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Bridging the Hidden Divide: Explainable ML Predictive Evidence on Digital
Resources, Achievement, and Algorithmic Fairness
Evidence from PISA 2022 in Singapore and Taiwan
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675 11,591 L5 AR, RAMERAF L SHAP THRAENE FIER, 45 ICT BE HHFH KRR
MAFKEAELNFHREIL, R ET, ICTYE A EEGTAN A BF% TN, K ICT BARFMM R £ L & LM%
REEK, MERTRAEEA R, FRAF 5 F RO N-F R R FIERE
(X431 PISA2022; #Fiia; THMBEMES D FEN-Fi; HFH HIEIZE
Abstract: As intelligent education systems proliferate, the digital divide is shifting from resource access to algorithmic
adaptability. This study introduces the Algorithmic Divide, defined as systematic predictive disparities arising from
insufficient feature representation and data heterogeneity. Using PISA 2022 data from 11,591 students in Singapore and
Taiwan, we employ Gradient Boosting with SHAP to examine nonlinear predictive associations between ICT factors and
mathematics literacy and evaluate algorithmic fairness. Results show that ICT use outperforms mere access in predictive
power, and low-ICT students exhibit greater error variability and more extreme errors, while reweighting interventions
yield limited improvement. These findings inform equitable learning analytics design.
Keywords: PISA 2022; Digital Divide; Explainable Machine Learning; Algorithmic Fairness; Educational Data
Mining

1. BT

EHEBHFUERAGE T, REWEEANEDN"F —EHFEHA"RTH ], FEE
HFFREHARBA R Lo F @K F 4" RAREFE (OECD, 2023; van ng 2020;
Scheerder et al., 2017) , HFHARARXHTRAFL"HHR"TREBE " RXKBE "ML, FATF
VER %, FiEFELSAESF ] FE 0 BRPAMNBEART R RIBE TR, E8
A3t 55 HAHRA TN = R M AL, NHRIPEZFRG THRRATSFFOHHRKR. Am, A
HAR GRAE GG T ik, EAMRIEEAR XRS5 L% (Vigdoretal., 2014) , H#
VKR R H R R BE AR A9 T M B A (Baker & Hawn, 2022) .

WFR, HEN-FRFARCBTRMER LR BRI TR Z AR AR EF

(Corbett-Davies et al., 2023) , 2B AURAL T4 R E4 A8 & Gt 55 B BAR GG B 2 L
(Baker & Hawn, 2022) o Ad, CHHARLSRES RESFHORFELR, HFI N ELR
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F A AGAREG TN IR £ 0 AR FA T, AT, AFRREHILHBME—AITHR
KEZAT, BTHEFROGMIEFRERFIIREM, FREFAEL LGN R ZE XM
HIER R EF S THRBEFHAR, SREEBAXETRENTRE, LExBARERRKNEA RF
Ewgrati k. AFFRLIT PISA 2022 #hudk 5 & 75 69 K AE(N=11,591), K A THRBHE
FIER,
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EFBAMERN—RA"ZHER, i (DEFHFRLMIEXBERANFZERKFER? ()
BALETRKF T RBARALGAMNKAERGT HFERZARZ F? KA HFLETREF R
"HRE A A, KA XALEFE L SHAP 54748 dE & AUH] e 4 kT 4bat it
AHEFHAKGZRE TR

2. Rk

AFFRAL B PISA 2022 AN F 448 % (FAFIK, STU QQQ) , #&EWHIiK 5 & B4R
AERAE Ao LI PISA 2022 & B A A B AT"E— R B 6.4 ICT 3. £ A5 aiFae 1 =4 M
TR S BKEF 45, BRBAFTEN, Fik 56753 /E GCCCE X oy A/ N
HEWY, BREEPISA RFEAIALENI, HFUEERS, E5EB"ERKTFAILE
AR E G EG T HEBARGMREE N GA. RAZEEPONERXERER
N=11,591 (Fih¥k 6,147 AN, &5 5444 N) |, FEEHLAWGR, A G oL T a4 A
HAFINPISA £ AR E, MR TLBEHFERARNLERRKIEHE, BEEAHFP
Z % (PVIMATH) , ICT T2 A T "#EAN RN /"R (van Dijk, 2020) % E =A%
B, #XN (ICTRES % /& ICT # /& ¥. ICTHOME ¥ Rk &4 %) . 1€ A (ICTSCH # i 1&
AIME . ICTOUT A& ME A%, ICTWKDY T4 B4 AletK) . #& /4 (ICTEFFIC %5 &
KAL) o
#H L E 04 BESCS. A EHR T T oM T ERRN T THRBENRFIER, ARAHE
AR S+ = J2 #f(Gradient Boosting Regressor) 44 Z fiMl A2 &1 3k 5] N SHAP 7% & (Lundberg &
Lee, 2017) #EAT T M7, /64 ICTRES =042 B AR5 AT RAE S 5 TR
41, VATRMiE £ £ % (error parity) 1B R /--F 1 E E 694 /EHLa54%, i@ Welch's t 4832 3F
fEa e £ o

3. SRR E5H

3.1. #EMEASEEMGE

HEAEA (N=11,591) &% F-FH MG A 559.6 4 (SD=107.5) , =T OECD ¥4,
ESCS 3147 0.03 (SD=0.91) , %45 K4 LHp A2 50.0%F 85.0%. MK &t et bk
2, HERAR (R=0.388) % OLS A% (R>=0.284) & 36.6%, &R PAIF&RMER £
HSMRICT 5 bR 5 e ABEEM,
3.2, KARIFLIESG TREFEME AT

B 1T SHAP 25T 2MHF. 224 R 2T, ESCS A &ZMMEF (Mean
ISHAP|=31.39) , 12 ICT & 131 % (ICTWKDY, Mean |[SHAP|=24.55) 54 F & &Kkt
(ICTEFFIC, Mean [SHAP|=14.26) 5 Alz5| %=, # =, HBELEZTFICTEANE %
(ICTRES, Mean |[SHAP|=7.30; ICTHOME, Mean |SHAP|=5.21) , X 4F"{& R4 E AN 7 3% T
BN B RGP,
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B 1| SHAP ##4iE& 22 HS
B2 (a) BFTIERERIE: ICT F R3S 69N R ﬁéﬁi%@%@ﬁ@qwao
FEBEAM, FRIEH G FNERA M EMmE (k=20.6) ; HLEMEE, AFKBEER
KA TFE (k=-8.7) , BELA T3%HA, ZHFFLE, B2 (a) TTTRE N TTHKA
BEB AT F4E, RTIUEMEEREALHEERFLEIN, ERRETRZ N X, B
2 (b) B ICTRES 5 ESCS #9 % &% = 7 #k (interaction value) . #f &.4X.% ESCS #1#4:
¢ ¢,=% ESCS, I &=1% ESCS; #\%h» ICTRESXESCS 3 Z 3 &+ A2 A bl o9 Tk, JA T 2|
B “f2 ) SES K-F T, ICT 3 R 694 FRFAM 5T Ak 4o 7T AL,

(a) SHAP Dependence: ICTRES (b) SHAP Interaction: ICTRES x ESCS
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B 2 ICTRES #9 SHAP #2 (a) *f 52k Z A5 0 (b) 5 ESCS 49X Z 7t
3.3. Mk 69 BB IEL FHAME
MK AFAEIIE T B RN A E,Z Rk 1 s, IKICT a9 TR £

(MAE=70.59) 2% 3 T ICT 22 (MAE=62.89) , A& 7.70 92 % £33 (4A3+ £ 3B
12.2%, p<0.001) . # —F &9ix Z LM HAT R, #4914 £ (Mean Signed Error)¥) 1L
0, f21% ICT MEy K £ 7 £ 5 21.0% (p=0.006), E P95 M5z £ (1672 %) &difkdhm
12.1 o KR BH KA T IR T N 6 A 2 M (Variance) f 3F 77 @) M1k £ (Bias). /£ K

BmBEIP, ERFERGBEA 450 4, IKICT AW AEFRAZEERAY 36.1%, G4
BE b RFIRTe . KR E—FMXERERFE (E 1.0-3.04%) , MAE 23547 £
7.39-7.93 Z 18], & W) a9 AL A BOR M UE IR A

k1 B2 (LEFTHEZE Z )

Group N MAE Variance P95 Error
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Low ICT (Bottom 33%) 1,160 70.59 27243 167.2
High ICT (Top 33%) 1,160 62.89 2250.7 155.1
A (Gap) — +7.70 (p<0.001)  +21.0%(p<0.01) +12.1

XA IE R E B, HoR A MARR IR R IALF, TR R B TR RBRFE I ALY
PEFRM. RGN NAGIER G, BHFEANFEIREE ML, THREHRE S, AR T
SR BRI AT ERRL B, 44 SHAP 047, IKICT 455 ICT AL AME. RE.
ey Lag 2 FTRILE BREMRGLIRE, FEREZT £, Ak, IKICTAZ SR E
HANETRR TIHHRBEREZASHLORKESEF LR Z (Lareau, 2011) . B R
IR E F . ARME iR Z 0 BIKE R

4. L HL®

4.1 ZHATHELIL

ARG T R FH AL A F. FIEEYP, A B4 E % &8 N s S N 7
MPAETE, I, FRBT TR AIA I, FRBREF I ARG IERA M
WA FAFEEAZ LD B L FIRS, FREFEL EWRE T EZRMRRAELE L
Ho
4.2. BAFRHKET FLAIGLN-FE 7B T

AFRA M RAERHETRAGF, BREATEN, $—, KE%XitHd, FFFL
RMEGFRISTARZG, BFEAKICT HFA X ARTAER S, SIRANF KRN, RANA
FEARPLE M GG 2 R E, FIANAT LG (AWWE) |, B £ N FEHTRE
Blo %=, AHBERETH, HFRMEETFEIEHRTRAELLILAY, MEFALATSE
ARAAMDE QPRI PE, RLRB) WREHIFEREEE, ANRKAANZH KRG HE
MERIET G,
4.3. GIRRMESAKEZL

AL BEAT Btk. H—, KK R TELEEP B Listwise Deletion) ™ #¢ 5 & ¥ 44
%, RIBPFHRTRRIANELR, AR RSB TR 5=, 3 PISA &IEaIL
T T R, 2R E PVIMATH B A 7] N\ PISA WA E, TRKSEREIR, BEN
KR AZMAALE BRRRE, b2 ELEMARRKAGANME AT, F=, LATFHEF
BEAEHTAN KR LA AR RIE TG E RS . ARFARXELELSDQITAHRIE, AE R
B HUIR ) H k8 A 6 a% B AR A ) T IR %

BE LK
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