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Asynchronous Updating Reinforcement Learning Algorithm for Decision-making

Operational Indices of Uncertain Industrial Processes

LI Jin-Na' YUAN Lin' DING Jin-Liang’

Abstract The decision-making operational index has been a key issue for achieving safe and optimal operation of
industrial processes. Considering the complexity of decision making of multiple operational indices and the uncer-
tainty of production indices caused by changes of working condition in industrial processes, this paper proposes a re-
inforcement learning algorithm with policy asynchronous updating for the first time aiming at self-learning opera-
tional indices, followed by the theoretical proof of convergence of the proposed algorithm. To this end, under the
framework of stochastic adaptive dynamic programming, the sample mean is utilized rather than calculating the
state transition probability matrix of production indices, with the outcome that the state transition probability mat-
rix of production indices is not required to be known a priori. Distinctly from traditional synchronized policy updat-
ing, the centralized policy evaluation and asynchronous updating of multiple policies are implemented in the pro-
posed algorithm based on the introduction of a time clock with its threshold, such that solving the concerned de-
cision-making problem of multiple operational indices becomes easier and the learning efficiency of reinforcement
learning is improved. Thus, the self-learned operational indices using measured data can ensure the optimality of
production indices and limit them within the prescribed range. Experiments are conducted using the real date col-
lected from a large-scale mineral processing plant in west China in order to illustrate the effectiveness of the ap-
proach.

Key words Optimal operational control, reinforcement learning, data-driven control, adaptive dynamic program-
ming, safe operation

Citation Li Jin-Na, Yuan Lin, Ding Jin-Liang. Asynchronous updating reinforcement learning algorithm for de-
cision-making operational indices of uncertain industrial processes. Acta Automatica Sinica, 2023, 49(2): 461-472

TV R AT AR bR R AR AE L L R
PR Y H RSB AT Fa bR R SR AL (A0 1 B

Wk H ) 2021-10-18 AT H I 2022-04-28
Manuscript received October 18, 2021; accepted April 28, 2022
R E AR R E (2018YFB1701104), [EHX H 8R4

(62073158, 61673280, 61525302, 61833004), iL T4 ML it &l
(XLYC1808001), i A FHEIFRITIH (2020JH2/10500001), il T
B SR FE G SIS PR 4 (2019-KF-03-06), I T*EEH
JTHEARIHH (LIKZ0401) %8

Supported by National Key Research and Development Plan
Project (2018YFB1701104), National Natural Science Founda-
tion of China (62073158, 61673280, 61525302, 61833004), Project
of Liaoning Province Prosperity Plan (XLYC1808001), Science
and Technology Planning Project of Liaoning Province (2020
JH2/10500001), Open Project of Key Field Alliance of Liaoning
Province (2019-KF-03-06), and Basic Research Project of Educa-
tion Department of Liaoning Province (LJKZ0401)

). R R R R AR B A R R A
JREE PR AR RE B AR A R AR AR, 81T 1R

KR THERZE T

Recommended by Associate Editor HU Qing-Hua

LTl OS5 B 59 TR 2B TEI 113000 2.
JER AR LAV ER & B A E 2 TS0 % PERH 110819

1. School of Information and Control Engineering, Liaoning
Petrochemical University, Fushun 113000 2. State Key Labor-
atory of Synthetical Automation for Process Industries, North-
eastern University, Shenyang 110819



462 H o o E R 49 %
(o)
sl A PR FAREAILIR Y S S S
7 TR BT br R S
R B a0, o

— o o - T T T T S T T | RIS
| AR LT R 2 - iR
b ‘ B e ] ’ VoL s

L Rl 1 | ‘ Bl 2 i | —_ | e

— | | l } | el - WEEdill
NI IR I AT
. n Jn |

JEATEL eI 1 w } et 2 ! w e | n

i SR S ) S J L S
PR S '

K1
Fig.1

P AR S B2 1) BT B 7 e R S AT Y R o
R REFEANIIAESE AR S AR AR, T SR A
WANTTIZ 384, Re BT 20RI 22 4 A 77 B R AR 75 Sk A
BURF W), PRSP RIAE AT oL (LB 5641F) 3)
&P, WA T RIS AT SR bR SR R, 32w e
P B R 7 R B B R SRR P R b, IRAIE
TAIEAT, XN SR AR M TE G MR R 8 R

Kt TV REISAT R bR R 55 ) AL R F 72— L
Tk Ft AR AT TR . TS R s AT R ARtk
FAE—ANRRNZ A bl R, HA 2 A
1) Tl i R Hy 2 A PR B ey A, B R
JoH & H AT IRAR oK, B2 R AT
W FR I Z AN A P2 d; 2) A r= fadn g AT Fa b 2
8] (R 3h 2 5% R B AR AR AN E PR AE. A,
G BR FH#RAE N 2 I 2250 i & 18 AT 48 bR K 77
A TCIE PR DAV R A P 4R m AR AL A4, 4o
Tl SRt 22 HARILAL i R, it — g1 55
MR FHEARAC AP FabR AT V25, A SO ST RIAR AR B AL

LT & rh AT R bR R 7R, A iz
ATHRAR RFTT IR AR T AR AR I = k. ST
Bk [6, 8—9] &1xf ZAA P SRR IRAL 1) #E, Fil & 1 RE
TIN5 S sz, R T IB AT IR bR sh SRR TV,
FESEIEAL |, SCHR 7] SIS 5] AR, BT 5241
HEBEHEE, 45 T AR KB s AT e bR sh &2 1R Ty
. B BRI A BRI RN R 208 1 s
ATHRER, IRAEORAIEZE P Fa bR O DL AL, SCHR [10] R
SRAG TR, B TR, A Tl g AT
F8bR H 22 2107k, SRIEAE P Fa AR DL AL e /977 30
PRIEZPEABME. VER R, SCHR [10] B BB A %A

TV R AT Fa b th 5 i)
Decision-making problem of operational indices in industrial processes

BB A PR RR bR RE B . (H SEBR TV 2 S50k
By 1847 Tk W RS2 M E R &= 33
AP AR B A BB, SCER [11] AR = e N
Hbx, FIF D288, 42 17 —Fh 2 AT W25 R 1%
SRS ST BVE, H A S IRSRIB AT R AR . (HAZ T 5T AL
RZWE T SEBr TS AR A7 1845 75 B0 R 4 R 2%
i, JF HAEREFR bR A B UCR RS Z1 2 B A, Toik R
IE R FRRR AL

LRE ot Bk A oS AT IR ek 78, 4
P BN A BB A PP RR R B AT TR AR AR E R A 2
WG OLT, dnfer DL 3K 3 1) J7 207 A 20 E 2 )
PR T B AT Fe AR T 2 — A Pl P e . X2
AT A3

8 30 A R s AR 2 4 i e 4% ) SISO 7
R AT IR B AS B R iAo S HOR SR g s
Fii—HEnl tb—D1/R 2 (Hamilton-Jacobi-Bellman,
HIB) 772, LAEARTT 2R g foe Do 48 i) Spem 112 1oL,
SCHR [10, 15, 17-19] SEIXT R R KRS, $e T —
RO E & BRI T7 1 R A 20 B 5 ) s
il sk, Pty Rtk pe. (HIA oA X E s
SRS H 52 2179k, AR AT AR T REAM M (W
WEEA R NE) FEAPRE A E M (L),
TARAEBENLAEAL (858 T ORUE RGPERE I LAL, £
BICERIE RGIARE M. B1XFREATL B A 3 1 i)
(1) 3 S B A BRI 77 VA i WARTE . SCHR [20] x0T
HHE LR, Rt T — R B & B s A R TT
57 > e e A 1) SR, LA R 1) i B e 42 o ] R
I HER RGURE MR R C A, SR, Sbr
TP R AR 7 i Hm R A e A% W 3R R e VR AR i
S eAh, I 2 A U Ak 5 S HOR Hh g 5 R



2 3 A A E Tl RIS AT HR br A ST s AL 2 ] PSR B 463

RNEANE R R R EH, 2T W% [ 25 )11 25
7= AR BRI TR RS AT S k. Rk, AT
I . Bl A BRI AATY ok B F T AR SCRE 5
IS BAL ] 5.

SCHR [21-23] A F 4551 R 80 Barrier oA RE
fil itk RGUIRES LB AR AL R 8. ZHE K,
A SCAE RO BB 51N Barrier BRBURTE 11 B8 8,
FH VAo 26 P2 $E b FIZ AT R AR RS 2 0 0] . A
FERBEACE tHEAE bR S e MR, &
AR T — MRS 20 AL 2] B, IR
T EEWSE RS UE B B AT I I Bk e
AR AEARUE SRS E P RT3 T, o fa] SE B SR WS 5
A B E AU AATE B SR U S PE . itk ARSCEIN
I b 9 8 SCHBME, AT 4R U REVRAG, 22 5%
SO R, IF HE T RE AL A A A B, SR
VAAEAE B T B A e Stk . B g th B 7 VEA
BUORAFHARPOIRS MR B O, 23R8 7 b
ST N 1 SRR, R A g e T AR
FEARFISATFR bR I ER S 20 1), SEE T A e T
ik A2 AE P AR bR AL, H BARIE R R R 41817, 5L
IOIGUE T Fr e 07 v A R R AT AT

A EE RO ST

1) EIRSEH 7 —FhoEns S50 B A 2E 2] 55
%, KSR AR VY, 2 900% 70 B, 7] BAY
DR RSN [), 3 SR, R H, AL
T TR SRS B B IE B

2) RUAER RGUREH RO, £
BEHL H N S A FRIMELE T, B FEASE A
HAE PR IRARIR S R MR A0 P, S I s AL 2 S B
ERI T s AR A R S A B IE LT,
H 2 2115 B s T e bs e R AL A2 P 48 4.
1 Tl iRE TiEfRR R Bl fa A

T IS FEE AT FR bR A A = Fa b 2 8] 1 B 245
HomAh At AEL M 2 A 77 A AR AL R e S R
e IV N 1 N S 7 o € 1 a2 7l Wl Y e (1
R R N s ey UL VST S N = =2 RS S ey R =¥ e
ik, A =T bn, IF BARIEA = R bR AiE 17 45
FRii R FRAS LR KA. A UA RIS E
ATE] P 4% ) 2 an el s T E s e B A R N SEEiE
ITHE PR ERER BAR S AT Fabr (W 1 Fros). Rk, &
LHE BB 5B AT IR 2 s &K R
e

Skl = f(Sks Q1ks Q2ks -+ Qi di) (1)

A, sp=s5(k)eR"Fl 4, = a;(k) € R% (i=1,2, ---,
m) 73 3R oR Tl # A F=FR bR RIS AT HR AR, di =

d (k) € RERINETF=FAM, F() NARFAEL M E LK
. IBATFE bR PSR 1] R ] DU AR — AN 4 TR
BIRBIR SR, HH—NAH G =< S, 4, P,
r, O,y >, b S, AL O B RIFRRFIRE A,
BNAE 23 6] A0 ER AT U8R 0 A R R L 82 23 (), o RO
SERIAEE . 4 (0 <y < 1) BRI T P(spy|sk,
ar) BRATEUHORES s, F, REENEAT N ay, 74T
—ZPIRES spq1 PPIRSEB MR, 72 58bR 0 Tolkid 2
S RIG Sk (=0 P = BB G SN TN Nl
KN Z k=0, 1, - R & REVNS. BARER
A afa), WS 2 AR B A 2 TR BB a0 R

1) RSN S T RS (1), L7765 s, IR
BBE, s, €8, §AESSN.

2) ML) O: TESEBRA =, A 7= 54 d, 7]
DL R B I 1) iy JRURE B R AL AT T 4.
AR BOR S B ERAEF= &M 2T WER, B4
{8k, dp} € O. TNA = o AR P2 25 A A AT e AR B A
A B R, PRSI RS, R
KIVAF=HERR spp1 7 AHHE .

3) BMEZEI A: m ANETH R e (i =1, 2, -+,
m) B BIR A& K ag, € A, AR ST RS2 1
SE, B Plag|sk) = 1, PsRiztrfets, itk Tk
TR A =48 b, S2hr Tk FEis 47 e br 2 iE S B
L R — 0 LIS, BRIt A DN RESE B 73 ).

LA 0 1 38 B B A MR 7 72 R i e e SR A 2
[i) PR g A1 428 ) ) AR AR 7 Tt 4 1 B A 9
I, AR SCHE HE MBS FRIAEZE T, PLER Y —Fh o
WS S5 OB BRAL 2 S VL, H S SLIE TR bR, s
DA ST ST H AR, AR SCE X PEReFE s

JE{Z’YkC(alk, "';amk)} (2)
k=0

XA, o) REHREL, F7 E{} Fonies g,

E 1. ASCH bR A A € Dok R4 7 4
i, DRIE RO bR B B 2 A P e . Oy BAR B, A
SCHUAE P ARAR T b 7 B sy A R U sop. H AR
RS R R, $E I AR RUE VS 2 A
R, S5 (2) B2 T A in &

a1
, — 1
min E — (3)
A1k, A2k, *** Omk S
1k 2k k =0 1k
s. t.

Sl(k}+1) = fl(slka S22k, A1k, A2k, =y Amk, dk)
SQ(}f-‘y—l) = fQ(slka S22k, A1k, A2k, * 5 Amk, dk)



464 =l 3

S 49 %

$1k 2 S1min
S2min < S2k < 52 max (5)

imin < Gik < Gimax
ﬁq:‘) S1min> S2min~> S2max ?'\jIEiéﬁ
i A TR bR RS AT 18 BRI RS 2R KA,
FALSTHR [22-23], AT —A™ Barrier B4

71(S1k - S1min)
B, (s1k, Sor) = — In _
(51, 528) ('71(51k — S1min) + 1)

In ( 72(52max - SQk) ) o
72(52max - sZk) + 1

In <73’73(82k — 52min) > (6)

(32k - 32min) +1

AN 151 R AP

m

Ak
plag) = 22[ tanh ™" (U7 (s —a;)) UiPds (7)
i=1"

ﬁ ':F' y  Qimin = [911 y Oz oo, eini]T) Gjmax = [Pm
Pizs s Ping] Ty @ = (Qimax + Gimin)/2- Y1~ Y2~ 355
NIESERY, U; = diag {(pi1 — 0:1)/2, (piz — 0:2)/2, - - -,
(pin: — Oin,)/2}, P; N & 48 1E € [ tanh ™' =
(tanh=")T, tanh~ U AbsvEER I FH ) SO k. B2 (5)
FIZ(6) ATHIL, B(-) > 0; # s, € SHE, B,(-) 2RI
PREL 2 s, BRIE S W10 LR, B.(-) = oo. Barrier
BRSO SR DR A P AR A 2 B S A SR AT ()P,
1, T 1 B AE T AuAL i 2.

)@ 2.
wra E{Z e (argeriy s am<k+i>)}
$ @2k, T G i=0
(8)
s. t. 20 (4)
v .
c(aik, -+ Gmi) = r + p(air) + Br(S1k, S2k)

7 2. B BEE ¢ (ark, -+, amr) T 1/ 510 RIRT™
an R R A, W SRAR B L e R KAk, AR
B /sy, e/ ME. ASFITSCER [10-11]), HRREFEAR (8)
A T y ZIRAEH JE RV R
B, FrnHE FAEELRIE kB Z B2 5= & H R R
EEEE. JH, EREERTIEES 78Tl
AR PR ERS ARG R

7 3. i@t 5] N\ Barrier pREURIE § B #, A
HES LR TERE TR bR R L. A8 2 A B2
— N ARG, BT RN RS (4) 1
N, T2 KA = AN ) P R R AR
HE a2 BAr 2 29 etb @l 1 g4 5 B
FRJC A 200 (1) e 048 i i)t 2.

FHEE T A A ) B AT o B, oA x|
BE WA N A E XL A A 2
25 H BAR B R R R
2 mMEBITHEIRRE

AR XA ) 2, BT oAl 7 S SR TR
PO I B0, S T —Fh g S o0 50T i Ak
SIEE, HFHAERR T BRI S
2.1  BKENSRMEIEH G E

BT A7 255 A dy IIBENLYERFAE, & I 2042745
FREUE A 2Rl Ge . R, R H DL,
RE¥EPR (8) M LA S M:

gk = Es (E[V (sk) [sk]) 9)
KA, By, WRT TSR = Fa b s B
THEREV (si) = E(X o v Felars, -+, ami))-
FEXV (si) = EV (sg) |si], FHAL:

Je = Bs, (V (sz)) (10)
W Fg A1 e R 506 R 2
jk* - alkrp.ina P (jk) -
E, ( min  V(sg)) =
E., (V* (s1)) (11)

EARFEMYE 5 AT SR /IME V(s ) IR
TR, A0SR 52 Kk 4 LI R4 P2 3R s, WA
E[V (sk) [sk41] = Elex (arr, -5 amn) [Sp+1] +

YE[V (sk41) [Sk+1] (12)

BT REHL A 3% I EAE A B A R BE 102020

BT IBATTEAR IR S0 a0 (spp0) (=1, 2, -+,
m) B, K B 2P AR I B A

E[V (s1) [sk+1] = ek + V" (sk41) (13)

BT k4 10 %0 T R A P2 3848 s,y HLA ANHE

‘@, A

v (%) = alkm..ina, X {ck +7Es [V* (S’H‘l)]}
(14)
P EARPE R Z 56T, AR AT HR bR A
* o + U tanh |2 (. p)-TO5kHL.
aj, = a; + Ujtanh [ 5 (@;P;) Dan
5Esk+1 (V*(Sk+1)) =12 - om
O0Sk+1
(15)

3 (15) AR (14), 53] 2 #E] HIB J5 2.
V*(sk) = culaly, -5 ) +7Ee 0 [V* (s141)] (16)



2 3 A A E Tl RIS AT HR br A ST s AL 2 ] PSR B 465

A, Sk1 = f(sk, afy, -+, ab, di)

4. 15 (15) Ars, ASCRA A RS
AR A 7 3, A TS AT R AR . SRR
BATHREAR ) MR, RS st E T e bR
FHEE, 9800 15 6 k.

T 5. MR BE ML AR P ) B A B A R HE e
Wi (16) Mz rfebrt (15) et /ML tERETE
Fral (8). L (15), A dimn < af), < Gimax, BVIEAT
FEbR B S LI A%

HFAMRENS (4) KM, FFHITHE
Eg, ) [V¥(sk41)] 75 BEARZS 52 7 W 2 36 B P(sp41 sk,
ay) O, 1SR M HIB J7fE (16), #E—B152E
W= (15) BT e bn B % W, R4
HHELAR I SR AR 02
22 BITIEMBEIREKERLE

AK I R B 10 H G B A Rk v, $E
— M TR bR H 2 PSR EE, R ERESK (8)

DEOSUR, 2B 1) PR R RO 2) B 5
JREAE L E VO 2 5 3) 1847 6 b PR ) 76 B 5 Y [
Z W, SERL TS AR P FR AR AT HLARIE 22 41817

BN 2B s T e bR ag, (1=1, 2, -+,
m) AL 1) BE RGE (4); 2) UAEFAHRER s, 5 2
LI (5) B, g A RN, IBABITIERE a,
PR AT SRVFIT.

T ABUETT R B B HIB T2 (16), &
AR T RS D E R S EE 1, B 2

THEE 1 AT HLEL.

L5 B WU E e L A R R RS

1) Y. S AL VFIIEAT SRR MG 1, 23R IR bR
j=0.

2) L APEREVIAG. IRGES (17) RKIE VO (s):

VO (s5) = ek +7Esp g, [V (s511)] (n
ﬁqj> Ck(agl;:)a aél;c?)7 Tty aw(qfl;}:))v Sk41 = f(Skv a5i1)7 aéi?)’
7a£ﬁ;:)7dk)7#E‘€1§](Z:17 27 Tt m)

3) IBATHRAR A TR BB torock FIBME tinreshotas
ﬁu% tetock < tthresholds ﬁ:

ali™) =@, 4 Uj tanh { g(aiPi)_T-

Ospi1 8E5k+1 (‘7<j> (5k+1)):|

(18)
Oa;y, O0sk41

M, o = o).

4) R || VD (s5) — VO (sp,)|| < e (e H—AMBRANHIIE
), M IEERTE; BN, 5« 5+ 1FFREDPE 2).

6. TEEVE 1 BIR 3) v, ASCRIAISB R 2) 13
) VO EIEATHRE oV, BB E,,, (VO
(Sis)), S ELIE 5 75 ) 4o 28 I 48 £ 12 A7 48 b7
ald T 2027 R K A 2k B 3@ S 1N I
tetock » TSR 43 32 AT $8 b7 0 T SR ) R R 0
tinreshods WIIRFE E—WRIEAA, EIRSF ol A8
DRI R A SR S A0 BT, ST 1 48 HE 7 B9 1 I
SR .

Y

|
|
| tregits | | B |
| L SRS |

Sev1 =1 (8 a5 Qs 4, IZAT IR bR 1 =
| et B s = (G o e )| SEATHRRS | ) g
| o | . | B
‘ Ay

—————————————— He e

| ke HIB i a0 O S O
| I \ N J
| | Tt
e

2 IBATHERRE P
Fig.2  Self-learning mechanism of operational indices



466 H B th =2 i 49 &
EE L EE VO (sp) M al ™ (sp) (i=1,2, -, HAbRESEAL. Fuk, TR VY (se) <
m) LR (17) IRk (18) 83, WHFHAN VO (s).
s € S MUEEIEAFEbR j W F 5 T B VY (s1,) < VO (sp), HAER (22) 2 (26)
VO (s) < VO (s1) (19) HiL (27), A
70 ( (20) Vil (sw) = e (aff), o), s alip)) +
lim VU (s.) = V* () VEsii1 [Vq(l) (Sk-&-l)} <
jlirgo a(J+ ) = 21 Ck (aﬁl)v a’él;j)7 S aiﬁf)) +

JERA. 1)ﬂ<ﬁﬁéﬁa¢5ﬂ@t HiERFEAR =1
i, = (17) &

_ 0
V )1 —Ck(amv'“v 1(7119) +

7 Sk+1 [ sk+1 } (22)

ﬁqjv q:O, 1a VO( )( ) V(O) k) = a;+

Ui tanh[—v/2 - (a; P) ™" Osg11/0aiy, x OB, ,, (V' (8k+1))/
ask_._ﬂ.

BIGIE B
VD (s1) < VO (s1) (23)

=2 A T V1(1) (s1) < VO (s1.). HHEX (22), A:

Vi (1) = ex (a%j), R %13) i
7E5k+1 [V()(l) (sk+1):| (24)
ﬁqj; Sk+1 = f <5ka a(ll;gl)7 aéiz)a o, a 57?]:)>5 E’L < 1.
FH 20 (18) AT %0:
{a&), T a mk} = argmin {cx (@15, Agp, 5 App) +
ik
7E5k+1[‘7(0)(5k+1)]} (25)
WA a0 N ANGE KA
ck(a&)7 R gnzc) + 7E8k+1 |:VO (Sk+1)} <
0 0 0
e (a0 a, - a0) 4
Y Sk+1[V( )(Sk-‘rl)] V(O)( ) (26)

U ER AR X B AT 4R b T SR N B A2 AL,

¥ aye BN al), ol R D=2, -, m), WLk

1=K (25), B agk)_argmln cx(ay, a;(,?, e afﬁL)Jr

Vo1 [V (s141)), A

ck(a&), E az('lg)7 e, a 523@) +9Esii, [Vo( )(5k+1)} <
erlall, -+, alph) + 9By, [V (1) =
7O (51) (27)

'YESkH {V(O) (5k+1)} <

ci (aff). afy), -

B [V (s00)] = VO () (28)

AT 75
70, (s1) < VO (s5) (29)
S23CHR [20] J8 &, MR (22), & a0 F:
L(V () = i (all ol - a) +
VEsi i1 [V (sk+1)] (30)
WG VD (s5) = VO (sy,), MITHT L & — AR

gmest, M4 sk (30) LR T (V) (s1)} Wk
BV (s), BI:

Jim Vi (k) = VO (s0) (31
3% (20) A1 (31), W79
VO (51) < VO (s1) (32)

BBV (s) < VU (), FEIA (28) ~ K (32), A
f/(j—irl)(sk) < V(j)(sk) (33)
2) MR BLAT I3 7 30 A MULRIER s, 45 T A0 F
WS ATHERR Gan (i = 1, 2, -+, m), WAEAE— N
BRH V) (s) W2 (17)20 BV < oo
3) R¥E 1) #1 2), A:

lim VO () = V* (s5) (34)
Jj—o0
R (15)s 2 (18) MR (34), A limj o0 alf ™ =
g O

SE 7. @R 5N AT SCHBIE, $h _Pﬁlﬂgﬁ‘
S REHT, IBAT TR AR B AR 1) 2 B A LA,
FEE 1R bt 2] 7k, TR R OA SR 5
5 TR BRAL 2 3] B

7E 8. AT LA B 2 45 ) SR (R 25 5 s Ak
S S BFEN AT RSO g A 2 AN ) SR (B
BATIERR) b W E vk, IF HLIE T BE LS A 15 )



2 3 A A E Tl RIS AT HR br A ST s AL 2 ] PSR B 467

B, R BRI T SRS I B IE
). BIBATHR bR A S BT SRS, AN R AR
I:P[IZ 14, 25, 28]\ ﬁ}ﬁ%%ﬁjﬁ‘ﬁ[m—ll‘ 15, 17—18]7 ;H\:’ﬁ[‘j%“?fﬂ:
S SRR

X (17) =X (18) AI A, ZSLIIEAT4Rbx A
FOJPRHE, KM V) T B R B R L (2
FE LAV R A P 4R bR MIB AT Fa bR s A AR B 2277 5%
PRAFAEARE IS IS OL R, ISR A# V) & — X
ALK TR M SR 1, TEZHAT VT %
2R N R B IR KB AT R bR 2 S RS

2.3 ZPITITFIE LN

SR FH VP X 2% %Tﬂﬁ K] 8% 235 4 fiki T PR 2L
V0 (5p) RITZ AT o). EIIEF M08 2 (i 77
JE010, 20, 26-21, P R 225 oA 4% 425 ) A A 21 X 5%

750 = @) (09 s (35)
FNZ AT P 2
AT ) = @) o (0 ) Ts),
i=1,2, -, m (36)

o, o) Rl 43 T T R 45 4\ 2 B B 1)
LA AN B 2 B 2 AU, o) R+ 43 5]
TR NPT I 2 0 N 2 31 B 2 1 A R R 2 5
H R RS, BT

E5k+1 [V(]) (SkJrl)] ~

M

ZP(Sl(k+1)|5ka ar) - VI (sy0641)) =
1

2~ n(szslk )
VO (s10041)) - % —

M=

1

S0 (s1) (37)

2= T

S, iy (L= 1, 2, -, M) FFLEk + 11 %156
PLAZ S s BT BEHRAEL, N AFEAREL, n(s = sir1)
LR sy MBI UEL W T 5, € S, FIATE
FETFI1, A

OEY)
Pwe

w9 (k+1) = wd (k) — (38)

9EY)

Dk +1) =00 (k) — ne— (39)
(2 (25 Ne .
avgj)

QEYTY

(3+1) _ G gy

9

(G+1)
(+1) _GHD gy OB
v; (k+1)=v; (k) UZW (41)
/\l:':‘
1 T
) — = (-0 (9)
B =5 () <
W) = VO (s4) — 4 (&51)7 . &%)) _
1.
13 2 VY (s16sm) (42)
1=0
G+1) _ L Gg+o\T G+
g =)'
eV = al "V (k) — "V (k) =
a" ™ (k) = Ustanh | — L (@, )"

5 0 (zlv 5 70 (31<k+1))>

Sk+1 1=0 ] —a
Oa; (k) OSp11

(43)

BE 2. ZPAT LA LK R g 4T fR bR E
5 o] RS AR

1) ¥latk. & HATIATT SR VFIB AT 4R AT o)), WIUAHh 2
AU W, o, w®, WP (i=1,2,---, m), & j=0.

2) I off) 772 LTS TARER . 2P~ SR R AL 2%
I N HEE.

3) PRAIPh M 2 I Zk: $47 30 (35) 3L (38). X (39) M
3 (42) ik 7 ().

4) ZPATMEE T D H T BITEEN toer, D teroek <
tenreshota BT, AT (36)s 3R (40). X (41) FIX (43) FHFriz
ATHERR T3 2 terock > tenresnota 15 1L TEHT. H0 G a4,
AT W BB A TE tenreshota I TE) AT SA I 2 (0 1R 22 7
9, T2 ML (247 45 a0 = ),

5) W [0 (s) = 707 (s0)) < e, BHG I, 5= 5+ 1,
REDIE 2).

B2 T BRI RIS AT IR AR IT. N
BE MM 2, K 3 A H TR 2 HUTRRER.

9. 8 #omd) fER RS (4) FIER RS
RS RS E . R U, =S, A
R [13—14], fEME MM THE R E VO Fig{Tf
R aTT RSSO, Sk 2 BBV Al an,, B
lim; oo VO = V% Fllim; o0 al T = a.

E 10, NRIEU,;S; = S, IF HigmHers i
B, [VUTD] A THREEE, AR 77 i E45: 1) 1
al) OO BRI A DA R R 4 S U 4%



468 H

49 %

(ot o )

SIEARIRFF j = 0, WIEITHIF 234,
AT HRE 2 AUE W, v wl®), v
( Wk N 48R

e bR AR e

agry

———— e ——

|
/

j=j+1

K 3

Flowchart of self-learning decision making of operational indices with multiple actors-critic structure

Fig.3

0. 20207500 ) AU VT A BRI TR S, e 2
K N; 3) R SRR T A RALAE P2 % 1
BEAh, 353538 24 F 0 22 X 45 J2 BRI 48 T A
B SR 22 56 RSO 20 FR D7 S 8 o i ok AR 22
e AN VT[S, R VT R % N BT I 2% A
E(]*ﬂﬁz}gaeu q&ﬁyﬁrg[l(], 20, 23, 31].

SE L BUE 1 EE NS SRR DT, I8 2
RGAH G R IR AT . SCik [20] 4%
BHHBENLS R, PR T R E S TR, L S )
P ) s, (H LSRR A FE LML R A6 PR O 0. AT
P TE T T I FOIRS MR, @i
BERBMETT AT B, [VO) (sp40)]. FFHIRBT
TR S 20 TR R AL S ) vk, FH DR R )RR
IR Ah, AR SCHRE I g5 v R B Tk R A P e A AR
TR, 25 T R A AR P R bR T 35 2 AT 4R AR 7E I
SE YO 2 W IRIZ AT HE bR E 2 2] ISR 712

F 12, it E R (43) F Ospy1/0ai(k), FTELR
2K (35) FIK (36) MIHHEE W& Al o177k, %
T IRFRBNES s, REFHE S EUE.

A 13, 52 MMEE Q M4 (Deep Q net-
work, DQN) &L LA R Rl DQN. $0AT — V72 I 2%
b R R SRS Ao F5E 7 ¥ 1) 22 8 AR TR A P TR S Ao
B (Multi-agent deep deterministic policy gradi-
ent, MADDPG) 5% ML, A SCHTHR L 1A
ZAEAET: 1) B 2 AR SR A 2 X 45 0L 1 2
EHR LV, mARAE Q KW Q ¥ 2) Hik 2

ZIAT — VAL T IB TR bR B 5 2 R SRR K

ZNPAT N 45 0 BT, A ) DQN Hykad
R IEAM U Q B E — N BRI B E,
MADDPG FiEAFE AR 2 AT W 25 [7) 20 B8 AR
A3 i SR 0 BE T G T 0 R R A 8 I 4%
flvH e e ms I K IRm IR, IFRA |
T EFCSIPEUE B WAk B A R ) MAD-
DPG S5 2 AR KA 5T 1 77 1),
3 ERUORE E R RAEE

PSRV DN R SRR By N e R R v e R X
SERREE, BERA AR (R R AREET S AL) 7
MEITFRR R ER 5 M=K &E, FFRASCRR
H IS AT FR AR B 2 2 PR BUE I BIE, FAR L 4E:
1) LA =R tl, R RIS 7= &, #Hk
W SR B ARG N, JF HISAT 48 b BRI 75 0 e v
B2 ;5 2) 22 ST RCR A P48 AR5 B 24T

WA SRR A R SLI R E

WK 4 FroR, B0 ES oK E T /% & 4,
BFETRor BIPREe . BT (RRE (59) Als R
(5) Bkide DA B /S K B a1 RS R FEORVEW
AN AR, RURSH P25 s) AURH S so. R 1 53
aes T AN IBATIEAR a1y aos azv ass asy aes
ar PR SURNVTR B30 SR L R4 AP 40 5 A
AR K, AT DA O — AL

TEAR SIS A RAE A 9 RAN/NE , RoR A=

3.1



2 3 e e Lt g

TR TR0 B IR A2 S RS AR 469

Ji K8

T AP

Ji K o8

(C /R v A TR b W

Fig.4  Flow chart of mineral separation process

® 1 BITRR

Table 1  Operational indices

HoT BT RRR HUETEE (%)
> st a1mx = 84.8
E3a ar : REEF I
a1 min = 81.3
™ BT N a2 max = 84.0
BT 1 az : BRI
a2 min = 48.6
IR ¥ s a3 max = 88.8
JEFTH7C 2 as : BERLEE
azmn = 63.3
AN A4max = 53.4
aq: FEW AL
) a4 min = 45.9
TRk
N a5 max = 23.2
as B AAL
asmin = 17.9
N N a6 max = 57.8
ag : FEH AL
jﬁﬁz&'ﬁ"g a6 min = 53.5
S N a7 max = 20.2
a7 : B AL
a7 min = 15.9

FRFR AL AT TR bR A% R BN SR . BURE T P 8 R
PR 51 min = 260 W //INEF FIT 51 pyin = 6000 W/ %, K™
i AL R Somin = 53.5%, FEH AL L PR somax =
54.5%. A CE L Matlab BAF S ILE 2. RN E
BRI AN T s dE A 2 08 AR, WTRAA
KR LR S AR R B ORI 532 AN B4y
NP, 539 T A = SR AR S A AP 2R X 45 (1) Il Zh F0
BOAE. S0 S AL FRE B = S 1 2 SR S5 R 16-
16-1 P Ee 28 dh e SR Al 11, 3 2% s e SOR:

1 m )
i_Ai ) :1a2 44
gﬂ@k Sik) i (44)

KA, s NEBREAE, s NIEMNEAGTHE, m
RNIEREEL. B 5 TR = R ARSI )1 25
5 I UE AR B4R R BRG] ] 5 AT LU
TR IR AL bR R 22 2 B I SRS I iR 22 T [T

0.6

’g o PR IR

g{ 0.4 A PP EIIEAE R

S

= 0.2

& 0 5 10 15 20 25 30 35 40
UENEREy

0.6

’gg IS TP S

5 04 ‘ A R IE SR R

5 \

& \

= 0.2 -;@M

ﬁ P

o () L L !

= 0 20 40 60 80 100 120

ZRIal&

Bl 5 RGP AR A K R BT
Fig.5 Loss functions of the concentrate yield and
concentrate grade

B, R SCIZRAR B 1 #0228 A R AN A AE
G B RIVE LA

XA 7 A D SRR A G T o b, AR SR A I
BT LR M T 00 N(p, 02), ¥ 1 = [31.70 43.38
13.75 71.14 58.56], % 02 = [0.92 0.44 0.57 3.62 2.75]

3.2 ERWIERMZERELE

PSR ERI& 73872 A2 5 1 s Bl [R) o A7 1 2B e
M, VEAIM 2SR 2-10-1 IS5, 7 NIAT
FHZE WX 28 25 R FH 2-14-1 OS5 RE . AR 28 1) 2 3] 2R
790.05, iR H 0.001, BFrH1HE T v = 0.8. #h
1T5 2, B 6 FELT 20 5 AT WX 28 F0 VT2 ) 2%
P2 W A2 ST R FE. B 8 N 200 K 7 AN AT HRRR
SO AR R AR R 9 ATE 10 BoR T 200 REEH
A LA P B St gk . K 8 RIS it
%2, AT bR BRGIE R E TSl 2 . 9 AT 10
RUDEH AR = = 2 S LR %M. Bl 6 ~



470 =l 3 1t = Eitd 49 %

Pl 10 W T AR A, 85 o g
NWAEASCEIERIRSS, 0T X SR, % 2 () A o R
SR FAS SC 7 i SCHR [11] 10 2 30T 1924 4 1 5 e oo 3

20 40 60 80 100 120 140 160 180 200

% (Multi-actor networks ensemble, MAE) F13(
#R [33] 1 Reinforce BIEIRTGIRIAEH = & A1 PR
BB AT LR AR B3k 2 AU 10WT BLA Y, A
OOTVEAF BRSPS bR AR P hE 0 . J
RSP IME, ARSCEE 2 AHEG TSR bRk T
1 7 %9 1000 M /K 40 W/ /N, AS[E) TSk 11, 33],
A H Fr i KA BB e A BCR
FERF ZI ) 7= 8, B UCR AR Z1 7= B s A e AR IE R ST R I T L T s o
] A 77 B oA, AR 2 AT RAE H, A EE T3 GITNEN

BR [11] Bk, ASCENERR @ 30 R (FRKHE) Al 1R

K8 200 KMIEITTEIR

0.06 - Fig.8 200-day operational indices
t — g = WPl —— [l — ]
0.04 - Hviﬁrl) _ U(]])H ,+,||U;j+1) - U;ﬁ”
0.02 54.6 1
0 ! RPN

- 0 10 20 30 40 50 60 70 80 54.4 +1§?L7EE§
= an AL
= S a
Z0.06 S I -y
ﬁé ¢ el — wd|| [l = w] E 54.2 e RN
= 0.04 v ) v = £ ks
5 e [ L el =
= .02
1]: +:le
% 0 -
® 0 10 20 30 40 50 60 70 80

0.06 1 53.6 |

¢ [|wgt) — wi|| -0V =90 |
0.04 L | 53.4 e e
; ° . 20 40 60 80 100 120 140 160 180 200
0.02 B ) 174 | I Ut — ) N
g~ wll ——|[up - o) i
0

0 10 20 30 lﬂ\:'ffé(()j@jz 50 60 70 80 B9 200 KHKHT SR
Fig.9  200-day concentrate grade
K6 ZHITMEMERE
Fig.6  Evolution of weights of multi-actor
neural networks

160 1

| [u) = w)|
1oy —o— |0 — o0
120

=
(==
[«=)

VPRI 0 25 BUAE
0]
o

60
4000 ———————— e
40 20 40 60 80 100 120 140 160 180 200
N 8] /R
20
o B e R E 10 200 KEKED 7= &
10 20 30 40 50 60 70 . X
AR VO Fig.10  200-day concentrate yield
7 R R AL (F/INF SR ) FEAT 7 873 3] 08 34167.6 AT 2 299.

Fig.7 Evolution of weights of critic neural network 5 Wili; AHEG T STk [33] S0k, ANSCHENERR R 30 KA1 R



2 3 A A E Tl RIS AT HR br A ST s AL 2 ] PSR B 471

® 2 HIAISR A RS

Table 2 Comparison results between different
algorithms
S5 Ji i PR (W) Wz (%)
ARSI 240369.8 54.13
ZANAT AL B PRELVE 206202.2 54.10
0K Reinforce!" *! 203907.6 54.07
SBRE 199650.6 52.86
E AT 8030.2 54.17
L% LT I LR A R 5730.7 54.15
Reinforce!" *! 5648.3 52.58
KhrE 5659.4 52.58

FEH 7= 543 514 36462.2 AT 2381.9 Hli. HAT 2540
SCHER [10-11] B SEm R A2 SR ok 2 2 B0k, B 11
BIRT 10 PESATARSCHEE 2 A [F] 20 58 %
RIS TR 6. 10 ISESR b, SR 57 A BT oAb 2 )
SRR [F) 25 BRI AN 7 o SV A IR BRAT I
558 4.83 #05 7.80 #b, R T ARSI H 15k
W& 0 BT SRR T SRR SR R AR
PR BN A AL, BRI = A R A AR A E
FHIE] 1 = [31.74 43.66 13.94 71.68 58.96], N[F]H %:

T 1: 02 =[0.68 0.64 0.48 3.93 2.59)

THL2: 03 =[2.681.672.44 5.79 5.42]

T 3: 03 =[2.88 3.73 4.44 8.72 8.32)

PATHE 2, B 12 BoR T H & LR RIA %
JE T ARGt a5 B b, 45 SRR B RHE T
Ak, AR LR BT AT R bR, AR
AL EEECT RS, A SCRLVE REARSE A 7= S 11281k
H @& N AT IS AT fR bR, RS =, PR
B T AR LT R 8 LA

16

I 5 v [ 2
L I5iems 5725 9 9

14+

12+

i) /b
oo

T2 3 4 5 6 7 8 9 10
S0 A

BT SRR D SR A SRS [7) 20 S a2 ST Sk
INALTREREP o=

Fig.11  Comparison of time consumption between
asynchronous policy update and synchronous
policy update

8 040 T
— |
8030F ; !
|
| |
K 8020 |
-
<8010
5 O
R \
8 000 i i % ‘ %
I | e 1
7990+ | | -+ +
1
7980 L— - - . - -
Ll L2 L3 L1 T2 T3
Z 8 T AR L AN e AR

K12 H& THAR A B T A Gt 25 35T L
Fig.12  Statistic results with and without consideration

of dynamics of production condition
4 HRIE

AR SCEE XS AN 78 Tk BRI AT i b o 3 i) A
BT BIEM SRR, & 17— A K s
SR S0 HUB R AL S S B, RGBT IR AR, JF 4
T ARSI B IE B . I SE AN EROR B
MR FERE L, A REA A AT TH A fabn
IR AR, R 4R U TE RE VRl A1 22 SR
S E R, MM EREE, B RGBT
fRbR. ZEEIE R T A AR A S ST I S ST RCR,
KL T AP A AP AR, Dokl R A 7 4R
PRI RIS AT HR bR A AL P 4R R AE I E Vi
. D SIS RAIE 1 7RI R

References

1 Chai Tian-You. Challenges of optimal control for plant-wide
production processes in terms of control and optimization theor-
ies. Acta Automatica Sinica, 2009, 35(6): 641-649
(S RA . A 7= 3 AR AR R AL P 3 ] 5 A BR TR O Bk .
H k23, 2009, 35(6): 641-649)

2 Ding Jin-Liang, Yang Cui-E, Chen Yuan-Dong, Chai Tian-You.
Research progress and prospects of intelligent optimization de-
cision making in complex industrial process. Acta Automatica
Sinica, 2018, 44(11): 1931-1943
(THER, AR, BRig R, SR A T R s A 5k &
GRIBUR S R, H3MELFIR, 2018, 44(11): 1931-1943)

3 Chai Tian-You, Ding Jin-Liang, Wang Hong, Su Chun-Yi. Hy-
brid intelligent optimal control method for operation of complex
industrial processes. Acta Automatica Sinica, 2008, 34(5):
505-515
(SeRAM, THER, B2, 75FE. I DI RIS 1T iR & & s i
el T, HAMEEER, 2008, 34(5): 505-515)

4 Huang X, Chu Y, Hu Y, Chai T. Production process manage-
ment system for production indices optimization of mineral pro-
cessing. IFAC Proceedings Volumes, 2005, 38(1): 178-183

5 Ochoa S, Wozny G, Repke J U. Plantwide optimizing control of
a continuous bioethanol production process. Journal of Process
Control, 2010, 20(9): 983-998

6 Ding J, Chai T, Wang H, Wang J, Zheng X. An intelligent fact-

ory-wide optimal operation system for continuous production
process. Enterprise Information Systems, 2016, 10(3): 286—302


https://doi.org/10.3724/SP.J.1004.2009.00641
https://doi.org/10.1016/j.jprocont.2010.06.010
https://doi.org/10.1016/j.jprocont.2010.06.010
https://doi.org/10.1080/17517575.2015.1065346

472

H Zlj

(8

S 49 %

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

Ding J, Modares H, Chai T, Lewis F L. Data-based multi-ob-
jective plant-wide performance optimization of industrial pro-
cesses under dynamic environments. IEEE Transactions on In-
dustrial Informatics, 2016, 12(2): 454-465

Chai T, Ding J, Wang H. Multi-objective hybrid intelligent op-
timization of operational indices for industrial processes and ap-
plication. IFAC Proceedings Volumes, 2011, 44(1): 10517-10522

Ding J, Yang C, Chai T. Recent progress on data-based optim-
ization for mineral processing plants. Engineering, 2017, 3(2):
183-187

Li J, Ding J, Chai T, Lewis F L. Nonzero-sum game reinforce-
ment learning for performance optimization in large-scale indus-
trial processes. IEEE Transactions on Cybernetics, 2019, 50(9):
41324145

Liu C, Ding J, Sun J. Reinforcement learning based decision
making of operational indices in process industry under chan-
ging environment. IEEE Transactions on Industrial Informatics,
2021, 17(4): 2727-2736

Lewis F L, Vrabie D, Vamvoudakis K. Reinforcement learning
and feedback control. IEEE Control Systems, 2012, 32(6):
76-105

Bertsekas D P, Tsitsiklis J N. Neuro-Dynamic Programming.
Nashua: Athena Scientific, 1996.

Bertsekas D P. Proper policies in infinite-state stochastic shor-
test path problems. IEEE Transactions on Automatic Control,
2018, 63(11): 37873792

Liu D, Wang D, Li H. Decentralized stabilization for a class of
continuous-time nonlinear interconnected systems using online
learning optimal control approach. IEEE Transactions on Neur-
al Networks and Learning Systems, 2013, 25(2): 418—-428

Na J, Zhao J, Gao G B, Li Z C. Output-feedback robust con-
trol of uncertain systems via online data-driven learning. IEEE
Transactions on Neural Networks and Learning Systems, 2020,
32(6): 2650-2662

Song R, Lewis F L, Wei Q. Off-policy integral reinforcement
learning method to solve nonlinear continuous-time multi-play-
er nonzero-sum games. IEEE Transactions on Neural Networks
and Learning Systems, 2016, 28(3): 704-713

Modares H, Nageshrao S P, Lopes G A D, Babuska R, Lewis F
L. Optimal model-free output synchronization of heterogeneous
systems using off-policy reinforcement learning. Automatica,
2016, 71: 334-341

Bertsekas D P. Multiagent reinforcement learning: Rollout and
policy iteration. IEEE/CAA Journal of Automatica Sinica, 2021,
8(2): 249272

Liang M, Wang D, Liu D. Neuro-optimal control for discrete
stochastic processes via a novel policy iteration algorithm. IEEE
Transactions on Systems, Man, and Cybernetics: Systems, 2019,
50(11): 3972-3985

Zhang H, Luo Y, Liu D. Neural-network-based near-optimal
control for a class of discrete-time affine nonlinear systems with
control constraints. IEEE Transactions on Neural Networks,
2009, 20(9): 1490-1503

Marvi Z, Kiumarsi B. Safe reinforcement learning: A control
barrier function optimization approach. International Journal of
Ro-bust and Nonlinear Control, 2021, 31(6): 1923-1940

Greene M L, Deptula P, Nivison S, Dixon W E. Sparse learning-
based approximate dynamic programming with barrier constra-
ints. IEEE Control Systems Letters, 2020, 4(3): 743-748

Bellman R, Astrém K J. On structural identifiability. Mathem-
atical Biosciences, 1970, 7(3—4): 329-339

Luo B, Yang Y, Liu D. Policy iteration Q-learning for data-
based two-player zero-sum game of linear discrete-time systems.
IEEE Transactions on Cybernetics, 2021, 51(7): 3630—3640

Kiumarsi B, Lewis F L. Actor-critic-based optimal tracking for
partially unknown nonlinear discrete-time systems. IEEE Trans-
actions on Neural Networks and Learning Systems, 2014, 26(1):
140-151

27  Zhang R, Tao J. Data-driven modeling using improved multi-ob-
jective optimization based neural network for coke furnace sys-
tem. IEFEE Transactions on Industrial Electronics, 2017, 64(4):
3147-3155

28 Wang D, Ha M, Qiao J. Self-learning optimal regulation for dis-
crete-time nonlinear systems under event-driven formulation.
IEEE Transactions on Automatic Control, 2020, 65(3): 1272—
1279

29 Lewis F L, Liu D. Reinforcement Learning and Approximate
Dynamic Programming for Feedback Control. New York: John
Wiley & Sons, 2013.

30 LiJ, Ding J, Chai T, Lewis F L, Jagannathan S. Adaptive inter-
leaved reinforcement learning: Robust stability of affine nonlin-
ear systems with unknown uncertainty. IEEE Transactions on
Neural Networks and Learning Systems, 2022, 33(1): 270-280

31  Yuan Zhao-Lin, He Run-Zi, Yao Chao, Li Jia, Ban Xiao-Juan.
Online reinforcement learning control algorithm for concentra-
tion of thickener underflow. Acta Automatica Sinica, 2021,
47(7): 1558-1571
(IR, fris, whid, 254E, BERR. 55T 58405 ) IR B HLIRIR
R M BE. BAMLAEIR, 2021, 47(7): 1558-1571)

32 Lowe R, Wu Y, Tamar A, Harb J, Abbeel P, Mordatch I. Multi-
agent actor-critic for mixed cooperative-competitive environ-
ments. Advances in Neural Information Processing Systems,
2017: 6379-6390

33 Sutton R S, Barto A G. Reinforcement Learning: An Introduc-
tion. Cambridge: MIT press, 2018.

e LTAMKTREER. £
BEFFLTT A s AT R A P, Hod 3K
B, SR SR 2 Re AR A 1
il ASCHEfE1EE.

E-mail: lijinna 721@126.com

(LT Jin-Na Professor at Liaoning
Petrochemical University. Her re-
search interest covers optimal operational control, data-
driven control, reinforcement learning, and optimal
control of multi-agent systems. Corresponding author
of this paper.)

" M T AR AT
AL BB IS s AT A
K X I A B AL 2]

E-mail: lewinyuan@126.com
(YUAN Lin Master student at
Liaoning Petrochemical University.
His research interest covers optimal
operational control, data-driven control, and reinforce-
ment learning.)

THR ARACRZEHR. EEFTTT
) A P iR R IS AT AL, B REALAL,
PR IR 25 FIRAL 7 2]

E-mail: jlding@mail.neu.edu.cn
(DING Jin-Liang Professor at
Northeastern University. His re-
search interest covers optimization
of the whole production process, intelligent optimiza-
tion, neural networks, and reinforcement learning.)


https://doi.org/10.1109/TII.2016.2516973
https://doi.org/10.1109/TII.2016.2516973
https://doi.org/10.1109/TII.2016.2516973
https://doi.org/10.3182/20110828-6-IT-1002.01753
https://doi.org/10.1016/J.ENG.2017.02.015
https://doi.org/10.1109/TII.2020.3005207
https://doi.org/10.1109/MCS.2012.2214134
https://doi.org/10.1109/TAC.2018.2811781
https://doi.org/10.1016/j.automatica.2016.05.017
https://doi.org/10.1109/JAS.2021.1003814
https://doi.org/10.1109/TNN.2009.2027233
https://doi.org/10.1002/rnc.5132
https://doi.org/10.1002/rnc.5132
https://doi.org/10.1109/LCSYS.2020.2977927
https://doi.org/10.1016/0025-5564(70)90132-X
https://doi.org/10.1016/0025-5564(70)90132-X
https://doi.org/10.1109/TCYB.2020.2970969
https://doi.org/10.1109/TIE.2016.2645498
https://doi.org/10.1109/TAC.2019.2926167
https://doi.org/10.1109/TNNLS.2020.3027653
https://doi.org/10.1109/TNNLS.2020.3027653

	1 工业过程运行指标决策问题描述
	2 最优运行指标决策
	2.1 随机最优控制方法
	2.2 运行指标自学习决策方法
	2.3 多执行－评判网络结构

	3 铁矿选矿生产指标优化试验
	3.1 选矿过程描述及实验设置
	3.2 算法验证和结果比较

	4 结束语
	参考文献

