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ABSTRACT

ABSTRACT

In recent years, in the environment of scientific and technological innovation and
development, the steel industry has gradually shown the characteristics of intelligence. Due to
the rapid development of China's steel industry, the quality of steel products is improving day
by day, and customers' demand for steel products is gradually diversified and personalized.
Accelerating the intelligent production of products and improving market competitiveness and
production efficiency have become urgent needs for the development of steel enterprises. In
order to realize the high-quality and rapid development of China's steel manufacturing industry,
it is necessary to realize the transformation from manufacturing to "intelligent manufacturing".
As the primary process in the forming process of seamless steel pipe, in traditional production,
it is necessary to calculate the process parameters of the piercer as the set parameters according
to the requirements of product specifications, and then adjust them through trial rolling with the
help of production experience. The adjustment decision of key process parameters depends on
the knowledge reserve and cognitive level of workers, and the debugging period is long, and
trial production is needed during the debugging process.

In order to solve the problem that the process parameters of the rolling mill have a great
influence on the quality of the seamless steel tube in the two-roll cross-rolling piercing
production process, and the accuracy of the set values calculated by the traditional mechanism
formula is not high, this paper takes the process parameters of the two-roll cross-rolling piercing
equipment as the research object, establishes the process parameter prediction model of the
cross-rolling piercing machine based on deep learning, and makes a prediction study on the
process parameters of the cross-rolling piercing machine. The main contents of this paper are
as follows:

(1) Firstly, the production process of seamless steel pipe piercing and the piercing
deformation process are introduced. According to the theory of skew rolling, the main
technological parameters affecting the ellipticity, uneven wall thickness and outer diameter of
capillary in rolling mill are: roller spacing, guide plate spacing and plug extension. The above
three parameters are set as the output variables of the model, and then six input variables are
determined according to the traditional calculation formula of the output variables and

combined with the actual production experience, namely: tube blank diameter, capillary
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diameter, plug diameter, feed angle, wall thickness and roll exit cone angle.

(2) A process parameter prediction model of cross rolling punch based on pigeon group
improved RBF neural network was proposed. The process parameters (roll spacing, guide
spacing and tip elongation) of the two-high diagonal rolling punch were predicted by using
RBF neural network. The center, variance (width) and the connection weight between hidden
layer and output layer were optimized by pigeon swarm algorithm. The model was trained and
verified by using production data. The simulation results show that the proposed model has high
prediction accuracy and strong applicability for roll spacing, guide spacing and head elongation.

(3) A prediction model of process parameters of cross rolling punch based on deep neural
network is proposed. The deep neural network was used to establish the process parameter
prediction model of two-high diagonal rolling piercer. The low batch gradient descent method
and Adam algorithm were combined to make gradient estimation and correction when training
the deep neural network, so as to optimize the training speed. The model was trained and
verified with production data. The simulation results show that the prediction model based on
deep neural network is superior to the traditional mathematical model and the improved RBF
neural network based on pigeon group, and has higher prediction accuracy.

(4) Design and develop an intelligent prediction interface for process parameters of cross-
rolling piercing. A visualised process parameter prediction calculation system was developed
using MATLAB with practical industrial requirements as the design objective and embedding

a core algorithm of multi-input and multi-output deep neural networks.

Keywords: Cross-rolling piercing; Adjusting parameters of piercer; PIO-RBF neural network;

Deep neural network; Interface design
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[FARTEIE R, AT PR . ERELETX N, SR A EE R FLER IA) R 2 bL vk e A T A
PMGIRIAE R, MRIRIARRE RO, B RN H IR A 1 v] Be R .

QYK AT R : A28 T Skt NP FLHE B 7E DX, Tl Sk Sk () A B i s LR
AR E . BT ERTRS, WA FLHE R X 4a%0 . TSk B {2 00 B8 A ME Fi B
JEAFAEAR K B 5200 5

BRI, R FLARMAIEE . SPARMEEE . TSk =i ARMEL S FL T 2 S 20mil B 4y i 4
A E .

222 REFFNIZSHITERE

KTFUHETZEZSHE A, SRIAE. TELaT R A RXSCEPI i H
(OHHELFEIEFE b

b=(1-5)d, (2.1)
A
S —NIEA AL RS, WARZREIE 5 915% ~16% , S5 =15% ;
d, —E s, mm;
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BRI TR AL UL L Z S Bt i

FLARIAEE B KN 5 e 4y b ) R i R B O
(2) AR ] ER |
0.75%(d, -b) d

[=bx|1+ ———2—~x-2L 22
X q 3 (2:2)

z z

X d,—BEER, mm; BXQ2)ATH, SHRIEEATEDRRTHREE. SRE
BAMEE HEARME.

G)IEk R y
D, =d,, —Ad, =d, —(0.075-0.00135s,)d, (2:3)
15~175)7 7 D, +2s,—b
=(0.8~1)d, +(1~2.5 D-+L——————— Ldtgp-————2— 2.4
y ( )1 ( ) t X77T olgp 2tana, (2.4)

X

D, —Tik A%, mm;

d, —EBENE, mm;

s,—EE)E, mm;

d, —Tik LA EAR, mm;

P8R, Es o NEVRE DHES, R

ny— R REG n NUIAE RS R AL
H@3)MAQAFTULE I, TELATHE TR E S, BRI RS .

ER=ATZESHA TR AN, ETH LA R FR N S 4 b 0 5 4 N L2256
BORL AR s S AR AN TSk AR R ) AR S RLBR (R B R VB R (HIX L
SHOTERARYIPER, WHENBCEME . AR b a4 S HEm = T2
M ER XA ERER,. BEER. TELER. Bl BE. fLEHOHA.
1717 s 246 B AT 7% 2 5000 75 AR 22 38 AT R 5
2.3 Ihgs

AREFENQ T REWERLFITE, Hhoil RB st di. ¥
LRI AL F AN =A EETZESH. 0 7 F LIRS HOo
TEFRRIFZW, FAL 120 R O T 228 CRUARMEE . SBRIEEE . Tk
AR, ORI . S5E R i 5 ehbrdrid i, H
MERRELZSH. BEER. ERER. TEkER. BJE. Bdtm. FLRH O
F AR BN o
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=% KT PIO-RBF M2 20R1 5L 7 FLHL T S B mtil At

£ =5 £T PIO-RBF M MEZHILFF I L ZSHINEER

FEARGEIAE T, K2 AR dh A% BEOR AL A% e AR AT B T2 280k
HAEABE S, T RELF LA IR, SHmNR AT 2R, Rk,
SRR IR R, PTPECARIIE L 2S8R . SRR G AN L 2 S0y
BT RE S R G LR OIS A M. 5, MM R B Ok R ST 2
R R E LS, MmN AR R ER . Kk, A=ERH - FET PIO-
RBF #1225 I RHL 5 ALHL L Z S B AR BN R F A LIL L Z 35

3.1 H R IR ERAN T AL T8

3.1.1 SKIGHIERE

B 3.1 RSN EFLANE AR, LIRS R AL SLIL, BRSO ER T N A
H, AR B R SR T 1280°C, ARG H AN F R = EE, FANMAHHER
WIS AR T E AT 2 ALELH] . EALRER FHE T AR DL ROKST-HEZ ) S8, 24
Jril i AL B S R R AT AL

B 3104 Fik&

Fig 3.1 Field Production Equipment

NGR4T 52 Bl B R SR AEADRE g 3041 ¥ 189 ZHBEME A sie Bt , F T % 4L

MLLZESH e, SHERPAE 6 MaAdtE (EHER. BEER. TEkH

o kb, BEJE. ALERH CHEMD A3 Mt E CBLERMEIEE. SARAEE. TESkAT
&) . JTAs S AR S 1 R R 3.1 s .
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& 3.1 355K B R840

Tab. 3.1 Composition of some experimental data sets

T2Z% A B BE=A UL FHA
ERHER 100 110 110 90 110
Tk B2 82 94 95 62 75
EEHRZ 107 114 115 100 115.5
HOHEA 3.5 3.5 3.5 3.5 3.2
153 A 10 10 8 8 8
¥ JE 7 8 45 17 18
FLERAIEE 89 97 94 87 99
S Al R 98 106 104 100 108
TSk i A 60 53 63 50 56

3.1.2 HETALIE

B K PUAC B 20 3.1.1 P3RS IR AR #4173 — AL BE . i T &Rl R
AN EREAA—FEANER —RH, HEESHBERE S, 2% &5 1 2
RIEARB R, —BAELT, XM EHATIH AR, XA ST s
HHAZ RIS ATEUE 2 DR — WU E- LXK R A, 0F BN R R IE S L i
NTEENIRIER, EEAMUE R BB St , T Hab4as 1 8L (1) 52 S i [A]
N5 AR H — A AR ER Y A 2

(X Xg)
” _(Xmax_xmin) (31)
A Xy F X SRR FEAR B MERI IR KA X FRFEARIA 8 x RoRFEAR GG
fH.
XREA KR EAT - 1L 1 AE AL B, FAACR AT LT A -
. _ 2(X_Xmin) _
f g A 1 (3.2)

2 PAME A A B AT T B A5 2 VAR, 0 PP A TR TR 7 i L 1%
FEKPME. B, EBEAR A, R E AT R E— 4, KR SEhREE. Tt
e

max

s A A AR A SR LS P R B RS T

X = (Xax = Ximin ) X+ X (3.3)

f :y—>x:%(xmax—xmm)y+%(xmax+xmin (3.4)

A B T B BAR N 975 ~ ¢247Tmm ;. BEJE DN 7 ~ 22.5mm K CSE N s BT IR
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=% LT PIO-RBF &M ZERIEL T FLHL L ZSET e A

BLE AN @76 ~ ¢250mm o 5 552 b 51 4 21 i B ik )3 — A AL B 2 5 10358 20 B 51 4%
T 3.2 iR,
£ 32— LEMERE

Tab. 3.2 Normalized Sample Set

A

e 1 2 3 4 5
IR AR -0.5930 -0.8837 -0.7093 -0.8837 -0.7093
Mk A2 -0.5038 -0.8797 -0.6992 -0.8797 -0.6241
LEARZ -0.5747 -0.8621 -0.6552 -0.8621 -0.6552
oA -1.0000 -1.0000 1.0000 -1.0000 1.0000
%t A 1.0000 1.0000 0 1.0000 1.0000
B R -0.8235 -0.8235 -0.8235 -0.8088 -0.8824
53R 1) 3B -0.5443 -0.8608 -0.7089 -0.8481 -0.6456
SR ) 3B -0.5385 -0.8580 -0.6331 -0.8462 -0.6450
TR 3K AT AP = -0.5775 -0.6901 -0.6901 -0.5775 -0.6761

3.1.3 EHP A

TR WS — R 2 BB GT , E B A EE R, K SEBR I DL K 2 A
e BEAR ORI Febn B AT B Al &, TR i — 2R BTG O HLRT I 25 & F b AN BOARJBLR (¥ 4
bro FT IR NBHRRAE R K TUARYE, X ABEE 31T PCA LB G, ATBRI& AL
g3 Z A BRI, B RPAE 2 [ AH S B BRI

E R T R R TR — R KRR I R AR T A BRI, e
LA e 4oy — AR R, X R AT B 445 3 — AN B (R B A R

PEX = (XXX, )5 Horg R N SRR, T PCA A8 HA:

Y =A"(X-X) (3.5)

Hr X = (X, %000 X) x}=ﬁzxu RS T A= (U Uyuy ) R X IR

%ﬁ@ZfEﬁXJQPFX]}@ﬁﬁﬁ¢%%ﬁﬁ&ﬁ@%%ﬁﬁﬁ%mﬁ&o

H PCA HAYy:
X" =AY (3.6)
i PCA ¥tz ), HEATHER 1Y B RE B SRR .
LA MATLAB Nsie-V-&, fEH] “pea” eRBOEATHIEFELELLEE, FAER 75 50
LU
[coeff,score,latent]=pca(train_x") (3.7)

A
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BT IR 22 20 () AL AL L 2S5 it ot

train x': 230 0 — AL B S I NI SR B E s s

coeff: TR/ REERE, WM HIERE, R RE i R EE X RS Bost LA
5 ZEF R 1 A SRR ) A4 R, coeff IR — BIARTR — ANRRAEAE BT % B (R AREAIE [7]
&=, HIRHEST7 200 B R B/ RFAEAA

score: ] PCA 4 Ja Mg B FE ke, R/hA X — 2

latent: HH s BIRHEZ A X B0 S W77 22 56 B R . AT AR HE BB L R
#(sum(latent)) (1 LB ANTE 1Z4E 5 B R 2D

¥ “pea” BREONIH— AL TR S M A REAR R BT SR B4R fS > Bdn B 28 0
T 3.3 firs

% 33PCA &M NEAE

Tab. 3.3 Input sample set after PCA processing

AR

55 1 2 3 4 5
IR 12 -1.1955 3.5035 3.6927 -11.9067 0.7901
M3k B 4% -9.5200 3.0062 2.9371 2.4830 -2.2070
2EARZ -0.9780 0.4947 0.3111 -0.5799 0.5995
oA -0.4198 1.2171 1.0979 -2.1328 0.8951
% 3t A -1.0841 0.2755 0.3146 -0.4311 -1.6824
B R -0.1116 -0.0357 -0.0405 -0.0204 -0.0361

3.1.4 IRBITNAE FE Fa b7
AR SCHEFE I RVEL 28 A LA L S H0m i) & T [0 () 8, ] DL i S s
B PR i 22 175 i oFe IR WSS B () TOOIUNE 52 o ARSI B VE AR PR AR B0 45 350 7 1R 22 (MSE) Y77
RRZERMSE). € RE(R?), 1X 3 BIPPNFRAREER /)N, AR IR 8 =
PR ZE R IR RTINS 5 B S E Z °F 5 8 R, MSE iR A T
MSE:%i(Yi —yi)2 (3.8)

b N RS YN BRI,y A AR B
Vo7 MR 22 A% B T 5 SR 2 IR &, RMSE fH32 77 A F
RMSE = +/MSE (3.9)
s BT PSR R RO B A R, LU 4 [0,1].

i(Yi —Yi )2
R’ =1-=2 (3.10)
Y-y, )

i=1
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=% JET PIO-RBF 2 MRl 4L 5 FLHL L 2 S E i g ik

3.2 R [E)E R B2 N 4%

3.2.1 REERHHEME TR

1% 0] 3 pR B 48 X 4% (Radial Basis Function Neural Network, RBF fH£2/4%), w] DA
e A N 7 (B ) I e e Bl it 381) — A B ] B K A R, AT SR IS R4 1 S ) S FS e a0
FEAT: 7] H55 pR) B3 IR 24 e A FH — o Joy B SOBD BRI B, 3l S 1 DR A % 22 0] X 4% i ) RT E
PEo A2 1) BRSO 2% 27 ST FEBR,  BEAE DUE DS B BEE I AT — B 22 R 2, B A M
—RAIEITRIE, AFAE R /AME, & T SR AR 25

FEXAELANEFN S RGN, BRI Z2 M2y BP 2% RBF M4%, MK
3.4 A DI, RBF M ML 7L — 877 20 T BP & M5 .

% 3.4 BP M %#= RBF M %3 b

Table 3.4 Comparison between BP Network and RBF Network

BP V2R % RBF 4% M %

& i@ FyEfig it
REALE: MIANGR@EHAMR;, REALE: AP SO EWNES;
B VR SN CE o g Fm Ak A
TR ZA IR E AA =N
SR plECEE A

RBFHI £ W 48 B A IR sm AR L MEUA 7, AT SEBAT R etk A7 ORI T, DR
NHFREMGE, FTUA%ESJWSCE R . BhAh, RBFMIZ W4 0R HAG 30 K =l 2 1k kb 2

o AT DU SR % 0, 5 B AT T G b R A AL TR AR OB, A R e
i
3.2.2 12 a1 £ iR B 22 P L5 4544

DEEHRE. DTELKER. M. fLEE DA, SHER. BEEIENIE ML
i, FLERIAIE . SARIRIEE . TSk iR AE M g i, FC IR EAR Fh 25 4 an 1513.2
F7Rs

m}*
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TR 2] 1 R T AL L Z S8 7T

______ | r— |_ - T T T

s b |

szER 4.%| JL K1 |
T ,

TEkER —».@L/ WX — |

) \//% \\\ 4\"—" — dEE |

-

3:——}%>:—- st |
: a
-

|
2
o

WAE REE HWHE

3.2 RBFAP 2 M % 2t 7 & )
Fig. 3.2 schematic diagram of RBF neural network structure

BURZRINZ o PR R IR — 1 5 DLE AR K 7 sCse Bl 1A 2 10 Bodls 1%
®, WREm .

FRRERRTE. EREET, ami SR SRR R 8, xR BT LR
AR RS 4E R AL, n] DA BB ATV E R A2 ) e 4 20l T A 2t AT o A A R . AL
AR [ 2 iR O R T R A RECRIE AN

a(X-4;)=exp{JB%:§J} (3.11)

o

R X =X, %, % ] C FoR R TR & e 55 1 AN e O h b i, 1% R SR i
LFESREI MM TELMMAZHE TN 02E, BC=[C,C,C];
IX=C|| 8 X BIC, MERIREE B o Jyr g Sy 22 . e iy A
yi =2 WR(X-C)) (3.12)

S | AT R O BUE BN S IL T S S BN, w, ke s BT
I T AR RS | AL 0 2 ] ) A
323 EEERHMEE LRI

RBF 122 [ 48 LM it Xt S RE A AR RE I, R 21 i BT & RBF 122
SRAHBOT P E BN - H . REEI RS EIER D A BRETAESH .
OE 728 (BRI Ry J2 Bl 2 2 8] B U

(1) FRZ% (R BEZ 9 RS AN DG X 2% 1 T SRR 2R, SR REma X 2% (Fiz AL TR e
FHRE R ABE KN, FEERMEUR:; FREETARAKRE, Wil
FERLE, AT RZME R 28 (A3 T RE -

QREFEHOAMEREFIRELZ. FREROHOMEIEEAS, MR
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=% LT PIO-RBF &M ZERIEL T FLHL L ZSET e A

MBS R, T ELANR TN R AT A
(B E LI B [ AR SR 2y RN e /i — AN BRI R . A /N,
AR e R 1 5 T 9 S ORI, TS A3 I 45 FRZ AL e ) R T
(4)REE A4 2 2 8] B AL R 2 G 3R B AN WU ORI B R
Zia i, MH k-means 287775, R ERIREE 2RI AR R R EH PO R R
c, FIE S B R R BN T LSR5, KHRIRIE TR k BME R LRSI 0
mim*ﬁﬁE,HW%ﬁﬁﬁﬁ%%&ﬁ FH 3R a5 1) B AR g i b 4R A% 1) R R
o, AR R RS 0K E 2 ARSI B /ME . k-means B2
SVE VRGN BN,
(DBEALHL K E % B & 25 AR a0 K& e, (0), (j=12,--a). ¥ 1%
B(0) Mz B bR B R EAE €
QTS AT ARG RS, JER T AR r(1<sr<a);
d; (®) =[x (t)-c¢; (t-1) (3.13)
dy, (t)=mind,; (t)=d,(t) (3.14)
o, r PR x(t) 50 (t—1) 2 IR B K B BT AU
3) A EE L

¢, (t)=c;(t-1) , (j=12,a Hj=r) (3.15)
¢, (t)=c, (t=1)+B(t)[ x(t)-c, (t-1)] (3.16)
(WIEIES 2R 50)
t
t4l)=—nrt 3.1
A1) 1+int(t/a) G

B(O) NS, —M0< B(t)<1, int()FRBUEEE, LA B & T AT 15
KIAEEH O REM S D] H,

(5)?*%%(2)@%?#/\&21& p(p=L2--P)ESIE, HZEWHLREHFKE
J= ZJp<gjjJJ: XK LE
33%$HOMWW%H%DMEiL4

SR RBF #4 W2 AT PO M2 216877, et i s I/ T ] 3% 52 R B 7E AT PRI
(] N IL S —ERGE . K RBF 2 28 1570 () 4% O ) @ 2 1 '€ RBF %EF?XH?% SYAVSES
WS, OREHERSEN SR POE. R TERE, LA AT R 4 AL
HFTH ] USHOBEA G, ANMUFE RBF #0248 W28 R A B A%, T B
i RBF #& W2 ERITLE, 2 HREYR RS G R R K, @i B
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BRI TR AL UL L Z S Bt i

HSPESIYIAT 9 AR I — R BENLOCAL S, Bl nmCREIE A . BRI Al . AR IR Ab 55
ARE A A A A R R . RERBRSERD . 5T B, BHMBHAE
B EARR T, S AR BRI R AL A AR AR SIA L RBF 4
PIgg It 52 (SR FMERZ S = A AR E .
3.3.1 BRI T

TERBF#HZ W 25 (1) 57 S SEVE T, W BEIEAERES R I3 S8l 2 FE ek Y
oy, J57E (BEED. RS2 St 2 Z B FERPUE .. KM ASHEIL 1k (Pigeon-Inspired
Optimization,PIO) LR X 3N S E AT LA BT

RORFARAL 2 — s R e RE AR AL B0E, eI 1 RS T I H 8T . ZEPERE DT IHI,
A EEAS TR S A B AR T B RE LA S, RO RF AL SR AN DU SR A Wi Sl
HAEFE RO B N n gz il e A 1) jE0Y, Az kb, AR BL07 7Y 7 5 S R ()
AN BT A B H R TR H AR I S B R PR AR R AR R A R
WARSE T, IR AR S A R KR S KA A bR R SR = AR 4

BT RS REOCAC AT o R — R UL Y AT I AN B IR A AL, T BLAE 2 4
fE R KIS, B RS T R R AN B AR B R, HeaRia T

Vo =Voe ™ 4 rand (X g — X{7) (3.18)

X =xRtpyh (3.19)

e Vo AEX 20 s m RS 7 Hs SR A
| AR
LB X, =X Xizooor Xna] s
ARV, = [V Vi Vs ] 5
rand (-) B #0090 ~ LA — N RERLEL
R OyHbRER %, FHHEUETEE N0 ~1;
X TUOREE T A FAE | =L EAC R AL E
X et NEESIS T 200 F, LG AN TS, Rl R E. B
FIIE IR B E AR EBOL B P 5 B B e KAERS, BORTt 24 1k, B AN HibR 3 4k 2kis
7o
PR, AR AL B LR W L & T X b A B AN SR I8 25 H 1R 3 )
91, MIM&EFE. FULSHE R H S bE & — kR 172, BARK A B 5 s
2N
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=% LT PIO-RBF &M ZERIEL T FLHL L ZSET e A

|
M:%% (3.20)
Nl—l
d Xl—lf Xl—l
Xit= “1&4(q) (3.21)
d
X, =Xy +rand (X F =X, ?) (3.22)

b NS | RS S TR

F () A3k B 4

X, 2R BRSO OB B, AN
S0 BT B 2 A KA R I B 5 T 5 (DU B, AR
RS P& S B RO TR R

l m
Ay 525
j=1

A, Y NG AR, oy, N A SEbR A, A N EBON .
3.3.2 PIO-RBF & MLZ1RELTE

ISR RS A SR RBF A 25 [ o L B Bt ZEFOBUE, LR EL
FILEN L ESH TR . BARRS R AR T

AYR 1 WlUEtk RBF #1228 450 DL K S 4

U EL n AN B A AE NS, VIR E ML e 4ch, RBFFIH O S
Hoo bRitEZE DL RS .

IR AFPIMASEE A AFREN, 52002 N 25 B 2R 72 DL R B
Rk, E ISRz B Hos V3 — i) 7 ik S H0EAT TAb 3 Z50,1]

A3 WA EECE N MEFRELER D . 8R4 kAR T, At b
TIEARET, S B AMRALE X FEFEV , H SRR 58 N (.

LBRA: TEfR R AN FIEARIM B, R A 303 18)~2 (3. 19)% 55T A7 B A s
JEBHATIEIE, XA & S BEAE AT TH B, (5] IR f S A d A0 &5 SR AN A g st e AL 46 2R
BEATEERD, AR A BR R A IR, RS, WHATBIES, R
&, AT R4,

RS (EHBRE PR B, XRSEEEAT AR TR, DT R (K R X L
FRATHET, EEAMEHRE RS, IEREEZER 205 T A5, 855N 1S
AP AROAT B TR, FRARHE A (3200~ A (B 22) 0 Tl R RS T IO AL E BT, RIS XA
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BRI TR AL UL L Z S Bt i

(K3 S e A VA B B A B R AT ST, ST e 750 B bR B 72 AR TR, SRl 12 T A
T 8Re, I, [P IRS,

BIR6: KEHABEIRARBFME M 24, THE T2 S8 INME .

AT A KG24)~A KG9 EHRBEM K bc « T o BRERE
By )2 (A A IERAUE wy o RS 77 :08:

Aw, (1) =7, (Y; -y )R (3.24)
Ao, (t)=1n, W;(:) jzm;(vij —y )IX —c|' R (3.25)
A (t)=n, W;;ﬁﬁ”i(n—mnx—cinz R (3.26)
w; (t+1) = w, (t)+7,Aw, (1) (3.27)
Ao (t)=o,(t)+m,A0 (1) (3.28)
G (t+1) =c, (t)+17,A¢ (1) (3.29)

SPIR 8: 25YrE. MR (3.19) IR AEE LR A5 £ Rk B 2 1k RBF RH8%
U[Ié}\o
IR 3.3 Fix.

RBF3REZRLENH 1L

E RSB B S B LU B AN IR L
A EXFOREV

;

RiEmT ETEMSFHOLEMEE ‘

!

| HHSFEREHEHEREMT | BORFRE T oG,
R, ME

R .
R

EEHE O
R o) }/j’“ A sl
SR O @Ok < A SR
EERE 0L, A LEE
=g e

FMFRE T EMSTFHUE

l

‘ HHENEHEAEN BT ‘

B 3.3 PIO-RBF 49| 4k 742 B

Fig.3.3 PIO-RBF network training flow chart
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H=F FET PIO-RBF PPZ W 2 RHEL 77 FLAL L 2 2R ptill e 48

333 HEMR

Sha BN EARE T B A B B T AR Y3040 189 H s, At AR
B H AR N $105~ ¢235mm , EEJE N T ~16mm LN E, FTH TR HERZE A
#100 ~ p219mm . M FEAE 3 b BE AL EY 148 H AR 1R vl 2k dm 48, H T RBF#I &
W2 AT A, g BT B 39 Bl VR A B e, 96 U P A ASE 2R ) T A M A A 2
PEo I 33 07 R ZE RN SRR A ) H 5 2R R AT DA, 13,430 RPIO-RBF# &2 M 25 418 4,
e (7R %) A2k, o B AT RS BOE 2000k 4 fei& T AR, HAR
KRR

40

T

30

25

20

mse

15

ol
N

5 1 . 1 . 1 . 1 . 1
100 200 300 400 500

[=}

batch-size

& 3.4 PIO-RBF ) 247 % o 3 #h 2%,
Fig.3.4 PIO-RBF network training flow chart
FEOTEIIRE S, PIO-RBF 48 [ 25 15 R0 b ) S 4O B AN 3R 3. 4P . iSESRLVA T aY
BEECH N =30, hEIAFER AR IR T, =90, bR TIA R T, =15, i
R R=0.3, BAHKIIZERIKREAS000K, JIZRHFRH0.0001, PIO-RBFAH £ /] 45
) H A R 8 i A  TRUIME 5 SE BRE FIMSE
% 34PIO HEAHRE

Tab 3.4 Parameter Settings of PIO Algorithm

j g ] ~% i /‘\’é: ‘\ < ,
sapgn  |EFEARETRMIRETAR wmms | Rxnsns | nsntak
N A N
30 90 15 0.3 500 0.0001

XETF AL, R FEAR X R ZE A P Al AR

E. =i =¥ 1000 (3.30)
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X,y RFEARMEME, Y, R FAE .

Hyitt—BAUESE EIASEHIY PIO-RBF M2 TR A 2, #H 55T K-means
RREERET) RBF SR T LR . TR 4s R0 ZHIH RIS O e, 1852 br )
Hd R R A LT N E VIR R R PO AT e AR R R R, Al he
SHBA D RBR G e RmA R EME, JFHAEREEE WK, s s
Riho FEZRMGESMSIS, UERBHCH 3 1, SUREE, BRSGMSHRE R 3.5
Fr7R

% 3.5RBF A M AKX E
Tab 3.5 Structural parameter setting of RBF model
PN T i b e R EH RRINGAS | VNG BIREE

6 3 3 500 0.0001

FIHE TR 250 M) RBF #1445 . PIO-RBF #1245 il 4L AR R BE . SR A]
BE TOUSk A B AT TOUIN 30 Ot T £ SRR SR A R B A AT, R4S P AR
BUNAELHRIAIPE . SARIEEE . DEKT SR T R s 3.5 s, fExT Rz EmE 3.6
PR

240 | —=— SCE
—-&— PIO-RBF
- ¥ - RBF
YYVYVYYY
210 B 1
! *
g
E 180
il
o
=
2
S 150 |
-]
-
120 v
YYYVYYEV VY rr v VY YRRy Yy
90

0o 5 10 15 20 25 30 35 40
GG

(a) SLAR ] 38 70 o 24

(a) Prediction curve of roller spacing
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240 —=— SCHE
--#-- PIO-RBF
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Fig. 3.5Prediction results of roller spacing, guide plate spacing and plug protrusion of different models.
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Tab.3.6 Comparison of prediction results

SR A HAHRRE | LT | kR R
k£

5L3% 18] 3B RBF 22.2362 22.2007 0.7163
PIO-RBF 3.2633 2.6433 0.9939

SR 18] 3B RBF 16.3931 16.3360 0.8653
PIO-RBF 3.3207 2.7673 0.9945

MkATiP= | RBF 155.5544 155.5281 | <0
PIO-RBF 53197 49154 0.9872

Kl 3.5 1 3.6 i HA5 RN, Prde ) PIO-RBF AU T-4LAR AT EE . SARIANEE 2
TSk Ao 60 U000 489 B A R v RO TOEORS B2, G AL 1) R T 48 SR P I AR HR 2 0 2.20%
SRR PR TR £ ST A SR ZE N 2.32%, TSk AR R TN 45 ST A SR ZE N 8.61%.

% 3.6 4 PIO-RBF #5755 38 T 5S40 47 1) RBF 441 26 [0 £ 455 50 75 R 52 AR AR KBRS
BTt 22 PR 2 5 90E REC I LLEL, Seiegi R, ST REH
(] RBF #H& /25 AH L, PIO-RBF 48 [ 25 15010 FLAT S5 4 1) Tl P8 e R s v () PRS2,
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RS S dthipi 2 TRE R 2.
3.5 INGS

FEXF RBF 42 48 J5 B AN 52 2) FLHE R JT TIR AR S Z e, A sS4
RBF £ 2% i i s g o ok . SR8 [ B AT S BUE, IF @358 T PIO-RBF i
ZMERELF N L ZS B  Sepl 07 1R, MET 2T RRD i RBF
MMM, Frif i PIO-RBF fi&e Mg iR B RARHER BN AG R, LS8
DAXSIRZELIAE 9% AN . AIEA P HI A AN S M L ES48, Sllmk. miE
GEYaan
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BT ETREHZMZREL I T ZSHITNER

BT RBF M4 M%)E T ZEMAEML, W —8E IR Rk Lz LRE A e —
SE I JRIBR o TR JBE 27 2 J5 R I A SR 48 3o K 1 52 e - B A AR e 1 SR 1) — ol e P 3%
AR IR N T Be A S E BRI 7330 2 — o TR FE 2R I 48 AN AN XS e 7 A5 AR e 1 410
WIVERT, Xt 2% B B Rk th A IR I O Ab FE KR HLARRE 24 I R D . IRIb A 22 R
TR FE 22 N 2 Bk 4 SRR I R L R ELF S L2 S8 a s, Jea & Mt E
FREE T B2 (Mini-batch Gradient Descent, &l MBGD) 1 Adam A6 52K S 7Y
(RORE B2 R 2R3
4.1 REREMENESEHE
4.1.1 REHE 4251

TR #2225 (Deep Neural Networks, DNN)s&— 28 DURKIHL YRl 7 A 5 2 B
FIEMEMN SR, DNN D& 22 RIS R, FIHRZE R At isE AT R 2%
21, AR 4R T 2 TR AR EE A R R AN T B R R AR Y SAE M TR AL, K R4y
RN=Ear WANE BEE W)=, WK 4.1 Pos.

B 4.1 K FEAY R A2 A B K 4EH)

Fig 4.1 Basic Structure of Deep Neural Network Model
T VZRETAME IR, H AT H Rk 75 @ DA E.2) s,

ji

zl = Zn:w'. a' +b (4.1)
g =o(z) (4.2)
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X, ny DNN HI-1EM#HE0ML W NEESI-LENSE i MMEcE$ 2
I3 j ANE TG M FEERCEE, a N2 i ME N, b oA ER
BiMETMANRE, o AF [ERNE, o) BRBUE R AT Z
B EKH Relu B, i 2R A sigmoid BRI%E
4.1.2 NEEHEE TFEE

FEHAT IR FERR A N 28 IR, I ZREE IR — RRER LUK . FEAR R FE T B 5
T, B UORRER T ERE NG E EBREE, X R KRBT R R B
bz Ah, AR GRE P BER A AR ZI0R, AT B SioR 2 KB, 1 H.,
B bR R B AE 2 A R I /AME R, ARS8 BE T B RE R 5 BN R B /NME . Mini-
batch #JE TFELRE TALGHEE T B S BENUEE T RErIt s, XBEREOREE T BEHLER
S BRI, SR I 25 B B AR

FEIRFERR A W 2 Sk b, Oy 1A F00 4 H A AN B SE(EDBR B3, SO R A3 7 iR 2%
PR RE, £RA:

MSE (6) = %i(yi _x) 4.3)
i 0 FR AR P G E R,y FoRBUNGRIME, | RS, x %R

HirME. AT SRS R B MSE &/ 018, KBS E T kAR
0" =" — v, MSE (0<”) ) (4.4)

Horbn N5 o1%, FoRBFIGERIEK; vV, MSE(0) FRsHh R A & 5 2% k4.
FERRUCE A RE T BEALIE B A/ NMIEREAS, I IRYE @4 A AR E, H
PR FEAUIZRSE . /DLEBEHUEEEE T R DA 4.2 FroR .
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Fig 4.2 Flow chart of small batch random gradient descent

4.1.3 REMEZMEL R EEEEE

FER M M 28 Sk, RO 9 2R = B8 5 B AR BUESE T X E, 35 3R
ZA R BT R, O AT NAERIE, RERIAEFRRRANE, X &ER
CEE R (i B AR R, DT IA 2038 2 7] AT HEAT S 1) AL BRI H 1, i e 52008 1% 22 3R 4T
THE R PR 22 /2 11k BIBOE I EOR . I 51 NI T7 1R Z2 45 2% bR B8O I 2R A 1) 5 L
PR BEATVRAL 01 UG th B SE Belr sl , Lk s ue L h
)

J(w,b) = 19—y (4.5)

N | —

A I (w,b) AR AR R, § AR FNME,  y RRAEASEERE, m kA
o SIAERRE H TR — AR R E I (w,b) S MERIw. b o

42 ZRMELFAN I ZSHREHE M ETNEREE

WR4E AR L SLRONLE RS S e i R b, WE R LT AN L ES B
L SERRIAI AN TG AT R A Oy N R e Y, B E EAR. BRLER. TEkER.
A, BER. AR DHEABOVE R B, e 6 MR 3 e ROIR AR
LM LR TR o SR EAN ) o SR B e 1) 2 7 Bl o AL 28 UL I L S Rt AT A
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TR o R TR B 0 D 28 1D 5 R ME AR K LA P, AT 5 2 B8 22 10 0l Sk e ot 411
BRI FERAEN 1093 HBEA T FENIEHR 993 AN AR MYIZREE, 100 4k
ARAERTREE . X FEGESIEIATIH— (b AbH, FRA PCA FALRBERE AN SRR E 2
[T AE DG o BT A9 SR IR 2500 4R X130 7 2 R IR 4.1 BT

K 4.1 35 T 2 AB 5 AR

Tab. 4.1 Composition of some experimental data sets

T2 A B BE=A AN A
EWERA 85 110 110 185 247
Tk 542 65 87 75 165 103
BEHR 89 114 115 194 249
H CHEAA 3.2 3.2 3.2 3.2 3.2
153 A 10 10 10 10 10
BEJE 10 12 18 13 71
FLER A EE 74 97 97 167 220
SR AR 82 106 107 184 238
Tk i A & 53 53 50 75 127

AL PR T B EHARN 976 ~ g24Tmm ;s BEJE N 4 ~ 72mm (R8N it KRR
B2 N @75~ g247mm .

IREEFRZ WS AE B R, AETZHFENTREMBESH, HPREEEL.
faE =T m s BRI, %, BRI SRR Re  VIAEOC, Ak
(1126 5 e B AR B S50 #E AT BRHIE
42.1 FEHENEEHK

W E e A S5, BT R 4.2 Bt b T AR FIRREE BT R 1 e
fabr. WITERITTIRZE (MSE). “FI4axt i 4riR2E (MAPE) PANFE & 5 iExT T
B RS FE AT RS . MR B 2 BB BOE — MR, fEUL RN EaRdsg n . @i b
BOZIN SR (1 Be AR AR, SR BEPERE TR bR B CE P R B 2 22
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& 42 KR [ &Pt g 6942 A M Ak 45 4T

Tab.4.2 Model performance indicators corresponding to different hidden layers

[REY-P=F 4 MAPE MSE
2 5.57 0.0903
3 3.30 0.0524
4 425 0.0754
5 6.63 0.0972
6 6.61 0.1056
7 7.92 0.0777
8 7.69 0.0724
9 10.07 0.0937

RIER 4.2 7750, BIRIVERRAERS S 22800 3 hifE, k& RS2 E S,
AR IR A 2 . HE G EBINARKE, WRELEE, MERE S = Ed
B ) UL 2 IR I AESE, OB U Sl oz
422 REEWHE TN

BB = R R A AT e 2 IR LA L, R, WER RS Z i1 Al
HEd LRSI REMA . £ L P eSS ZEEECN3E, BT
ERANREZ R N TSRS E S, RSB S, BE
HUMWANES E R ks — ERENTT A8E, GheEbe % =27 54
KR Z B S, DU SRHER, K TT iR E (MSE) . SFI4 X | ik 2

(MAPE) WA ST EAE RS0 P e AR B2 (R brite, RO PEREFRbRoxs b g R N &
4.3 Fass
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& A3 AR e & AT 5 69 82 AL M Ak 45 A

Tab 4.3 Model performance indicators corresponding to different hidden nodes

fes & B4 | &% &4 | MAPE MSE
(%ILE) 2 A

1 5 7.22 0.1044
1 10 3.47 0.0610
1 20 4.67 0.0791
1 30 5.68 0.0811
1 40 6.04 0.0987
1 50 8.05 0.1256
2 5 7.44 0.1249
2 10 9.14 0.0944
2 20 7.01 0.0707
2 30 5.67 0.0864
2 40 4.01 0.0664
2 50 9.17 0.0894
3 5 9.60 0.1891
3 10 6.11 0.0988
3 20 5.31 0.0841
3 30 4.33 0.0683
3 40 6.32 0.0845
3 50 7.87 0.1095

AR 4.3 PIRIGXT LA RT3, HARBE BT R ERE, SEVER L. 228
— 2 SECN 10, B EAAEEON 40, RN SECN 30, AR R TR A A
4.2.3 Adam fLILE X

FEIRFERRZ M2 T, T W EHNE 2, S8R R L% RIZRE 2 BN R /N
ML S O T ISR AR LR ACR, RS E 377 Momentum 5 H & R
21 F M) Adam AL TN 2% OBREE TR . Adam 2 —FhBEHL H bR e 20— B
FERACT I, DMK B & RIAE A T 92kl (I8 AS B 7w, Btiisk
D, MR

Adam FER TR EFE 2 P25 750 B BERIME (—BvEED) A7 2 (D
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HATAS R, NTTZA A R S B M i B G R 22 ) 8], HEBSH0h . Y &R
a, —HrHEMITREBEERE L, ZHEMITRR B ERE L, W
B, =09, B,=0999. HAEELT:
IR VIS5 e, —MHEEEm,, T EyY,, DERNEPKt=0.
IR 2: t=t+1, TFECEZIm ANFEARTERL A

1
gﬁ—av%Equu#L)m) (4.6)

X
(f(X:6), ;) Rt E 25 1 it ek 4
L(f(X:64),Y,) Rt 4 o 2 (R AR BRI £
AW 3 R WP AR A

m;, < ﬂl.mt—l + (1_ ﬂ1 )'gt (4-7)
IR 4. TFEA R PG T
Vp < B, Vi, t (1_ B, )'gt2 (4.8)
WIS FEABTE M R
A mt
me < Ty 4.9)
IR 6: THEABIE M2
A Vt
Vi < 7 (4.10)
W T HESEE
68 -am (i +2) @.11)

Xf: a NERZEAR, & NN
Adam SR ZRAP 4 R A & 4.3 PR .
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Fig 4.3 Adam algorithm training flow chart

4.2.4 BT Adam M EEHIR B HE R L& TUNAR R

FEVIZRIR FEAR A 25 I, YNSRI BIE B # LR . 0 TR Gebh 2 T B Bk
FUGERIBE T BN IIGEAE BB, FHFEIWFEZ MBI, S R
AT EIEE 2AEFIUR, GRS A, M ERREBUREZ AR
HIMART, AL SRR T B SRR 2 B N R B b /IME

DNk B e, SR /N R R R R B, TR FE A TR Sy VA M R Y
Rz —o AT HEEBRANGIREMEM L%, KA MBGD fl Adam FiE45 G182 IEHHE
ftith. MBGD RTERJGEARF, #HMKAN g m B ZR R BN H — A NMitE, A5
XA /M E R EBRRE, Adam BEE 1830 20735 J5 A5 T X 28 156 FE IR 3 (i (—
BYHEFI TG ZE( B E), LA R S B (A N i) B 3G R 2 2] %658, K R E S
20K, —HEMATFRECERE B, MR T IFRECECR B, EEE B =09,
B, =0.999 . MBGD Hl Adam FH&5 & IR IRAR IR 4.4 FTR .
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# 4.4 MBGD 1 Adam H- k4025 409742

Tab. 4.4Process of Combination of MBGD and Adam Algorithm

MBGD #= Adam f k4 S 9 AL ik £ % kAN ik K09 237

N NEED={(x, V)W, FIFEy, EETORKTALEL B ¢ ARTFHIE
YA VONCE &

Wl FI5%w b

1: B AW b AKX —N4ETEM=0, —M4ETFv=0, AEHEFKkt=0.
2: MK E A hE. D':{(xi,yi)}i”lch

1 1
3. t=t+1 B, HE A 5w<—WVWZJ(W:b)’ o %WvaJ(W,b)?

4 PHA—WsatEit: M, < B -m+(1-5)-6,, m <« f-m +(1-4)-6;
5. PHABoMhaEEt: Vo B Vy+t(1-5,) 00 V< BV, +(1-5,) 6

" > 2. M <« M, M <« m, 5
6: E—FARfhz: MW o0 M T o
S E —Wraets £ Vi < AT R
7o BRI Z T T T T pe

R AF WeW—p b by
\/W-i-é‘ \/E-i-&‘
Until 3A 213 .k % 4
KR FE 22 X 25 BB 8 7 512K SGD+ Momentum. RMSprop 1 Adam PU-/ MLk B
BEATII S, 45 RMSprop Al Adam ELA RUAFIIRUR . TR E ARG (L7 i, X L
%F RMSprop Al Adam LALLM 1 HE SO0 U s, A Husikga g5 R an T~ 3% 4.5 P
% 4.5 BARANAEA TN T E 2 F 3tk

[ee]

Tab. 4.5 Comparison of Correct Rates under Prediction of Various Optimization Models

AL & UIFENE SR E S
53R ] 3B FARMEFE | TR kAT &
% MBGD+Adam(i% 4X.1000) 97.80% 95.90% 65%
MBGD+Adam(i% £X.10000) 99.35% 97.50% 74.70%
MBGD-+RMSprop(i% 4% 1000) 95.35% 93.80% 68.15%
MBGD-+RMSprop(i% 4X.2000) 99.35% 96.94% 71.41%

HR 457 W, FEIEAINZR 1000 XIIFHL T, 13 MBGD M Adam &5 SRR,
HIEMRE . mH, MR8 2000 KAEDL T, RMSprop Hk 2 ] SRR
AR Adam oAb E . EL, 78 MBGD M Adam f0ALEERER R, HolkeSlok & 5 b,
F RO N L
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Fig. 4.4 Prediction results of roller spacing, guide plate spacing and plug protrusion.
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VR FETIREE A N RL L 7 FLHL L S S B i
0.9925%, SR E]EE T 25 B PG R ZE A 1.0999%, TSk B {8 & T 45 572 AH X
WREEN 4.8015%.

K 4.6 tF AR 5 AR A 2 Rtk

Tab. 4.6 Comparison of results between traditional model and prediction model

Model TZ23%5 RMSE% MAE% R-Square BATH[RI(s)
LA ) §B 2.8505 2.2690 0.8995
HopAEA F AR 1] B 3.1700 1.8938 0.9696 —
Tk AT fb = 49.0102 34.4652 <0
FLER ) 3B 22.2362 22.2007 0.7163
RBF FAR 18] FE 16.3931 16.3360 0.8653 28.3641
Tk ATAP 2 | 155.5544 155.5281 <0
FLER ) B 3.2633 2.6433 0.9939
P10-RBF SR 18] BB 3.3207 2.7673 0.9945 97.7221
TR Sk AT = 5.3197 49154 0.9872
L3R 4] 36 1.2816 2.6433 0.9847
R AP % P 24 SR 18] BB 1.9330 2.7673 0.9907 8.5741
TR Sk AT = 9.5521 4.9154 0.8989

4.6 LB TEHAE G AR RBF #EMZEEEAL. PIO-RBF 145 [0 265 55 4 AT
JEE A 28 0] 2 A5 R0 45 380 1 TR0 45 SR S BRI AT I B] o AR ER &5 SR AT DUR Y, BRI AL
g0 o8 FCUT R B FL R TA) PEFD AR AT R ) R Z2 N, B TR R A S RO T A 504,
FH H ISk mr & v 5 A XA 7 LR A BE A AR A BE T AR, R AN T2 S
IR G R RER, ArfhE T N RREZEZ R, R R E L PIO-RBF 4L
IREEARZE 25 72 o T PIO-RBF 5125 [0 28 455 R ARV 5 4 45 o 24 A 28 B SR A FOLi 5% 22 7 THI
MHZEARE, HMNFEERENISATR A LE, RS M 45 1 45/ g 47 i a4 1
RBF #£: 4% 1 PIO-RBF #H£ M 4%%, FRITH TEL N . #usdREH, ETIRE
PREE X 285 (1) T 2 EUINASE B 1 e T % R ES# A5 AR PIO-RBF 48 I 25 55 40
4.4 N

AR FESE P TIRFEph 2 P 2% R RHEL 27 AL T2 S E s A . A R fE s 4
W& T 2S8R, DN ERE BN R 255 Adam SR FIVERHATHE B A T2
1k, RAINZRIESE, 5ok 2 82 2% BT JA BN ARG RE, AR Se Sk a5 /KW,
AN L ES BRI W 28 A5 RS T 5 S s Le s, T 22 20 il A % 22
BITE 5% VA o NI UE B 1 P A5 A e b SC IR AL T 2 S 300 ok FE T, - mT FH T4
S,
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FhE R F AN L ESHIN AT R

FHE RELFANIZSHMNFEF 4

WaE (S B HORI KR, B ReMiE i ANLAE BAME BT R & ik . 5,

T IS AL #5272 AT R e A, AT SRR R ANLZ B, X PR e db A AL
AEE AT AR KR S A = e &, kG R s e S 4 . A, (5 BT
AR AT DSR4 B I a0 AN B AR R, T A HBIR 25 TR . AR E I R TS
2N ERELZE LR T R R TR S A SR s (R = i 7L, R T — R TIR
JEM A M2 KR AL L2 Sk R4t
5.1 FEALIE

MATLAB & — 3 12 [ MathWorks 2> @] ] () F T~ A0 BB} M AR il R R T SREAL
BB, EAERENSEAN{E. MATLAB EHRZM S RRHMZ LT
BT, MBS THHRE R, R Z SR I6e, BlansUE 5.

Bl BRI, MANERMERE R R EE, LI B PR SEIL R IR K T AT
%, EIAemA. ANUF AL, PSR SRS K TG T+ T H . 3¢
BRCSISH MATLAB ¥ GUI P 6K 1 2 s AR R G, 0 20 Al A T LA 252 1)
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