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Table 1 Description of input variables and output labels

Variable category Representative variables

Process characterization meaning Defect type

Furnace thermal

variables refining temperature, bottom temperature 1, bottom

Channel temperature, crown temperature 2, crown temperature 7, Characterizes melting adequacy, refining efficiency, Bubble, Knot,

and the thermal state of the glass melt Stone

temperature 3, bottom temperature 9, main flue temperature

Pressure and liquid- ~ Furnace pressure, glass level, cooling-section pressure
level variables

Combustion and

atmosphere variables temperature, combustion-air pressure 1, combustion-air

pressure 2, combustion-air flow rate, residual oxygen,

Natural-gas inlet pressure, natural-gas flow rate, natural-gas inlet Characterizes combustion adequacy and the

Characterizes the stability of the furnace atmosphere, Bubble, PDefect
glass-melt flow, and forming stability
Bubble, Knot,

oxidation-reduction environment Stone

natural-gas calorific value, front combustion-air temperature,

rear combustion-air temperature
Protective gas
variables
Batch-feeding and

control variables

Nitrogen flow rate 1, nitrogen flow rate 2, hydrogen flow rate 1, Characterizes the tin-bath protective atmosphere
hydrogen flow rate 2, bath pressure 1, bath pressure 2

Feeder frequency, fine-adjustment fan setting, combustion-air

PDefect
and surface-forming environment

Characterizes load changes and control-adjustment Multiple defect

pressure valve 1 setting, combustion-air pressure valve 2 setting behavior types

1.2 FUMESENX

WL A% 555 1 min 5 RFEE 2 25 it
PSR

U={u,u,,...,u} (D)
L u, B ¢ pRIGAWMARE, HL2E
AT SR BRSPS F -

u, =[x,y,] )
X x, e RYKRIRE ¢ 2080 31 4B T2
Wi, y, e RYFRIREE ¢ /08I 40 HEGRIEEHPRES .
R, ZRafN =4 N

u, e R" 3)

Y E T LEINTE KB L =360 min, NI RL
VNGB ZVSE

U =[w 00,0 ] e RY 4)

T H AR A AR K H =30 min ARG S

Fr 5

Yt+l:t+H = [yt+1’yt+2""’yt+H] € RHX40 (5)
PRIk, A TARRTNAE S5 Al AR -
?H-l:t-#H = f9 (Ut—L+1:t) (6)

e f, ()RR AR, 6 RS
M, Y, DRSS 0 R SR — B 18] A i T 00
gk

ZAES AR Fg T2 BEHmA. Z2MmMNAZL
BRI R A, H bR LR ) S L 2ZDIRAS R s
Fe ka4 1 Al b, [R)20 T oK >k — B[] P Bubble
Knot. Stone Il PDefect 4 JSHR[F ) 40 4EZEL T 3.
2 LVC-TimeMixer i 7% 3 35 &2 [ F 0

A
2.1 1ERIBRIESS

TRIE B R SR T s A . 2 A B RS



%54 55 10

ML % HET LVC-TimeMixer FRITFI2 I3 22 01 6 B 5000 75 12

° 3581 -

M2 A 2 Q% F2 T R . T2 S840
AN SR S BRAEAST S R FE AR 2 T, T 7R 24
PR RL ETE E. ROR AR R S
AL EBH; RN, WAL R WE. AR
HEREIRS Z BRI G R R, PR
— I TR RUBEAE LA AR 4 RAEGR A TR SO R . DAL, Bk
Rea TN AR 2R ANAN 75 2 L 22 RO I ] A4 5 2 A5 i
VARSI AT S e [T et e 0P =L DN SE Y |
25T B A AR & G TR

TimeMixer il 2 R T RAE BBz
fi? « Past-Decomposable-Mixing(PDM) #1 Future-
Multipredictor-Mixing(FMM) 554544, B 4% [A] i 42 HY
I 18] 2 51 R R AT B S A B AE R, &6 b
BA 2 REARFHER) TR R F5 . 2R, JRiG
TimeMixer =[] [F) 38 I 18] 2 20 FOA T 55, 38
F &R N AR IR AT A, Tkt FE
HRREAR PR ) 3 Pl 82 5 28 AR e 2 () R & S i ik =
SRR X TERR PRI ER A TNT F, A EEER
4G TimeMixer, M EAE ST A HAT
% Wt 7 e i 7 VS L CNAR O TR S I Y S 2
KRLZAEZ M EEENE, BOIERTZ5%
B9 AN 2 1) 7] 7

R FiR A @, A TAESE TimeMixer 2 R
I [B] 21 S B 2Rt E 32 tH LVC-TimeMixer. 1%

Time-delay aware encoder
31-dimensio variables y

N\
| Variable group coupled mixer|

Multi-time lag characteristic
(5/10/30/60/120/240min)

40-dimensio

-
[ -

{ [ RN SEEasaa0a0000
{ :> Dilated convolution :>
v - >
H H Gated fusion
H_E J N\ N — ©)
1

storical time window

Process variables Defect labels

Surpdng -

RIOR B TimeMixer X 22 RS )32 A0 R A0S
T A NFHERE N 2 REEIR G £ T 2RI AP
AT ) bk 5 £ 5 A 15 s A R - I 9T J6 R e 1 2
(Lag-Aware Encoder) 1 4% & 7 4 #f & 1B & %
(Variable-Coupled Mixer). FH, BB 04 i 2% H
THRPEAN [F A fE RN B SRS R R, (EREA R
% . SCHl B T 2P0 5 R P e B 2 R R SE IR G 2R 5
BESHMGIRGIRNILZBIRE. K. mE. "R
17 s R e 55 T 200 SOM A\ AR Bk AT 73 H AR AL,
308 1 5 2 i 2 o) AN [ 3% B 2H 2 A PR AR ORI

Pk 2 fioR, LVC-TimeMixer [FI3EAR I FE (45
MNP HIRIE . BN gREY . R HR TR A
TimeMixer 2 JJEIR G 32 A1 2 D HRBE T4
B, W31 4O T2 B 40 41 kA
WEPHE R Z A ERMNTH, LRI RAE T Z5R3)
TR B 7 s th s R, IR g i 2%
Bl 56 22 A g e iy Jo ROBE B B 2 s e R AR, 3 5
ABE Y T 5 B K B i e I PRI SR IR BE 775 FRIR, A=
TR ARG AR L2208 U A B 34T 40 4,
FHAE A P SR AE AN S 2H Rl (0 Bl B R A S
Fons WS, B2 RES RS RERS
FIA A A K ERE R &, SRR Rk —
EX R [8] 55N Bubble. Knot. Stone 1 PDefect 4 255k
Bea ) Tl 7 21

Multi-scale decomposition ( PDM \ (" Output: Defect type ™\
pyramid decoupled prediction
Dual-pathway for trend and
seasonality preservation
el (EEEEEE
2 . . Knot |
. I:' Cross-scale gating fusion (Level 10) J_—’
<] l:> ! —— t :>
Stone
— ( (Level 10) T[>
o — e
! i -
— PDefect
16x J 4 -(Leve] 10) I
. —

;’_/

Weighted loss: Weighted MAE and severe defect auxiliary loss

K2 LVC-TimeMixer %! 45
Fig. 2 Structure of the LVC-TimeMixer model

5 546 TimeMixer 4L, LVC-TimeMixer fJ{
B GANE T SR K 2 R B3 e =, m
FE A AN S 51 N T 1) T R R s 3 21 36 A0 AR 5 4
B oI o IR G L 2 FH T 5 A P B i i S A
T 8 B A RUE BB L R HAA RS
R TR R . . WE. SEM
TR 55 22 287 B Hp (R AR A0 00 R I AR g

2.2 AR ENARID RS

TEE PR A T R B R R S . S
EREY . B . BRI SIREN
Ak, TR BIUA R ETE. . B
TE AR M S5 285 J5 4 2 £ SR B A DN i 3R 30 9
Bubble. Knot. Stone 1 PDefect &5k [ 4 & 5L 55 2
(A4 o DRI, 5fe e FTMNN - L 28 ey B s e 5 ) R



.« 3582 - QEIENEEIY)

T A& ELAG BH S 3 J ST 56 3R 1 Tl 22 8 S [ )
T i 2.

9 1 BEAS IR K I i AR ) i R AR RE T, A
TAEAE TimeMixer 3T Z 5 51 A i &A1 g b 25 o
T 22 et B[R]0 55 F0 BRI T 51N

U = [ut—LH ’ut—L+27.”’ut] e R™¢ (7
Xf: LI RMNGE DKE, C NN R,
5 P A N R B L EAR R AR
PR R

u, =[x,y,] (8)

x, eRMy, eR*,C=71 9)
Kb x, BRE MM TSR, y, BRS¢ 4
PR SRR RR . A TR RE G B E 0K E
L=360 min, THME KE P=30 min. NEER
FF5IRE, ATAEG R P RN E DK,
KH ¢ Rt fa RE, K d, RRbREYEE .

2 FE T VR B IR R e S AT B 4 A T AN R A R
B, MIiEBEOn SRS . ZESIFRABEES
BH, MR EI T MM AT RE: 5min
A110 min 322 H T8RS S8 1 5 10 R JE i 424
R AP AR A 30 min A1 60 min X R RBEIRZS
TR VB XA HE RS 37 SR I S e A S
A 338 1R R A B ¥ s 120 min AT 240 min 0 TR AEBE
TRV B e K JE A AT 5] 15 i B«

D,, =1{5,10,30,60,120,240} min (10)
ST EEMERE reD, , EHRE DA

lag

=R G i=— L+1,..¢ U BB S
TR

27 =4, (U (11)
e g (1) s DA JE I A] 7 Dyt R AE S U
T, AT SAE S RIEE HAME L R EhE
AR FR LRI B il -
9. (U/—L+1;r;i) =
Concat| U,_,,Mean (U o ):S(U L, ).AU,

(12)

b r AREGIHE HE1E, AU, o e i &
B 3T AR AL AR ARFAE o X T P SR B I R AR 5
TR A RO AT B i 7 U SRAC B . Hy by
1FENN G R ¢ T RPN

70

tiL+1:t = |:Zgi)L+UZSz)L+2"”’Z£r)j| (13)

KR R 5 R DR T, T3

i—t—ri—

J Chin Ceram Soc, 2026, 54(10): 3578-3592 2026 4F
LI HRE R
la
Zz—gL+l:t =
5 10 30 60 120 240
Concat [Zg—)L+lzt s Z5—2+l:t > ZE—L)H:t b ZE—L)H:t > Zg—Lzlzt b ZE—LEI:t ]

(14)
933k — A R EUAN [F) 3 Je RO 2 T8) ) Je 38 AH 5%

P, ATAER RN 2 MR T i fD -
F ., = Conv ., (Ziigm;t) (15)

[, Dt G A i Ja RO SRR, SI
(IR 38 L 75 AN R J R AT 24 B PR 5%
R DT RR -

la, la,
Gt—i+l:t = G(Wgzt—i+1:t + bg) (16)
H =G, Otnh(F%, )+(1-G%.,,)0Z",,

(17)

A W, D9 JE R T2 2 B ] 22 SRR FERE, b,
NITERE R E, o) Sigmoid BUHKEL, o
NBITCRRE, G, NMETIENE, HE, N
IS i SN G A 5 R P B o IS R AR RS A
ANTR] LS B 245 106 96 B A S e R, AT $
TEoxF TP Bh—wR e I N SE IR 5% 5% AR RE

MEAEHLEETE I i RN 2 i 2 A =4 T ) AR
FINET [ AE R VA B o 12U 20 O AN T P —
I % i Je B TR, Tl I 22 ROBE il SR A AT ] 428k
FENLH, AR e iy s Y I P & B ST A )
AR B ARG B E IR B, ERF AR O R
P R A A [ I £ SE B RAALE
23 LESHEBERESR

PRI AR P T2 A 8 B A Wi
(AT ORI R SR 1 o IR P A B 3 T LA A A
T EMBIRRRE, KRR R E N 55
SHAFRENE, UEARE AR BRI CRE S
PERDIRZS, AUVAR B SRS 7 7 PE AN S A aE SR
858, T3 St g A ) R AU ) i J5T R S ) A
Witash . 35 BRI AL AT o 22 ) JE e A A A5
B, BEIRBEM A IR EMS HEh IR E R R, H
LI L AR Z IS5 5B, PR AL %
AT R RIE R

9k, LVC-TimeMixer 5| N/ A AR A
ar o FLAH, SR 1 31 4 L 2R EIANIRE .
JEJ A AR EE L ZE X, R4 40 48] bk
BeabrRE Ay s srpa AN, AR RN R I A
REMFTEREPIRE R BORIIE . il KL
SE A BIAR XU 7 W R 52475 1) A AN P AT 9 9IS



%54 55 10

Hr A 2. T LVC-TimeMixer 75153 35 22 25 M B g TR 7532 + 3583 -

FIACER, TR HAE X RIS R R R
IR UFA A B AL, kT 433

G= {glemp > gpress > gﬂow > galm > gdefecl} (1 8)
KH: Gy G s Grow ~ Gon M G 2 BRI
FEH. 4. mEH . SR B

MTHm MR, HmALRIAHY, JE
tm=12,...K, K NEEHEE. §% EIA
A IS5 B SR AL A S R R -

E,=y,(H) (19)
Ay, () THEMNEZ. & MLP 8455
o 2P IR T 0 A — 205 SN AR kAT =)
Re, MRE. K71, MBS EHIY A AT
R = A ik

FERIFHN TR G, PR HM A KR
HIERIAFIAS R 2 (M ARSSLAE T, T
Bes A AR E BB RL S T B & 1% 4 »
A TR AT 2 2] AL TR S A iR AR 24
Z [R5 B AL EL:

(20)

T
a,, = Softmax[(Wqu JOWE,) ]

N

K
Em = Em + Zamnvan (21)

n=1

Kefr: W, F1IW, 5 5 ATE R AL Query Al
Key WUHERE, E AZERAZ T 24 A RHE BT S 1
MAFR, a,, BREn NMEREASE m NMEEH
FIRmRCE, K AERANE, d, ARaRIYERE.
RSB RANME R R, RIATERES
[ BEAR AL -

H), ., =Concat(E E,. - E,) (22)

AR FAE T4 AR B o5 Ml iE 4
EHRANAA TEENARNEEHACHAS. 5
HEN A EIATIR AL, BEIHAMSRS
s B 0% [F] DR B 2 P9 AR B 1) — B R A ) 2 & 1
FIVE, ERFE AR SOE R R . K7
RGeS R R TR AR S AR SR LA -

BEA, 2 TR 5 A AT AR AR TR R R 2 AT )
WO . BN, FEd K BURBRIRE R BT R,
YR o /AR X TR 2 % R B 2 PR R 5 B T e Y
S DR F 5| il B AR AL BB A O S sl
JE A4 U5 I s s 2 2 TR B AR AL AT
o3 T AR T SR B R A KU R PR
AR ARIE, AN AR 2 B A AR S 1 R A3

S IR IE S A E A e, e S LA B T gk —
WA AR SRR S8 T bs 2 T 2 TR A E 1)
BNASFRFE o
2.4 TimeMixer ZRERE TSN L

28 3ok B i R g R 2 AN AR 43 AR VR B A A
RS, ST AR A D TR I 2 i e S A 2 AN
LRHAMEGRKARMEEER:

HY, , eRY (23)
KA L RRDIEBNGE K, d, ForbassEge
FE . FTEHIINSE, LVC-TimeMixer [ 3 B 458k
HEBE T R g 04 B i R R G R RN AR By LR A
L, 5 R IR 7 41 A A 5 TimeMixer 122
REEREET. 237 LR T TimeMixer X}
T S5 KINEH R R 1, JUEETM
8 N B T B ) T R e

1E2 RS @B B, B Jex i, T4
EINEARNP S A e JAN I 2 E 7

H") = Down, (Hffuu) seS (24)

X S={1,2,48,16} , F/x FRHEES,
Down_ (-) R RER T s BT REEERIE. BAR
FE R B B 46 e A1 () R s i a2, O RUEE I e
i [y S IR R A I T & .

b5, TimeMixer :FXf4F— RE T
17T BB 03 ik -

T¢ = AvgPool[H"'] (25)

RY = g® _ 1) (26)
A TOFRRRE s FHOEHBIT, TERME T
BT R MK AL, RY) Rt BB, &
BRI R IR R M 8 o %R S IRE R A
7 3 R T 4 ) I A R A R A A R R AE
A2

{E Past-Decomposable-Mixing(PDM)HL 1, A
A RUBE N B 3 T 5 5 s AT 85 REETR A, TR
% RE T R AL

M® =PDM[ TV, RV | se S @27)
Kb MY FRRE s FEE 2 RERS SRS
IR o PDM AR HAS AT B 4% 5] 5 R FH 1 70 9 2R 7 41
1) SR AR AN E BRI/ 73 7 41 T K R 35
Sy AT AR ARG B — B i) JRUPEE SR A% R o vk A B A 21
I AN A P i)

)i, Future-Multipredictor-Mixing(FMM )5 £t
XPAS[FRBE ) T e m i AT AR 2 Bl &, 13



« 3584 - QEIENEEIY)

J Chin Ceram Soc, 2026, 54(10): 3578-3592

2026 4

B P A1) 4 S B TR0 5 41 «
Y, = FMM (MY} ) (28)

t+1:t+P

A

Yt+l:t+P € RPX40 (29)

A PTG DR, A TAERE P=30 min;
40 7 Bubble. Knot. Stone I Pdefect 4 JSHR [ [
Wi gERE . Bk, LVC-TimeMixer (%844 T B 5
CIEZ R

YM:HP = fa (Ut—LJrl:t) (30)
Reb: £, () For IR WP RS S R AR O

TRA 2 TimeMixer 2 RUEEVR & 3 T3 A 26 i) i
TSR, 9 NBRISHL.

ARTIE G I T TR A AR A
HRIE. ZREGHRBNRE . 2P0 5E
BIMGRE. E BB, LVC-TimeMixer AEf%
TELRFF TimeMixer J5 A 2 R @A AE /7 (1) 364l 1,
B 70 53 MR FH VR B A 7 ik 2 v R B 5 A
B, MR T A S S A SR o s 34 T ) A e ik
A .

3 LRL®

3.1 HEESSHKRE

A TAE SIS HOE RKUR T SR B AR = 2R AL
B TP I 7 s A Pl s, B 31 4 T2 %
ALK 40 YESRBASESihnas . T2 B fmiln e
71 e A0 AR AR I E SO RS
B, BEtsZ i3 Bubble. Knot. Stone Al PDefect
4 JRERIET 10 NEELR

SRR E R RALRIBE N 10 s, HRER| T II7%L
PEArAE b R B DS JR BB 0 i A 75
i), SCISHTN BT R — T . e, %
RIS [R) O BR AR B HE Y, JFR I E RN 1 min
BFIRLEE, PAGE— AR AR p R (] . X T 12
i, KA DERE DR S 2 X
THrfaha2s, KM% O NEE ST DR R shfE R AR
SRR, X TR TR E, SRR ET A
LA IRAE AR LS G 0 A T AL

TEFEARIE 7 T, RN E 107 U4
SOIREA. PRI DK E N 360 min, Tl
T KB N 30 min, BIFIHE 2 360 min [T
2R AT S ERFE T TR K 30 min N 40 4E
TREAARAS . YIZRER S B0 uF A2 AT A 4 HE ST i) )t f7
X153, BRI 3G R R AE Bt ER . MR E

R P Ady 25 SR R 8 e Wi 0 S T S H o fg I ] Ah 4
e

NPRUEARE RN LE I P10, B A AL 4R AAH
E EEE R . SONE DL T E DR FE AR o
X HEAE ARG DLinear. PatchTST. iTransformer-
TimeMixer . WPMixer P & A TAE$2 1) LVC-
TimeMixero
3.2 iFMERR

AT PEU B A SR ECR TN S
R RS At TR P E SRR 0 7 T YRS, I
) 4% 1% 72 (Mean absolute error, MAE). 3 7 #R 1% 2%
(Root mean square error, RMSE). X FRF-3346 %) 1 7
tti% 22 (Symmetric mean absolute percentage error,
SMAPE). 7€ % %(Coefficient of determination, R?).
30 min ZiHHE MAE(Cum30-MAE) 1™ HE Sk [ F1
AR RV TR AR - 12 RS TAE N H bR ORERAR RS
MAE. RMSE Al R? HIT-I05E PP SRR SR s
FE . U R ZE G B FAERE /s Cum30-MAE
FIF PO 30 min & H PR THREAL T HE /T ; SMAPE
PEJAHT R ZE 4R R, H T A8 70 B AN R Rk e T
(RPN 22 5 T B R TV, 455 7~10 [k
R e XA R e Rfs, FF115T Precision. Recall Al
F1AE, DA s AR R0 7 B g 11l g

N |30

1 30 .
CumMAE,, = —Z Zyn,h - Zymh (31)
N n=1| h=1 h=1
P= i ,R= i (32)
TP + FP TP+ FN
Fl = 2PR (33)
P+R

Kb NAMREEARR, n AREARTFS, b AT
FF5, 30 TR E FHRRE, p, , M, 20RO n
ANFERTLES b AT B L SAE AN TRIIE, P ks
ffi % (Precision), R NHA[FIZ (Recall), F1 N[
PAFIME .
33 BTN BEXTEL

NEHIE LVC-TimeMixer 1E V712 5 78 22 28 ) Gk [
T FONAT 55 (A %0, AR TAE%EEL DLinear.
PatchTST . iTransformer « J& 4 TimeMixer #l
WPMixer /A%t LAY o A [RIBR 7R MR AR b 1)
PRTRINEE RN 2 Fis .

i1 2 A[ %0, LVC-TimeMixer /£ MAE. RMSE.
R2 1130 min 2315 MAE _FS B RALEE R, H
7t sSMAPE A= EHLE F1 $8bs i, Uiam
it R G R N AR B A AR R A0 B TS AN R A



254 55 10

I 4G

FT LVC-TimeMixer F{VFVE I3 2 S0 BB 000 77 72

3585

WEaH G RE ST, (AR i ™ = SRR TR 77 T
(NEED i 7753 peul 18
3.4 LVC-TimeMixer TR E % 54

D9tk — B VP BB AE AN [R] 0 8 KR (R R E

E)

e, G T 5. 104 15+ 20 min A1 30 min TG
W RS T SE 5, MR ZEAAL . AR
EAIRA st IR 3 AN AT 8T, S5 R

2
H

% 3. B3 ME 4.

P EMREY BTN BEXT EE

Table 2 Comparison of overall prediction performance of different models

Model MAE RMSE sMAPE R? 30-min Cumulative MAE Severe-Defect F1
DLinear 10.722 46.639 70.282 -11.767 5433.20 0.853
PatchTST 11.857 38.190 70.731 0.020 5383.05 0.855
iTransformer 11.251 37.117 66.715 0.583 5702.81 0.873
LVC-TimeMixer 10.525 30.368 69.817 0.616 5194.10 0.842
TimeMixer 14.031 41.179 75.408 0.423 6 672.30 0.797
WPMixer 14.660 48.542 74.130 —6.663 9142.76 0.850
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Table 3 Results of LVC-TimeMixer and comparison models under different prediction horizons
Prediction LVC 30-min Second-Best Reduction Relative to Reduction Relative to
] ) . LVC R? Second-Best Model . - .
Horizon/min Cumulative MAE MAE Second Best Original TimeMixer
5 642.92 0.925 PatchTST 717.22 10.36% 37.95%
10 1351.44 0912 PatchTST 1 468.78 7.99% 34.89%
15 2174.41 0.890 PatchTST 2311.97 5.95% 31.09%
20 3092.56 0.867 PatchTST 3242.55 4.63% 27.36%
30 5194.10 0.813 PatchTST 5383.05 3.51% 22.15%
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Fig. 3 Variation of prediction metrics under different prediction horizons
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Fig. 4 Improvement rate of LVC-TimeMixer relative to comparative models under different prediction horizons
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Table 4 Performance of the optimal model and LVC-
TimeMixer on four types of defects

. Optimal LVC-TimeMixer
Defect Type Optimal Model
MAE MAE
Bubble DLinear 19.875 20.103
Knot iTransformer 4.100 4.378
Stone DLinear 10.548 10.605
PDefect PatchTST 6.500 7.012
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Fig. 5 Comparison of prediction curves for four types of defects

3.6 FMEhZSom—HIEaHh

Dyt — 0 o B AR R A TSI N ] N I ) R
BERE S, A TARE SN E S BORF S,
R Tt e O A Rt S 7320 N 1) 105 iy
BT . BN AY LLRT 360 min T. 2% &
AT SRR EEFR AR N, H iRk 30 min A 40
YESRBESE T A AR AN LIRS . AT ELE
[, T RS ) 5 4 AH R] At & s Tt
WA E AL BE T, DAEE S i 8] P 51 ks I ORIEAR
4 ) FEBL AP

Geitiy, HeAERAMHAE 0 A XS Bubble.
Knot. Stone Fll PDefect 4 35, 10 ML A M AR 2
MESEFRAEHEATIC G, 193015 H RS2 B

S FL M TRY P P & o 45 2R, il B A
SR e R it 2 (B 6)o RNz G AR 56 — MR BN
F, EEBORK 30 min A L SEHRRA AR A 5 A5 i A
1, DI SAB R AE B CLE 2 TN H 14 6 P R R i
(Bl 7)o fa, FHaRae A o . S0 28 A
S R I TS 5 S AE FE T, 2 ) i — 5 SEE
BT, IERL 101 S ZITAN T 73 A (s 7% 2
E (K 8).

i 6~ 8 7] i, LVC-TimeMixer.iTransformer
A1 PatchTST FIFHTMI Hh 2 48 44 51 iy | sl Hh 28, et
Lsg/s RN RSNl o) SN YNGR L (R
WPMixer 1 iR 46 TimeMixer 7535 70 I BEAAE RSt
fi#% . 443 2 o RMSE #1 30 min %11 MAE £



+ 3588 - CREBR 2R 40D J Chin Ceram Soc, 2026, 54(10): 3578-3592 2026 4
4500 — Actual — LVC-TimeMixer 2850 — Actual — LVC-TimeMixer
—— DLinear — TimeMixer — DLinear — TimeMixer
4000 —— PatchTST ~ — WPMixer — !’atchT‘ST — WPMixer
= — iTransformer e 2700 + — iTransformer
= =
<) L <]
g 300 2 2550
o L
= 3000 = 2400 |
s -
& £
= 2500 2250 |
2000 |, , . . . . 2100 k . . ! I i
0 150 300 450 600 750 0 6 12 18 24 30
Time/min Forecast horizon/min
6 WA BLE SRR TR it 22X b 7 AN IEE AR 30 min SRR TR it 2
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Fig. 7 Total defect prediction curves for the next 30 min
within the first test window
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Table S  Overall metrics of ablation experiments
Model MAE RMSE sMAPE R? 30-min Cumulative MAE Severe-Defect F1
TimeMixer 14.031 41.179 75.408 0.423 6672.302 0.797
TimeMixer-Lag 13.360 37.800 74.480 0.514 6228.000 0.812
TimeMixer-VC 14.780 43.500 76.620 0.357 6 965.000 0.804
LVC-TimeMixer 10.525 30.368 69.817 0.616 5194.098 0.842
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Fig. 9 Variation of prediction metrics of ablation models under different prediction horizons
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A Multi-Class Defect Prediction Method for Float Glass Based on LVC-TimeMixer
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Extended Abstract

Introduction Float glass is a fundamental material for architecture, automotive applications, electronic displays and photovoltaics,
and its quality stability directly affects downstream processing efficiency and end-use performance. In continuous float glass
production, defects such as bubbles, knots, stones and point defects reduce product grade, increase cutting losses and rework costs,
and disturb stable operation. Existing online defect inspection systems usually identify defects after they have already formed, so they
cannot provide sufficient support for feed-forward adjustment of furnace thermal conditions, combustion state, glass level or tin-bath
atmosphere. The melting and forming process is a highly nonlinear, strongly coupled, and long-lag industrial thermal process. Process
disturbances are transmitted through the temperature field, pressure field, atmosphere field and glass flow field, and their influence
may appear at the inspection end only after tens of minutes or longer. Therefore, this study focuses on short-term prediction of four
types of defects with 10 levels in float glass and proposes a lag-aware variable-coupled TimeMixer model, named LVC-TimeMixer,
to establish a dynamic mapping from historical process states and defect sequences to future defect trends.

Methods Historical records from a float glass production line were used to construct the prediction dataset. The input data consisted
of 31 process variables covering furnace thermal state, pressure and liquid level, combustion and atmosphere, tin-bath protective gas,
feeding and control settings, together with 40 historical defect labels corresponding to Bubble, Knot, Stone and PDefect at ten levels.
The raw 10 s records were sorted by timestamp and resampled to a 1 min interval. Window averaging was applied to process variables
to suppress high-frequency noise, while defect labels were aggregated by counts in each window; short missing values were treated
using forward filling and linear interpolation. Supervised samples were generated by a sliding-window strategy, with a 360 min
historical input window and a 30 min prediction horizon. On the basis of the original TimeMixer framework, LVC-TimeMixer
introduces a lag-aware encoder and a variable-coupled mixer before the multiscale mixing backbone. The lag-aware encoder
explicitly extracts delayed representations under candidate lag scales of 5, 10, 30, 60, 120 min and 240 min and uses a gating
mechanism to adaptively select effective lag information. The variable-coupled mixer groups variables according to process semantics,
including temperature, pressure, flow, atmosphere and historical defects, and then learns intra-group representations and inter-group
coupling relationships. The encoded representation is subsequently fed into the TimeMixer backbone, where multiscale
decomposition, Past-Decomposable-Mixing and Future-Multipredictor-Mixing are used to predict the multi-step defect sequence.

Results and discussion The proposed model was compared with DLinear, PatchTST, iTransformer, the original TimeMixer and
WPMixer under the same data split, input window, prediction horizon and evaluation metrics. The results show that LVC-TimeMixer
achieved the best overall performance in MAE, RMSE, R? and 30 min cumulative defect MAE, with corresponding values of 10.525,
30.368, 0.616 and 5 194.10, respectively. Although its SMAPE and severe-defect F1 were not the best among all models, they
remained close to the leading level, indicating that the proposed lag-aware and variable-coupled structures improve trend fitting and
cumulative risk estimation while maintaining competitive severe-defect warning capability. At prediction horizons of 5, 10, 15, 20
min and 30 min, LVC-TimeMixer consistently maintained the lowest MAE and a relatively high R?, demonstrating stable short- and
medium-term prediction capabilities.

For different defect categories, the optimal model varied because Bubble, Knot, Stone and PDefect have different temporal
patterns and process response mechanisms. LVC-TimeMixer did not achieve the best MAE for every single defect type, but its errors
for all four defect categories were close to those of the corresponding optimal models, and its overall defect prediction and 30 min
cumulative risk estimation were superior. Rolling prediction curves and predicted-vs.-true scatter distributions further indicate that
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LVC-TimeMixer can better track the rise, fall and local peaks of total defects on chronological test data. Ablation experiments
confirm that the lag-aware encoder improves prediction by aligning process disturbances with delayed defect responses, whereas the
variable-coupled mixer used alone may be limited when lag alignment is absent. When both modules were introduced simultaneously,
the MAE and 30 min cumulative defect MAE were further reduced by 21.22% and 16.60%, respectively, compared with
TimeMixer-Lag, proving the synergistic effect between lag-aware encoding and variable-group coupling. Engineering evaluation
showed that the average and maximum inference times for a single prediction window were 11.6 ms and 21.3 ms, respectively, on a
computing platform equipped with custom 2 x 24 GB VRAM NVIDIA GeForce RTX 4090 GPUs, which is far below the 1 min
rolling warning threshold in industrial applications.

Conclusions In this study, an LVC-TimeMixer model was proposed for short-term multiclass defect prediction in the float glass
melting-forming process. By embedding a lag-aware encoder and a variable-coupled mixer into the TimeMixer multiscale
trend-fluctuation modeling framework, the model explicitly describes both the delayed relationship between process disturbances and
defect responses and the coupling relationship among temperature, pressure, flow, atmosphere and historical defect variables. The
comparative experiments, prediction-curve analysis and ablation study demonstrate that the proposed model improves overall
prediction accuracy, cumulative risk estimation and prediction stability. The model can provide data-driven support for rolling defect
early warning, furnace operating-condition optimization and intelligent quality control in float glass production. However, further
research is still required to improve generalization under extreme operating conditions, to verify long-term real-time deployment, and
to integrate synchronized stripe-image diagnosis or other multi-source visual information.

Keywords float glass; defect prediction; lag-aware encoding; variable group coupling; time series forecasting





