AR O Bil{tFIk

ACTA AUTOMATICA SINICA

ETRERENRD AR EB TR

ALBE X B FRuk% PEDRYCZ Witold

Operating Performance Assessment Based on Granular Clustering forIron Ore Sintering Process
DU Sheng, WU Min, CHEN Lue-Feng, PEDRYCZ Witold

TELR %152 View online: https://doi.org/10.16383/j.aas.c200267

T ARG A SCEE

FTWZ 7 B GMM-PRSI AR Tl i B A T RSP
Plant-wide Process Operating Performance Assessment Based on Two-level Multi-block GMM—-PRS

A 3k2A41. 2019, 45(11): 2071-2081  htps:/doi.org/10.16383/j.aas.2018.¢170412

FT IR AR B AR Tl B A PRSP B AR A 3 9]

Plant—wide Process Operating Performance Assessment and Non—optimal Cause Identification Based on Hierarchical Multi-block

Structure

A B1k2447. 2019, 45(2): 315-324  hitps://doi.org/10.16383/j.aa5.2017.¢170159
WT 2 AP S 2 HAR sk

Dynamic Multi—objective Optimization Algorithm Based on Reference Point Prediction

H Zh k2447 2017, 43(2): 313-320  https://doi.org/10.16383/j.aas.2017.¢150811

—RTls i e A58 A & B 5 vk

Multi-model Adaptive Control Method for a Class of Industrial Operational Processes
H sl fb2#41. 2018, 44(7): 12501259  https://doi.org/10.16383/j.aas.2017.¢160763

R R T BIR & SR MR R 2Rk
Clustering Algorithm for Mixed Data Based on Residual Analysis

H 3 L2447, 2020, 46(7): 1420-1432  htips://doi.org/10.16383/j.aas.2018.¢180030
BETRG B 508 B URRTE B i SR E

Low Density Separation Density Sensitive Distance—based Spectral Clustering Algorithm
H sl k2741, 2020, 46(7): 14791495  https://doi.org/10.16383/j.aas.c180084


http://www.aas.net.cn/article/doi/10.16383/j.aas.c200267
http://www.aas.net.cn/article/doi/10.16383/j.aas.2018.c170412
http://www.aas.net.cn/article/doi/10.16383/j.aas.2017.c170159
http://www.aas.net.cn/article/doi/10.16383/j.aas.2017.c150811
http://www.aas.net.cn/article/doi/10.16383/j.aas.2017.c160763
http://www.aas.net.cn/article/doi/10.16383/j.aas.2018.c180030
http://www.aas.net.cn/article/doi/10.16383/j.aas.c180084

H 2 %
ACTA AUTOMATICA SINICA

F49H FeM
2023 4 6 H

Vol. 49, No. 6
June, 2023

B0 E RS AREERREITEREEN
Mo R & B PEDRYCZ Witold

 E RIS R HOR AR R M 45 A R BT RV R SRR 4 I RE B AT M R A T A A
FIIRTEE. 25 b8 BN (8] 7 F0 5088 T AR, 3Rt — P 0 B SRR Bk A B s I FRS AT MR AR VAN 7. B o, RIS R E 7
ZE AT T VR B AT M R S A I S 4L SRR, SRR 2 R B X (A SR AK SETIAS I 2 B 8] 5 20 B8 1 B 4, IR AT
RRERIS, GBI R RS, JJa, LLR MG BI R RBFRZE M, FIH BEHLAR AR SE AT 12T PERE S VPN, T SEhaaR gk
AV AT B AT SR8, AR P XT LE SRS, 439 SR FH 5 T B IR B £ dE SR 2% (Time series data clustering, TSDC)
VERIZE T (8] 77 B AE 2R 25 (Time series feature clustering, TSFC) 71k, SEIG 4L IR, 7R NE SO REE LR
BATHERESR UL T — BT H R, RN LIRS 1T R e it T A 14E 5.

KHEIR R g, N T A, 2 TR

IR Ak, R, PRES IS Pedrycz Witold. T ki R MR A B4 22 1T MERE VPN, B 301k 4R, 2023, 49(6):
1272—-1282

DOI 10.16383/j.aas.c200267

Operating Performance Assessment Based on Granular Clustering for

Iron Ore Sintering Process

DU Sheng"*** WU Min"** CHEN Lue-Feng"*>* PEDRYCZ Witold"

Abstract The operating performance of the sintering process is about the comprehensive representation of produc-
tion efficiency and energy utilization. The operating performance assessment is a prerequisite to maintain the oper-
ating performance of the sintering process at the optimal grade. By considering the redundancy of time series data,
an operating performance assessment method based on granular clustering for the iron ore sintering process is
presented in this paper. First, the one-way analysis of variance method is used to select the detection parameters
that affect the operating performance grade. Then, the multi-granularity interval information granulation is used to
achieve dimensionality reduction of the time series data for the detection parameters, and the granules are clustered
to form the clustering labels. Finally, with labels obtained by clustering being the input, the random forest al-
gorithm is used to assess the operating performance grade. Experiments are performed using the actual running data
of iron and steel enterprises, and two comparative experiments are constructed using a method based on time series
data clustering (TSDC) and a method based on time series feature clustering (TSFC), respectively. Results show
that the proposed method provides a feasible scheme to assess the operating performance of the sintering process ef-
fectively, and provides powerful guidance for operators to improve the operating performance of the sintering process.
Key words Granular clustering, sintering process, time series, operating performance
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V (b)) = card {x: € sirep (sg) < ap < bi} %
exp (— |bx — rep (sk)|)
B FR T PR s S X AME ERL Q) =

[ak,opt; bk,opt]-

i 4 fros, ¥R X 3 E oy, MEE
BTN T B 51, 52, -+, s, MRAEEHHRLE
JEABET] O s T A & B X TALE BRL Qr = [a, opt
bi, opt] . X FEI ] 57 51 X AT LA il 2 AN X JE) {5 B KL
Qi Qo -, Q, FEERIR. R X EE BRI
i 225 AT R B ) 0 T4 E ) n, B
%MFEIEW:.,U*M%Eﬁﬁﬁﬁfm,uﬁﬁﬁfﬁ it
MU BRL

U\ m(Qk) = ‘bk — a;c| *ﬂsk E]"]‘L/QIET]@ E‘]%%ﬂ
TI:IEH{IIIALA *_L Qk E/J'TZIS 2%
Vol (Qk) = Tk -m (Qk) (11)

PTAEERL 1, Qo -, Qn, BRI ANN:
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V = Vol(€;) + Vol(Q) + - - - + Vol (Q,. 12 ne
ol( 1)+L0( ?)+ + Vol(2x,) ‘( ) S urep(X))
Aok, VTR BRI R b, S 2 X o _ = 16)
)5 ERLAL I H b A2 ' e
ne Z“w
- ;Vol () (13) 3—11
i = . 17
LA (13) AL BR, @ RMRALZE R, I " imm@@ﬁ_@”ml .
RE DAL SRl AT LAAS 31 5 1) 22 L JE XTI 2R =\ |[rep(X;) — Ci|

ASCR BT B ALV ST B 24 1) 22 R X 1]
15 Btk

i 2k B X Al Bk, RPN A A X
# N rep(X) = [rep(s1), rep(sz), ---, rep(sn,)],
TSR IL T (] Z B B B 2. S~ T SR Blis 1T Mg
VRO ) H I, FF R R S Bk [R] A1 AT B K.
FH 5 ehm 25 2 7 AR S i 90— ZORL I 8] /52 41, WA
B R SRIE AT YRR VR IR B XA I =4 Py
(i=1, 2,---, m) PINEFHIBEAT R R, &%
2L B X 845 R G B 18] e 51 A A i 1 TR 2w
BL; (i=1, 2, -, m). KRR c WEEE
SEHLKLIN ] FE 21 BB 25, FCM B8 2 31 & 1
SERR N B T ARSI (1) — Fh SRR EL™.

B AR S 40, FIH FCM B2 n, Ak
WA 8 rep(X;), i =1, 2, -+, ne 23N e NE,
FEREAN R RSSO C FIFRBEHEM U, F59E
ARALLE: F5 b A B BOE Bl /N, SR B AR U R
TR HIBUETERE A (0, 1), —ASKII a5 R 8 B
ARSET 1L, WA Yy =1,7=1, 2,---, ne.
FCM 1 HAr ek H0E SON:

JU, ) =33 ulrep(X;) — G2 (14)

i=1 j=1
R, wy U BB G, §)ATEE, C B
[IE T, rep(X;) — Gl F7R C; Hrep(X;) ]
BRICEE B, m & —InAa 2. HArk &R % &
RIS (8] P FUFEA rep(X;) JB T ARIREM LB N
wy; FITEBLT, BTA rep(X;) BIFAN R H 0 O HIFE
B AL EARBREOEN, R RO
LIRS S wiy = 1T, B HARREL J(U,
O) /N, X — A RE LI SRARAE v @ >k F Hr
1% B SRR EBT 1) B AR R 2L

L(U7 C) = J(U, C) — i)\J (i U5 — 1) (15)
j=1 i=1

Ve LD VY 19/ v 3 /| = L S w7 DU TR L P
SR, FIAME HARREL (U, C) SN B

FOM TG ILZERTH L (14). X (16) A
2 (17), 4 H AR RN T AN T R S X
U E A R 25U 1 5 N T A B, A
oI 2 H v e ) Py 21 B, 2R RE SRR A5 31N
T b0 B T RIS TR 5B (R SR L X R
15 2 T2 R A I 25 P, B 18] P 5 54k
IR IR%E L.

ROl Z BN TR RARAE Ly I A&, G
Bk T REHH . WMk, FEEESEN ¢, UIF
T SRAF 3R 5 25 R 8 A RO 3R R A (0 I 1) 57 410 4
. BT FCM R H e R H, k5| A\ CH
(Calinski-Harabasz) %" i€ FCM R HK
HH. CH REUAH Cu R, Oy s, RRERK
FOBRLT, & LT

Cul(c) = 57;3/ ) ncc_ 1c
K, Sp RARBEZAFEE I T7 M, Sy SR
[ F7 51 5 FC BT A SR 28 vho O R B 25 PSP D7 R A
TR 0y €, BN ] 50 AN 0K
FAT I T A 0N X, Sp A1 Sy BT IR

(18)

Sz = mi[Ci — X ||”
Yo (19)
Sw =23 lrep(X;) = Cil]
i=1 j=1
AL Sy N, Sp B, B ACRARKT. (o —
o)f(c—1) Fom e K, Cp M-, T2 Rk
%, B Oy B R R B A0 BB AR 2 2 1]
P BB BE A 3645 0 1 B 20 R
BT BRI
SEATHERE ST R4 B4 AR 2 5 I o)
F SRR 63247 1 B S, th g 2 I 1 2 31 19 4 28
i . S oI 6 0 EE TR, T LUK 2
FRO 1 3% 310 B0 1 R R A 2 0. A8 4
W I I32 47 VR RS SR AT B AL — A bR 4 2
. 2 P8 B AT BB R R R 5 T, A

2.3
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K FH B W LAR AR R S X B RS ) 4 2. STk [25)
FEH T — PRI AT RS AN BN AT A3 s A BE AL
FRMRELVE, 1% 071555 B TR U S B 21T s LAY
o B WL AR PR BV A SO IS ] e 471 B AR B T I
(B 7 I Bh AR . AR S V254G 3T 0 i 8] 77 410 44
JE 0 AbFE
WHRLE SRR GRS P, (i=1,2,---, m)
OB ) AU e A T BRI L (=1, 2, -,
m). I LIBAT YR PPN AL n] LSRR A:
G = far(L1, Lo, -+, L) (20)

X, ¢ WMPUEEFE N{Pe, Go, Ge, Po, Un},
fre () RANBEVLARAR 732588 EM R IZAT HERE VRN
BRI, 1 Sk B 2 0t 8] 75 41 B A
[ Jpe &h 2 s IF 8] P 1) 2500 1) HE 1 O A e 0 FR 4, OF
FIHZE 1 Bt T ERe S gkl 4 7%, 145 20k
ZAQUIN 18] 7 5 B8040 o B AT 1t Re S 2 SR E A
FAAS WU 2 i (8] 7 51 H5 40 A0 R B 1R 38 AT M e 55
X, K ZricAT PEREVE Y.

BENLARAR 2 I B By B A LG 5 ) A K Rl
GRS A R BB e B AR KM AN B Y. I
LA AR AR PRI i, RN T R0 AR S A AN AE B L
I DB B 2 AR S A RS 2 i
XTI AE I BE AL ) AR EAT A5 R AR b, RIBE
MR B B A B 2 B R0 2. BENLARMEE R
A 3 M B ESE AN S5 BT R B AL AR B A E A
e EEN E o S B XA S HE T
1k, 853 SRR R 1R H IR IR O )N

WIS 2.1 ~ 3 2.3 WA, RS ATIE
REVEM TR v SRRl R

R 1L ST RS S BE

BN EBEN NS T =1, 2,---, 24), Py~
Hr Tl Vi B[] 51 504

. BITHRRER G {Pe, Go, Ge, Po, Un}.

1) R BRF R T7 Z 5k, %R E s T ke
LRSS P, P, -, P, m = 16;

2) MKMBH Py (i =1, 2,---, m) MIFIEFF] X, i
1T 2 R EIX (A5 Bk, 5B IR 8] /751 rep(X,);

3) XRLI ] 7 51 vep (X, ) BEAT 528, 155 rep(X;) XL
BRI L (i=1, 2,---, m);

4) LURIFHARZE L N, FIF K (20) BIBEHLARMR 72
W, BEISATHERER G.

3 SKWHER5SH

MIERER AL R4 | e 7 — > H s AT 4
&, KAERIBEN 5 5. FRAHLISATIN 2 tH DL A A {5

PLEERE L, 3K 20T T Bt A7 AR AR 22 1 7 RS Tl
TRZE. DR X D G B AT AL B AR AT 6 2.
oL B WA G B e WAL SEBRAT A, R IR an B R
FEMEIBE Y e 2 30 . SRAF RIFE A9 & BE A sk Kbl
=, WIRE TR AR

B, TR UE S SR I R B RE S R
Ikt SRR 18] 3 SR ZhASRFAE. X R 45 2% s (1 I [a]
Fe 9B 34T 145 BRI R SR, 268 TR 50
IBE s 2% s i (8] 3 FUREAS, I TR [8] 504 30 s; 2RE,
A FHASCHE Y (0 22 0L RE X RIS SRk 7512, 2o e X
RIS LS 2% R I 18] 2 S RE A REAT M AL, W B ERE Y
ANECH 10, AL T IE 5 B E A R
RLACE IR, B 5 T LUE Y, A5 EDRLAL 5 R 8]
B BERAL Y JF 4R I 18] 7 B ) B A S AL

22.6
Eo
=224
%
7 22.2
ﬂé
22.0 : : : :
0 10 20 30 40 50
FEA T
(a) 5G] T 51
(a) Original time series
22.6
a
= 224
S
7 22.2
22.0

1 2 3 4 5 6 7 8 9 10
FEARS
(b) 12 BRI I 1 51
(b) Time series after information granulation
5 IIE R HIE B RS R
Fig.5 Result of the information granulation of
time series

—IRGEEE Mg R KL TR 45 min. T X
Feah i B AT SRS AN I VRAN, B AT MR PN I
I ] BE 2 10 min, 2 10 75 ZEVEA IR BRIV T8
A B 20 ANEHE fL 0 a6 2080 2R AT I [R] e 41
Buor &, #5321 4000 41 [P 81 B, SEBR 358
SCHAIE, 2 Hs 4000 LI 8] 7 51 BT 2470 B 10
ARy, BRUCR A 9 ANy R I T] e 47 B R A
NGk, Tl A3 55 (s 1] e 0 B AR DA, AR OAS B
ST 10 RSRE, B e SRIR 2 SR AT Rt

NI A SO R A e, M TR e S
AR HYIBAT VE BE VAN 77 vk S 5 T I (8] 7 47 b B2 2R
2% (Time series granular clustering, TSGC) SZI{



1280 H B th &2 {4 49 &
(). 225 R S B R AR el 2D B5F 1] e 31 R O 5K F S 8] 7 20 T S5 BRI AR ¥ 22 PR AN R AIE SR R
&, FRICE A . Brh I b S R F 5 T IR 7 1), FEREAT B8, s AT R R S PPN T il
(8] 7 Z 4 58 2% (Time series data clustering, TS- KH 2.3 W, 3 ALK BT RS I
DC)™ [PEEAT MR VFAN 77 12 AN JE T 1 [8) 7 B AR AIE 2R RN 3 s, R BUETR = PR SRR
7% (Time series feature clustering, TSFC)® [fiz MR, KRBT R VRN T VEAE 5 M S
AT HEREVPAN 7 1. R A HER.
FERT TSGC Jrikh, HEIS 8] 7 41 B A FE 15 6 ~ 8 4% T 4 ANl S HAEA R SR 2K HH
B AN R ARG R 5 AN X EE SR, XF 4000 N CH #%4. "TLAE H, 7£ TSDC A TSGC 7%
A P B B AT 7 3 MRS TR, WE T THIRFAR AN, CH REM R KA
ANFEIERSEH , 1531 7 RE5M CH 2%, W& 6 ~ HRARFET . X B T 22060 B2 X [l SR Ak A2 X I (]
S FUR. B 6 ~ 8 WHE G SHIR RS oI be e, R e R T IR 60 3 A
HH (B RER R REEE ). EREYLARARE 3 AT LUE H, ASCPPN 77 54T Pe A1 Un A
EIAT IBATYERE SRS vh, 2 RSV IS 1R 3 IBAT 1 BE SR B VAN K FE AR B e, T HAt s AT
SRR 200, 7ET RECH 6. 3T TSDC 77 PEREE R P AR AE, X587 A H
VR AR P I TA) 7 9 B AT SRR, B AT I R S —ERFR. WHMEFLLE H, A3 TSGC JiikRe
VAN T IER A 2.3 TTRTIR 7. 2T TSFC 177 A VAN e 45 T R IS AT R R S A, KSR RTIA
> x10' T, y <10 = T, x10' B T, L x10° S T,
) (10, 1.433 x 10Y) ’ (5,1.371 x 10%) 1.4 (6, 1.327 x 109 ’ (3,9.132 x 10°)
14 14 ” 10
" PN 1.2 w12 16 0.8
o =10 | Z10 0.6
1o 0.8 0.8 0.4 !
0 5 10 15 0o 5 10 50 5 10 15 0 5 10 15
RRHH RHRHH FRHH FRHH
6 TSDC 3|1 CH #%
Fig.6 The CH coefficient obtained by TSDC
x10'  ZHT, x10' BT, x10'  BH T, x10'  ZH T,
(13, 2,576 x 10" 20 2.0
20 o E 13
W90 & 1.5 (12, 2.058 x 109 N& 1.5 (11, 2.080 x 1091 ¥ 1.2
o o o T
S5 “ 10 “10 “11 (5,1.347 x 1098 4
1.0
0 5 10 15 0 5 10 50 5 10 15 0 5 10 15
FRHH RHRHH FHRHH FRHH
Kl 7 TSFC 132t CH R4
Fig.7 The CH coefficient obtained by TSFC
x10° ¥ T, x10" ¥ T, x10* S T, 0 x10° B T,
(3,9.086 x 10°)
®1.2 ® 8
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(5, 1390 x 109 P50 6. 1334 x 1005 5 °
0.8 4 g
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Fig.8

The CH coefficient obtained by TSGC
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H 3 BITHERTRG R (%)

Table 3  Results of operating performance
assessment (%)
o SPRAEH
GRLE 2 R

Pe Go Ge Po Un
Pe 89.08 7.96 1.20 0.70 1.06

Go 8.97 75.41 9.21 3.38 3.03

TSDC Ge 4.58 8.50 66.45 13.73 6.75 79.70
Po 2.29 4.30 14.61 67.34 11.46
Un 1.53 4.81 5.03 8.10 80.53

Pe 90.08 7.08 1.20 0.64 0.99
Go 8.84 75.55 8.96 3.90 2.76
TSFC Ge 4.43 9.09 67.63 11.31 7.54 80.28
Po 1.37 5.75 13.97  66.85 12.05
Un 1.22 4.22 5.22 8.10 81.24

Pe 94.24 5.04 0.14 0.36 0.22
Go 8.35 79.52 10.41 1.37 0.34
TSGC Ge 0.44 12.66  67.03 12.45 7.42 83.40
Po 0 1.15 11.17  74.50  13.18
Un 0 0.54 5.59 11.60  82.28

83.40%, & TSDC J7ik#em 1 3.70%, bk TSFC J7
ERE T 3.12%. TSFC Jjiktk TSDC ikt —
ERERE IR TE. IXF I TSGC J7¥2:AE FERAR T 8] 5 471
BRI T4, FIRSEECE U5 B

4  ZEFRIE

BExt e 45 o R A I 25 B I 18] Fr 51 BdlE TR
ARSCHIN 2 R X T84 J2 R A SE BN 8] 1y 510 K0 )
B2, JFOR B I 1E) 7 51 O B A RFAE. 7EBLEERE | 32
HY 7 — R TR IRR M be A I RIS AT PR RE PR T
5. SR AE AR W], 1% 07 IR AT LU A% Gt I 18] 47 4

BRI IR KTTIE, REE A PPN RS L R 1
IBATIERESEDR, AN N il be s REsR iR 3.
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