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constraints and entropy—weighted ensemble
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Abstract: To address issues such as delays in laboratory testing, a scarcity of labeled samples, and high process
noise for key water quality indicators,including total nitrogen (TN) and five—day biochemical oxygen demand (BOD,),
in the wastewater treatment process, this study proposes a semi—supervised soft—measurement method based on

consistency constraints and entropy—weighted integration. The external training and test sets are divided
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chronologically. During the training phase, exponential moving average and standardization are applied for
preprocessing, and a multiscale dynamic basis learner is constructed using MiniRocket—Ridge; Subsequently,
pseudo—labels are generated through cross—validation between the two learners, and the internal true-label
validation set is used to perform structural fidelity gating on the enhanced candidate models to accept or reject
them. The models are then adaptively fused based on the entropy values of their respective output predictions, and
the prediction is finalized by aggregating the results from multiple rounds of perturbation. Compared to the optimal
fully supervised baseline, the RMSE for TN and BODS5 on the BSM2 dataset was reduced by 72.43% and 79.44%,
respectively, and by 37.67% and 32.46% on real wastewater treatment plant data. Comparisons of semi—supervised
strategies and ablation experiments indicate that MiniRocket and EWC=SS contribute significantly to performance
improvements, while entropy weighting and structural fidelity gating further reduce the combined error; SHapley
Additive Explanations (SHAP) analysis shows that the contributions of key variables are consistent with the
mechanisms of the wastewater treatment process. This study provides an accurate, lightweight, and interpretable
implementation approach for soft metrics in wastewater treatment, where label acquisition costs are high and process

dynamics are complex.

Keywords: wastewater treatment; soft sensor; semi—supervised learning; MiniRocket; consistency constraints;

Entropy—weighted integration; SHAP
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Table 1 BSM2 Dataset Variable Table
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11 S-Se K 50 A= W R IEC 0 e 2 HA
12 SN-Hrl 55 1 ROt R HiA
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Fig. 3 Actual process flowchart for wastewater treatment plants
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Table 2 Real Wastewater Treatment Plant Dataset

Variable Table
¥ 5 75tk 158 ] JisBzs
1 pH-IN 7K pH A
2 COD-IN KA LW
3 NH;-N HKER LTTPN
4 TP-IN HEoK S fa A
5 SS-IN HEK TR A
6 TN-IN HEK A LN
7 pH-OUT 7K pH A
8 COD-0UT kA LTI
9 NH;-N-OUT KA A
10 TP-OUT HhK S A
11 SS-0UT K Y) LTTPN
12 TN K VA LT
13 BODs K H AT A i 13

CNN.TCN-LSTM . PatchTST #1 iTransformer, %8 & I
BN M2 BR—IERA P4 . H iR IES: ] |
I 7 45 B LA K 43 Be/f5] B Transformer 45 18 3 14 45
FET PE A 38 AR AL 45 1 05 MR 1R 22 (root-mean—
square error, RMSE), - Y3 4t % % 2 (mean absolute
error, MAE). Pearson #H 3¢ £ % (Pearson correlation
coefficient, R). B iE £& %X (coefficient of determination,
R2)XJ £ £ 25 77 #3 Fl(Root Mean Sum of Squares of the
Diagonal, RMSSD), RMSE 5 MAE # /)il 4, R 5 R?
BRI BT . AR R BRI A X S SR [22],
A SCHY R O 5E EARTE T-AR 25 1 B 25 10 1 2 B
B £ 1) Dh b 2 AT S A s e AR R G 5 LR AL
il , LK 2 R EOOR S AR E MR I E . [t
MHTIFAN R R 2 G058 22 A OCHE 2k
R i 2 (3% 22 53 A SRR T B e IF . X T L
BLIEAR AT BTN RE SR | fe R Bl A 15 22 LA S ASEAY
TS5 5 0 B AT E A FRAR I 55 TR S S8 A, A
S 3 B FRDIU 0] 43 DA | L S — S0 s
74U Ml 4R 7545 5% 22 it 2 ) 3 25 IR RE 0 i
GRE P 22 38

oWy ik — 2 VE AR T b 25 B ) SR R e e A5
TURE AL X W B DN £ 1 R Y 52 ), 7E DR A5 4
P w0 Ab B 77 5 MiniRocket—Ridge J£27 > #%  ZM AR
SR/ 73 TERR 2 FEA T 48 b5 — BUW 55 1
R BN L2 X HE SR, 80 S0-S5. SO
4 Supervised MiniRocket—Ridge , [ fif F G bR % FE AR
Y% ;S1 K Self-training , PR ) IR iU R4S T

¥ 74 ;S2 i Co—training(no gate) , FH XL > 7
2 A AR B HN T B A T R AN 1455 S3 1
Co—training + confidence gate , 75 Pp [A] Yl 2k FE ikl IR
0 B A B 1] #5 5 S4 4 Co—training + validation
MSE gate , LA P F#RI6 UESE MSE T A A1 Sy 498 88 ik 1k 1)
FEONARE ;S5 H 528 EWC-SS, SR IR 2] 2858 UK
FrRic IR 450 25 T IR S A L . Wi g —
FL2E ) ERAVEE R 3, v L S A P T
2 2 A A IR R A B
33 2BEELITEXIESHT

JIT A6 K i A 2 b ) 3k 4R S 7
FEATHA B T RS He b L nY s IR B L 2
M. R3LH T BSM2 B IER g . gy
AEPIA i A L2 A8 br B e es & R
TN f RMSE . MAE . R il R243 51l 7 0.0829 ., 0.0382
0.9993 £110.9986, BOD, 435124 0.0201 .0.0096 ,0.9984
H10.9969, RMSSD & 0.0853, fix 1ff 3k 28 CNN-
BiGRU 1 TN RMSE F1 BOD, RMSE 43 %1 4 0.3009 FI
0.0978 , T & 77 V5 AR X B AIK 72.43% F1179.44% ; TN Fl
BOD, ft) MAE 73 51| A% 81.54% F11 84.40% ., 3% 13 W]
PR 2Dt W s 8 B 0, AR BAE K 2%k
A 1) 248 %51 Bl 22 () 25 WU o

] 4 7R AT AR BRI )4 A 5 R 25 h 4k A
OURS [ TN H1 BOD, 5% 2= K &8 7 [l 28 & il P i 4%
WE 3% 220k By, RE NS B = 5 T 00 AR AR T A R AR K
11 A0 D F% 5 R 2% Bk o 25 43 00 249 0.0827 Al
0.0201, #HLZ F , PatchTST i TN 5% 25 5 1 22 4
0.5987, Transformer F11 iTransformer ¥ H} B4 K Y B
BRI, HIER S MR TS 5 mAG 1,
AULEEH OURS B AE /DB AR A B AT A WA, {H
(B BRI, RIE R

S 1A A0 P E— 20 AR 2540 i o OURS 7
PO 1 R B 2, TN A BOD, (14 1Y 4343
25129 0.0420 F110.0115, /N4 LR ; w0 5
B RN S R B Rl e . iR AR LIRS
RMSE/MAE 2516 —3(, # U VLR ok A B ik 2=
S3 A B HEAR A 2 e 27K

T4 WoR , TEH 5K BT $cdE I, OURS X
TN /) RMSE . MAE . R 1 R2/3 51l J}y 0.8423 ., 0.6299
0.9551 1 0.9111, % BOD s 43 %]}y 0.3963 . 0.2813
0.9580 f110.9178, RMSSD 4 0.9308. 545 %545 L 1
B A4 B8 HE£E A FE , TN RMSE 1 MAE 43 51| B A%
37.67% 1 39.51%, BODs RMSE 1 MAE 43 51| B fIX
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Table 3 Performance Metrics of BSM2 Across Different Models

. . , CNN- ) OURS# Al
W E bR Hith Transformer  PatchTST BICRU SAE-CNN  TCN-LSTM  iTransformer OURS 0
TN 0.4163 0.5987 0.3009 0.3729 0.3373 0.4182 0.0829 72.43
FNSE BODs 0.1173 0.1605 0.0978 0.1045 0.1174 0.1232 0.0201 79.44
TN 0.2522 0.4253 0.2068 0.2537 0.2345 0.2602 0.0382 81.54
WAL BODs 0.0803 0.1155 0.0614 0.0696 0.0775 0.0853 0.0096 84.40
TN 0.9836 0.9667 0.9917 0.9871 0.9894 0.9826 0.9993 0.76
. BODs 0.9476 0.9201 0.9649 0.9590 0.9480 0.9423 0.9984 3.47
. TN 0.9653 0.9283 0.9819 0.9722 0.9772 0.9650 0.9986 1.70
e BOD;s 0.8929 0.7995 0.9256 0.9150 0.8927 0.8819 0.9969 7.70
RMSSD — 0.4325 0.6198 0.3163 0.3873 0.3572 0.4360 0.0853 73.02
SIS ATI ] /s — 35.4785 38.8716 51.7267 18.1643 181.3466 45.2058 179.4819 —

32.46% H132.88% ; TN Hl BODs# R243 42 5 18.16%
M 11.95% , Bk A5 RMSSD F#AIL 37.24% . /48 B 5L,
I M P A far AR Ak RTRE AR B ASE (5 4 X iR 25 v T
BSM2, it §2& 75 B e P it B 0y R34 3 0.91, U
AL AR AR R AR5 L 53 o

[l 6 25t LS E 5 45 158 T AE A% B P AU
OURS RE % &5 - b 36 5 TN 5 BOD, i SR #a 3 | )
0 U 45 R B B M UK SF- 2% 4K 5 CNN-BiGRU 5 TCN-
LSTM 76 % X [a] R AL AT (H A T 2848 B i Bt
I I A 8 )5, PatchTST Fl SAE-CNN i 25 5 B
o BT RS R 22 R A E R, OURS 19 TN Al
BOD. %% 2% Ff 57 5043 51124 0.0013 F1 0.0289 , $3i5 % ;
U437 433 24 1.0235 F10.3766 , 34 /N T8 B 364k .
F O] L AR A TT SR b R A B AR T R e e 2
SR E L
34 FBEBEZIREESTEVHETLL S

AATHEGL— MiniRocket—Ridge 327 ) %% i 544

RIS A e Nk = =SS BN E B[N I SR D9
AR B A S . SR B A A —
ST TO bR 2 E A B > 5 U R BIL ] 2 A5 fe
AR B B A E T A TR BE s R AR ] 2 M
B TCE T R TR B AR TR Kk MSE
U148 LA AR SCHR A 254 25 571 D) A 1 B 22 5, AT
TR AN [ SR i VR FH LA

50 BSM2 Bl 45 AN [] 2 W B SR ek i) Xof L
g DIAUIE A AR 2 FEA Y SO R 3 FE
MiniRocket-Ridge & filt 5 8 A [7] ) 45 144 T, 56 %
EWC-SS J5 % S5 # TN, BOD, fj RMSE 43 %]
0.1139.0.0279 F& % 0.0829.0.0201 , F&IE A 27.22% .
27.96%, B4 RMSSD H 0.1173 F# & 0.0853, [ ik
27.28%, Uit B &5 FRA FHChR B AL A BB 05 A 2R T+ 2
i L0 O BRI PERE . R ) B A USROS ST Pk
fie $2 7H A PR, TN RMSE X 1 0.1139 /)N i [ &
0.1137,BOD, RMSE Hi 0.0279 F+ % 0.0307, RMSSD

R4 EXTAEEEESERTHMERERER

Table 4 Performance Metrics of the real wastewater dataset Across Different Models

W bR i Transformer ~ PatchTST CNN-BiGRU SAE-CNN TCN-LSTM  iTransformer OURS OUEQSQE fjﬁt
2

) TN 1.8396 2.5820 1.3514 2.7544 1.3925 1.8485 0.8423 37.67
FSE BOD;s 0.7484 1.3350 0.6109 1.2365 0.5868 0.7956 0.3963 32.46
AL TN 1.4467 1.8047 1.0478 2.0163 1.0413 1.4062 0.6299 39.51
BOD;s 0.5153 0.7816 0.4191 0.7436 0.4307 0.5444 0.2813 32.88
" TN 0.7943 0.6788 0.9052 0.6020 0.8970 0.8029 0.9551 5.51
BOD:s 0.8434 0.5653 0.9102 0.6495 0.9228 0.8260 0.9580 3.81
- TN 0.5759 0.1645 0.7711 0.0493 0.7570 0.5718 0.9111 18.16
BODs 0.7068 0.0671 0.8046 0.1997 0.8198 0.6687 0.9178 11.95
RMSSD — 1.9860 2.9067 1.4830 3.0192 1.5111 2.0124 0.9308 37.24
BT ) /s — 13.3382 8.9116 13.9299 4.7035 39.0897 7.0531 68.0351 —
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Fig. 4 Symbolic residual curves for each model in the BSM2 dataset: (a) Results for the TN variable; (b) Results for the BOD, variable.
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Fig. 5 Box plots showing the symbolic residuals for each model in the BSM2 dataset: (a) Box plot of the TN variable; (b) Box plot of
the BOD; variable.
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Fig. 6 Real data sets from wastewater treatment plants: fitting curves of actual values versus predicted values for each model (a);

fitting curves for the TN variable (b); fitting curves for the BOD, variable.
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Table 5 Performance comparison of different semi—
supervised learning and gating strategies on the BSM2

dataset
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Table 6 Performance comparison of different semi—
supervised learning and gating strategies on the real

wastewater treatment plant dataset

TN 0.1139 0.1137 0.0924 0.0851 0.0864 0.0829
BOD;0.0279 0.0307 0.0243 0.0227 0.0231 0.0201

RMSE

TN 0.0785 0.0757 0.0574 0.0475 0.0496 0.0382
BODs0.0195 0.0214 0.0151 0.0133 0.0135 0.0096

MAE

TN 0.9987 0.9987 0.9992 0.9993 0.9993 0.9993
BODs0.9970 0.9963 0.9977 0.9980 0.9979 0.9984

TN 0.9974 0.9974 0.9983 0.9986 0.9985 0.9986
BOD50.9939 0.9926 0.9954 0.9960 0.9958 0.9969

RMSSD — 0.1173 0.1178 0.0955 0.0881 0.0894 0.0853

BT /s — 5.544312.4120208.7705174.7768 192.3496179.4819

R | R fre B b 9 1k B AR Ak s EMA X B 52 M 7 7 55
T RS PEECGE TN 5 I ARG RN R DR
JEE 1T D0 3 530) A e 2 > 4 o3 ik o B AR Oh B 28 i 1k
9
3.6 SHAPMREDH

Sk i T BT X} A AR i R AR, R 432 L
Shapley 75 1k #E 47 SHAP 43 7, 1] 8 Fil 5] 9 ) [F]
BF 265 4 Ry SRR A A B < [T 8 SR 4 — 1 T - (&1
2548 L HE() J(b)XT R TN, F HE(e) (d)X R BOD,; 2
Hll(a) () R F- 148 %7 SHAP{H B FHE STl HEE 1K, A
F1l(b)(d)h SHAP BERER s 8. 19 WiT 5 &1 8 — 3
R e ES R R ES 17 2 W £ i 0 D VA a2
A B i B2 R Rz A A AR R . B8
FEHT, 7E BSM2 [ TN F0i o, HE 44 15 = 1 28 5 8 5

W ERS #ih S0 St S2 S3 S4 S5
TN 0.9308 0.9134 0.8980 0.8722 0.8557 0.8423

FASE BODs 0.4238 0.3850 0.4118 0.4047 03979 0.3963
TN 0.6945 0.6821 0.6772 0.6562 0.6414 0.6299
MAE BODs 0.3082 0.2888 0.2969 0.2820 0.2897 0.2813
TN 0.9469 0.9478 0.9489 0.9515 0.9537 0.9551

f BOD;s0.9520 0.9605 0.9549 0.9562 0.9578 0.9580

) TN 0.8914 0.8954 0.8989 0.9047 0.9082 09111

R_ BOD;s0.9060 0.9224 09112 09143 0.9171 0.9178
RMSSD  — 1.0227 0.9913 0.9880 0.9616 0.9437 0.9308
ZfiAfE/s — 1.3801 10.1975 165.6535 80.9789 124.8539 68.0351
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Table 7 Ablation results for the BSM2 dataset
W EbE il w/o EMA  w/o MiniRocket ~ w/o EWC wlo Entropy Weighting wlo Structural Fidelity Gate OURS
TN 0.1032 0.4366 0.4228 0.0937 0.0925 0.0829
MSE BOD:s 0.0260 0.4020 0.0586 0.0260 0.0240 0.0201
. TN 0.0358 0.2461 0.1145 0.0424 0.0339 0.0382
MAE BODs 0.0100 0.2503 0.0313 0.0117 0.0100 0.0096
TN 0.9989 0.9810 0.9822 0.9991 0.9991 0.9993
f BOD:s 0.9974 0.5357 0.9866 0.9974 0.9978 0.9984
R TN 0.9979 0.9619 0.9641 0.9982 0.9983 0.9986
R- BODs 0.9947 -0.2579 0.9730 0.9947 0.9954 0.9969
RMSSD — 0.1065 0.5935 0.4269 0.0972 0.0955 0.0853
F8 EHILSKAEHIBEHMER
Table 8 Ablation results for the actual wastewater treatment plant dataset
W R i w/o EMA  w/o MiniRocket ~ w/o EWC wlo Entropy Weighting wlo Structural Fidelity Gate OURS
TN 0.9353 2.2316 0.9828 0.9161 0.9068 0.8423
MSE BOD;s 0.5491 0.7553 0.4674 0.4277 0.4243 0.3963
TN 0.7360 1.7914 0.7296 0.6812 0.6711 0.6299
MAE BOD:s 0.3764 0.4772 0.3198 0.2976 0.2964 0.2813
TN 0.9440 0.6315 0.9386 0.9464 0.9479 0.9551
i BOD:s 0.9177 0.8596 0.9422 0.9510 0.9517 0.9580
R? TN 0.8904 -1.4693 0.8750 0.8894 0.8943 09111
BOD:s 0.8422 0.3884 0.8828 0.8951 0.8965 0.9178
RMSSD — 1.0845 2.3560 1.0883 1.0110 1.0011 0.9308
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Fig. 8 SHAP analysis on BSM2: (a) TN ranking; (b) TN beeswarm; (¢) BODs ranking; (d) BODs beeswarm
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In Figures (b) and (d), red denotes high eigenvalues and blue denotes low eigenvalues; positive or negative SHAP values indicate positive or negative

contributions, respectively (the same applies below).

s 255 TR ST AR SR Bl 2 A i 2 R )
HUE R —2k . T RERRE R i, it — 2 F SE it
KA AL IB AT S RO R R K S A M ) 2
Yy, SRR TR PR, AR T
AR S A B ST W O A4 HE IR | el 7 11 P B K Bl
AR ZE, LA SR80S B (e L AME BRI, OF 455
GBS PR R 5 T RS LR Bk

4 H
23— o T SO 24 R R A
{995 7K b B W My B %07 B2 L EMA

T HEAL 300 ) 45 F5 31 48 88, LA MiniRocket—Ridge #4) 43
Z R A 242 48, -l 0 W 2 #4828 LA

IC PR L S A 25 6 I BIR Bl A i 3k B 7R 42 4 5 [
Bz IR A K 2R s R A T A
RUYIZR 2 70000 4 ) PR R A . S R 4 R O
2R A I, TN 1 BOD, ) RMSE 7& BSM2 424 |43 %]
FAARK 72.43% F11 79.44% , 7 H. 5275 K A0 B %4l
I3 9 WA 37.67% F1 32.46%; 1E 4t — MiniRocket—
Ridge 527 3 28 T , EWC-SS 16 WM B 4 |- ¥ B
AR RMSSD, 4391 24 0.0853 F10.9308 114 il 5K
55 2 W, Z2 B MiniRocket 8] EWC-SS J5 Bt A RMSSD
I3 91 7F 2 BSM2 | 14 0.5935 F110.4269 . B 525 /K b
FR)THE [ 2.3560 F11.0883 , PEREE b W 5
F R AL B #E) R L RE T4 0 B RMSSD 7
BSM2 433l T 28 0.0972 F10.0955 , 7 EL 525 7K Ab B



< I8 -

e T %

Ejte XX

BE

(a)
ermuent ss || - Effluent 5§
Influent pH _ r Influent pH
Emuent coD || TR~ Effluent COD
Influent TN ] Inflacnt TN
Influent TP i858 Influent TP
EfMuent pH —_ EMuent pH _ .
Influent NH3-N 5 T% Influent NH3-N
Effluent TP — Efflucnt TP
Influem S5 =4 1% Influcnt 55
Effluent NH3-N % Effluent NH3-N
Influent COD 3 4% Influent COD
(\:bb II[IIR II‘_II IIII‘
Shapt9{E
hR4&HHaRR
(c)
emuent 7 || T Effluent TP
Influent 55 - Influcni 55
emuent 55 [ NN ' Efflucnt S5
Effluent COD — EfMuent COD
Influent TN 4t Influent TN
Influent TP —_ Influent TP
Effluent pH 1Y Effluent pH
EMuent NH3-N —ast Effluent NH3-N
Influent pH B 6% Influent pH
Influent NH3-N 52 Influent NH3-N
Influcnt COD 24 Influem COD
r T T T
000 002 004 006 008
Shapt9{&

Shap{B

E9  HA5 KAL) HARAE SHAP 23047 : (a) TN STHRHEST 5 (b)TN 88 HE K] 5 (c)BODs BT HEIT ; (d)BODsIEHF ]
Fig. 9 SHAP analysis on the real dataset: (a) TN ranking; (b) TN beeswarm; (c) BODs ranking; (d) BODs beeswarm
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