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Abstract

Transforming teachers’ disciplinary knowledge into scientifically accurate visual representations
through human-AlI collaboration remains a central challenge in applying generative Al to science
education teaching practice. Grounded in the MTA-TPACK Dynamic Collaboration Spiral, this study
encodes its three-stage process logic—knowledge activation, diagnostic evaluation, and meta-re-
flective refinement—into an Al agent (GEM) built on the Google Gemini platform, guiding teachers
through a closed-loop workflow from literature-grounded constraint translation to rubric-based
iterative refinement within an instructional design workflow. Using the Wind-Induced Surface Heat
Exchange (WISHE) mechanism of tropical cyclones as an empirical case, spiral-based optimization
is conducted across Secondary Eyewall Formation (SEF) and Rapid Intensification (RI). Results
show that SEF scientific accuracy rose from 4 to a perfect 5 out of 5, while Rl improved from 4.7 to
4.9. The Visible Pedagogical Thinking (VPT) trajectory automatically generated by the agent distills
tacit disciplinary judgments into traceable pedagogical resources, documenting a cognitive pro-
gression from structural description through mechanistic explanation to physical completeness.
This study provides a methodological pathway for designing operational, classroom-ready intelli-
gent tools informed by the MTA-TPACK framework.
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1. 5|15
1.1. IRER: £BR Al 5RNZEEREK

Bl RN E AR AON B RAE 2 T H, R R IR s M SRRl A i 2 S 2R
M H R BB K. Tk, ARt T4 8 (Generative AN A FE A & e ——F8 51 &
MidjourneyDALL-E & GPT-4o %5 SUA S EUR AL il R G —— A4 i (1) G ESAL T U BT AR 1HNg 2.
KT H AR AL T 1 ANE S sl Pud AR A S L b i DR R, R R T R AR RR S
W PTG II AT BRI 1]-[3]. 81, Pt B4 NSRBI IEAER TRHE BHERIRIE. Al &5t
A REAR AN E FLENTEY) BN 2 EAZLE ™ AR 221 “RHEL)0” —— sl IR miEEgAT . X
TR0 B 7K A5 5 S B b 2 808 AN TR S5 4]

WA 7R B, ChatGPT 5 Midjourney PG AL TAEV AT ASE AR 4 f R PE (3], (H1%
TEARHIE 70 AN NI, S RGLRIHEE 5] SHELE . A0l A (R 20T 1) 2 BHIR e 08 4 24k
N AL ] ERAR AL LIRS, AERLE SR B S R AR 2 (A U T AT, R AR AR g R 1 )
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1.2. WISHE #UBI B aT 4R L ik

B H #HAZ H(Wind-Induced Surface Heat Exchange, WISHE)L il /& i B By S ie 5 FE 5 4E R 4%
ORI Z —[5]-[7], R T KI5 #il g2 (8 1) E RS R : s XK R ZE K, MRS IR
BARANER, TERAE R T AR R IR REIA S st ok, A RS EOES K, #F— DR
I #GE S, TERA A I IE R 5 E B . WISHE ¥ SO iE 5 KA 2 M 1 2 S FE A, 46 A s = F e,
R R RN T PRI T B3E 5h%% . Cheng A1 Wu 1) R 5T 7T #8751 WISHE 7E — YK R 5% Hi(Second
Eyewall Formation, SEF) 5% 1 55 (Rapid Intensification, RT) 71 i) < 8# 4 FH[8] [9]. 7E SEF it &, 1 X
AN S ESME PGl RGN, R R RLE L SR T AR s AR S, RO RIS, /£ RI AR,
WISHE 1E [ 13 751 & 45 P 7F B K XU 2 42 (Radius of Maximum Wind, RMW) N, SEIRES4E. BB iRk
HURF AR ARAY . X8 RFE, AREMEARHE 1S WISHE [vER L v A AR B PR [3] [10].

1.3. fisE®W

Chen 1 Wong #2 tH ) MTA-TPACK zh#s PMEIRIEHESL R 754 TPACK A BTE 5 335 1 7oA 55w 5%
(Meta-Task Awareness, MTA)EG 25 & (4] [11][12], b EACH) “A R - PR - BIE” 53R Ha] L
4 (Visible Pedagogical Thinking, VPT), {HH4AEA & BN THAT[4]. AR IT B K IZAELL B Z1
[ PME ot R 2 SN T HRAE 1) AL B REAR(GEM) AR, F£LL WISHE ML SHIE E 1 50 UF IR . 5
BRI, AWFTCIFIER MTA A5 Jifd y—Fh A BLE], 025 R SR R e AT R ik
HHRE, MTA WS ITES:, H USRI ANME R ERM S EE. B H: (1) W& MTA-
TPACK i FEiZH 7 GEM IhAetiE i RS ; (2) 8 SEF 5 RI BT ML 1 EG AR it 72 R
T [ 2 S R B AMLEIME AR (3) 20MT VPT Bids i &5 4 Ayl & A i A e IR 38 77

2. B EMS GEM it
2.1. MTA-TPACK ZhZSHMEARHEE] B

MTA-TPACK ZhA&thEIZEH Chen Il Wong $&Hi[4], ZXT4 8 TPACK HEZLELLY JE[13], BE
R R AT FR8ER BOUM WDk A AR SRS A IS SR ZHER B =AM OIS AR . B
TPACK IR EERE M B 2 , B35 22 A 25 %013H (Content Knowledge, CK) £ %11H (Pedagogical Knowledge,
PK)FI4 A K11H(Technological Knowledge, TK). #RTH HIX AL B AL 77 Hi FOAE € 1, AUEFRSHIR R
ARUVARIKI[14]0 TCAESHEEEMTAVE N “ BN FH151 57, F DR = 28 MNRTEIE AR ANLAE B i
WA AIBES R[] [12] MTA ANFETAE G ol i ——5 2 0 E 3 ME B S5 PAT, MTA BB
ZACAE T RFAT B AHE LRGN . AOGEWTHATAES, FOE AL S 5 E 8 TAES I H R, 45t
SR bR A RE, MTA HAETGINAI—A 13, T2 DUCB T A5 4 A SN Ry iR 2
il 2 S MR s B AN A B R R — s K 1A 57 (advanced prompting technique)——3 3¢ Uik
$27R 1] |7 X (beyond prompting), XSS A S G Al Z 5 BT E B 02 k%8, £ CK )21, MTA
fH SRR AR A AR L E #5 (epistemic filter), 51'FHEUMHIM Al RAER GRHFAFRIELHR; 16 PK 2,
MTA ZHE AWLAES) 1 (human-AT agency) 7 BC IS 4% 51875 785 TK J2TH, MTA ¥HE S ERE UG5 54 1)
XF AT AE R E EVER IR

R - VRN - B IEVMERRBEYE 5 Wong 1% 31 % 115 {F47 4% (Chain of Learning Design and Evaluation,
CoLDE) [12], /& MTA 35 F AHAE B FR il . fEAE s B, NS5 KIB I 48 2 B il B AT 55 4
FKHHAME s TEPENI B, ALKAESRHRAEXT AL i 5 (artifact) AT B 85, RIFILWI DAL, R s ERA
bR 2 W R ZE s AR IERT B, VRO WA TR S SHE AR S RS . R SRR, %
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Fe B\ s T e i A B P B g —— R M TR AT PP i, B RE NSRS AT far th X 5%
A B AE(VPT) 2 S M E IR A B 287 Y JF AU 52 RIESE S5 A 9 RFE : AR T AR I TR 22
RRGIVFOr . AP HERL R ER S T B AR 4],

2.2. MEZRB|EEEME: GEM HRITER

AR FEHIAZ O DTHERTE T4 MTA-TPACK Jr 2 1) =B Be Wi i 1 4 R e Ve St o AT R REAAR 1)
DhRetit. TR, GEM JFAE MTA ¥ “SEI” BU8AA——MTA 52 iR AHLPME o) 7 5 4
(3 A PEAE 25 s GEM WU A 120 R AR e U K SCRF AR 8, UM IR A 4% 55 R SR (At SO
ZRBEAHET Google Gemini “FEIF K, sy “VPT BEAEUGIMERIT” , o RGEHRIR ] 74 Xof B2 R
W =P Bairy, RN ek R

BB B AU ST o XF R MTA-TPACK h#i4s TPACK BHEHI S 2. GEM
FELUM G AR AME AN 5 Sl R A e & R S () PDF BOCHR), AREL “Asiiss” B ——fh fk
CK R B AT FEE AR AR AT NZRICHZ & BT ARITHCHR, GEM 1 FI 8 R Th e der 28 I 4 # (B B oG i
. FEMEEA ., GEM BEHL “RLEHLH SR FEARn AR, R BEAL ) e o B R U 5 A e
fiE, BT Chen F1 Wong 18 3CH Table 1 [IBLGT 4R [4]. FEHUTHINRTASFENE BB, B R 20N
VB “HUEdarE” AR,

B YR ERAE RS E W . XN MTA-TPACK A Be AN IR B L SE T fE . GEM
KPR H BN AL PP 83, A8 “REAMERTE” 5 UG08 L % S 0 e ik
KRR, GEM KEMPATIZ R IE 0 IFM i S ie Wik i, KL KN DIRER 2 H ik A Al
BAERE, SEELPAN S5 AL S FTE IIE -

B s IE S BB k. X MTA-TPACK H&IER BoRI VPT . GEM 3 Ti2
W2 SR St PR 1] R R —— i AR VIR R S A A A R —— DA R s R B XS R
I GEM H 303 VPT B, id3 AAIaa ) 8 B8 27 i) T 52 4 . GEM %t XU 8 E g “ F b
HEFRME” , G2 B0 E AN Bt T4k GEM FERAR 1 E N APAT BB BRI SCRe R 48, T “3)
MG EE” WA R LUTH MTA, EER GEAA S . 2 1 845 7 =BS5S GEM ZIRERIN MK 2R .
Table 1. Correspondence between the three stages of MTA-TPACK and GEM functional modules
% 1. MTA-TPACK =i Bt 5 GEM I REARRAIXT B X 3

[UX(E 9412 LT he GEM i} A5 E Mt
FIRAY: e B CK AR LR STk T —BHENUG 5P SR bR BaR SROECIR. A sy
ZHrEOY WRAE A RR o 2 AT %3t Ty ER AR~ E&I2 HIZEE R EHER S
JEWAEIES VPT BRIl sk BIE# W~ VPT $Lb %3 PATEIE, IR
T MTAVER MBS B =B B, I AR SUMAE B BRI S, AR — i B s AR

2.3. GEM K ARZE#H) 5523

GEM JFARE I N FHFE 3% (AP S RE B AN SRR Fr 1 R SE B, T RE 7 Google Gemini -5 | LA B SR 15
HARAGURL AN B2 Rk HAT R HIPER AR TP AT, 18 T3R5 S8R i) Ak
TARRR MR — LA R ——Br Bl o W15 0F . PPN —— X DABUTAT 3 aME el B 288 5 R U4
f£. Wong fEIRIAJEBHR AN A A TR I, TR G T RZATS) M HHZ T TE 6 B
ARERE R, ARt AT MRS 25 225 Hbn S I B R A3 DIEE 5 R I AT S 46[12]. ASHEFTH)
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SEPLTT RIEVRE X —F 2 b BUREDS A RAE A ThRE A, i — el il o] =R AR
%

MBEHBEE , % ARG T %0y — N ALIE B 17 ] (human-in-the-loop gating) {145 FRAR A5 L
M T2 B LA g, HERREH MTA BB X Y ATEOR LTI . Wong $8H, 4 Al I8 N B N
FRNEVCR B0, $RoRiE 1R B SR D, A R G AR U AR R A I b 2
SO A S R B R DR I N BT AR [ 120 1 T 1B e — RS (O ZE A I B BB AR RGE
HOTERL K AN T LR Bt ﬁ%%ﬁ%—AMﬁmﬁﬁ¢$%%%%ﬁﬁo

PRE R 110 T30 B MTA FEAS [ ARAE B R Fas 1 77 20 25— 1) e T UG AR ez mir, 2z
B 5 LG b (1 IS 3 S R T 46, G AR BT B SR R AR VR 1R AR ) MTA——TEZIRAT 55 1l I
EEMRERE SN FRE[12]. 2508 W 1TReel 2 G, #URa0d Al Ko 58 1E
FREWAE 7 B IR EWT, AL B SR B R 5 b R BRI MTA——5%F AT BT it i i
TR SR SH: XS W R IET e 2 B T A4 WIS 4 Fr) FEi e i PR R A S 4 B
W IEERR[11][12]?

PERRZECAEIN, IR 5 — A F K S A R B o HAT S SR (s, T = IS gy B
7~y BRSSP BE(CoLDEYE T R ZEH I S[12]. LA, GEM A= MTA, 1fi& N MTA
(IS VESRAE AT B A AL B e IR T EIE ST A AL, FIWT AR B AT R 2O o e — XA RIS 5 T A
Vet (O BR JE ——5 20 LA B AT R A EIL 1 1T, S50 B MRL A8 ik 36 SR R e A 45 B 82 o

AL 53 Y IL R AAEREE AN (2 LR e . LR R TR S B BT SR BUMH AL S %5
Bk, ANAETCSCRRIS A 3B A R UAGN, A P9 25 R R 1 AT 2 A I 2 A SR AR R (gl ZRid iz,
NEREE : VPO IR TR A AL B B RLE AT, i i 2 Wil s mi AR B BiEie, Rk
PN RNEWI S A% . MhAh, TEAE RN IR HT S BOA IR E AP B, R ARG M R ——Xt Lk B
REPEH——EMIE R 22 RSNSOGS0 R 2 A2 W, ERAEE S AR M AT .

RIS S 5 MTA B0 56 B 1 FR .

[ BT - ERS5eE ]

.

S1 FMABNESIuEIRgY
SRR — ALl e
HiHl — WEEISIRBREER
WIS ShREIE

MTA @ “RFNSEIEE
EEESHNRERE, i@ﬁ'ﬁﬁ{ﬂhfé
BREMEZKYT A

(7RIS MTA )

il
BRES S ?
S2
Sk et )= BRAASESN RIS , 55808
S3 [5i BURAERL, — FIELRS
AL Sl
( CoLDE &% )

J
MTA @ “RiERSE E'—i;t%
i3 A;?W!FE&E

SEHES
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[ VPT {5 : ShilMRIE ST S S AR ] SRR o

Figure 1. Control structure of the GEM workflow and its correspondence with meta-task awareness
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TS 1 20 R SRR R A5, T AR AL . GEM A2 20K T AT (152 SCA
fEdiT . Akttt SR LTS B s e HR A REA W 5 BGE U h ZO0&dE, MTA A D@ REx
SR T e AR TP G RS ST

3. BEFEEERSS]: AHSHE WISHE Hl#)

A L WISHE MU NSE RG], [F4%% SEF 5 RI BT E/, % MTA-TPACK =R BUEFF#H# K
G 0O EBETHAUR o

3.1. Bk : ARRESEHRRE

W GEM $g i “ A€ WISHE ML E 8 EAE HRZSH 10 C[5]-[9]. GEM M8 IE#1E
2, ERIEANFRBEEN B, W TR S A H A S AR R . AR SRS % 5, GEM 2k
T XRRA A RG09) WISHE o OWHEZH: (1) BEERIE—SIERE R 5¢ S MBI R 5 A 5 KAl &
(2) IERGHEH——sR MRS KA Ac e, BGOSR Z AR YA, WO TE SRR, B aRm Oa5 e,
AT 5RXGE; (3) 5 CISK (Convective Instability of the Second Kind) (1) 2 s —— 4 i 25 6 #4 B A5 326 R EY
e FERUR, (RN BEHERH ) REHX AEUR: (4) SR ——WISHE {EHRES SR S 05t 2 Ik Kz 45k 5
SEF [12CHE . GEM #E AR BAIIR “FHANLH SRR R .

PO R OCHE R T BN IR IR RS B SR AL PR . 7 B2 R GEM BERIEAT
Cheng 1 Wu 118 3C[8] [9], ¥ SEF 5 RI HISCEEMLEIRE G 57 5 AT LU R . BE8 5 B B Fe b e 4 -
WU SRR S P IIT (Moat)” X 35(SEF) BRBSUS 45 5 1% 0o IR A P 2 T35 THDARFAIE (R~ AR B XL S0
M RAFE . 3% 2 R FMHN I B 2ROt 3k

Table 2. Mapping of WISHE scientific mechanisms to observable visual indicators

3% 2. WISHE #lBIRI Z 4L H S s iafrxttb R

BB LZBEE (BN G TR AR
IR e 5 R T A 5 g R 2 T R 1 S 5t PRIk T I R T T 4
AFERE R RN RJZ AR A AL T v SRR L S St BRI e Bl R TR 4R
SEF DNERIANY s AR R X A A WUE XA 5 7 30T X 45
RI RMW WfgEEF, Blirit ORISR . RO XTFREE
BB 52 TR [ AU I ) B AL A5 B A2 Al N B T BTk

Table 3. Operational definitions for the presence-level assessment of WISHE visual indicators
3 3. WISHE ML SRR e M3 E AR

TGS [N it/ LS

E,i:\‘le::{—tf—#/x‘ 3 e
AR R G TR R AR I A7 7E AR S E A 5, ;g igiifiﬁéggﬁ%
Bk ik, B IR R RIS K EARRE e B

2 ] 5
WARE ORI, MO0y GRS YA 2 G SR G AR L, L
GRS S O TR 3 B 2 I

SRR ORI, R ER SMER 2 I P PO IR 5 — RS AT, ok
S R 2 B AT WA T HL A

L R S, BT KA A H LI A 0 ) S L PR
SEEL HBELLE W™\ SRR FLR ORI o SR T 1 AE O ] O
BRI, L R TP R AL 3 S BT 0 N
w0 HIBORIIRASEFIRAL gy oo e e s S EL R M R
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IRV I RGeS B Y, A5 S 1 Chen Al Wong [4]/EMBETH 7%, il 7 WISHE Hl
% ST B, 8 3 T B TEARAE “BR” “E BB 5 USRI =R I
BRAEVERERAE; 2 4 MIBRAL 7 REARERVE- S5 L GETH TS DI GRS 1K) T 70 BEARVE 20 B € 138 - J5 48 3.2 49
T 2 R SR R BT

Table 4. Holistic scoring anchors for scientific accuracy and visual clarity of WISHE images

3 4. WISHE Ef& R R S50 B0 T 4t E fiik

e R bl i L Bl

o ERBII TR SR PR, RIS QSRR IS 3D RS S
R 5 e HEBEIE S R VLT I 3 e, BRETR AR T

o BEPTHLI, RGN RCR W, AT, (RS
T T T e TR LT3 — B AR

L RISUIREH, (1 WISHE ) “HREIS” SHEMOLIE G, (RS SRR SR,
RS, B BT RS AT BT SRR

2 LRIAEE G AR, B S e R e R Egﬁﬂ’%%*@iiﬂgﬂWME%%@
3| NI A 2 A B B 4 BE B SR YR AR 2 R AR A" NN N N

FEEE AL 4)%

3.2. BME: ERISESHK

AW FC BT ) GEM £ T Cheng Al Wu Bt i e 45 ML 7R 1A[8] [91, KM 3D HITHEMALAT, 2l
YRR R IRBECE M LN EE D) KRB RIS T RN = F0) P& 18] A4 3800 X I BA
L G RN SO R R k. hAh, GEM HHlics 7 AL e AP o i Pl o AR AL A
TN T RN WAL F RIS (R ) 5 TR TR (R J2 ) A PR R 4

3.2.1. SEF MYERBUAERR - 3P4 - ISR

Secondary Eyewall Formation (SEF)

in massive tropical cyclone

/ Secondary Eyewall

Primary
Eyewall

. Tangential

% Wind field

N
|

Wind-Induced Surface
Heat Exchange (WISHE) Latent & sensible
heat fluxs

Figure 2. First-round generated image for the SEF stage
E 2. SEF MR E—REER

BEX IR BT U(SEF) B BUI AL EAL, R38R b 52 W lel 2)rh, BlesdEmition 4/5, HL5ETH
MiEEM 2y 5/5. GEM Hih iz Wi REor, EEEAEI 7 EIRE, ZIRIRE AP aity, JREHEE
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i S (WISHE S i5t) 5 16 ta #i Sk (R RN ) X 23T MT: {2 WISHE A% 0 1E S iht—— “ XU 0 3 o &
B ——AE ZIRIREE T TR E AL E LR S EIRBTE LIS K. &%, GEM %ith izl ek
WA R 5 M 4 BB ——iR T SEF HIS5K, {E#R WISHE a5 e )
kR, 7, B ISR AT R (1) ZERE Sk RIS 1A N IGSRIOEREE s (2) KRR LR
MERS RSO “IRBEUR” i (3) IR IR O MR EHE .

RS )RR . ARSI “HuBERERUR T —— Rt e EE L E RN IR
N T RS HRK, AMEBREME: RN R EE XBTR X —— B R R A R
IR B BB (3538 . WP A SRR BEAAERYE 4.8/5, TURIEMIEE 5/5. GEM Hirth i)i2
Wrah R, e B BERA B DA A 1 XU 5 il B IE AR G, (AP XA b B TR, g
YGEi ) 7 N R A Y TR

Secondary Eyewall Formation (SEF)

in massive tropical cyclone
- : / Secondary Eyewall
= 5 ’ = & -0 T we Supergradient
Primery e a e \ Wind Eruption
N 3 - \ 4 Zone

\\ Tangential
~— Wind field

Boundary Layer &

= "

MaX|mum Heat Flux
(WISHE) Maximum Heat Flux
(WISHE)

Figure 3. Second-round generated image for the SEF stage
[ 3. SEF MR E—RERE R

FERNRE S RZAZM K 4). FEIMN “LERASIREE 2 1848 RS A 22 R I 5 T DT 8AR
ORIV JEIRW > 5/5. GEM fa i 2 Wi e 0y EUERE 0 200 1 WISHE AL ) 2 1) 7 B A2k
R FEE IRV 5 4P ST T DX T B 56 56 IR B P 6 —— XM S5 M 1], B2 30y /) P ]

Secondary Eyewall Formation (SEF)

in massive tropical cyclone
Secondary Eyewall

Supergradient
Wind Eruption

~ .\ Tangential
-\ — Wind field

Boundary Layer e 1

~ \\\_//\ s
/ :
~ Maximum Heat Flux//////’[’I

(WISHE) Maximum Heat Flux
(WISHE)

Figure 4. Third-round generated image for the SEF stage
[ 4. SEF MrER s =44 BER
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3.2.2. RI YRRV RX - PRt - I IEMEER

GEM # FKIET Cheng Al Wu #H4T RI BJEARBOE9], JHRBUAZOYENLE], 45 O WISHE
SRR GH(REEAE RMW NS, IRESAARMW 05, IRIXAE/N) RERO(H 2R 2 E &
THEE) SRR IR AL 1S 5E 835 50) . N TR E R, FUM iR e U “ IRKEUS AR 3h /)
B o TR, GEM ARUNH R IAE S DL N OZIR, AFE: R IR, HRES 2 ) e B 25
RELLBIIE 7K B R0 (Stadium Effect) s 122 542 5 H ) AR e 37 8 Sk 7 IR 308 5 30 S R SR e Dy e BB
WL SRR EAT R, HEimm T SEF B, IR RIENZX M EEFEHEENR.

A RSEH N 5), BeAdemite N 4.7/5, WD EIER] 5/5. WK 5 WEZILLT
FHIE, BTSRRI, JRZRREFELE RMW WIRESET, HEROR “EEIRE” 5 “REHE”
JFUURA R . EERT A GEM BB IE@ A HE: ERX PO 12 km L% 5 km FIRLAFEE
FERBEEE: JRZMAFTRIG I “ m NIC S IR MahA K. &a, F i S5i2mas Rl 6 frx.
Hrp, BlERYERN 4.9/5, PLRTE T AR5 5/5. B 6 hal DUR IR B 0N 1 &, BR 0o ELVR S
HERf S WL 2 R s, MBI K3, 5 SEF 1Y “¥akE” JTERGRZINT . 36 5 IS B H VR P

Secondary Eyewall Formation (SEF) RIl

in massive tropical cyclone
> g Deep Warm Core Secondary Eyewall
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Figure 5. First-round generated image for the RI stage
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Figure 6. Second-round generated image for the RI stage
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Table 5. Evaluation trajectory across iterative cycles for the SEF and RI stages
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Table 6. Comparative summary of SEF and RI in the VPT trajectory report
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Table Al. Tiered scaffolding design for teachers with differing levels of expertise
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