common models
maa;ﬁﬁawﬂu 3 JLma M. correct model, incorrect model kag null model 518azLd8nm

dmuudazngudany uanwudeyanuans

4.2.1 nguAaudmnsuuTUNaIndeu (ngiiaduden 1 uaz 2) (C1)
USUNANNLEULNYT8INUNNSUTLEUAUNS NI ®139IN15  [8]  A1aNUaY

v P v aa o 1 = a{' P = °
ﬂ'uJHLiEJULL‘U‘UmiﬂvL‘UVﬁQN'] LW@GL‘VI‘V"]LLi\‘]q‘VlﬁVlﬂigw']m@a']ﬂLaau‘V]QﬂLLiﬂ NG UNLLIINTENN
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audlavesiGouimudie 1) wssqvfinsyyinsedagludndiutuamss  (corect
model) uag 2) wssgninszviie Tnguiudndruiuanania (incorrect model)

NAN9197 4.2 uandliliiuineadusenauluInLeamNves pre-class density
matrix Te9tini3sungy SC uag EN falndifestu dufiouszanm 16% vesi3ousisaningy
Gonltlumangnlumsulandlaym FMCE wazUssanas 70% vesfiSoudenlilunaiiin
FadululihanuiiuguvesdiFouiiaesnduiludomnguesidiunes 1wy 2 dwdy
Usunannideuliuansieiu wawInnsaewmieds POE  Tadlumsussenedmsulindnw
ngu SC wudh wWesidudvesindnwiidenldlumadiinanasann 73% Wy 58% Tuma
ndufunut WosidusvsstinAnwilld null model ity 3nftuflofiarsanssdusznen
Pyl post-class density matrix ¥8angs SC wuindu 52% Fauansdenisidonldlumai
An uay null model vewiSsunaniunnegwiideddy  wandliiuimdanisaeunuy
POE  mmdilavesidpudosionnandsunnarudilafinegdaauduadlain

1p8aq

A15°97 4.2 Class density matrices, eigenvalues Wag eigenvectors ¥83tin@n®1 SC Lag

EN dwiuusunainideu (ngildiuded 1 uag 2) (C1)

e

Pre- Post- Pre- Post-
Class 0.16 0.07 0.05 0.16 0.15 0.12 0.16 0.13 0.07 0.19 0.14 0.09
density 0.07 0.73 0.15 0.15 0.58 0.20 0.13 0.70 0.16 0.14 0.66 0.13
matrix 0.05 0.15 0.11 0.12 0.20 0.26 0.07 0.16 0.15 0.09 0.13 0.15
Dominant 0.77 0.73 0.77 0.74
eigenvalue
_ 0.13 0.32 0.23 0.28
Primary 0.97 0.84 0.94 0.93
elgenvector
0.23 0.43 0.26 0.25
(P2,P1) (0.72,0.01) (0.52,0.07) (0.68,0.04) (0.64,0.06)

dwundanniseumeIsnisussensuasflandmuguasindnwingy  EN
wui Weddudvesindnuiidenluaaiiinanas Tnefiviauersssdeudunnudiled
gn  (Wedldudvesthdnuiidon null model ) egslsfnm  AmsINveInIs
Wasuwlasesindne EN wuindesnintdnfinw SC fafluanadae primary eigenvectors
LLazmﬂ'gUﬁ 4.1 dloldfiensan null model 970 pre waz post-class model points Wy

model point vestinfinwy1 SC (Iranuivasnduniiy) deouluuinndl model point ¥8s
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Unfinwr  EN  Qeauwmidenduny)  udagnudigaynindensedluunuiianvedluinaiiin
(incorrect model region) Fawansliiuindwiuuiunainidouressengddiuden 1 uaz
2 "y 35nsaeunuu POE anwnsatelvidiseuuSudsuanmslalunaiiinegretnaun

Junsidenldlumanuunausswinlaiugnls vseisendndu hybrid models waziianiuy

I o
a Y Y L3

NNATIUAALUY confusion states Fadsliinidudaydnvaluvanisiseuiiues [33]

o

=

4.2.2 ngudandmsuusunnauiia (ngiladudean 1 uag 2)(C2)

Sroniluviunilsiunssierussiinssrhde tmgfignloutululueinie
uazfdundouiituiudes anudnlavesiFouiinufie 1) wswderrussrueasiangssi
sotng vausfiedoufituiaras (correct model) wag 2) fussmFommusdlufinniziadoud

VBIInQLEND (incorrect model)

A13197 4.3 Class density matrices, eigenvalues wag eigenvectors ¥83tin@n® SC Lag

EN dwiuuiunnduiia (ngiaduted 1 uag 2)(C2)
s  _EN
Pre- Post- Pre- Post-
Class 0.09 0.14 0.05 0.20 0.23 0.05 0.13 0.16 0.08 0.12 0.13 0.07
density 0.14 0.72 0.24 0.23 0.71 0.11 0.16 0.68 0.23 0.13 0.67 0.24
matrix 0.05 0.24 0.19 0.05 0.11 0.09 0.08 0.23 0.20 0.07 0.24 0.21

Dominant 0.84 0.82 0.81 0.80
eigenvalue
. 0.19 0.36 0.25 0.21
Primary 0.92 0.92 0.90 0.90
EIQEHVECtOT
0.35 0.17 0.36 0.39
(P2,P1) (0.71,0.03) (0.69,0.11) (0.66,0.05) (0.65,0.04)

PNaNSNT 4.3 msLU?{auLLaﬂuaaﬁﬂszﬂauLLu’mLammm pre uway post
class density matrices vasiin@nu SC Tunduenuil (C2) ssanngudanuitinen (C1)
(wanslumsneil 4.2) ufe ndansaeuluy POE Wesldudvastindnu SC Mdonlinnadi
gndeafindu TnsfitnAnwiden null model uaslunafiinanas dmsutndnew EN 7
BoufeiBnsaeunuuusssuasilandmug  wuinlesidudvesin@nwidenlumg
sinae IndiApeiiuiis pre uay postclass density matrices Snmamuimdsdey 64% ves
dnAnwnguiidenlilunaiifionauiu nul models usdwiuiindnw SC fifies 44%

infinw1 SC 61% denldlumangnuazlunaianauiu Ftiuansliiiudl Bnsdeunuy
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v ada

POE Mtdedaniivieysenautuyigliindnwidlandumauiilafnitisnisaeuwuy

UssengnAlandaiua

4.2.3 ngudanudmiuiFeause-nsw (ngiadudedl 1 uaz 2)(C3)

ﬂajuﬁ']mmﬁﬁaﬁmﬁ’umsﬂizLﬁum'mL{J"ﬁ,aL"%Iaaﬂiflw%ﬂu%’uagmm%auﬁ
Yot 1 uar 2 [8] TuAnuaglvidieuaannsMYaLTwaLaIvauAN1SAINISNAN
sovouau Anudilavesiieufe 1) wisgvsuwingudadiuiuaimse (correct model)
waz 2) wisgvduwingdudadiuiuaanuda (incorrect model)

naMFATwideasy FMCE uansfamsnedl 4.4 Sewuinesdusznauin
mmgmaqﬁy’a pre laz post-class density matrices ¥03tinAny EN dAlnalAesiuuin
Snmadlelsifinnsan null model wui pre way post-class model point agjﬁﬁmﬁﬂﬂé’ﬁm
fuann (eenandundluguil 4.1) SswandifiuiniBnsaeunuuusseneifinisilandaiug
laannsonssulvgiSewianinudoy mental model Tuvdunild lumenssudniy

o w

Fns@euwUU  POE  fanunisivasundatsegaiidedrvadumaniawas null model

o

S¥NIN pre uay post-class density matrices vostinAnw SC dnvisdanuan Anslavisans
a U a

Tuananiuegdnay (o= 78%-87%) unsgnslsfmumndanisdourivaedisyisoudnd

mMsseuiiaviuvasulunaiisnintos SnudiSsudmmnndalanudilaiinainndeu

M15719% 4.4 Class density matrices, eigenvalues wag eigenvectors U93nAn®1 SC Lag

EN dwifunse-nsm (ngdaduded 1 uay 2) (C3)

s e

Pre- Post- Pre- Post-
Class 0.12 0.08 0.07 0.10 0.11 0.13 0.12 0.11 0.11 0.12 0.12 0.11
density 0.08 0.62 0.35 0.11 0.51 0.38 0.11 0.56 0.34 0.12 0.54 0.33
matrix 0.07 0.35 0.26 0.13 0.38 0.38 0.11 0.34 0.32 0.11 0.33 0.33
Dominant 0.84 0.87 0.83 0.80
eigenvalue
_ 0.14 0.22 0.21 0.22
Primary 0.84 0.74 0.79 0.78
eigenvector
0.52 0.64 0.57 0.58
(P2,P1) (0.59,0.02) (0.48,0.04) (0.52,0.04) (0.50,0.04)

d' a = a a
WBLUIHULNGUANUUITUNTIR UL

(C1-C3) WU

MsAsULUAIYDY

BIAUTENOULLINKEIUTBINGNAIAINTIN pre TGS post-class density matrices 09
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fnidoungy SC IndiAssfunadsuuadluuiunandeu (C1) fduidowFoudtouty
meldidemiduengnisedeuiivesinfuded 1 way 2 3muiiiBnsaeunuy POE
Peduaduligiouinmsteuildifgaiuiiunnduia (€2 uddwmiuIBnsaeuluy
usseneiinsilandmudarduaiiligiZouwinnsSeusinniigadeviunanideu (C1) 3

uanasta model plot Tuguf 4.1

0.2 A C1,SC-Pre /A C1, EN-Pre
A C1,SC-Post A C1, EN-Post
1 []c2,sc-pre L[1C2 EN-Pre
0.16 - M 2 sc-Post M C2 EN-Post
Correct Model O c3,5C-Pre O C3, EN-Pre
1 012 ® C3,SC-Post @ C3, EN-Post
' N
0.8 0.08 - N
/ \\\\ |I|l:
0.04 - ® B
\\ \\lII
| © \
0.6 W
O T T T T
0 02 04 06 08 1
04 .
0.2 -
]
A
e an
0 T T Q q T
0 0.2 0.4 0.6 0.8 1
Incorrect Model

3UM 4.1 Model plot dwsungumaiui 1 (C1: Inanumaes), nauAInud 2 (C2:
EAMALY), WazNUMAINTA 3 (C3: Irnay) NTeya FMEC vesin@nw SC

(AU18U) kazundne EN (@ung)
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4.2.4 ngudanudmiuizaInas-nsw (C4)

naufauALE-nT Iyl RgTesTuANLISIwessnvLauTAd U uTUN
s199 Banduenanudaglndidestuion usenal anudlavesSeuiinude 1) aranss
Hudadufusnsnsidsuulamnusa (corect model) wag 2) eusaudndiudy

A11L57 (incorrect model)

=

NNANITUATIZAIUANTIN 4.5  wanslmiiudn vain@ne SC wag EN i

A A ] oA A = a o Y = (3
ﬂ’]’]ﬂJiWUﬁ']uLi@ﬂﬂ’J’mLi\‘i-ﬂi’]wu’mﬂ’]’]Li@\‘iﬂ@ﬂ’]ﬂﬂﬁ@ﬂ%ﬂ]@ﬂﬂ’mu%a 1 ey 2 Wosgus

Y %9

vostinAnwililuinaiignlu pre-class density matrices 1y 22% dwiuindnwn SC uas
319% dwiutndnw EN  Inswdsuslaadisadniosvesesduszneulunuandunusa
59WIN9 pre uag post-class density ve3indnw EN FaFeuanisnisussenewasilang
Mg (fnsangnanumasuduns lugud 4.2) dmuvdamsaoutindne SC se3dns POE

wuiesidudvesinAnwndenldlumafignuagiumaninn ity WERIBEN9TALUlY

1%
o a v v !

model plot JUN 4.2 Raaumdsudiidy) Snviadamudtindnw SC Sudenltlumaiin

waz null model WauiUpETTARYNDUSEY AD Py = 66% Tu pre-class density matrix
wazidenlflumaiignuasluinaifenaniueg i dqmdaiou oy, = 58% Tu post-class
density matrix ogdlsfinnaiBnisaouransisitionsedulFoudosnnuise-nam anim
Uinalaaafiin (incorrect model region) tWulwnusnlumanay (mixed model region)

Aananslugun 4.2 Fauansdansseuivesiouraaseutiues

M15719% 4.5 Class density matrices, eigenvalues wag eigenvectors U3inAn®1 SC Lag

EN d@suad1uLsa-nsan (C4)

<. EN

Pre- Post- Pre- Post-

Class 0.22 0.14 0.17] | [0.36 0.25 0.10] | [0.31 0.15 0.14 0.32 0.13 0.14
density 0.14 0.46 0.25| | | 0.25 0.51 0.12 0.15 0.45 0.19 | | | 0.13 0.43 0.16
matrix 0.17 0.25 0.31| | |0.10 0.12 0.13| | | 0.14 0.19 0.24| | | 0.14 0.16 0.25

Dominant 0.73 0.74 0.69 0.63
eigenvalue
_ 0.38 0.58 0.46 0.51
Primary 0.72 0.77 0.75 0.71
eigenvector
0.58 0.25 0.47 0.48

(P2,P1) (0.38,0.11) (0.44,0.25) (0.39,0.15) (0.32,0.16)
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4.4.5 nguAaudmnuiTangdadudan 3 (C5)

nauAnINNEIRUTeN 3 NeIteturuInYeIRSINNTEYIvME IngaoITUTY

9

e anudnlannufie 1) vusindunsisel dngassutiueanutsvuiauiiunseyingaiu

wazfuawe (correct model) wag 2) vauzindunsnsen Jngassutiusantsvuinklviiiy

[y

ATLYNYINUBALAIULELD A8AZIUBLAU UIA WarInannseyin (incorrect model)

Y q

] o

dusulumanialunguainudazuiadu 2 wunfa Ao MsTuediuuigm wae

YY) a

mstuegifuingfidusnagyih (23] nmenTiasgilumssdl 4.6 wulwisdnfnw SC
uaz EN fimnuidhlafinanandeuiengnsindeudivesinduted 3 oguinnin iSesanase
uazANL3) (Fauandly model plot §UAl 4.2) mental model vosiniFousgluwauina
Tuipafifin (incorrect model region) dmsutindiny EN doyalunguiauilindidsaft
naufaTiuan e Snsdsunlamesesduszneululuadunueauves  class
density matrix nAeulundaSeutiosann Snva ﬁmimamﬁuaem%’mLﬁ]uﬁuaﬂmmaﬁgﬂ,
Tuwmaiiiiauaz null model fauanshoosduszneuiilioglunuadunusspmes pre uag
post-class density matrices yoananAnwn SC wag EN usghslsinnuilefionsanludy
193 model point (Fagul 4.2) aznuiidindnw SC Tuualiunsdsuulamdaou

o e 1 Ao a o & i
U1INNINUNANYT EN YN NUNANEN EN llﬂ')’]llzwugqumqﬂﬂjq

M13199 4.6 Class density matrices, eigenvalues way eigenvectors ¥99inAN©YY SC Lag

EN dwungiasudied 3 (C5)
s BN
Pre- Post- Pre- Post-
Class 0.15 0.14 0.08 0.16 0.19 0.15 0.17 0.19 0.14 0.20 0.20 0.13
density 0.14 0.61 0.31 0.19 0.48 0.33 0.19 0.48 0.33 0.20 0.50 0.32
matrix 0.08 0.31 0.23 0.15 0.33 0.36 0.14 0.33 0.34 0.13 0.32 0.30

Dominant 0.83 0.84 0.83 0.83
eigenvalue
_ 0.24 0.33 0.34 0.35
Primary 0.85 0.73 0.73 0.76
eigenvector
0.48 0.60 0.59 0.55

(P2,P1) (0.60,0.05) (0.45,0.09) (0.44,0.10) (0.48,0.10)
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4.2.6 nguAauFmMTUEaIAMANE-nsN (C6)

naufauaE-nsmiviunlndidsstuanuisensml wag usensw
wiedesfunsmianusdenavessavesauluuunsiey mnudilavesdiSouiinude 1)
MNansminnaialdgndes (correct model) way  2) answiAMmEATunTMEULMLY

(incorrect model)

A15199 4.7 Class density matrices, eigenvalues way eigenvectors ¥99UnANYY SC LAy

EN dusuauisi-nsnl (C6)

Pre- Post- Pre- Post-
Class 0.44 0.12 0.21 0.76 0.07 0.13 0.47 0.09 0.20 0.53 0.07 0.23

density 0.12 0.20 0.11 0.07 0.10 0.04 0.09 0.14 0.09 0.07 0.13 0.08
matrix 0.21 0.11 0.36 0.13 0.04 0.15 0.20 0.09 0.29 0.23 0.08 0.34

Dominant 0.68 0.79 0.66 0.70
eigenvalue
_ 0.72 0.97 0.74 0.82
Primary 0.32 0.11 0.24 0.18
elgenvector
0.61 0.20 0.62 0.55
(P2,P1) (0.07,0.35) (0.01,0.74) (0.04,0.36) (0.02,0.47)

mnmsiesganned 47 waediduidnideuiiaesnguiiandila
fuguneudsuFeseuina 1ANTMNY NENAANTHLLINYEY FMCE Uszanal 44%
GanﬁﬂﬁﬂmLﬁaﬂiﬁﬁuLmaﬁgﬂiumiuﬁﬂiymfiauﬁau model points 83inAny SC uaz
EN agluwnuianlinnaign (correct model region) AuusimeuEudu duandluzud 4.2 3n
Hanud ndadsudeisnsdeusuy POE thinw SC fin1sususdsu model state aghadl
Hod Aty (Aauanniy eigenvectors kag model point) dmsutindny) EN danuasiduns
’m‘mumﬂﬁaﬂiﬁmLmaﬁgmmﬂmmaﬁﬂm W3 pre way post-class density matrices ( Py =
54%)



1 Correct Model A C4,SC-Pre A C4, EN-Pre
A C4, SC-Post A C4, EN-Post
[] C5, SC-Pre [1 C5, EN-Pre
M C5, SC-Post B C5, EN-Post
08 - O C6, SC-Pre O €6, EN-Pre
' R ® C6, SC-Post @® C6, EN-Post
06 %
!
04 144
S0
0.2 -
" - T&’——""‘f—
A
““““ 3
0 T \\I T T
0 0.2 0.4 0.6 0.8 1
Incorrect Model
Ul 4.2 Model plot dwsunguianuil 4 (C4: gaanumden), ngudiaiud 5 (C5: 90
Awd

gu), WaENguAInILT 6 (C6: nenan) INTeya FMEC vosin@nwn SC (FU1RW) uag
UnAnw EN @un)

\WelUSeuLiigy model state ¥0eie 6 NguAIY (C1-C6) vasn@Ane SC
wag EN nulingudtanusaangnisnaeufivestivdiutien 1 waz 2 Wuisesndndnwiiany
wWhlaiinanniian TngnewSeudszanm 9-16% vesindnwldlunangnlunisuitaymiain
Yadeu FMCE iediunguenautl dmiundaseu wuddlilesUssanas 10-20% v0s
o = a A a Y a o . o = ' I a
unAnwinidenldlunaiignies 8nvis model point vasin@nwiainynnauegluunusiiu

luwadiie (incorrect model region) FauaadliliuINITANTAOUTEBILUUAD IDNITUUL

POE  Mldslunisussensuayiimsasuiuuuseneniinsilandmugtienseiulvigiseu
\nnnsiseuivtefsulunannunluilonveinguainuiiiesndnilenaun

ae3lsh
a o d'l 1 dl' d' cl' a v Y d' I d' d'u a
AN NEULINUINTBINGNISLAGEUNVDITIRUTET 1 way 2 WuFasntniseunas
indnwlnednlvgienudilamauniiagn e

o oA s o
vAusesnaransous [12] Tunmseiu

Pru dnAnendianudiugiuiuaziinisSeuinangalutomanusy Guansunised 4.7
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wazgUil 4.2) BnsaouassnuunsedulilFowAnmadusliluosed Feangdud
Auduann Tugudl 4.2 Tnenmsamnsidasu model state vaatin@nun EN ainnoulunds
Soutesntt madsuwdasiiietufuindnw SC Auvaniandiifiuiisnsaeunuy
usseneiinsilandmugidedrnlunisnssdudiFoulfiAinnsFeusluFosusuaznis

v =2

Y

waou elidululain vSunluresSeuidaduiesSouruialug dundAnwinin 250 Au

oY ~ a M Yo Ve ¥ P . . aa Ay o s
wavdfaeuiiesaufen  laldviliduiesSouluy  active leaming fifinsufduniusiu
sEninegiSeuiugaaunnnuiniadg aursainnsdunveisuuliidunensiuinfnw EN
lodoyaiudindr  TunsSeuin@nwmengwiagvesdilandfgaewiily  wnniniay

° v o X o = a A ) | faa ] | )

NY1YINIIANUTTE NSz nAENYTANWEeI  Aregnalanginiazidudiunilaves
Jaaau waznisveadnluazyinlinuedldazuuuuin agelsAnunisseulaenisvassiwas b
Wnlalemegnawiase  diseuasliaunsaussendlduasunlagmlandviediegiwing 1a

=Y v 14 P % Yo v
sudldannsaasieranuingndediiuauesla [34]
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unN 5

#3UNan15AY

5.1 #@5UNan1sdY

£ ¥
av A % U A

1 aa A = N a g A = v
ﬁquqﬂﬂu'l@@@ﬂLL‘U‘U’Jﬁﬂ']ﬁa@'ULL'U‘U POE vonAydala NLWEJLUUWU%’]U L‘W'Eﬂslj

[

WU 1 wae

aa [

Tuvpasauusseny @amsSutnAnwviAueINeImans JUUN 1 NauseudvNand

[y

Wisuieuisnsaeutiiuisnisaeunuuusseenidmsilandaiug  dwsuindnwiane
a ¢ & A A A aa W o 2 v ' v a o
Imnsumans Wl 1 NaaSewdnidndmily 1 vhmaiudeyansuasvaaseulagld

wuuUssidiuanudila FMCE waglmsevdeyalagldatflunuideildnddnen laud nns

%
a = v

PNAFDUAINULANANVDIAE LUULRALAE t-test, ASANUIUHNANTHS I USTNLTUALE

Y

normalized gain karn15iATIERANIULYRIFULUUAUNARA (model state) VoS lag

nsUsEINAUgULUUAUAR (model estimation) mewaila model analysis No1deLWIAR

Y

3 v A A e & a [ Ay aa 6 a o &
NNarEnsAIUALTLNNSNYG Fuduwadalnudlunuiseidnddnw asﬂmamm%lmmu

9

1. WANNSANSIVANUTN L AVDITNAN YT DILTILALANTARDUN WU WIVaN

unAnwdulvgidnlaraunigansneulagvausey Asseingnisiadeuivestdiiulen 1

°o o PN

a g./l L% 1 ¥ a a v ‘&I ¥ 1 U = a 1w
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Abstract

This study aims to investigate the use of the predict—observe—explain (POE)
approach integrated into large lecture classes on forces and motion. It is
compared to the instructor-led problem-solving method using model analysis.
The samples are science (SC, N = 420) and engineering (EN, N = 434)
freshmen, from Prince of Songkla University, Thailand. Research findings
from the force and motion conceptual evaluation indicate that the multimedia-
supported POE method promotes students’ learning better than the problem-
solving method, in particular for the velocity and acceleration concepts. There is
a small shift of the students’ model states after the problem-solving instruction.
Moreover, by using model analysis instructors are able to investigate students’
misconceptions and evaluate teaching methods. It benefits instructors in
organizing subsequent instructional materials.

Keywords: model analysis, predict—observe—explain, problem-solving, forces
and motions

(Some figures may appear in colour only in the online journal)

1. Introduction

Large classes are quite usual for introductory physics courses at university level and can be
found in many countries, including Thailand [1, 2]. Because there are many students with
a single instructor in such classes lecture-based instruction is inescapable. This may restrict

3 Author to whom any correspondence should be addressed.
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success in helping students to make sense of what they are learning in physics. However,
in recent decades efforts in physics education research (PER) concerning the elimination of
lecture limitations have grown. It has been found that a more active learning strategy integrated
into traditional lectures can improve the students’ understanding of physics concepts and
principles [3-6]. This study focuses on an active learning strategy called predict—observe—
explain (POE). The POE approach consists of three main steps: (1) predicting the results of a
demonstration; (2) observing the demonstration; and (3) explaining and discussing the reasons
for the results and comparing them with the initial prediction. It elicits students’ existing ideas
and also promotes discussion of their ideas. The POE strategy is based on the constructivist
learning theory, which proposes that students build their own body of knowledge through
their experiences. When students confront a new experience they accommodate it with their
existing ideas, perhaps changing what they already know, or perhaps discarding the new
information as irrelevant. The constructed knowledge is strongly influenced by the current
ideas, and supported by social interactions. In order to walk this line, classroom instructors
have to explore what students already know and use this as a primary resource to promote
classroom interactions. Additionally, previous researchers have reported positive outcomes for
use of POE tasks in several physics topics [7, 8].

In this research, we aim to investigate the use of POE procedures in a multimedia-based
environment, integrated into a conventional lecture for the topic of forces and motion. It is
compared to a general method of instructor-led problem solving, mixed with a traditional
lecture for the same topics. The samples are science and engineering freshmen enrolled in
introductory physics courses. Students’ understanding of forces and motion are measured both
before and after the instruction using the force and motion conceptual evaluation (FMCE) test
[9]. The gathered data are analysed through the estimation from the model analysis technique
to find out the characteristics and movement of these students’ mental models after the POE
and the problem-solving method augmented by lectures.

2. Instructional methods

2.1. Predict—observe—explain method

We have designed the POE method, supported by free online instructional materials, integrated
into traditional lectures for science freshmen (SC). The online materials are from well-known
academic websites such as PhET and MIT Open Course Ware [10, 11]. In each period of the
lecture, at least one computer-based activity of the POE procedure was displayed in the class.
An example of the multimedia-supported POE tasks, used in the introductory physics class for
SC students, is about the pushing of an object up and down a ramp, in order to study the forces
acting on that object, its motion, the free body diagram, and Newton’s second law of motion
[10]. In the classroom the instructor showed an initial interactive simulation and asked students
to predict the results. After that, the simulation was run and students discussed the physics
principles of the results with their peers and the instructor, as well as comparing them against
the initial prediction. Moreover, other functions of the interactive simulation were introduced
to students to elaborate their ideas to other involving concepts.

2.2. Instructor-led problem-solving method

In this research, the instructor-led problem-solving method refers to teaching in such a way that
one instructor summarized the physics concepts and then showed in the large class how to solve
problems for engineering students (EN). This is similar to a lecture, but it occurs at the end of
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Table 1. Revised question clusters of the FMCE.

Cluster Questions

C1: Force sled (Newton I and II) 1-4,7

C2: Reversing direction (Newton I and II)  8-13, 27-29

C3: Force graphs (Newton I and II) 14, 16-21

C4: Acceleration graphs 22-26

C5: Newton III 30-32, 34, 36, 38
C6: Velocity graphs 4043

C7: Energy* 44-47

2 Energy concept is not considered in this study.

the lecture after the entire concept has already been taught. The problem-solving instructional
method involves both conceptual physics and mathematical problem-solving. It is common
way of teaching and learning science in large classes at university level in Thailand. Generally,
the problem-solving method may be implemented by instructors, teaching assistants or senior
students. The physics problems are modified from those of popular international physics
textbooks [12—14]. In the classroom, the instructor encourages students to reveal their ideas
and to discuss them with each other by asking questions, and after that the instructor explains
the solutions.

3. Data analysis instruments

3.1. Force and motion conceptual evaluation

The FMCE is a well-known research-based multiple choice assessment test on Newtonian
mechanics in PER [9]. Its reliability and content validity were formally reported as a valuable
instrument for measuring students learning [15]. The FMCE consists of 47 items roughly
grouped into five content-based clusters, namely velocity, acceleration, Newton’s first and
second laws, Newton’s third law and energy. FMCE has been newly categorized based on
the contextual and representational characteristics of the questions. The revised question
clusters of the FMCE are shown in table 1 ordered by items [16]. This study analyses student
understanding of forces and motion via the new clusters of FMCE, excluding the energy
concept. We offered the students the Thai version of the 43-item FMCE, translated and
validated by a group of Thai physics professors [17].

3.2. Model analysis

The theoretical framework of the model analysis is based on cognitive science, neuroscience
and education research. It utilizes qualitative research to design quantitative parameters. The
model analysis consists of two algorithms; the concentration factor and model estimation.
This study focuses on model estimation, which is used to investigate student misconceptions
and the student mental model state of knowledge. Because student understanding depends
on the context of a question we can use a set of equivalent concept questions to activate
student understanding. The probability for students to apply different concepts in solving
these questions can be measured by using model estimation [18-20].

This process is analogous to that of a quantum measurement. The different common
models with context dependence are defined as mental model states. Each common model
is associated with an element of an orthonormal basis (e,,) in a linear vector space. Its
mathematical representation is:



Eur. J. Phys. 35 (2014) 015016 S Rakkapao et al

1.0
0.8 1
Correct Model
= Regipn
B 0.6
=
g Mixed Model
= 0.4 R
5 Reglo.n
0 (PP
Incorrect Model
0.0 Region

00 02 04 06 08 10
Incorrect Model

Figure 1. Model plot and model regions.

1 0 0
0 1 0

a=|.| . e=|.| ....aw=].1, ()
0 0 1

where w is the total number of common models for a certain concept. Responses from a single
student to the FMCE are used to construct a student model state with a vector of unit length
in the model space (|u)). For example, for one concept with three common models, the model
state for the kth student in a class is shown as:

n
1
lur) = —= | /n5 | )
Jm
n

where 7, n& and n% represent the numbers of the kth student answers corresponding with

model 1, model 2 and model 3, respectively. m represents the total number of questions in
that concept. The individual student model state is used to construct a single student density
matrix (Dy), where Dy = u; ® u,{. For the entire class it is combined to create the class density
matrix (D),

k ok Kk
ny ) nny

1 P11 P12 P13

1 1
DZNZD":M \/@ nk fnknk | = | P P2 P2 | (3)
k=1 ) Py . ' ' P31 P32 P33
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The diagonal elements of the class density matrix reflect the percentage of the responses
generated with the corresponding models used by the class. The off-diagonal elements reflect
the consistency of the individual students’ use of their models. Large off-diagonal elements
signify large mixing (low consistency) for individual students in their model use.

The class density matrix (D) is computed to find out the eigenvalues and eigenvectors for
showing the student distribution in each mental model. The largest eigenvalue (>0.65) was
selected and used to establish the primary eigenvectors. These can be presented in a model plot
with a model point expressing the class model state, as shown in figure 1. The model plot is a
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two-dimensional graph to represent the class use of two models (correct and incorrect). It is
divided into three regions accounting for the class model state in each concept, where model 1
is the correct model, model 2 is the incorrect model, and the middle is a mixed model state. The
two axes represent the probability that students in the class will use the corresponding models.
The largest eigenvalue (0’3) and its primary eigenvector, denoted by v, = (viy, vau, V3,)7,

are indicated on the model plot with a coordinate (P,, P;), where P, = oﬁ v%ﬂ and P| = oﬁv%ﬂ.

4. Classroom contexts

In this study, the participating students were freshmen from the Faculty of Science (SC) and
Engineering (EN) at Prince of Songkla University, one of the main universities in southern
Thailand. The majors of SC students (N = 420, 17% male) are physics, chemistry, biology,
mathematics and statistics, computer science and applied science. The majors of EN students
(N =434, 69% male) are civil, electrical, mechanical, mining and material, chemical, computer
and industrial engineering. The SC students learned about forces and motion via the lecture
and the POE method. The EN students learned the concept via the lecture and instructor-led
problem-solving method. For both groups of students different instructors taught the same key
concepts of forces and motion. The traditional instruction included standard lectures through
MS PowerPoint software, homework problems and quizzes. All sub-topics required eight
periods (8 x 50 min) of teaching, which were divided into 50 min a day (150 min per week).
The SC students learned the concepts in lecture classes by means of the multimedia-supported
POE approach for eight periods. On the other hand, the EN students learned such concepts
in common lecture classes for six periods and using the problem-solving method for two
periods. Moreover, both groups of students also enrolled in a course of fundamental physics
laboratories with weekly experiments. The experiments involving forces and motion are those
such as projectile motion, circular motion and equilibrium of forces. Around two months
before and after the introductory physics classes the students were examined regarding their
understanding of forces and motion using FMCE for the pre- and post-tests. The students were
informed that the FMCE results had no effect on their grades.

5. Results and discussion

The collected data from SC and EN students revealed pre-test mean scores of the FMCE <25%,
shown in table 2. The mean scores were not significantly different, as proved by the
independent samples #-test at 0.05 significance level. This implies that the two groups had
similar background knowledge of forces and motion. However, at the end of the classes these
students increased their scores on average to 30% for SC and 25% for EN. By using the paired
samples t-test at 0.05 significance level, we found that the post-test mean scores were greater
than the pre-test mean scores for both groups.

To investigate the effectiveness of using the POE and the problem-solving methods for
each concept, as categorized into seven clusters shown in table 1, we calculated the model
estimation from the pre- and post-FMCE. For the three clusters (C1-C3) of Newton’s first and
second laws, we found that the model’s state shift of students, who learned by the problem-
solving method was less than that of students who learned by the POE method. However, it
was a small change of states after both modes of instruction, and all were in the incorrect
model region. Before the instruction about 9-16% of the students used the correct model to
solve the FMCE items. After the instruction, only 10-20% of them held the correct model.
This indicated that both POE and the problem-solving methods have limited success in helping
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Table 2. Pre- and post-test scores of EN and SC students and the t-test.
Science Students (SC) (N = 420) Engineering Students (EN) (N = 434)

Statistics *Pre- *Post- *Pre- *Post-
Mean 8.98 13.11 Mean 9.56 10.91
Standard 4.01 6.64  Standard 4.87 5.80
deviation deviation
Standard 0.20 0.32  Standard 0.23 0.28
error of mean error of mean

Paired-samples Groups D SEy t Sig.  Groups D SE; t Sig.

t-test Pre-SC  4.13 028 14.75 <0.01 Pre-EN 135 0.26 5.10 <0.01
Post-SC Post-EN

Independent-samples  Groups t Sig.

t-test Pre-SC and Pre-EN 1.90 0.06

* Total score is 43. D is a mean difference. SEj is a standard error of the mean difference.

Table 3. Class density matrices, eigenvalues, and eigenvectors of SC and EN students
for the acceleration graphs cluster (C4).

SC EN

Pre- Post- Pre- Post-

[0.22 0.14 0.17] [0.36 0.25 0.10] [0.31 0.15 0.14] [0.32 0.13 0.14
Class density matrix | 0.14 0.46 0.25| |0.25 0.51 0.12| [0.15 0.45 0.19| |0.13 0.43 0.16
0.17 0.25 0.31| [0.10 0.12 0.13| | 0.14 0.19 0.24| |0.14 0.16 0.25

Dominant eigenvalue 0.73 0.74 0.69 0.63
[0.38 [0.58 [0.46 [0.51

Primary eigenvector | 0.72 0.77 0.75 0.71
_0.58 _0.25 _0.47 _0.48

(P,, Py) (0.38,0.11) (0.44, 0.25) (0.39,0.15) (0.32,0.16)

students to learn the concepts. Additionally, Newton’s first and second laws were revealed as
the most difficult of the mechanics physics topics for Thai students [21]. However, when we
compared the state shift within the three clusters (C1-C3) of the concept, we found that the
POE method was likely to better promote the students’ learning for the context of reversing
direction (C2).

Since, after the two types of instruction we found little change to the students’ mental
states for the concept of Newton’s first and second laws (C1-C3), this paper describes in detail
only the concepts of acceleration graphs (C4), Newton’s third law (C5), and the velocity graph
(C6).

5.1. Cluster 4: acceleration graphs

The acceleration cluster asks students about the acceleration of a toy car that moves in different
situations. The students’ common models consist of: model 1, acceleration is proportional to
rate of change of velocity (correct); and model 2, acceleration is proportional to velocity
(incorrect).

Both SC and EN students have greater background knowledge of the acceleration concept
than of Newton’s first and second laws. Before the instructions about 22—-31% of the students
used the correct model to solve the FMCE items, as shown in table 3. Moreover, EN students

6
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Figure 2. Model plot on cluster 4 (C4: triangles), cluster 5 (C5: rectangles), and cluster
6 (Co6: circles) of the FMCE for SC (blue symbols) and EN (red symbols) students.

have greater background knowledge of the concept than SC students, as clearly shown in

figure 2. However, there were fewer shifts of the diagonal elements from pre- to post-class
density matrices of the EN students, who learned by the problem-solving method, indicated by
the eigenvectors and the model points. After the POE instruction, the percentages of students
who used the correct and incorrect models increased. Moreover, the large mixing of the
incorrect and null models (p23 = 66%) before instruction moved to the correct and incorrect
models (p;2 = 58%) after instruction. Regardless of the null model, the pre- to post-class
model points in the model plot showed a greater shift for the data from SC students than it
did for data from EN students. It implied that the multimedia-based POE method facilitated

students’ understanding of the concept better than the problem-solving method. However, both

instructional methods helped the students in moving their mental models for the acceleration
graph concept from the incorrect to the mixed model regions, as shown in figure 2. It may not
support the students to the purely correct model of learning, but it may take them close to the
hybrid models, or the confusion states, which is a sign of learning [22].

5.2. Cluster 5: Newton Il

The Newton’s third law cluster asks about the force magnitudes during the collision of two
objects. The common models of students are: model 1, during the interaction the two objects
always exert the same amount of force to the other (correct); and model 2, during the interaction,
the two objects can exert unequal amount of force to the other, which depends on mass or
action (incorrect).

For the incorrect model, there are two different ideas, the mass dependence model and
the action dependence model [16]. Similarly, although EN students have a higher initial
model state on Newton’s third law than SC students, they moved the model state less after the

7
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Table 4. Class density matrices, eigenvalues, and eigenvectors of SC and EN students
for the Newton III cluster (C5).

SC EN

Pre- Post- Pre- Post-

[0.15 0.14 0.08] [0.16 0.19 0.15] [0.17 0.19 0.14] [0.20 0.20 0.13
Class density matrix | 0.14 0.61 0.31| |0.19 0.48 0.33| [0.19 0.48 0.33| |0.20 0.50 0.32
0.08 0.31 0.23| |0.15 0.33 0.36| | 0.14 0.33 0.34| [0.13 0.32 0.30

Dominant eigenvalue 0.83 0.84 0.83 0.83
[0.24 [0.33 [0.34 [0.35
Primary eigenvector | 0.85 0.73 0.73 0.76
0.48 0.60 0.59 0.55

(Pa, Py) (0.60, 0.05) (0.45, 0.09) (0.44,0.10) (0.48, 0.10)

Table 5. Class density matrices, eigenvalues, and eigenvectors of SC and EN students
for the velocity graphs cluster (C6).

SC EN

Pre- Post- Pre- Post-

[0.44 0.12 0.217] [0.76 0.07 0.13] [0.47 0.09 0.20]| [0.53 0.07 0.23
Class density matrix | 0.12 0.20 0.11 0.07 0.10 0.04| |0.09 0.14 0.09| | 0.07 0.13 0.08
0.21 0.11 0.36| |0.13 0.04 0.15| | 0.20 0.09 0.29| |0.23 0.08 0.34

Dominant eigenvalue 0.68 0.79 0.66 0.70
[0.72 [0.97 [0.74 [0.82
Primary eigenvector | 0.32 0.11 0.24 0.18
0.61 0.20 0.62 0.55

(Pa, Py) (0.07, 0.35) (0.01, 0.74) (0.04, 0.36) (0.02,0.47)

problem-solving instruction, as shown in figure 2. Moreover, there was a large mixing between
the incorrect and null models before and after both instructions, indicated by high values of
P23 off-diagonal elements in the pre- and post-class density matrices, as shown in table 4. All
students’ model states were in the incorrect model region, shown in figure 2. The POE and
problem-solving methods are of more limited help to the students in learning Newton’s third
law than they are in learning the acceleration and velocity concepts.

5.3. Cluster 6: velocity graphs

The velocity graph involves the velocity of a toy car undergoing several types of motion over
time. There are two common models: model 1, correct velocity—time graphical representation;
and model 2, velocity/position confusion.

The background knowledge of the students for the velocity—time representation was
greater than for other concepts of the FMCE. Almost 50% of the students used the correct
model to solve the questions in the pre-test, as shown in table 5. The pre-model points of SC
and EN students were in the correct model region, shown in figure 2. Moreover, after the POE
instruction a significant shift occurred in the SC student group, as denoted by the eigenvectors
and the model point. There was a low consistency for individual EN students in using incorrect
and correct models in both pre- and post-class density matrices (023 = 54%).

8
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The results of model estimation for six clusters (C1-C6) for SC and EN students revealed
that the most difficult concept for the students was Newton’s first and second laws. In contrast,
these students show great background knowledge and improvement in respect of the concept
of velocity. Overall, the change of students’ model states from pre- to post-instruction for
EN students was less than that of SC students, although the EN students have higher initial
model states. This signified that the problem-solving instruction is more limited than the POE
instruction in helping students to learn the concepts of forces and motion. The problem-solving
method used in this study was performed in a large lecture class of about 250 students with one
instructor. This classroom environment did not really support interactions between students
and their neighbours. Moreover, the informal interview results disclosed that some students
tried to memorize the solutions of the questions, as they believed that it would help them get
higher scores in the mid-term examination. Since learning by rote does not support students in
constructing the body of knowledge, they cannot reorganize their ideas to reach the scientific
mental model [23].

On the other side, the POE strategy extracted students’ existing ideas, which influences
what and how they learn. Students’ old and new understanding was reorganized through
the interactive simulations, as well as the class discussions. In this study, the POE method
facilitated the students’ learning on the velocity concept and forced the students’ model
states on the acceleration concept to the hybrid model of learning. Compared with the
problem-solving method, the main feature of the POE method promotes a better learning
environment, which strongly agrees with PER in helping students to accomplish their goals in
the development of physics knowledge [24]. Moreover, the POE instruction took advantage of
the free online interactive simulations to teach students. The simulations, pictures, graphs or
other external representations play a key role in cognitive functions, as students’ interpret
the meaning of and apply meaning to these representations [25]. The multimedia-based
POE approach is able to better activate students’ learning for the concepts of velocity and
acceleration in the graph context.

6. Conclusion

In this study, we have evaluated the effectiveness of using the multimedia-supported POE
and the instructor-led problem-solving methods, integrated into the traditional lecture class on
forces and motion. The FMCE data analysis showed that the POE method promoted student
learning better than the problem-solving method. Moreover, the POE method gave greater
impetus to the students’ model states on the velocity and acceleration concepts in the graph
context. However, the most difficult concept for these students was Newton’s first and second
laws. More interactive instructional materials and activities are still needed in the forces and
motion classroom to enhance student understanding and achieving a greater learning gain.

From what we have found in this study, we suggest that the POE approach is more suitable
for teaching the velocity and acceleration concepts. It can be an optional approach integrated
into large lecture classes where there is a limited number of instructors. Moreover, by using
model estimation instructors can investigate students’ misconception and students’ model
states. It will benefit instructors in designing and modifying their instructional materials and
processes.
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