CAPD

CENTER

Overview of Optimization Models
for Planning and Scheduling

Ignacio E. Grossmann
Center for Advanced
Process Decision-making
Department of Chemical Engineering
Carnegie Mellon University
Pittsburgh, PA

January 18, 2006

Enterprise-wide Optimization Seminar



Outline CHiPD

CENTER

I. Classification of batch scheduling problems
Classification of optimization models for batch scheduling

I1. Discrete and continuous time scheduling models

I11.Numerical comparison of optimization models

V. Alternative solution approaches
V. Commercial software for scheduling of batch plants

V1. Beyond current scheduling capabilities



@m References Q@{F}VQ
[ ILFERING Al

Mendez, C.A., J. Cerda, I.E. Grossmann, |. Harjunkoski, M. Fahl, “State-of-the-art Review
of Optimization Methods for Short-term Scheduling of Batch Processes,” to appear in
Comp. & Chemical Engineering (2006).

Floudas, C.A.; Lin, X. “Continuous-time versus discrete-time approaches for scheduling
of chemical processes: a review.” Comp. and Chem. Eng., 28, 2109 — 2129 (2004).

Kallrath, J. “Planning and scheduling in the process industry,” OR Spectrum, 24, 219-250 (2002).

Pinto, J.M. & Grossmann, I.E., “Assignments and sequencing models of the scheduling of
process systems,” Annals of Operations Research, 81, 433 — 466 (1998).

Shah, N., “Single- and multisite planning and scheduling: Current status and future challenges,”
Proceedings of FOCAPO-98 75 — 90 (1998).

Pekny, J. F. & Reklaitis, G. V., “Towards the convergence of theory and practice: A technology
guide for scheduling/planning methodology. Proceedings of FOCAPO-98 91 — 111 (1998).

Mauderli. A. M.: Rippin. D. W. T. Production Planning and Scheduling
for Multip;;pose Batch Chemical Plants. Comp. Chem.Eng. 3, 199 (1979).

Reklaitis, G. V. Review of Scheduling of Process Operation.
AIChE Symp. Ser. 78, 119-133 (1978). 3



Major Academic Research Efforts

C/PD

CENTER

School

Researcher(s)
Weblink

Abo Akademi University
Carnegie Mellon University
Imperial College

Instituto Superior Lisbon

INTEC - CONICET

National University of Singapore
Polytechnic University
Princeton University

Purdue University

Rutgers University

Technical University Graz

Universitat Politécnica de Catalunya

University College London
University of Dortmund
University of Sao Paulo
University of Tessaloniki

University of Wisconsin

T. Westerlund

http://www.abo.fi/~twesterl/

I.E. Grossmann

http://egon.cheme.cmu.edu

C. Pantelides, N. Shah

http://www.ps.ic.ac.uk

A. Barbosa Povoa

http://alfa.ist.utl.pt/~d3662/

J. Cerda

http://intecwww.arcride.edu.ar/~jcerda/

LLA. Karimi
http://www.chee.nus.edu.sg/staff/000731karimi.html

J. Pinto

http://www.poly.edu/faculty/josempinto/

C.A. Floudas

http://titan.princeton.edu/home.html

J. Pekny and G.V. Reklaitis
http://engineering.purdue.edu/ChE/Research/Systems/index.html
M. lerapetritou

http://sol.rutgers.edu/staff/marianth/

R. E. Burkard

http://www.opt.math.tu-graz.ac.at/burkard/

L. Puigjaner
http://deq.upc.es/wwwdeg/cat/infogral/curriculs/LIuis%20Puigjaner.htm
L. Papageorgiou
http://www.chemeng.ucl.ac.uk/staff/papageorgiou.html

S. Engell
http://www.bci.uni-dortmund.de/ast/en/content/mitarbeiter/elehrstuhlinhaber/engell.html
J. Pinto

http://www.Iscp.pgi.ep.usp.br/pro_zeca.html

M. Georgiadis
http://www.cperi.certh.gr/en/compro.shtmI#SECT2

C. Maravelias
http://www.engr.wisc.edu/che/faculty/maravelias_christos.html




) (1) Procass topology Sequential vs Network
Sequerdnl Hetwork

[ arbitray)

e Single sduge Mubiple stages
ﬂ}—mﬁ] Eﬁﬁé sn@é‘/ ge!llel uuni;;m Maipupose — @
Bl i unts (Flewar-shop) (Job=shop) :l
— o

— @ =

i 10% o1,

o] —@ @
cEnTER
2h

0
Reaction2

Putial (3} Equiprend conmec fivid 1
(restricted)

Unlonded Nm&?ﬁmﬁaﬁ? bt : Findte Zao
Irtenmadiate Storage (NIS) Irtemmediste Wit (ZW) Types of storage
Sterage (U15) Storage (FI5)

e e
Dedicated Shared
storage wrats storage wets

(5} Wiade rial trans fer
Tnut e s Tone-conmumyg
(neglected) — S~

Ho-wsources pes  Vessels
(Prpeless)
{6) Batch sixe
Wariahle

(Mixingand Splittmg)
{7} Baich processing, fime
Fued Varishle

fmit/batchesize dependert)
Unit mfm: HUH dapenact

_ Fixed or variable batch size

(8) Demiand patierns
[ne dates Scheduling horizon

'.-.-_.__-l- ‘-__-‘-‘
Single pmﬁ;/’ m pooedct Freed Ml s mmam
dermand demands requiraments vequiremends

Changeovers?
(9 Changeovers
Hone Unat dependert Sequence dependent

Product m“"&;f thzw dependast

{10) Resource Cons trainds Resource constraints
Hone (only equpemert ) Discrete Contnmous

{11) Time Constraints
Heme Hen-wodemg periods M airdernance Shafts

(1) Costs

fpunt Uit Py Chasgurn Classification problems

13} Degzee of nhg
Dtttm.i:ﬁﬂig o tochastic 5



Classification optimization models
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Major differences in methods:
discrete vs continuous time
fixed variable batch sizes (splitting/mixing)

Performance models VERY sensitive to objective function
“Easiest”: maximize profit
“Most difficult”: minimize makespan (completion time)
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Features of Discrete and Continuous Methods

I CONTINUOUSI

Time | DISCRETE |
representation
Event Global time intervals Global time Unit-specific Time slots* Unit-specific Immediate General
representation points time events immediate precedence* precedence*
precedence*
Main decisions Lot-sizing, Lot-sizing, allocation,
allocation, sequencing, timing ~ ---memmmmemeeeee- Allocation, sequencing, timing -------------------
sequencing, timing
Key discrete Wi defines if task i Wsin/ Wiy Wsin IWip / Wi define if Xivjdefines if ~ Xjydefinesif  X’j-define if
variables starts in unit j at the define if task Wrfi, define if stage | of batch i is batch i is batch i is
beginning of time i starts/ends task i batch i is processed processed processed
interval t. at time point starts/is allocated to right before of right before before or
n. active/endsat  time slot k of batch i’ in of batch i’. after of batch
Wine defines  event point n. unit j. unit j. XFij/ Wi i W
if task i starts XF;;defines if defines if defines if
at time point batch i starts batch i batch i is
n and ends at the processing starts/is assigned to
time point n’. sequence of assigned to unit j
unit i unit_i
Type of General network | [} ------- General network Sequential
process
Material Network flow Network flow  Network flow
balances } equations equations Batch-oriented
(STNor RTNl (STN or (STN)
________________________________________________________________ RTN)
Critical Time interval Number of Number of Number of Number of Number of Number of
modeling duration, scheduling time points time events time slots batch tasks batch tasks batch tasks
issues period (data (iteratively (iteratively (estimated) sharing units sharing units sharing
dependent) estimated) estimated) and batch (lot-sizing) (lot-sizing) resources
tasks (lot- and units (lot-sizing)
________________________________________________________________ sizing)
Critical Variable processing Intermediate Intermediate Inventory, Inventory, Inventory, Inventory
problem time, sequence- due datesand  due dates and resource resource resource
features dependent raw-material raw-material limitations limitations limitations
changeovers supplies supplies

* Batch-oriented formulations assume that the overall problem is decomposed into the lot-sizing and the short-term scheduling issues. The lot-

sizing or “batching” problem is solved first in order to determine the number and size of “batches” to be scheduled.
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Discrete Time Formulations

Main Assumptions
*The scheduling horizon is divided into a finite number of time intervals with known duration

*Tasks can only start or finish at the boundaries of these time intervals

Discrete Time Representation

T1
T2
T3
{ >
0 1 2 3 4 5 6 7 8 t(hn)
Advantages

*Resource constraints are only monitored at predefined and fixed time points
«Simple models and easy representation of a wide variety of scheduling features

Disadvantages

*Model size and complexity depend on the number of time intervals
«Constant processing times are required (rounding may be suboptimal)
*Changeovers are difficult to handle
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State TaSk Network (STN) (Kondili, Pantelides, Sargent, 1993)
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Discrete-time STN Model (1)

T3 - - [ = ¢ 7]
e e s e e S

. 0 1 2 3 4 5 6 7 8 t(hr
Variables: ()

W;;, = 1if unit  starts processing task I at the beginning of time period t; O otherwise.

B, = Amount of material which starts undergoing task i in unit j at the beginning of period t.
S, = Amount of material stored in state s, at the beginning of period t.

U, = Demand of utility u over time interval t.

Task i startsat < Py~ > Wi =1,By, =0
t=2 in unit j :2 53 i 55 W;;, =0, B = 0, 2
Allocation Constraints: Z t_f\lN <1 Vit
iel; =t o |
t
Tasks i l, | | opr

3 hr Unit |

11



Carnegie Mellon

Discrete-time STN Model (2)

Capacity limitations:
W”tV min < B”t_W”tV Vit je K Batch Units

0<ST, <C, Vst Storage capacity

Material balances:

Inventories Produced Consumed Purchased/Sold
STy =STg , + Zpis Z Bij P Zpis Z Bijt +R; —Dy Vst
ieT, jeK;, €T jeK;

Avallablllty of utilities: o
7 7 y(aUIHWIJt o T BLioBij ») YU,t Linear function batch size

t jeK; 6=0

0<U, <U™ wvu,t
Objective Function:

H H H
max Z = Z ch[t) Dst B Z ZCST Rst + ZCS,H+1SS,H+1 B Z ZCutU ut
S t=1 S t=1 S u t=1

12
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Reformulation

Original MILP of Kondili was expensive to solve

Culprit: big-M allocation constraints
> W, <1 Vj,t
iel;

3 YW, —1<M,[1-W, ) Viel,jt

i'elj t'=t

Solution: Replace by constraint below (Shah, 1992)

t—p;i+1
Z Z ij <1 Vj,t Fewer and tighter !
iel; t=t
t
Tasks I &l I | by

3 hr Unit |

13
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Classical Kondili Example

Product 1
Q Int AB M | LP
STN Oy i g Opg RTQ'O”%’ morec | oogwe 72 0-1variables
s @'ntBC ? g Bttt e @) 179 continuous variables
O—» Reaction |1 Reaction |3 250 Constra|nts
i Feed C 1
M)
o/
) 1987 Kondili’'s B&B: 908 sec, 1466 nodes, Vax-8600
Optimal Schedule
1992 Shah’s B&B: 119 sec, 419 nodes, SUN Sparc
Heaing o b= +  reaer 2003 CPLEX 7.5: 0.45 sec, 22 nodes, IBM-T40
‘T' ITI Reactor 1
Reaction 1 7] — I Reactor 2
Reaction 2 | lT' lTI Reactor 1 ) . .
———— oz Disadvantages discrete-time STN:
Rescion3 - =y Rescir2 No. time intervals may be large
| Changeovers not easy to handle:
Separation - |—|130 Still B - _—_
require definition cleanup tasks
| | | | | | | | |

14



RTN-based Discrete Time Formulation

Carnegie Mellon

Basic idea: material, equipment, .. & @ (@)
labor treated are resources | ; =

( Pantelides, 1994) @_ :—1:'* Duration=2h ! ) @0@: Duration=2 h -E-:
; : T1 R4 | _ _: !_L T4_R3 R E_ _:

hj:.* Durati9n=2h 06 I* Duration=2 h
Y ez WO S v B
@_-: :_____D_u_ra_tif)n=2h E E : Duratioilz_éifj____: L_@
- T2 R | :_J:_ _____ TSiRZ |
Duration=2h . E 1 0.4 Duration=4 h
pti "'
Rrt=Rrt-1+ Z Z(,wrt'Wi(t —t') + Virt Bigt —t'))-l— 1 v, t
ielr  t'=0
max
O<Re<R,™ wvrt RESOURCE BALANCE
min max . J
V. Wit < Bit <V, Wit Vi,re Rt BATCH SIZE
FEATURES

*\/ery compact representation
*Not as intuitive as STN
eComputationally similar to STN

15
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RTN Modeling Example

Consider a reaction task i, that lasts 5 hours. It converts material A to
B. It is carried out in a reactor. It uses 0.25 ka/s of steam per t of
material being processed during the first hour. Then it used 2 kg/s of
cooling water per t of material being processed until the end of the
operation

Assume time intervals of one hour: 6=1 h

;\ ; -
~ \ 4
N .
~ | .
~ .
~ | -
N \ -
N .
~ | .
- ~ e
~

.
SO .
.
b3

@ Reaction
_______________ > Femmmme e -
Duration=5 h

Reactor: p; ; ;=-1; 1 r5=1
Materials: v, , ;=-1; v, z5=1
Utilities: v, 5 ,=-0.25; v; 5,=0.25

Vicw1=2: Vicws
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Extension to continuous time STN/RTN has proved VERY difficult

e Zhang & Sargent (1995); Schilling & Pantelides (1996): RTN — Continuous

* Mockus & Reklaitis (1999): STN — Continuous

o Maravelias & Grossmann (2003): STN - Continuous

o lerapetritou & Floudas (1998): Continuous Event-Based Formulation

» Cerda and Mendez (2000); Rodriguez et al. (2001); Lee et al. (2001); Castro et al. (2001)

Alternative: Sequential processes

reaction drying packing

Advantages: continuous time, can handle changeovers

Disadvantages: cannot easily handle variable batch sizes, resource constraints
17
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STN-based Continuous Time Formulation
ppanical (Global Time Points)

(Pantelides, 1996; Zhang and Sargent, 1996; Mockus and Reklaitis,1999; Mockus and Reklaitis, 1999; Lee et
al., 2001, Giannelos and Georgiadis, 2002; Maravelias and Grossmann, 2003)

*Define a common time grid for all shared resources

*The maximum number of time points is predefined

*The time at which each time point takes place is a model decision (continuous domain)
«Tasks allocated to a certain time point n must start at the same time

*Only zero wait tasks must finish at a time point, others may finish before

Continuous Time Representation | Continuous Time Representation |1
T2 L] [ ] T2 1 [ ]
T3 S R S R T3 [ 1

o 1 2 3 4 5 & 7 stem O 1 2 3 4 5 6 7  8tdh
ADVANTAGES

Significant reduction in model size when the minimum number of time points is predefined
*Variable processing times
*Resource constraints are monitored at each time point

DISADVANTAGES

Definition of the minimum number of time points
*Model size, complexity and optimality depend on the number of time points predefined

18



(Global Time Points)

(Maravelias and Grossmann, 2003)

ALLOCATION CONSTRAINTS

> Ws, <1 Vj,n
ielj
W <1 vj,n
Z in
iclj
ZZ(\NSin' _Wfin') <1 Vj!n
ielj n'<n

Vi

ZWSin = ZWfin

BATCH SIZE CONSTRAINTS

Bsin—l + Bpi(n—l) - Bpin + Bfin

Vi max (

n'<n

D Ws;,

V™Ws <Bs <V ™Ws_  Vin
vV MW < Bf, <V I™WE Vi, n
Vimm(zwsin‘ B ZWflnj < Bpin <

o ZWfin

n'<n

] vin

Vi,n>1

A

STN-based Continuous Formulation

Carnegie Mellon

( _ C P
Ssn - Ss(n—l) o Zpis BSin +Zpis B.I:in vs,n>1
el ielf
max MATERIAL AND RESOURCE
Sq <G vs,n BALANCES
R =Riny Zy,rWSm + v Bsin + Zlulprm +v"Bfin  Vr,n
TIMING AND SEQUENCING
Toa2T, vn CONSTRAINTS

Tf, <T +aWs, +ABs. +HQ-Ws, ) Vin
Tf,, 2T, +aWs, + SBs, —HQ-Ws, ) Vin
Ty < T, + H (@2 -W )
Ty 2T, —H@A-WF,) Viel? n>1

Ts,, = Tfi(n_l) + clii

Yi,n >1

n

Vj,ielji'eljn

[ Y Vim<1 VjeldT,n

seSj SHARED STORAGE TASKS

A

Ssin < CjVisn VjEJT,SESj,n
Sen = ZSsjn VSEST,n

jedl

\
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RTN-Based Continuous Formulation
(Global Time Points)

(Castro et al., 2004)
T,-T. > (@Wim+£Bim)  VreR’,n,n', (n<n)

el TIMING CONSTRAINTS
T.-T, < H[l— Zwim-]+ > (@Wim+£Bm)  VreR’,nn,(n<n’)
iel 2V iel 7Y
V,""Winw < Binw < V;"*Winn vi,n,n,(n<n) } BATCH SIZE
\
an =Rrin-n+ Z Z(IUIE Win'n + Vif Bin- n)— Z(/ufr Winn‘-I-ViCr Bi””') + RESOURCE
iclr _n'<n n'>n BALANCE
Z(,uifWi(n—l)n—,uichin(n +1)) vr.n>1 »
. ielS
ermSanSR:naX Yr,n
y,
_ A
V. "™"Win(n +1) < Z Rrt <V."Win(n + 1) Viel*,n(n#NJ|)
rer? \ STORAGE CONSTRAINTS
ViminWi(n—l)n < Z Rrt <V."™Wi(n - 1)n Viel®,n(n=1)
reRiS 7
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(Unit-specific Time Event)

(lerapetritou and Floudas, 1998; Vin and lerapetritou, 2000; Lin et al., 2002; Janak et al., 2004).

Main Assumptions
*The number of event points is predefined
*Event points can take place at different times in different units

Event-Based Representation

J1 1 | 2 I
J2 [ 2 1] [ 3 1]
J3 [ 2 T 3 1]
e e e et —f—f—t— >
0 1 2 3 4 5 6 7 8 t(hr)

Advantages

*More flexible timing decisions
sFewer number of event points

Disadvantages

*Definition of event points (especially resource constraints, inventories)
*More complex models
sAdditional tasks for storage and utilities

21
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Continuous Time Formulations Sequential: Slot-based

(Pinto and Grossmann (1995, 1996); Chen et. al. ,2002; Lim and Karimi, 2003)

Main Assumptions

*A number of time slots with unknown duration are postulated to be allocated to batches
*Batches to be scheduled are defined a priori

*No mixing and splitting operations

sBatches can start and finish at any time during the scheduling horizon

| task |
unit
ul | | I} R —
u2 A —
u3 : : I slot I

Advantages

Time

Significant reduction in model size when a minimum number of time slots is predefined
«Simple model and easy representation for sequencing and allocation scheduling problems

Disadvantages

*Resource and inventory constraints are difficult to model
*Model size, complexity and optimality depend on the number of time slots predefined

22



Time-slot Continuous Time Formulation

(Pinto and Grossmann (1995)

D> Wy =1 videy BATCH ALLOCATION
j keK;
D Y Wy <1 vikek; SLOT ALLOCATION
i lel
i lel
J keK;
Tfjk STSj(k+1) v,k e Kj SLOT SEQUENCING
Tf, < TS ik e Kj STAGE SEQUENCING

—MI-W,, J<Ts, =TS viijkeKj,lel;

SLOT-BATCH MATCHING

M(L-W,, )>Ts, —Ts, i jkekjlcl

23
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Global General Precedence Sequential Plants

(Meéndez et al., 2001; Méndez and Cerdé (2003,2004))

Main Assumptions

*Batches to be scheduled are defined a priori
*No mixing and splitting operations
*Batches can start and finish at any time during the scheduling horizon

6 BATCHES, 2 UNITS

Xz,s =1
UNITS = Xas =1 g 6*5)/2= 15 SEQUENCING
; 4 : 7§’>\‘ 5\ o) VERIABLES
Allocation variables

)/XM :1\( )/)(4,6 :1\ Y,, =1 Y, =1; Y, =1
¥y R TR 4 | s | Yo =L Y., =15 Y, =1

~ o —

Advantages —

*General sequencing is explicitly considered in model variables
*Changeover times and costs are easy to implement
sL_ower number of sequencing decisions

Disadvantages

*Resource constraints are difficult to model
Material balances cannot be handled
24
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Global General Precedence Sequential Plants

(Méndez and Cerda, 2003)

Zan =1 Vilelj ALLOCATION CONSTRAINT

jed;

T =Tsj + th”jW”j Vi,l elj PROCESSING TIME
jedy

TSy 2 Thy +cly i +SUy — ML= X, 10 ) - M(2-W,, —W,,. ) Viitlel,l'el, jedy,
SEQUENCING CONSTRAINTS

TSy 2 Thy +Clyy +5Uy =M X1 =M (2-W, ~W,,.. ) Vi,itlel,l'ely, jed,,

Ts, >Tf,, Vilel,l>1 STAGE PRECEDENCE
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Comparison of models

Case study |

17 tasks, 19 states, 9 units

Westenberger, Kallrath (1995)

..IIIII..I-II.IIIII

== _ -

Case study 11

1
4 reactors [ ]
12 orders 1

Manpower constraints —

Pinto, Grossmann (1997)

/ 4 2
4 T [ (T
5 i 9
U3 B [ [
12 1

U2 | E—
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Case Study 1

Computational results for discrete and continuous STN models

Case Study Event representation (time Binary vars, cont. vars, LP Objective CPU time? Relative
intervals or points) constraints relaxation function gap
la Global time intervals (30) 720, 3542, 6713 9.9 28 1.34 0.0
Global time points (8) 384, 2258, 4962 24.2 28 108.39 0.0
1b Global time intervals (240) 5760, 28322, 47851 1769.9 1425.8 7202 0.122
Global time points (14) 672, 3950, 8476 1647 1407.4 258.54 0.042

2Seconds on Pentium 1V PC with CPLEX 8.1 in GAMS 21.

- | | - |
[ ] _ | = | ,
Makespan | m . | | _ _
Minimization ;_k_l_l__ L e e— Discrete Time Faster
[ || | | _ | | |
" = _ |
- B E
L L [ [
Discrete STN model Continuous STN model

Gantt charts for case 1.a (Makespan minimization)

CENEENNENNE N
U2

Profit el B NN B @ N HE NN EH B Continuous time faster
.. . v (| | . I |
Maximization o e — .

us N |
u7 I e _ |
us (e 7] I .
U9 | | | |
0 8 16 24(h) 0 8 16 24(h)
Discrete STN model Continuous STN model

Gantt charts for case 1.b (Profit maximization)

27



inical
i LFERING

Carnegie Mellon

Case Study 2

Comparison of model sizes and computational requirements

Case Study Event representation Binary vars, cont. vars, Objective CPU time Nodes
constraints function
2.2 Time slots & preordering 100, 220, 478 1.581 67.74%(113.35)* 456
General precedence 82,12, 202 1.026 0.11° 64
Unit-based time events (4) 150, 513, 1389 1.026 0.07° 7
2.b Time slots & preordering 289, 329, 1156 2.424 2224%(210.7)* 1941
General precedence 127,12, 610 1.895 7.91° 3071
Unit-based time events (12) 458, 2137, 10382 1.895 6.53° 1374
2. Time slots & preordering 289, 329, 1156 8.323 76390%(927.16)* 99148
General precedence 115, 12, 478 7.334 35.87° 19853
Unit-based time events (12) 446, 2137, 10381 7.909 178.85° 42193

Seconds on?1BM 6000-530 with GAMS/OSL / ® Pentium I11 PC with ILOG/CPLEX / ©3.0 GHz Linux workstation with GAMS 2.5/CPLEX 8.1.

*Seconds for disjunctive branch and bound

General precedence fastest

/

i | i3
[ nin ] | ] ] ] i)
5 DB 9 [ I | [EE I W N W [
: |3 g
d = m: I ﬁ & Eg i I D B
1 7 i
[ [ p—— 5 0 ) m
| 3 i 1 i
= o O gy o e | —
I B A RN BN B [N R T N N AN AN o b e L
1 fl ff 18 ] i i 1 4 b A

(a) without manpower limitation (b) 3 operator crews (c) 2 operators crews

28
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Alternative Solution Approaches

(1) Exact methods (2) Constraint programming (CP)
MILP Constraint satisfaction methods
MINLP

(3) Meta-heuristics (4) Heuristics
Simulated annealing (SA) Dispatching rules

Tabu search (TS)
Genetic algorithms (GA)

(5) Artificial Intelligence (Al) (6) Hybrid-methods
Rule-based methods Exact methods + CP
Agent-based methods Exact methods + Heuristics
Expert systems Meta-heuristics + Heuristics

Exact methods provide rigorous and general basis

Solution of real-world problems requires:
Hybrid methods
Aggregation
Decomposition
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maxZ =Y SS.¢,
> S (Ws, ~Wi,) <1 Vj,vn

I%J\)/\r}sn _ZWf Vi

D —aWs .+ pBBs,  Vi,vn
Tfm_Ts +D, +H@-Ws,) Vi, vn
Tf, >Ts,+ D, —H@-Ws,) Vi, vn
Ts, =T, Vi,vn

Tf,  <T,+H@-Wf_ ) Vi Vn

Tf, 2T, -HQ-Wf)) VieZW(i),Vn
B""Ws, <Bs,, <B"™Ws, Vi, Vn
B""Wf, < Bf, <B"WWf_ Vi, vn
Bs,, ., +Bp,,, =Bp,, +Bf,, Vi, Vn
B., = piBs;, ‘v’l,‘v’n,‘v’SeSl(i)

BY = p,SBf Vi, vn, Vs e SO(i)

s n-1 + Z Blsn
ie0(s) iel (s)
R =y.Ws +6,.Bs.  ViVvrvn
R,?n }/,er +6,.Bf,. Vi, vr,vn
Zern 1+ZR|rn Vr,Vn

> ZDm_H -T, VJ,Vn

iel (j)n>n
S (WF, fd +Bf. vd)<T. Vj,vn

iel(j)n'<n

Z Blsn + SPsn - SSsn

}

MILP Formulation Continuous Time STN

(Maravelias, Grossmann, 2004)

Novel Assignment Constraints

4\ I
Finish time of task i
9 ]
R
> Mass balances
y

Vs,Vh>1

|

Utility Constraints

Novel Tightening Constraints

Big-M
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Z,. = 1if copy c of task i is carried out

Select tasks
Assign Units

Solve MIP Master Problem
max profit / min MS / min Cost
s.t. Assignment constraints [

Total mass balances

Obtain UB

Fix tasks (Z;.) Sequencing and

Timing tasks

Solve CP Subproblem
max profit / min MS / min Cost
s.t. ALL CONSTRAINTS

w/ fixed activities/tasks

Obtain LB

<>

Tasks = Activities

Units = Unary Resources
Utilities = Discrete Resources
States = Reservoirs

Hybrid MILP/Constraint Programming Method

> 2Dz <H V]

iel(j) c

BMNZ. <B_ <B"™Z_ ViVc

S, =S +ZZ,0 B.. ZZ,D B, Vs
S, >d, VSeFP

S.<C, VselNT

Zien<Zy, Vi,ve<|C|

Integer Cuts

B <B_<B"™ Vi,vc

IC —

B! = p.B. Vi, Ve, Vs

ICS

Bl(c)s IOI(S) Bic VI’ VC, Vs

R.=a, + BB, ViVc
)33 BS >d, VseFP

Task[i,c] requires Unit[j] ¥, Vi el(j), vC
Task[i,c] requires R;, Utility[r] Wi, ve
Task[i,c] consumes B'. State[s] Wi, V¢, V5
Task[i,c] produces B9, State[s] Wi, vt, V5
Task[i,c].end <MS 7, vt
Task[i,c] precedes Task[i,c+1] Wi, vtc<|C|



Example Makespan Minimization

F1 S20 @ Unlimited Storage

5tons O Finite Storage
F2 S10 INT1 P1 @ No intermediate storage

1 @ Zero-Wait
> = INT2 | stons  (u1e) (u2]  Continuous-time
0.20 .
4 s 050 w0 U MILP: Unsolvable
T31 T32 p3
0.80 05 S50 5 tons
o " W .
s72
0% 0.05
F5 S61 INT4 S70 s71 ' P4 - -
0.75
0.65 O 0.95
- 0.25 S tons 8 Units
S60

Optimal Schedule

3;_ Proposed Method
[ cTom s 1 s o

- — Optimum schedule found in 5 seconds !
s (B SEEW
us I e ] CPLEX 7.5/1LOG Solver 5.2
v N (me)
us _

o 2 4 s 85 1 12 1 15 tm

Minimum completion time = 15 hours
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Carnegie Mellon

Commercial Software

Aspen Plant Scheduler
(Aspentech)

Model Enterprise Optimal Single Site Scheduler (OSS Scheduler)
(PSEnterprise)

VIrtECS Schedule

(Advanced Process Combinatorics)

SAP Advanced Planner and Optimizer (SAP APO)
(SAP)
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Carnegie Mellon

Beyond current Scheduling Capabilities

1. Reactive Scheduling
Changes while executing a schedule:
- New orders
- Equipment breakdown

Approaches rely mostly on making small changes (e.g. Mendez et al.)

2. Integration of Planning and Scheduling
Key: Aggregated models, decomposition
Example: Erdirik & Grossmann (2005)

3. Integration of Process Models
Generally leads to MINLP problems
Examples: Mendez et. al (2005), Flores & Grossmann (2005)
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Carnegie Mellon
Approaches to Planning and Scheduling )

Erdirik, Grossmann, 2005)

Decomposition Simultaneous Planning and Scheduling
Sequential Hierarchical Approach Detailed scheduling over the entire horizon
p| ann | n g I months, years |

| days, weeks |
[ |
Challenges: Challenges:
o  Different models / different time scales ©oVery _Larg_e Scale_ProbI_em
. Mismatches between the levels e  Solution times quickly intractable

GOAL:

e  Propose a novel decomposition algorithm to integrate planning and scheduling for multiproduct
continuous plants.

»  Ensure optimality and consistency between the two levels. 35




e8¢ Planning and Scheduling of Continuous Plantsgq\r;\?

| EEEE

« Multiproducts to be processed in a single continuous unit/production line

« Time horizon subdivided into weeks at the end of which demands are specified.
« Transition times are sequence dependent

« Continuous time representation is used.

due date due date due date A N
) _ | ! . Transition

. single Unit - I I I I I el
“0-> ~or '/j \:\

v - \ A Y, \ Y,
cQ Oc \% Y Y Q/\{D

week 1  week 2 week t B~ —" ~C
Decisions

 Amounts to be produced

e Length of processing times
* Product inventories

e Sequencing of products

Objective
« Max Profit = Sales —Operating Costs — Inventory Costs — Transition Costs 36



Proposed Decomposition Algorithm d’@e

UPPER LEVEL PLANNING

v

Solve MILP Aggregated Model to determine
an upper bound on the profit ws)

\ 4

Product i, produced by the upper level

A\ 4

al
If y;=1 ; may or may not be produced at the lower level
+ Add
: If y.=0 ; not produced at the lower level
Lopic Cuts y"l 2
A \ Product i, NOT produced by the upper level il

Subset LOWER LEVEL SCHEDULING
Superset
Capacity Solve the Detailed Planning and Scheduling Model to

determine a lower bound on the profit ws)

A 4

o ves STOP
. UB — LB < Tolerance ? Solution = LB

IZ
O
v
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Example CHPD

CENTER
» Determine plan and schedule for 5 products for a planning horizon of 4 weeks to
ma)o \ Single Unit ’ o
Q\..__:: /O T
e — = C ) I I I I >
/
/7 o 1 2 3 4  Weeks
-3 N
(= (€
Demand input data for Example 1 Production rated data for Example 1
Time Period
1 2 3 4 Production
Demand (kg) Product Rates(kg/hr)
A 10,000 20,000 30,000 10,000 A 800
B 25,000 20,000 15,000 25,000 B 900
C 30,000 40,000 50,000 30,000 C 1,000
D 30,000 20,000 13,000 30,000 D 1,000
E 30,000 20,000 12,000 30,000 E 1,200
Transition Data for Example 1 Cost data for Example 1
Product
Product A B C D E
Transition times (hrs) Operating  Selling
A 0.00 2.00 1.50 1.00 0.75 Costs ($/kg) Price ($/kg
B 1.00 0.00 2.00 0.75 0.50 A 0.19 0.25
C 1.00 1.25 0.00 1.50 2.00 B 0.32 0.40
D 0.50 1.00 2.00 0.00 1.75 c 0.55 0.65
E 0.70 1.75 2.00 1.50 0.00 D 0.49 0.55
Transition costs ($) E 0.38 0.45
A 0 760 760 750 760
B 745 0 750 770 740
c 770 760 0 765 765 Inventory Cost ($/kg.h) 38
D 740 740 745 0 750 0.0000306
E 740 740 750 750 0




Results of Example

Gantt Chart for the planning horizon

A D ‘ Transition

0 336 504 672 t
“ A AN v
~ ~ ~ ~
week 1 week 2 week 3 week 4
Inventory levels for Product A and B
INV Product B
INV Product A \
r
45,000
60,000 40,000
40,000
25,000
20,000 l
10,000 /
1] 12387 13636 168 240 315 336 504 672 t 1
o 31 21 15083 148 338 320 424 44 504 672 i
-« - AN AN
~ T T T

weelk 1 weelk 2 weel 3 weel 4 week 1 week 2 week 3 week 4



Computational Results CHED

CENTER

Method MNumber of Mumhber of Mumber of MNumherof  Time solution
bhinary continuwous Equations — Major (CPUs) ()

variables wvariahles Iterations

Full Space 120 QET Q06 6000+ 43,1208 *8% gap

Proposed 15 2079 43,1208

algorithm (0%0)

Prohlem UB 20 151 S6d 20 43.013.0

Prohlem LB 120 Q06 Q45 2059 43 120 8

Proposed 4 280 43,1208

algorithm (1 %)

Prohlem UB 20 151 251 0z A3 540 .5

FProhlem LB 120 Q06 Q38 287 43 120 8
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Refinery Scheduling and Blending CAED

CENTER
STANDARD REFINERY SYSTEM gasoline can y|e|d 60-70%
of reflne roflt I
fractionation and Eyﬂsp °e
reaction processes e® Opgoduct delivery
crude-oil Unloading crude-oil bIending 9‘130“”9 blendlng @ .t
] °
\ — B o A
°
B = Ej T -
= =
crude-oi L |
marine vessels  *17"70¢ AMKS charging " Con:gnlf;%k blend Ej __>.
tanks crude dist. other prod. ® headers shipping pomts
units units .. finished Py
®e product °
CRUDE OIL UNLOADING AND ®e tanks. °®

L]
BLENDING .........

PRODUCTION UNIT SCHEDULING

PRODUCT SCHEDULING AND
BLENDING

*Production logistics Production quality

(scheduling) (blending)
Multiple product demands Variable product recipes
Resource allocation Product specifications
Timing of operations Complex correlations for

|nvent0ry and pumplng constraints product properties
Logistic and operating rules

41



Problem statement

KA Enical

LTI TFERING CENTER
component
N g
- P k1 J— ~—]
- Pli- k2 1
Pl kn \ min/max product specifications
— / _ pl.min <opr < prmax
- pry X _pkl p p.k1t p p.k1
— ——»C—0 T’—>.——'P P prmmp‘kz = Prokat o prmaxp‘kz
\_//V E prminp,kn = prp,kn,t S prmaxp,kn
-
3 :
component blenders product
tanks ¢ tanks
GIVEN: THE GOAL IS TO DETERMINE:
*Scheduling horizon Allocation of resources
*Components, Products sInventory levels in tanks
*Storage tanks, Blend headers «Component concentrations in each product

Component properties, stocks and supplies  +Volume of each product

*Product specifications, stocks and demands <Pumping rates

*Min/Max flowrates and concentrations *Production and storage tasks timing
*Correlations for predicting product properties

*Operating rules

MAXIMIZE PRODUCTION PROFIT

REQUIRES SIMULTANEOUS SCHEDULING AND BLENDING
42



Proposed optimization approach

CENTER
MILP multiperiod optimization method DISCRETE TIME FORMULATION
. . . . . D, D, D, D,  Product
Discrete or continuous time domain representation 1 1 1 l Due Dates
Linear approximations for product properties I I BN
time
Iterative procedure for improving predictions
CONTINUOUS TIME FORMULATION
Integrated production logistics and quality specifications Ii Ii Sub-interval f lDA Product
Variable recipes and min/max component concentrations l | l l | L,
Discrete decisions f location and operating rules V. /' \ A [
iscrete decisions for resource allocation an ing rules
P g Ly 2y T3 T4 Jf-u—ﬁq L T8 Ty
SLOTS

l l l | l | — D
0 DLIle Dule Dlje o Dlﬂe ] . -
date 1 date 2 date 3 date NO f p— >
e T— —>aco| ' | F,, ‘ “
Production —
Horizon

f —
component blenders product
tanks tanks
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Product property prediction

*\olumetric average *Non-linear flowrate-composition matching
Prot= D PrikV; vp, k,t vi o Foi=Fl, Vinpt
i
Volumetric product property correlation (Linear)
proyFoy _Zpr. R < pricFs, vp,k,t
92 4
%\ . BLEND .
Linear approximation for igl 0% GOMPONENT ‘6

non-linear product properties

90
prm'n F P _|_ b|asp K.t Fpt < Z prl K F ! Correction factor “bias’ -O.ZA/
89 /

) Property val
prie*Fr. +biasp.k FF,  Vp,K,t . Comp A 921

Comp. B: 86.1

87 -

Component A volume fractioq

0 0.2 04 0.6 0.8 1
linear volum. average + bias ‘

e NoOn-linear correlation = linear volum. average
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8-DAY TIME HORIZON
12 STORAGE TANKS
3 BLEND HEADERS

6 DUE DATES

component blenders product
tanks tanks
8 days
R —— E———
0 Day 1 Day 3 Day 4 Day 5 Day7 Day8
i I I 1 1 v I { {
] ] ] ] ] ] ] |
0 - - -
| 1 l l 1 1 ] Discrete time formulation
| ] ] ] ] ] | |
* Motivation
* Modeling issues
e Problem statement 0
* Proposed optimization approach L 1 1 1 1 1 ] Continuous time formulation
* Product property prediction I I I T ] T 1
* Integrated model f f ? f ? ?

Discrete MILP formulation I—I I—I I—I I_I I_I I_I

Continuous MILP formulation
e Treatment of infeasible solutions SLOTS

e Numerical results
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Example: Blending and scheduling

CENTER

Objective: Make scheduling and blending decisions that maximize profit

Min/max produc_tl_on for each time interval Profit: M$1.611.21
Demands at specific due dates
Product specifications Operates blenders at full capacity for

Operating conditions 2.67 days less than discrete time

Continuous time formulation
9 0-1, 841 cont, 832 constr. 0.26 CPUsec/CPLEX

Discrete time formulation
9 0-1, 757 cont, 667 const. 0.26CPUsec/CPLEX

cL | 1 T ] c: il N 0§ L

8 I s c [N [T

c: I ] c: | | [ |
a

240 : 240
Mbbl g Mbbl i

200 200
160 /// 160 ///
120

120
80 A 7 80 4 — /'/ /::‘
3 /x:/‘\< 1%///;;/
40 % 40 7§ %
\ K\
: -

o T T T T T T T 0o

*

EVOLUTION OF COMPONENT STOCKS



Simultaneous Cyclic Scheduling and Control 1
of a Multiproduct CSTR Reactor \=

Flores, Grossmann (2005)

Given is a CSTR reactor
N products
Lower bounds demand rates
Dynamic model for reactions

Determine cyclic schedule
Cycle time
Sequence
Amounts to produce
Lenghts transitions and their dynamic profile

Objective: Maximize total profit
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Basic ideas MIDO model

_ |1 product i assigned slot |
Y210 otherwise

0 0

CAPD

Slot 2

Slot N

Cycle time

e e e e e e S e e e e e e

Transition period

Dynamic system behaviour

Production period

(b)

Time

v

Requires guessing
transition times

Use orthogonal collocation for converting dynamic eqtns into algebraic eqgtns.

Discretized DEA solved as MINLP (DICOPT)

48
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MIDO Optimization model CABD

CENTER

Nep Ny Npe
I:_?Ht FEH—"; : S ffckuu:- N 113
s { AL SR ELINS 35 S0 DrkicL Y I
i=1 i=1 k=1 f=1  o=1
+.o+ (2Fa — ) +[uf__,,¢ 1¢112+...+[1¢f¢k—ﬁf]"]_} (1)

s.t. Scheduling constraints:
Product assignments
Amounts manufactured
Processing times
Transition constraints
Timing relations

Dynamic and control optimization
Dynamic mathematical model discretization
Continuity constraint between finite elements
Model behavior at each collocation point

49



Scheduling:

Wy

W,

Gy
it

=

e

5

= gt TEEF]

= Un, T

DT, Wi
G40, Vi
F1- X)), ¥
E"“"*'g.l.,,,, Wi,k

Z IQ“:, Wi
Z B, Th

ik 2 Y + Ve — 1, Vi p K

Ny My
YN tha. vk
fm] peml
]
Np Np
te + e + Z z t Tk Th
fm=] pel
4. Tk#1
T., ¥k
&, i
(f - k

::IJFP hl' “.TE l.':'.lf ':' k

e A Na Nte
W, C2(Gs — W)
:E - h’fk
—~ T, ; 29 T. ; ; Z;
+ oo+ (T — EEI'Q + Eii‘}ck = ﬁijlz +...+ ':“?;-k
- L Dynamics:
= 1, vk

Tope = Togapt '95,'5;_1,4.2 w2 g0 T f 2 2.k
=1
B = b

i —
Tink —

(e}
-T""'-Il !""-l:_"lk
m
LSRN

ﬂ;'q;.,-"'.:_,,k

i
Lotk

C rfck'ﬂcf\ ([I}*—"I‘ijz
—ﬂ?)zl} )
"'"-'-'.“

he = Top+ b Z LU L O
=1

Nep

i 1
'rfﬂk’ﬂ'fﬂ’l""

M

Z III‘:'“J“: W, k

=1

My

= z IL,IE"IMI: l":'.lﬂ, k F ﬁ"l
i=1
Np
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=]
Np

= 3 ul e, Ym,k
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= Zuﬂﬁy'nh'l'i? Wm, k£ N, — 1
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= T Yk
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CAPD

CENTER

Example: 5 products

k
Third order kinetics: R —> P, —Ry = kcg
dc
. :Q(CO_CR)+ Ry
dt Vv
Data
Product () Co Demand Product  Inventory
[It/hr] [mol/lt] rate [Kg/h] cost[$/kg] cost [3]

A 10 0.0967 3 200 |
B 100 0.2 = 150 1.5
C 400 0.3032 10 130 1.5
D 1000 0,393 10 125 2
E 2500 (0.5 10 120 1.7
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Slot Produet  Process time  Produetion rate i Transition Time T start T end
[b] [Kg/h [Kg] [b] [b] [h]
ReSUItS 1 A 41.5 a.033 374.31 b 0 46.4
2 D 2.06 GOT 1240 4 b 464 3.6
3 E 23.4 1250 02704 ] 3.6 52
4 i 4.48 2TE.T2 1240 .4 b 52 01.5
b bE; 12.45 a0 noo.5 21 a1.5 126
_ 04 2000
- 3 E
Optimal sequence £02 = 1000
= 8
A—E—C—D—>B— o , : _
0 2 3 4 5 0 . 3 4 ]
_ 05 T - - 3000 ' r
Cycle time =124.8 h . / T
y _ £ 04 = 2000
Profit = $7889/h 0 ]| ¢
03 : . 1000 . : .
0 2 3 4 ] 0 . 3 4 ]
i . = 4000 = T
N — EC —
° c
B0~ ] 2[1[10\
o g
0 : : . ] : : .
0 2 3 4 ] 0 . 3 4 ]
04 = 400 == 3 =
o) — (B —_
° £
E03 = 200
=,
: \ (6] 4
02 : : . . U : : .
] 2 3 4 5 0 Z 3 4 ]
04 - 100 —s :
) — BA —
z £
E N2 R
8]
0 . . - . i ] . - ; )
0 5 10 15 20 A 0 10 15 il 25
Time [hr] Time [hr]

C/PD

52

CENTER



Conclusions d@’e

1. Optimization-based scheduling very active area of research
Major modeling tool: mixed-integer optimization

2. Great diversity in applications makes single solutions still elusive
Tailored solutions are still most effective,
but MOVING target !

3. Real-world industrial problems require combination of
approaches and aggregation/decomposition
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