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Heterogeneous Industrial Internet of Things Systems

WANG Shu-Ling"** LI Pei-Zhe">? ZHU Shan-Ying"** CHEN Cai-Lian"*? GUAN Xin-Ping">?

Abstract With the development of Industry 4.0, the mobile agent system (MAS) and wireless control system
(WCS) are deployed in factories to collaboratively perform smart manufacturing tasks, forming a heterogeneous in-
dustrial internet of things (IToT) system. In this process, the WCS is coupled with the MAS, leading to state-de-
pendent fading and restricting each other in performance. To address this issue, this paper focuses on the optimal
control of the heterogeneous IloT system to ensure the control performance constraints of WCS and the safety pro-
duction constraints of MAS, while minimizing the average communication cost of the system. Firstly, the transition
of MAS between cells with different levels of shadow effects is modeled by the finite-field system, and the state-de-
pendent fading channel is characterized under MAS and WCS coupling. Based on this, using the theory of semi-
tensor product of matrices, a graphical criterion is presented for the feasibility of the optimal control problem by
constructing the constrained follower state transition graph, and criteria in terms of constrained set stabilization are
established. Secondly, by minimum-mean cycles for weighted follower state transition graph, an algorithm is pro-
posed to construct optimal control sequences for the leader-follower MAS, and the optimality is proved. Finally, an
illustrative simulation example is provided to demonstrate effectiveness of the algorithm.

Key words Heterogeneous industrial internet of things system, state-dependent fading channel, infinite-horizon op-
timal control, semi-tensor product of matrices
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Fig.1 A heterogeneous IIoT system where a multiloop
WCS and an MAS coordinate with each other to jointly
perform overall tasks in a workspace
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20 Z M Q(s) HE, BHA IR T 20 ZIR 1(Q(s))
e, HEAEREHT A u C Col(Ih) FIEREEL K, ff
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(2) FIFEHIEREZER (6) W2, 24 ALY MAS (10)
KT 20 ZIR I1(Q(s)) BE.
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zo MR Q(s) BT, FEMARYE 51 B 5 AT 132518 B ar.

O

W5 6 nTLAE Y, TERT AT FAIER R,

SRR A3 R 2 AR PR AR TR R IR
BFEISRENE L 1(Qs)). X R IBATEE S Z BRI
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MERR. &1 1(Q(s)) NV (T,,) # 0 BAL, 24 HAX
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T 1(Q(s)) &R T Q(s) MZIRIEHIALLE, F1E
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BT U EDH, F4F 1(Qs)) NV(T,,) # 0 oL, 34
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B0 DL Rz BORAS R B 52 /1L, ¢ 1
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MERR. MR¥E 1 fle A= ZR (7) "I LAfS
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N C(z0, w*) BITHULE, HATREN TS, r = (K —

1Tl — [T2)/IC (20, w*)| TARPUZET (20, u*) H 3}
Clzo, w*) W% MIA

Jue () = pim AT ez, uy)
O
512 7 g 1), EsttiEfFoIER T,
ST IR ZS P 910306 72 22 A AR PR 200K ) I R i 2201k
BFIBRERSIBNES T = 1(Q(s)) NV (T,,). K,
H—BFEZE FSTG ¢ HZ HSHTHE, I
FE MG BE T B8 1E S R 2 BRINAL FSTG G = (V(G),
E(G), w), K V(G) =T, E(G) = {(va, m) € V(G)x
V(G): [Fol]s o =1, 04 € Ca, 04,6% € Qs)}, wa. s
= g(64,6%) TR (va, vp) BIMNE, 6, € T, 4 (G)
e

I, ,(G) =arg  min

5 5%
5glena,b(_é)g( M) (14>

B2 (va, vp) FIRLEE A ER BB ZOIRAS 0% 3 6% M
INBIREHE R A, T, (G) AL (12) & L.
XFAERZIRRER C = {apva, k=0, -, |C| —
1}CZ,I={2=aBcQs): eI}, BAFIEC=
{arva,, k=0, .-, [C|-1}CZ, L ZFHXNG
Fl— N ERBEF RS ¢ = {vg, 1 k=0, -+, || =1},
HBHA

»(C) < ¢(C), $(C) =w(c) (15)
Hr, w(e) = 200 Way, apss /el FIRFE ¢ HIPFHIRL
E, Va|, = Vag -

¥ FSTG G H EA /N FHIBEMIFE N
BN BT T NERES, — @A RN
PR o CT. A TR RILEE 2), MR
AT A, H0e T G I i N o
SRIG, FIE MFTAG T AT va R BIARE o HRI A (1 2%
7. Bea, WHESIF A, 543 BRBE RS HTLE T
M vg HORIBILER AR HE N IR BT IE o, AR SR [37),
i G PN R E R o(c*) = 6%, A

H(Z|, a) — H(k, a)

0" = mi 16
e IR 18)

He H(k, o) BB G 0 o, €T KEN
kMBS AR I B /DAL E . XA AR, A
H(k, a) = oo, Tl o N G THAERIETI A, BI AT
WP PLRAAE R T AL Rkl (16) s iiig
a*, k. WHEBALT M o Bl o, « KEEA |Z| INERE
b, WEN H(Z|, a*) BRI NENFIHH. HG
HOARFEAEIR T A, A 758 H R 7 N TRl 3 5,
HETAE RS 73 3 TF- e /NI IR S s )
HI ) BAR RS AR I B 1 .




8 H 7

= Eitd 50 %

B 1. siEHIFF SR
BN G, G, B0)=0%
M. u*
1 ARG WA MBIEES LG = (Vi, B, w), M
VRS
for i=1:¢do
B (|Vi|+1) x| Vi| B4 =, I, FHIERAN oo
H;[0, a;] < 0, v,, € V; 9 G; B—NIET RS
for k =1:|V;| do
for v, € V; do

H;lk, a] + ming,,, v,) € B H;lk—1, b] +
w(vp, vq)

Lk, a] & b*, b 9 b sUIUR MR £ 25 6t
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EISGIRR S Sl ONITEE
5 HEGT

FREHMA H ERIE 5 = AGV MR
I IIoT &40, H, AGV KRG —AMfTHE
MIPEASERBE . 257 4 SR R FE R I, AGV
BENH FERECE TR R TAE X, B e i 4t
LG EAE B A 5 I i i ) 2 ) 245 5, 02
YWoEE AGV &, AGV it —B¥ 5 ARz i 2 A
R =2k

TAEX RIS N =A e Xk, AN E R 1)
MBI (2) Fiow, Hd, RE 21(k) = [211(k)
z12(k)]T € R¥*V A (k) € RFRLEPIRES SHIER
BMEIZ, Ae1 =[-01 —0.1; 0.10.2], 4, 1 = [1
—0.4; —0.50.3], Ae.2 =02, A, o =1, HZHHEN
0 7 2R 1 ME SR THE. 2 p1 =095, po =
0.9, Q1 NAL Q1A 1 —Q1+1=0Mf#, Q:=1,
Al A3 51 &~ 0.28, 59 ~ 0.10.

FITA R ReAR X3 2 ik, Banat (9) & X,
BAEREAAF=MENX A4, ,=[100], 4, 2=
[210], A1 =[112], A3 2 =[001]; B;,; =[002],
By 1 = [211]. MRS E S, © =65[113
112323112111211323211311]. W F=
59 [1735282613984171526651394 41],
MAS AR N 20 = 037 . B ZAEE LR
Co = Col(Is), Cs = Col(Io) \ {53, 68}.

T RIS R GRS R R SR e
LHILEIGE, & s=4, TLIBIEHEE N L (0) =
hi(1) =hi(2) =1, h;(3) =0, i=1, 2. fEEIIIZEM
SERR IR G N {pi, 1, i, 2} = {10, 20}, H f:(1,
0) = (2, 2) = 0.8, (2, 0) = f15(1, 2) = 0.2, f(1,
1) =7;(2, 1) =05. AHEERESS MAS REM
FHIRAE, B 4;(a, 2), PASS DRI ME S 5 1y D)
J MAS IR A, BY 7,0, 2), B 2 45, H
H, 20 = {037, -y 057}, 22 = {83, -+, 037}, Z3 =
{053, -+, 031}, Za = {053, ---, 37}

WRIER S RAZE, RIE WCS 42 i 1% g 2

KEIMAS ZRRREEAHN Q) = {03, -+, 037,
687, 63, 632, 038, 638, - 3. KT Q(s) MR Z
PR H AN BN 1(QU(s)) ={05, 63, 63, 05, 63, 69}
BT %R FSTG G Llog AME T B S A pl b
(W 2 Fror), ATUAR 2] V(T,,) = {v1, -+, va, vs,
vr, vo}. HT I(Qs)) NV (Ty,) # 0, TEARESHH K
EAGIE N, AAERTAT R 7 500 2 WCS 4% il 14
REELSR AN MAS [ =2,

WAL FSTG G W&l 3 fius. 18 G A A
PRER B 2 RS, 735308 ¢ = {1}, o = {v2, vr},
ez = {v1, vg, v7}, ca = {va, vg, v7}, 5 = {v3}. HT

w(cs) = 11}1ii£15w(ci) =214

MG Bk 1, ] LA B & AR 42 ) 7 81w (0) = 1,
u*(k) =0, k> 1, HEIEVMEN Ju- (20) = 0(cs) =
21.4.

TEARRPRAS A R TS TE S5 D) F 5 DL &
MAS & T, Bz w 75w 530k [17) ¥t
() AT AT 45 1) SR 0, HEAT X EL, AR g, SN 55 4
FEME L =05[332111233]. K4 454 B 7
F s UL R ] SRy, T BR B R BE AR RS R
W By = {B(k; 20, u*) : k=0, ---, 10} FBy = {B(k;
20, tn) 2 k=0, -+, 10}. PFELE REHEMIESF
Pl w2 MAS )% 4 A2 72 29 58, T 7 32 i) 5
fim B, B(k; 20, fim) & Cg, k=3, 5, 8, 10, Nii/& MAS
)2 A= 20K,

Ak, HETARASAH GBS, R8T 5w
T, PIANEEER B DB R ZR T 2 P{\ (k) = 1|2(k;
20, u*)} = 0.31 > s1, P{\a(k) = 1|z(k; 20, u*)} =
0.13 > s, k> 2. KL, #6757 w* 32 WCS 1)
PRI R EOK . HE TSR R BE, AT LS B I
B wr (k) fEH T WCS RELL A w AL,
5 F7.

R s 2 A1 5% ol DS 7 IR VAR B/ i S 8
5 SCHR (18] Wit PR RABHE SIS a(k) = m(8(k))
BEAT ST LG, HrR SRS Sy K RS R AR R L
HAEHBHEWER T, IREEE RSPIL NI ¢;, Ly =

®2 WNEMREEREESH

Table 2 State-dependent fading channel parameters
G, b, a) 1, 1, 0) 1,1, 1) 1, 2, 2) 1, 2, 3) (2, 1, 0) 2,1, 1) 2, 2, 2) 2, 2, 3)
Z 0.60 0.20 0.60 0.10 0.63 0.20 0.63 0.50 0.44 0.20 0.44 0.10 0.46 0.00 0.46 0.70
Zg 0.17 0.30 0.17 0.10 0.18 0.20 0.18 0.40 0.33 0.20 0.33 0.10 0.35 0.50 0.35 0.20
Z3 0.58 0.10 0.58 0.10 0.62 0.30 0.62 0.50 0.42 0.10 0.42 0.10 0.45 0.10 0.45 0.70
Zy 0.50 0.00 0.50 0.20 0.53 0.10 0.53 0.70 0.60 0.20 0.60 0.10 0.64 0.10 0.64 0.60

B EERR 7i(a, 2) , HABETFRR 7:(b, 2), 2, i=1, ---, 4 FR MAS IREES.
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3}. Bl 6 704 s A d 7 81w DASCIR A S i
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Fig.5 The evolution of the empirical averages of the

states for WCS under control sequence u*
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