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Abstract: Objective To address the strong coupling, long time delays, and nonlinear characteristics inherent in the traditional Chinese
medicine (TCM) extraction process, as well as the issues of prediction lag and extreme-value smoothing commonly exhibited by
traditional deep time-series models during operating condition transitions, a decoupled digital twin modeling method of key process
parameters for the TCM extraction process, integrating Standard Operating Procedure (SOP) priors, named SOP-guided channel-
independent patch time series Transformer (SGC-PatchTST), is proposed. Methods Based on the PatchTST architecture, the proposed
model introduces three major enhancements: 1. An orthogonal decoupling late-fusion mechanism is employed to transform discrete
SOP instructions into process-intention features, utilizing a soft-gating mechanism for fusion to suppress the lag caused by operating
condition switches; 2. A decoupled structure comprising primary and auxiliary branches is constructed to independently model the
reflux temperature, thereby mitigating the interference caused by multivariable coupling; 3. An extrema-sensitive hybrid loss function
is designed, combining local statistics with extreme-value penalties to enhance the model's extrema-fitting and noise-resistance
capabilities under the low-pass filtering conditions of Patch-based tokenization. All baseline models uniformly adopt the OneCycleLR
learning rate schedule and an early-stopping strategy. Experimental data are independently partitioned into training, validation, and test
sets on a batch-by-batch basis to strictly eliminate cross-batch data leakage. Actual production data from a TCM extraction workshop
are utilized to construct the predictive model and evaluate it via autoregressive multi-step inference. Results Under a 50-batch
stratified split, the single-evaluation Mean Absolute Errors (MAEs) of the upper and lower temperatures for SGC-PatchTST (optimized
hyperparameters 7=1.50, 1=2.0) decrease to 0.36 ‘C and 0.35 ‘C, respectively (which are 40.0% and 50.2% lower than the standard
PatchTST model, respectively). Its capability to resist extreme deviations is significantly enhanced, with the 95% percentile errors (P95
errors) for the upper and lower temperatures controlled at 1.31 C and 1.33 °C, respectively. At the same time, benefiting from the
decoupled primary and secondary architectures, the MAE of the reflux temperature, which is susceptible to external disturbances, is
reduced to a lower value of 0.04 “C. The prediction of minor fluctuations in the core safety parameter (in-tank pressure) is also
maintained at a relatively high precision of 0.000 6 MPa. Furthermore, under three independent stratified splits, the average upper and
lower temperature MAEs remain at 0.33 ‘C (coefficient of variation, CV = 6.8%) and 0.32 ‘C (CV = 6.4%), respectively, confirming
its good statistical robustness. A six-step combination ablation study and a 25-group hyperparameter grid search validate the
contribution of each module and the hyperparameter robustness, respectively. Conclusion The proposed SGC-PatchTST method
achieves an ideal level of prediction accuracy and timeliness while demonstrating strong physical plausibility, providing reliable
support for subsequent model-based reinforcement learning control.

Key words: traditional Chinese medicine extraction; digital twin; PatchTST; prior injection; extrema-sensitive loss; multivariate time
series forecasting
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Table 1 Statistical description of dataset features

K5 Bl FLAT sAME O FWAAE i W EDa g mOKME
Hrte  REE T 20.8 455 88.1 75.3 100.6 105.0
TREE T 19.3 44.8 87.2 74.6 100.0 104.5
HENE MPa -0.0170 -0.001 0 0.0000  —0.000 1 0.0000 0.0270
[ERHEYES T 21.2 26.3 28.0 27.9 295 34.1
HE%E AREN MPa -0.009 -0.002 —0.001 0.035 0.040 0.285
AR E % 0.00 0.00 0.00 9.19 16.66 70.00
pEiR S oA m3h~! 0.00 0.00 0.00 0.55 0.00 20.00
I m3h~! 0.00 0.00 0.00 211 0.00 17.40
mERE GHD — 0.00 0.00 0.00 0.06 0.00 1.00
mERE GHIRD — 0.00 0.00 0.00 0.18 0.00 1.00
WEl  WERRED MPa 0.000 0.000 0.000 0.065 0.050 0.270
BE LR T 25.0 25.0 25.0 54.2 99.0 102.0
BOE NIRE T 25.0 25.0 25.0 54.2 99.0 102.0
BB K i mé 0.00 0.00 0.00 1.22 3.15 3.15
SOP %l TZH5 (12 i) — 0 0 0 0.015~0454 0 1
IRAEFFIE B E T -70.6 -0.1 0.0 0.0 0.1 75.7
P i PR S T -5.0 -0.6 11.9 24.7 54.5 79.2
WMFEE C 0.00 0.00 0.00 0.67 0.60 5.00
TR R TH2 -76.1 -0.2 0.0 0.0 0.2 75.9
JE 1A MPa-25™! -0.017 —0.001 0.000 0.000 0.001 0.017
W% MPa —0.905 -0.778 0484  —0.448 -0.072 -0.002
Gt BHET 4030 50 UL 413056 ZRAHETAI: WERE A ARRE (1 FoREN 28 MR ITE, 0 %m%HD; SOP TEH5
U PRI, TR FERES AL R L] SOP JMGRI T, 1 Fr Mk TR T LB, 0 R FR T %58, B

EVER 0.015~0.454 R 12 DNERIHYEREXT B T 2P RIRAAL T LA T 1.5%~45.4%.

Statistics are calculated based on a total of 413 056 sampling records across all 50 batches; The flow status is a binary indicator (1 means the inlet/outlet
liquid valve is open at this moment, and 0 means it is closed); Each dimension of the SOP process step number adopts one-hot encoding, and the mean
values of both represent the proportion of the corresponding state in the full-process records; For SOP one-hot encoding, 1 indicates that the corresponding
process step is active, whereas 0 indicates that it is inactive, themean range of 0.015—0.454 indicates that the sampling records associated with the
respective process steps account for 1.5%—45.4% of all records across the 12 encoded dimensions.
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MR B A [RIHR ZHRFAE (regression error
characteristic, REC) HiZk S Zix = Z R 2k, M
TR Z20) 1 455 2R A /N 30 T 00 S 1) ) 3508 R B v e

HIE,
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P RTE B SR AR B A R RE Si it
WK 2 fion. EEIMEEEREH, ARz ik
ER A RN FREH SN . SERENS,
LSTM EIAREIER A T 201, & 57 LR Ab =
AR R mZE, SESL RREM FERETR MSE 43
iLF| T 3.476 8 F113.841 7. Vanilla Transformer F 4R
IO T B, (E2HX R R G AR K
SREGZ, MAE 1A% 7 1.0190 °‘C, MSE ik 4.055 8.
FrifE PatchTST i@ i Patch 2) BLM LA AT IR )
MAE 7354 0.603 6. 0.697 0 C, Bk T
LSTM #l Vanilla Transformer; 1H 2 X MSE &R 4t
FRE/KF, HEREE MAE (0.0598 C) {584
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Table 2 Comparison of global prediction performance

among multiple models

A A MAE  MSE R?
LR E/IC  Linear 1.0592 43170 0.9954
CNN-1D 1.0532 4.7442 0.9949
LSTM 0.6879 3.4768 0.996 3
Vanilla Transformer 0.8673 3.4344 0.996 3
PatchTST 0.6036 2.7227 0.9971
SGC-PatchTST 0.3620 2.5212 0.9973
THLE/C  Linear 12159 52443 0.9944
CNN-1D 1.0663 5.1277 0.9945
LSTM 0.7649 3.8417 0.9959
Vanilla Transformer 1.0190 4.0558 0.9956
PatchTST 0.6970 2.9840 0.9968
SGC-PatchTST 0.3470 21760 0.9977
fEM 71/ Linear 0.0006  — -
MPa CNN-1D 0.000 6 — —
LSTM 0.000 6 — —
Vanilla Transformer  0.000 6 — —
PatchTST 0.000 6 — —
SGC-PatchTST 0.000 6 — —
[ Lt Linear 0.1175 0.0437 0.9939
FEIC CNN-1D 0.1159 0.0467 0.9935
LSTM 0.1161 0.0449 0.9937
Vanilla Transformer 0.1007 0.0388 0.9946
PatchTST 0.0598 0.0205 0.9971
SGC-PatchTST 0.0418 0.0116 0.9984

PE BB AR Y Z R0y (RERURNT 420 FINZRVEAS, LA ER
X ECEZERT A BEA T TR AR BN (620.003 MPa),
MSE 5 R REVENE S MONER; “—7 FomiZBueie R .
All models were trained and evaluated under a single stratified split
(random seed = 42) to ensure absolute fairness in the comparison; due
to the extremely small absolute fluctuation of the tank pressure
(6220.003 MPa), MSE and R? lose their evaluation significance and
are therefore not applicable; “—" indicates that the corresponding

metric is not reported.

MAE 735 K% % 0.362 0. 0.347 0 'C, MSE [%
AR, RERE R HHIRTEE 0997 3 FlI
0.997 7. TESZ10 S H0E) B B 10 [ i ol A, 3
RIS A 2 AR T ATRR B . A v B o
MIMO ZREAH L, Jhr @I S AR EIR RS MAE 3
— B EARE] 0.0418 °C, R2IEEF0.9984, HENIE
J1771Hl, SGC-PatchTST #4¢[¥) MAE fR£F7E 0.000 6
MPa FIRRARAKE,  FIH B e ) s DR S RS
SE AT AR Tl 22 A I I 75K
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a-overall upper-temperature prediction trajectories; b-local magnification of temperature-rise segment (prediction steps 25—60); c-local magnification of

temperature-drop and recovery segment (prediction steps 110—150).
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Fig.3 Locally magnified comparison of autoregressive multi-step inference for upper temperature under multiple operating

conditions
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54 BEEMEEERESIGEEEEST
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a-probability density distribution of error; b-regression error characteristic curve; c-distribution of absolute error.
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Fig. 4 Performance evaluation of tank pressure
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itk (MSE); M3: 585 SGC-PatchTST (f£ M2
fith b & oAWK, RUEBSH =150, A=
2.0); M4: £ M3 Jal F X SOP flds (UARH

RS SRS ); MS: 78 M3 hb b 245 3 gl AR
(PR SOP SR, HARN Ehah Iinsk
3 o

®3 NRRIBHAHRASLINSS
Table 3 Results of six-step progressive ablation study
B EEL2) MO M1 M2 M3 M4 M5
IREEIC MAE 0.603 6 0.4494 0.4033 0.3620 03717 0.4372
MSE 27227 2.569 5 25905 2.5212 2.6824 3.0445
R? 09971 0.997 2 0.997 2 0.997 3 0.9971 0.996 7
P95 error 1.6455 1.3994 1.4352 13142 1.4554 1.569 2
TEEIC MAE 0.6970 0.4794 0.3896 0.3470 0.3635 0.4417
MSE 2.9840 24701 23301 2.176 0 2.3305 27732
R? 0.996 8 0.9973 0.9975 0.997 7 0.9975 0.9970
P95 error 1.8054 1.408 8 15146 13321 1.470 4 15526
M E J1/MPa MAE 0.000 6 0.000 6 0.000 6 0.000 6 0.000 6 0.000 6
BN RTIEINS MAE 0.0598 0.0572 0.0526 0.0418 0.054 5 0.047 1
MSE 0.020 5 0.0191 0.0173 0.0116 0.018 2 0.014 4
R? 0.9971 0.997 2 0.9975 0.998 4 0.997 4 0.9978

P BERIAE Bk oy 2R o (BENLRNT 420 RUIZRVFAL . DABIORXT EURAERT A4k S X Bty (6~0.003 MPa), MSE 5 R?
REVNES SOAEN . AR R R RS AR I R L4 R, Forh MAE. MSE Al P95 error /NSLF, R2BURHAF; HEA S J) MAE

FEFRAEEE N AR, SMOERIR X ).

All models were trained and evaluated under a single stratified split (random seed =42) to ensure absolute fairness in the comparison; due to the extremely

small absolute fluctuation of the tank pressure (0.003 MPa), MSE and R? lose their evaluation significance and are therefore not applicable; Bold values

indicate the best result for each metric of the temperature variables. Lower MAE, MSE, and P95 error and higher R? indicate better performance; tank-

pressure MAE values are identical at the reported precision and are therefore not distinguished in bold.
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FFFPLH A1 2K 20 epoch JE AL 3R IEEE MaxError A1
MAE. 28R uE 4 Fir. i 25 ASHA 50
MaxError 7% 6.31~6.36 It XN, 2R
REAN 0.15%, ULEABARUS TR 4 BN S A
UK, SRR ARG IS, ik =
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Table 4 Results of hyperparameter grid search

T fibs 1=1.0 1=20 1=3.0 1=5.0 1=10.0
0.80 MaxError 6.3180 6.326 0 6.3310 6.316 0 6.336 0
MAE 0.040 2 0.0403 0.042 4 0.0417 0.0432

1.00 MaxError 6.3140 6.3390 6.327 0 6.336 0 6.3400
MAE 0.0410 0.0417 0.0415 0.043 2 0.044 3

120 MaxError 6.3250 6.3270 6.3430 6.3550 6.3370
MAE 0.040 2 0.0427 0.042 4 0.0452 0.046 4

1.5¢ MaxError 6.3320 6.3320 6.3470 6.3450 6.3400
MAE 0.0409 0.041 6 0.045 6 0.054 4 0.047 8

2.00 MaxError 6.3290 6.326 0 6.3310 6.328 0 6.3380
MAE 0.0401 0.0417 0.042 4 0.044 5 0.050 1

MaxError 5 MAE ARRTET— 0 R (M 0. A1 1D FEAHXHRZERS, BTEHEESHBURIENHEYZ SR, 5% 2. 3 A SR
REANAAEERE TN 2R, A LRES YRR B R ERSLILGN 10 8~1 110 (BIF—fLiRE 1.0~ B R E

8~10 C, EMHT HATHR MR bR ) o

MaxError and MAE represent relative error metrics on a normalized scale (mean = 0, standard deviation = 1) aiming to evaluate the relative differences in

hyperparameter sensitivity and they are not directly numerically comparable to the actual physical temperature errors reported in tables 2 and 3; after

inverse normalization, the conversion ratio between the normalized error and the physical temperature error is approximately 1 : 8—1 I 10 (i.e., a

normalized error of 1.0 = a physical temperature error of 8—10 ‘C, depending on the temperature standard deviation of the specific batch).
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