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1. Research Background — steel is a Key Driver of the World's Economy
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1. Research Background — china is the Largest Steel Producer

% China has been the largest steel producer in the world for the last twenty
consecutive years

% In 2020, China's steel output has reached 1.05 billion tons, accounting for
56.5 percent of the world's steel output

% Steel industry has been one of the pillar industries in China’s national
economy

World Steel Production China's industrial output ratio

Steel 11.7%
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1. Research Background — steel Production Process

Features: continuous and discrete production, huge devices, high-temperature
operations, massive consumption of energy and resource.
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1. Research Background — challenges Faced by Steel Industry
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1. Research Background — Analytics and Optimization in Steel Industry
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2. System Modeling and Optimization Method

> New Characteristics

® Complex physical and chemical processes
® Large variety and low volume products

® Complicated logistics structure

Complicated Large Variety and Huge Chemical Complicated
Production Process Low Volume Equipment Logistics Structure
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2. System Modeling and Optimization Method — system Modeling
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2. System Modeling and Optimization Method — system Modeling

Set-Packing modeling

% The problem is transformed into the ' ' ' ' ' ' ' '
timizati binati f Itipl
patch schemes of jobs, and the set. | W W W W W W W

Widtha

Packing model is formulated; Cast 1 Cast 2 Cast 3

% A batch scheme of jobs is defined as
an element that includes the III

combination of jobs;

% The sub-problems are to describes the Batch 1 Batch 2 Batch 3
generation rules of batch schemes of UL ad el -
jObS; - - % : Batch

< Effectively reduce the number of scffeinec> i Phaivi
variables and constraints and improve | cast m [ ] [m] T
the solving efficiency of the model. m <

[ | < [ |
(e [a ][] [2][2] = [m]

L. Tang, G. Wang, Z. Chen. Integrated charge batching and casting width selection at Baosteel.

Operations Research, 2014, 62(4): 772-787.



2. System Modeling and Optimization Method — system Modeling

Space-time network flow modeling

< The space-time is discretized into Engineering perspective
grid and depicted based on
network graph. Each node
represents a location, each edge
indicates a crane's move between (space
two locations in a stage;

% The spatial location includes all
the locations in the storage area
and the entry, exit and initial
location of the crane;

% The scheduling of task sequence A~
is transformed into the allocation ) ® ® O ¢
of crane movement in stages, and | 1° J
an event-based space-time ™[ .
network model is established.
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Y. Yuan and L. Tang. Novel time-space network flow formulation and approximate dynamic programming approach for
the crane scheduling in a coil warehouse. European Journal of Operational Research, 2017, 262(2): 424-437.




2. System Modeling and Optimization Method — system Modeling

Continuous-time based modeling

% Continuous-time modeling allows Engineering perspective
tasks take place at any point in the oo
continuous domain of time, and |~ =, \ "
thus improve the accuracy and : : = / f
efficiency of modeling; r—

% Unit-specific event-based approach
is used for network-represented |wachine /

L)

Modeling perspective

N\
process, which allows batches to
. Machine 3 R e event2
merge/split.
. Machine 2 {:| ........ ................................
% This model needs fewer event
. g = . . Machi i Event] PRI Coonty 0 SRR
points describing beginning and |
end of events and has better e EE 5 4 5 Time
. Ord
computational performance. L1 e

Q. Guo, L. Tang, J. Liu, S. Zhao. Continuous-time formulation and differential evolution algorithm for an integrated

batching and scheduling problem in aluminium industry. International Journal of Production Research, 2020.



2. System Modeling and Optimization Method

Data Analytics and Optimization (DAO)

L. Tang, Y. Meng. Data analytics and optimization for smart industry. Frontiers of Engineering

Management, 2021, 8(2): 157-171.



2. System Modeling and Optimization Method — system Modeling

“ Mathematical modeling is used to formulate the identifiable and
guantifiable parts of the production, logistics and energy scheduling
problems. Meanwhile, data analytics supplements to the mathematical
model for constructing the parts that are hardly to model and forming
the parameters of the model.

r N r A
Mathematical Modeling Data Analytics
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s.1.
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ie0
Z Yw =1 for jeP
keO;
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X = z Y, for jeP, i,
! kO NR, v
Xy 0.1} forjeP. ic0), Complicated Model  Technological
. . i P d
kyw c {0, for jeP, keO,, ic O, A Rk) \ constraints arameter procedure )

L. Tang, Y. Meng. Data analytics and optimization for smart industry. Frontiers of Engineering

Management, 2021, 8(2): 157-171.



2. System Modeling and Optimization Method

““proving accuracy

Integer optimization Evolutionary learning
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$nhancing efficiency

L. Tang, Y. Meng. Data analytics and optimization for smart industry. Frontiers of Engineering

Management, 2021, 8(2): 157-171.



2. System Modeling and Optimization Method
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2. System Modeling and Optimization Method

Integer Optimization Methods and Improvement

- L <L <L J L

LR/Benders (OA) Outer Branch & Cut
Decomposition Approximation

Ny Ny

Vﬁg;t‘indge gg?gieinnq :%’ét‘:l_ Integrated problem of Crane scheduling
Problem making and continuous ship scheduling and MINLP problem in slab
casting production storage space allocation warehouse

Algorithmy - Branch & Price

=
-

' Multilayer i i Low !
Theory )i branching : i dimension i
' strategy ! DP

1 11 1 : | . N ) \ 1 : 1 : 1 :
' Multiple: 1 valid ' Variable ! i Multiple |} Quadratic | | Model 11 Valid 1 | Variable :
' cuts !!inequality; reduction; i linear cuts 11 cuts | 1 tightening 1 1inequality! ! reduction !

11 1 1 ! : : ! 1 11 11 1

Superior to traditional
Superior to traditional OA and commercial
Benders in performance optimization software

in performance

Superior to commercial
optimization software
CPLEX in performance

Superior to commercial
Effect optimization software
CPLEX in performance

% The proposed algorithms are superior to international best commercial solving
software in terms of solving time, precision and stability.
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2. System Modeling and Optimization Method

Integer Optimization — Brach & Price

% A Branch & Price approach based on
set packing model; Branch & Price

’:’ Discover the trapeZOidaI feature Of !jm Mixed Integer Programming > CPLEX I
the cost structure, and construct @ | 15" ccpe [,y s 2 5
new low-dimensional  dynamic [iZ2, [ s Fatining | oy | 2 |

. . . . >lsol space N 5 | o .
programming algorlthm’ which '.—_'..ig_'R‘.'.'_"..—_".(.—S_'P‘I.D.—)_".f;'.";'%f:'.i);'.fj.] v
overcomes the high-dimensional |1 cw=soce ., Sretio-e ol |3
feature of the conventional dynamic | [Ge)™ ool G5y [ 2! &
programming algorithm; | _ 108

] . : Programming S. | &

X PrOpOse d multl-layer branChlng . = ..__'_'..__"..__"..__"..__"..__"..__"T'_"..__".]_ "5

. | ) R:'I’T:t?gznl‘“’we% ranching tree Update Py !
strategy with sub-problem structure; | %% . orenehing ! "

Branching Ko Q'y

w
o
3 .
| s 3 |
RMP s s 4 :

. sl iy Branching g .
T
=,
(2]
()]

< For the first time, optimal solving of | | Optimal cast |
. plan :
P I

the same kind of problem is realized.

L. Tang, G. Wang, Z. Chen. Integrated charge batching and casting width selection at Baosteel.

Operations Research, 2014, 62(4): 772-787.



2. System Modeling and Optimization Method

Integer Optimization — Lagrangian Relaxation

% The coupling/complex constraint is relaxed into the objective function by Lagrangian
multiplier, thus decouple and decompose the full problem into several independent
sub-problems

> Decomposition: batch decoupling strategy; stage-based decomposition
> Dual problem solution: hybrid backward and forward dynamic programming;

Lagrangian Relaxation Algorithm

e :mlnzcjxj . . C _ = B =
= Multiplier relaxation Zuesc(4) _m‘“é"*:‘x; +§’11(1 ;ﬂa::x;)
sat{ ) azx; 21, i=12,---,m, st x; €{01},j=12,--,n,
=
A =0
ce{01}, j=12,,n.
Lower bound decomposition
z m solve subproblems _ minS N
Tuasc(A) = 2 d x5 + D Ay optimally Fanac(4) = mm,-za“d"lj +§if
J=1 i=1 .
{1: if d; <0 st x;€{0]},j=12,--n,
X = ) '
0, otherwise A=0.

L. Tang, H. Xuan, J. Liu. A new Lagrangian relaxation algorithm for hybrid flowshop scheduling to minimize total

weighted completion time. Computers & Operations Research, 2006, 33(11): 3344-3359. 20



2. System Modeling and Optimization Method

Benders Decomposition Algorithm Structure

Various Valid Inequalities

I
1
1
1
: Z Hij a Z Hij E Yirs <0
1
1

Convex hull of solutions

lower bound

Jel\{i} Je\{i'}

b Improving

Combinatorial Benders Cuts i

[
|
I
I
[
1 A_MILPLP
I
I
[
|
I

b Accelerating
MILP_CB := { v(A_MILP;p;) < UB—¢ | |CONVErgence

: Feasible Benders cut <
__________________________ |
__________________________ Integer Continuous
I I Varlable Variable
: Va I"ia ble Red uction : . L » Values of varlables
[ b Red udi ng Infeasible
I .
: V[MPk (IR)] > UB V[MPKLP (IR)] > UB : Sea I‘Ch Space Optimal Benders cut Feasible
I I | Values of dual variables

|

L. Tang, D. Sun and J. Liu. Integrated storage space allocation and ship scheduling problem in bulk cargo

terminals. IISE Transactions, 2016, 48(5): 428-439. (Featured Article)



2. System Modeling and Optimization Method

Outer Approximation(OA) Algorithm Structure

: Multi-generation Cuts |

i wx (5o s () () 1oy) b Accelerating NLP NLP |..| NLP

1 +(y“ )i -(A-x" +E-yfb) k e KFS : Convergence

: (/Il')f-(g(xk)+H-y)+(;.!k)TA(AAx”+E-y—b)£0 keKIS : \\ /
:ZZZZZZZZZZZZZZZZZZZZZZZZI MILP + MC

. Partial Surrogate Cuts B Tightening

(A [Hve Dwr g (i) 4 (v-v)<o | [lower bound

. Hybrid Strategy of OA and ¢ | R

| GBD | _ i mo oo

b e e e e e e ————— ' | Improving @ —

|= = =T mmssmmmmemmm s ~--7 | efficiency o T e

. Scaled Quadratic Cuts with t> o
. Multi-generation Cuts ° w

L. Su, L. Tang and I.E. Grossmann. Computational strategies for improved MINLP algorithms. Computers &

Chemical Engineering, 2015, 75: 40-48. 22



2. System Modeling and Optimization Method

Integer Optimization — Branch & Cut

% Branch & Cut developed; calo

. N . - w
< The model tightening technique T f; o
is proposed based on the WA
reformulation with compact lower ERYAE S
N 9
bOU nd , 136) ‘
. . . I ] k —_— - LR, Crane 1
% A serial of valid inequalities (e.g. T & e (R Ce
subtour elimination) to accelerate
. CPLEX B&C
the convergence of the algorithm; o time  Gap " time  numberof
SO
. . (s) (%) (s) t
% Variable reduction; B —
. . 2 82 123.225 0 82 73.586 10
 The algorlthm can solve the real 3 53,270 0o 92 5540 8
scale problems to optimal, and is BN 5000 o 432 73ssa i
. . 19 460 248.010 0 460 81.979 26
superior to CPLEX in performance. . . 3 a0 B
Avg 142.119 0 70.180 30

X. Cheng, L. Tang and P.M. Pardalos. A Branch-and-Cut algorithm for factory crane scheduling problem.

Journal of Global Optimization, 2015, 63(4): 729-755.



2. System Modeling and Optimization Method

( Computational Intelligent Optimization J
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Population based Algorithm

( h

¢ Independent of prior knowledge
*» Crossover, mutation operators

** Generate new individuals by

crossover & mutation operators
\. J

s =

Differential evolution, particle swarm

~

Neighborhood based Algorithm

( )

s Dependent of prior knowledge
¢ Neighborhood construction

¢ Generate new solution by

neighborhood
. J

E =

EEN EEE S S S S S S S S - E—,,

Tabu search, local search, annealing
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2. System Modeling and Optimization Method

Differential Evolution with An Individual-
Dependent Mechanism

Performance

Dimension of Benchmark Functions

Individual-Dependent

I |
|
| - | . Algorithms 10D 30-D 50-D
: Parameters Setting w Self-adaptive R A
| i i Y| allocation
, F =randn(—,0.1) CR, =randn(—,0.1)
|L NP NP : 1556401 +IDE -=DE1
T T T T T T T T T T T s e | & 1.45E+01
| Mutation Operator b Self-adaptive §1_255+01
: 1 & 1N 2] SeleCtlon % 1.15E+01
: > :WJ;[NXJ_W; f(Xj)J | T 1.05E+01
|
@ e e e e e e 9.50E+00
1 . : 0. E+00 1. E+05 2. E+0b 3. E+05
: Perturbations I Function Evaluations (FES)
| with Small Probability b Global / .
: X | search The experiment _
| d=L+rand(0,1)*(U -L) . demonstrates the algorithm'’s
| -
e | outstanding performance

L. Tang, Y. Dong and 1.Y. Liu. Differential evolution with an individual-dependent mechanism. TEEE

Transactions on Evolutionary Computation, 2015, 19(4): 560-574. ( ESI Highly Cited Paper)



2. System Modeling and Optimization Method

Improved Differential Evolution Algorithm

for Dynamic Scheduling Performance
:_________________________-i 290000
| - | . —e— PIDE
' Incremental Mechanism b Improving - e
! for Initial Population V| cfficiency E ey
| Generation : £
e e e e e e e e e e e e e e e e e e e e e e e - 1 245000
: Real-coded Matrix | T w s om s ow w

- Iteration

| Representation ' [ Avoiding
: I 1 1 e box-plo
: @y @y o Gy p |nva||d The box-plot

{H,I ﬂz: aH . 500,000 —
: o IEEE : ' | solutions
:_ _________ 4 ll i Ew— e _H_“'_ _______ : § 400,000 —
I_ ______________ TTTTTTTToTT | g 300,000 —|

! Z

:Randomly Mutation Operator: Expanding voso
| —
: Vig =Xig T F(Xrl,g _XrZ,g) F> search 100,000 -] |
P (X g = Xig) + F(Xg g =Xrag) + F (X165 =X0% ) | space B
P g X0 ) TP (i ~Xe00) Ot g =Xr) P Algorithm has a fast convergence speed

L. Tang, Y. Zhao and 1.Y. Liu. An improved differential evolution algorithm for practical dynamic scheduling in steelmaking-continuous

casting production. JEEE Transactions on Evolutionary Computation, 2014, 18(2): 209-225. ( ESI Highly Cited Paper) .



2. System Modeling and Optimization Method

Hybrid Multi-objective Evolutionary

Algorithm Performance

|- - - - - - = == =-=-=-=-==-"=""/=/=-"/=""=-"==-/==-7=="= ) HMOEA ADYSS SMPSO NSGA-II SPEA2
[ Problems 5 . 5 N ;
| i : — X ior X ir X or X igr X igr
: I NCco rpo rat| ng the | AVO | d N g IDTI | 1572604 ygeas | 1852604 goeqs | 117004 55005 | 2203¢-04 sgeas | 2.198e-04 y00gs | +
I ZDT2 7.568e-05 14e-03 1.022e-04 54608 5.012e-05 43606 1,5986-04455_05 1.783e-04 45005 1
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I | ZDT6 1.374e-02 1802 4.236e-04 1205 4.630e-05 1.6e-02 6.773e-04 1.2e04 1.325-03 2.5¢-04 +
e Y 1 Kursawe | 1.407¢-03 17e-04 1.411e-03 1.7e-04 1.754¢-03 27604 1.667¢-03 1.9e-04 1.416¢-03 14e-04 -

Deb2 | 649704 osgs | 7445004 1oy | 6.561e-04 1seor | 675704 1200y | 8720004 soiy | +
Kita 1.973¢-03 7703 4479-03 24000 1.768e+00 36002 7.527¢-03 270402 4.747e-03 16602 t
Constr 4.292e-04 3 05 4.346¢-04 33e05 2.703e-02 57604 4.630¢-04 38605 4.931e-04 35605

I
[
|
| : I n Crea Si n g DTLZ1 1.959-03 37602 2.316¢-03 3,502 2.549¢-03 4 le04 4.239¢-03 29002 6.471e-02 1.8e01 t

: Multiple Crossover
. Operators to Update the

DILZ2 | 3.461e-03 17e0s | 7.151e-04 72005 | 3.743€-03 goeny | 1.334e-03 25004 | 1.273-03 33004 | +

- I ro b u Stn ess DTLZ3 | 5.843e00 1e0 | 7.2166-01 50601 | 458903 1epp | 8.270e-01 gsey | 1594400 gy | +
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l : DILZS | 3.231e-04 yyens | 2692608 s0gs | 230404 55005 | 4.5100-03 13005 | 3.0660-04 yoeps | +

————————————————————————— DTLZ6 | 4.807e-04 30005 | 825060250007 | 4816604 340 | 1318600 500y | 1230601 1400y | -

|- T T e e e e e e —— ===~ DTLZT | 3778603 305 | 1591603 gy | 5226603 5oy | 3417¢03 5004 | 373803 s | +

| : Viennet | 9.9306-03 1geqs | 1123602 25eq | 1104e-02sieqs | 11286-02 2500y | 1319¢02 p5es | +

: I . Viennet2 | 8.851e-04 sp00 | 921704 53000 | 9.0680-04 5000 | 7753e-04 53000 | 8.618e-04 30004 | -

: . . Im p Fovin g Vienne3 | 3150604 1oy | 6367608 sre0s | 4.578¢-04 s500s | 5153608 15000 | 6225004 poegs | -
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L. Tang and X. Wang. A hybrid multiobjective evolutionary algorithm for multiobjective optimization problems.

IEEFE Transactions on Evolutionary Computation, 2013, 17(1): 20-45. 27



2. System Modeling and Optimization Method

Adaptive Multi-objective Differential
Evolution with Reference Axis

Performance

' Reference Axis Vicinity | Avoiding

: Mechanism to Guide Ib local

: Evolution Process ! optimum
D ';

' Restoring Good Distribution | Imbravin

. of the Population Before !$ di\eersityg

: Evolution Starting |

i Hybrid Control Strategy for :

: Both Parameters and .b ?;ﬁ\i?ra;:lge
! Mutation Operators | g
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L. Tang, X. Wang, and Z. Dong. Adaptive multiobjective differential evolution with reference axis vicinity

mechanism. TEEE Transactions on Cybernetics, 2019, 49(9): 3571-3585.
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3. Production Scheduling — steel Production

rolling
A | Pl
N 0@ B & 55388 -
ironmaking steelmaking ___continuous_castingj slab yard hot rolling mill ﬂ
Ié

/1 q_
. LN 1
¥:> SJE SL @ @ = Lcontinuous annealing coil yard electro—galvanizatiow
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picklig-rolling coil yard W ﬂ ﬂ ﬂ
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thermo-galvanization coil yard

Unit @ Warehouse

Production: Iron-making/Steelmaking/Hot Rolling/Cold Rolling
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3. Production Scheduling — steelmaking Stage

Charge Batching Cast Batching
. A B el
| = — 1€ast" <« tundish
Order 1 l
' ) - Charge zﬁg
- > A Ta- =
Order 2 Charge Steel making Continuous Casting

Steelmaking Scheduling

Caster CC-1
Caster CC-2
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Open-order Part

\

Customer-order Part

| I%

Open-order Slabs

oy o r /ﬂ

High variety T . =

Low volume Charge Customer-order Slabs
Chargel

Charge4 Charge7
-—4 Charge2 ~~Charge3'~l *

| I%
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Cast 1 Cast 2

3. Production Scheduling — charge Batching of Steelmaking

Group all the slabs of
<= different customer

orders into batches

p-median clustering
-

with capacity and additional
technical constraints

® Minimize assignment cost
4=

® Minimize open-order slabs
® Minimize unfulfilled cost of order

® |agrangian relaxation
® Column generation

L. Tang, G. Wang, J. Liu, J. Liu. A combination of Lagrangian relaxation and column generation for order batching

in steelmaking and continuous-casting production. Naval Research Logistics, 2011, 58(4): 370-388.
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3. Production Scheduling — cast Batching of Steelmaking

% -%y <« ladle Decisions
— = - - Batch and sequence charges to

lfil, <— tundish form casts for the given tundishes
m » Select a casting width for each
Y charge in a cast
- = __
Steel making Continuous Casting ObJectlves

« Maximize tundish utilization
« Minimize total grade switch and
' ' ' ' ' ' ' ' width switch cost
AR RAAA LG

Width o CAST 1 CAST 2 CAST 3

Constraints

« Grade switch constraint
« Width switch constraint
>

« Lifespan of tundish

serial-batch 1 serial-batch 2 serial-batch 3 time

L. Tang, G. Wang, Z. Chen. Integrated charge batching and casting width selection at Baosteel.

Operations Research, 2014, 62(4): 772-787.



3. Production Scheduling — steelmaking Scheduling

_- Just-in-time idea
Yy

Solve machine conflicts in (SCC)

\Cast! <— tundish production scheduling based on
m JIT idea

&mga _

Treeee

. _ o Four-level scheduling
Steel making Continuous Casting (CC)

» Level 1: cast sequences on the casters
time , .
. * Level 2: sub-scheduling
CF1 / Charge 2 g Charge 3 - Level 3: rough scheduling
— * Level 4: elimination of machine conflicts
RF-1 ] T Beneficial effects
RF-2 o e
= Waiting time | 3%  Improve productivity of large devices
CC-2 o - Shorten waiting-time between operations
cast « Cut down production costs

L. Tang, J. Liu, A. Rong, Z. Yang. A mathematical programming model for scheduling steelmaking-continuous

casting production. European Journal of Operational Research, 2000, 120(2): 423-435.



3. Production Scheduling — semi-continuous Batch Scheduling

Characteristics of Semi-Continuous “ A new kind of batch scheduling
Batching Scheduling

% We analyze the semi-continuous
The new Semi batch scheduling problem, and

-Continuous Batching _ _
Machine Scheduling present optimal algorithm

Classical Batching
Machine Scheduling

Preheating Heating Soaking

ter and leave t » e i e | i
chine one by o

> ISZY W4

espective sta
time _
Input Output

ompletion tim Measure Nozzle

The heating process of Tube-billets in
heating furnace

Begi

Handle
several jobs
24\ 'simultaneously

process

Traditional batching machines are mainly divided into three
types: (1) burn-in (2) fixed batch (3) serial batching

L. Tang, Y. Zhao. Scheduling a single semi-continuous batching machine. Omega, 2008, 36(6):992-1004.
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3. Production Scheduling — Hot Rolling Scheduling

Objective
slab | Slab width e
Sequence of adjacent Minimize the total b ) materdlSE
jobs to be processed changeover costs B
‘ a
N+M N+M
Minimize C, X, staple material
; JZ:; i A turn sectil
i N+M
Subjectto > X, =1, je{l,2, .., N+M }
i=1
N+M
> X =1, ie{1,2,..,N+M} — ——
j=1
> X;<S|-1 Sc{l,...,N+M}, 2<|S|<N+M-2|  Structure and components of a turn
icS jes\i}

The
EEEEEN flrst
slab

The
|ast EEEEER
slab

width

A\ 4

The first turn |[«—

I

Turns within a shift

A 4

L. Tang, J. Liu, A. Rong, Z. Yang. A multiple traveling salesman problem model for hot rolling scheduling in Shanghai Baoshan Iron &

Steel Complex. European Journal of Operational Research, 2000, 124(2): 267-282.
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3. Production Scheduling — slab Allocation at Hot Rolling Stage

A2

. Sy N
O : 3 Unfulfilled
— | | Z i S Orders

2 ’ Customer

Open-order Part

A

Customer-order Part ‘*\TI-'; — ﬁ — ’ Orders

High variety
Low volume Charge

Customer-order Slabs

Allocate the
/ / / |:> Open-order Slabs to

/ / | / Unfulfilled Orders

Open-order Slabs Order 1 Order 2 Problem 1

This work was awarded INFORMS Franz Edelman Award Finalist, 2013



3. Production Scheduling — parallel Batch Scheduling at Cold Rolling

Maximize Mil\slllln?elal?clﬁien Equipment Matching
Reward cost 9 Constraints Constraints
/— — [—
S rmmm i em o - s
8 5205 S S
e e 303
EI3f 1~
IL _/_?_ _E_j _______ E_[j/ 54 L R — N —
Form batches for Select a median coil
each empty furnace for each batch

L. Tang, Y. Meng, Z. Chen, J. Liu. Coil batching to improve productivity and energy utilization in steel

production. Manufacturing & Service Operations Management, 2016, 18(2): 262-279.
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4. Logistics Scheduling — Logistics in Steel Plant

hot

ironmaking steelmaking continuous castin

1

rolling

[ [E—
L d kb

né

picklig-rolling

coil yard

/\ = = o)

| j\/\/\/\f - “ @
©©0)©O)
coil yard

thermo-galvanization

Unit @ Warehouse
Logistics: (Un)Loading/Transportation/Shuffling/Storage/Stowage
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4. Logistics Scheduling — Crane Scheduling in Loading Operation

Crane scheduling problem

Track

Determines the transportation sequence for all

demanded coils and shuffled position for each
blocking coil.

Loading/ Tank1 Tank2 Tank3 Tank4 Tank5 Tank6 Tank7 Tank8
Unloading

Bridge

g%

Rowll“ Row2 E, Row 3

V - ——‘ —_— —I-‘

Track
Track

Row 4
“—\
\ “ \ ‘ ‘\“‘“ \‘

\ \\ \\ \A; X

\

Decisions

Retrieval sequence of
the target coils and
shuffled positions for
blocking coils

Objectives

Minimize the time by
which the retrieval of
all target coils is
completed

For general case

Heuristic algorithm &
worst-case analysis

For special cases

Polynomial algorithms
(optimal solutions)

L. Tang, X. Xie, J. Liu. Crane scheduling in a warehouse storing steel coils. ZISE Transactions, 2014, 46(3): 267-282.



4. Logistics Scheduling — Coordinated Transportation Scheduling

Integrated Production & Two-Stage
Distribution Scheduling

® Obtain a joint schedule of job processing at
the plant and two-stage shipping

® Optimize a performance measure that takes
into account both delivery timeliness and total
transportation costs

Offline problems involving a
single production line

® Optimal dynamic programming

algorithms

Second-Stage
Delivery Customer 1

Job

Offline problems involving
multiple production lines

® Fast heuristics

® Worst-case & asymptotic performance

Processing [ist-Stage

Delivery
Plant » Pool Point

Customer 2

\ 4

Customer k

Online problems

® Online algorithms

® Competitive ratios analytics

L. Tang, F. Li, Z. Chen. Integrated scheduling of production and two-stage delivery of make-to-order products:

offline and online algorithms. INFORMS Journal on Computing, 2019, 31(3):493-514.




4. Logistics Scheduling — shuffling

Slabs to
_
shufﬂed

helght Target
_ slab
I —

e Bottom of
e/ the stack
_/ (slab 1)

The structure of a slab stack

[ 1 Shuffling coil of coil 1 Demanded
[ ] Shuffling coil of coil 2 [] Non-demanded

The structure of a coil stack

Shuffling Problems in Steel Plants

Assign a storage slot for each shuffled item during
retrieving all target items in the given sequence

ossit;gﬁglﬁoftsor:il?f(lae q Minimize shuffling and
P crane traveling

items
For general case For special cases
Polynomial algorithms

Greedy heuristic (optimal solutions)

L. Tang, R. Zhao, J. Liu. Models and algorithms for shuffling problems in steel plants. Naval/ Research

Logistics, 2012, 59(7): 502-524.



4. Logistics Scheduling — Reshuffling and Stacking

% For statistic and dynamic

-,

The layout of a block T
reshuffling problem, an improved  [os, a column

L)

®
®
.

mathematical formulation and a

blocking
objects

simulation model are established,

Retrieving
object
| Aheight
respectively ; T
e s - idfh~~_ |
e a position i .. _-~Tength
°

» Five polynomial time heuristics

L)

and their extended versions are —
container

proposed and analyzed the-

oretically;

% The proposed heuristic outper-

forms existing methods.

L. Tang, W. Jiang, J. Liu, Y. Dong. Research into container reshuffling and stacking problems in container terminal

yards. IISE Transactions, 2015, 47(7): 751-766. (IISE Transactions Best Applications Paper Award)



4. Logistics Scheduling — ship Stowage Planning

Minimize the
dispersion of coils for
the same destination

Minimize the Minimize the
moment imbalance shuffling

fore

CIWRGES O ’* )& =
P R S A
SHIEKS 0  Shuffling coil of coil 1 Demanded

column [ Shuffling coil of coil 2 1 Non-demanded

row

left

Structural Weight restriction Operational
constraints constraints constraints

L. Tang, J. Liu, et al. Modeling and solution for the ship stowage planning Modeling and solution for the ship

stowage planning problem of coils in the steel industry. Naval Research Logistics, 2015, 62(7): 564-581. e
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5. Energy Optimization — Energy Analytics

A A

Solution E - #
nergy saving 80
* ; N 2oy
Energy consumption and regeneration data Be“f“'?‘a"‘ ~ v
o Analysis Analyze cause /
4 ‘ A N
exceptional data IRLLLELL [Tdentify bottleneck
¥
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5. Energy Optimization — bynamic Energy Allocation

Objectives m ADP Algorithm

° M?n@m@z!ng emission ® Production ® Balance
® Minimizing cost
® Maximizing income

Accomplish dynamic

® Demand @ Price energy allocation

q Q 2.50E+07
Process-dimension
2.00E+07
Objectives emission cost income § 1508407 ]
minimization minimization maximization 2 L00EDT
i :I %5,00506 ]
Production Energy demand Balance Price/cost 3 e
pm—————— S ommm=——- S ommm==—- S, ommm=——- ~ o) 0.00E+00
1 1 l q . 1 l ll .. 1 123&5'67.89101112131415
. I plan 1 in-out ratio 1 Istorage baIanceI jemission penaltyi 9_ Time period
Constraints : 1 : 1 : 1 : | 3 B On-line allocation M Staticallocation
I I I I
: priority : :mix requirement: :supply—demand : : purchase price : (JD
l N i P P2 | e d llocati
| capacity % conversion I Ipressure balance L sale price ] g % The proposed energy allocation
Sm—————— e - S—————— = Smmmm—— method shows obvious superiority
la ——————— -s\ {a ——————— s\ ‘a ——————— s\ ‘f ——————— -u\ . ]
Restrictions| | pressure | 1 Iy b amission | in terms of effectiveness and
I unit demand j 1holding capacity, 1 - .“. I . .
| lorific value 1 | | i 1 limitation | stability than static method.
\~ ——————— /' \~ _______ I' | T I' | I'
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5. Energy Optimization — Gas Allocation

T T T |
Comprehensive allocation of gas system [ YRR JreInG s O Ny :
o Znrwsd ez (H ) :IZ> Constraint
: _ | N
e Determine: allocation plan of BFG, COG, LDG lons 0 p.i=12,..1 | Definition
L e e e e e e e e e e e e e e ]
e Multi-objective: minimizing consumption cost, Smmmmooooooooooos ;
|
I I
purchase cost, emission cost, energy holding cost : 0 G=6 Soft _
| wG)= A ol :|:> Constraint
e Solution method: soft constraint handling NSGA-IT | | “ i | Definition
L - ]
i M, :i cmdng E E mnmaklng Estulmaldng i c_mmg EE T home 14-
. H < hard constrained
_, ﬂﬂﬂﬂ.
’: ﬁ" .,%@;m =
Eghy_-tri fumad,_. i ______ {oldmlle_ _____ i O w=300
W - - T ”}j J
- 1 I . . 04t
o Pl H 0.2k
r J—— T |
: el . E i "= .-: i meooomE & i % 02
i_ ______ Electrlc power ___i H _ Gasstatkn E i._ Energy managemententer E

Y. Zhang, G. G. Yen, and L. Tang. Soft constraint handling for a real-world multiobjective energy distribution

problem. International Journal of Production Research, 2020, 58(19): 6061-6077.



5. Energy Optimization — Steam Scheduling

Steam scheduling by coordinating Objectives
demand and electricity generation e Maximize electricity generation upon demand
O O O z=max Y > (U; + VX 4 +WR;)
t i
Supply capacity constraints
User \[Make Tull use Of| jectricity : - o
i &< D Xy <& b <xy <bj, 1 <R <min (X, 1)> gf <Q <min(x,,,qf
demand resources generation
Xij = min{ail,max[ai", StD - Z (Xti,s +R; +Qy )J}
Results comparison Fluctuation, safe flow constraints
400 -
350 | R =max(o,z_2(xﬁj +R, +Qﬂ)—ef’j R’ =max[0,2xm- —ezj
300 - m Before L !

<oP

‘sz:(xﬁj +R; +Qy ) _Zi: JEZJ‘; (Xt—l,ij +R_i+ Qt—l,i)

m After

Steam demand constraints

Uzzxnj >S¢ UDZZ(Xtij+Rti+Qti)>StD
i i

Power generation(k) Steam emission(t)
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5. Energy Optimization — Oxygen Scheduling

Dynamically balance and optimize
the oxygen system

Supply Modes

®Supplied by oxygen generator

®Supplied by liquid oxygen system

! Oxygen generation system & Holding system )\ consumptnon
,,,,,,,,,,,,,,,,,,,,,,,, e ‘,,,,,,,,*
| | |
I P |
| \ . .
(@) } Oxygen hold and pipe Steelmaking | |
‘ I
Compressurei | } |
| I
Ironmaking | |
Oxygen | ‘ |
[
generator Emission o ‘ }
b Other users | |
! | Liquid = N ‘
! oxygen ro
i : Evaporator| |
P External users /‘
\ /

Minimize operating cost of oxygen system

Z ZZZ(Ci F,+ch A +C Y, +%yﬁ .C. .0_7Bi]

t ieE

Oxygen generators capacity, operating
requirements

Gti = Gt—l,i +Yti - Dti’
dt = Z Dti '
icE

Pipeline pressure, fluctuation limitations

ZSU <A

icE

=<6 A < B8

G’ <G, <G/,

tl_

dt < Z Gt—l,i

|Oti - Ot—l,i| < Bi€

7o =max{0,(8, — A1)}

H®<H, <H*

A <Gy

t-1

Oxygen demand constraints

ZSU+ZY +(H,-H,)+FR =0,
icE
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6. Data Analytics and Process Optimization for Quality

Case 1. Iron-making — Iron Quality Prediction

Multi-objective Evolutionary Ensemble Learning

Fusion of thermodynamic model |:> Sub-learner based on fusion of
(meso) and process data (macro) meso and macro data

Multi-objective evolutionary |:> Evolving the structure and
algorithm parameters of ensemble model

U T

Macroeconomic

Multi-objective Iron quality

evolutionary learning

. . =P Process data and image

Mesoscopic T

-  Thermodynamic model

X. Wang, T. Hu, and L. Tang. A multiobjective evolutionary nonlinear ensemble learning with evolutionary feature selection for

silicon prediction in blast furnace. TEEE Transactions on Neural Networks and Learning Systems, 2021.



6. Data Analytics and Process Optimization for Quality

Case 2. Steelmaking — Dynamic Prediction

Challenges

® Continuous prediction requirement

aste
Fume hood ——dﬁ f
Pour out j

molten steel ——»
from spout i
Impurities are
oxidized on
the surface el L Molten steel

Blow oxygen Measurement it
Water-cooled Molten iron and steel scrap ~ Auxiliary materials

UL L LI

T
ining First stage Second stage

.

® Unstable performance of single model

Whole blowing process |

— ® Dynamic adjustment requirement

Dynamic analytics method

Production process of BOF steelmaking

| |
1 X 1 X
A j Y Y A j
—— Stagel [ =» e e Stagel 5> _ _
| ® Multi-stage modeling strategy
I— . .
® Dynamic model with feedback
i» Stage 1 i + Stage 2 L .o -&» Stage L
® Hybrid kernel function

[Xl ‘XZ [XM ® Differential evolution algorithm

Principle of multi-stage modeling in BOF steelmaking process

C. Liy, L. Tang, J. Liu, Z. Tang. A dynamic analytics method based on multistage modeling for a BOF steelmaking process.

IEEE Transactions on Automation Science and Engineering, 2019, 16(3): 1097-1109. 54



6. Data Analytics and Process Optimization for Quality

Case 3. Hot Rolling — Temperature Prediction of Reheat Furnace

%

Slab yard

Reheating furnace

Deviation
Compensatlon

LS-SVM Mechanism
Model |:> [ Model J
Mixed Model ]

Features of Heating Process

®Dynamic  ® Non-linear

Mechanism Model

« ® Difficult to obtain
® Obvious prediction error

Mechanism Model

®.S-SVM is used to compensate for
the prediction deviation of the slab
temperature

@ Significantly improve the model
prediction accuracy

Data Analytics and Optimization in Steel Industry



6. Data Analytics and Process Optimization for Quality

Case 4. Cold Rolling — Strip Quality Analytics

Multi-objective Ensemble Learning

Least square support vector |:> Sub-learner in the ensemble
machine (LSSVM) learning

Multi-objective evolutionary E> Evolving the ensemble learning
algorithm model

T3.0

® MOEEL m Traditional MOEEL A AdaBoost < LibSVM £ LSSVR

X

Data Analytics and Optimization in Steel Industry



Conclusion and On-going Research

4 )

o Plant-wide Production and Inventory Planning -8
DeC|s_|on- p—3
making _ Production/Logistics Batching and Scheduling ) A §
1 S~

. ] Q)
Execution Process Optimization + Optimal Control -
Qo

, U .3

Knowledge + Diagnosis + Prediction

Discovery | \ >
L Production process Product quality ) o |
P W > .%

Understanding + Description ) e*

Perception | a'
L Industry image Speech IOT Sensing  Visualization 7,

> 4 N >

N
J

Production data Equipment data Energy data Logistics data

\_ Steel / Nonferrous Petroleum Chemlcal Mmmg / Loglstlcs )

L. Tang, Y. Meng. Data analytics and optimization for smart industry. Frontiers of Engineering

Management, 2021, 8(2): 157-171.



Conclusion and On-going Research
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