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Motivation

A Significant advances in scheduling area in last 20 years
I Algorithmic methods
I Modeling techniques
I Computational technologies

A Still a significant gap between theory & practice (NP-hard)
I Academic developments tested on small problems

I Real-world applications involve hundreds of batches, dozens
equipment units, long scheduling horizons

A Need for effective, systematic techniques that efficiently
handle a large number of decisions
I Heuristics, decomposition or aggregation methods

A Guaranteeing optimality may not be that critical in practice
I Short time to generate a solution (optimality vs. performance)
I Optimality easily lost due to disturbances
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Classification Scheduling Approaches (1)

A Network structure of equipment units

I Single or multistage plants
A Units allocated to single production stage

I . - | I . - | I
: : :
I Multipurpose plants
A Units suitable to a couple tasks of production recipe

i 2y 3}
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Classification Scheduling Approaches (II)  *%

A Time representation
I Explicit time grids
A Discrete-time (Kondili et al., 1993; Pantelides, 1994)

| Slot1 Slot 2 Slot3 i SlotT-2 : Slot T-1 |

— | —A\,— —

5 2 3 4 T-2 T-1
T

A Continuous-time

I Single grid (Castro et al., 2001; Maravelias & Grossmann, 2003;
Sundaramoorthy & Karimi, 2005)

| Slot 1 Slot 2 Slot T-2 ISlotT-’ll

2 3 T-2 T-1
1 T

i Unit-specific (Floudas & co-workers, 1998-2008; Giannelos &
Georgiadis, 2002, Castro & co-workers, 2005-2008)

I Seqguencing variables 'Y aYe "
A Immediate precedence (Gupta & Karimi, 2003) __
A General precedence - —

(Méndez et al., 2001; Harjunkoski & Grossmann, 2002) —

November 9, 2009 09 CAST Plenary Session

Annual Meeting, Nashville, TN






| Slot1 ; Slot 2 ; Slot 3 ISlot'l”—2l8|0t1'—1| 2 ’

Discrete-time Model —F—+"~Nv—+ 1

A Most powerful approach overall
I Can tackle problems of industrial relevance
I Simple, elegant and very tight MILP formulation

A Critical modeling issues

i Uniform interval length G may be difficult to select
A Trade-off: data accuracy vs. problem tractability

I Handling changeovers
I Batch-size dependent processing times

10 4005 11242 7277 91 5.36
Rounded-up data 5 8077 22514 14477 90 150 10 orders
Not true optimum 6 units
2 20137 56174 36077 89 40 3 stages
1 40341 112378 72077 89 1429
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Continuous-time Model —+— "+ 1 A

A More general approach
I Can handle a wide variety of features rigorously
I Significantly more complex overall

A Critical modeling issue
i Global optimal solutions only for |T|Y D

Binary Total Constraints Cost [k9]

variables variables

3 products 8 462 957 495 Infeasible | 0.57 1 o
2 units I | T 3
1 stages 9 528 1089 562 27.222 | 7.18 1 'g =
. I | (o)
1 week horizon 10 594 19221 629 27 008 . 369 | — g
|
|

lmm 11 660 1353 696 26.911 4131
/ A
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Unit-specific Models

A Better for special types of problems

I Multistage plants
A Competitive with sequence-based models

I Multipurpose plants without shared resources

A Critical modeling issue
I Fewer event points to find global optimal solutions

Discrete-time Single 1501 27383 60406 33054 793 165
Continuous-time Single 7 453 615 348 793 6214
Multiple 4 165 198 295 793 0.82
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How to Handle Large Set of Orders? &

A Systematic method by Roslof et al. (2001)

I Parameterized to take the most of available computational
power

I Continuous-time model with sequencing variables
I Suitable for multistage plants
I Scheduling from scratch & rescheduling

A Key idea
I Schedule the full set of orders sequentially

A First considered orders given full degrees of freedom

A Others can be partly rescheduled
I Unit assignments and relative position in sequence cannot change

A Novelty
I Use of unit-specific continuous-time model

I Validation through solution of examples of moderate size
A Compare solution quality and computational effort
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Which Unit-specific Model? &

A Three alternatives (Castro & Novais, 2008)

I Castro & Grossmann (2005) P
A Minimum event points approach v '—> . i
i Shaik & Floudas (2008) MR I PR .
A More general (multipurpose plants) N '%’ \
i Castro & Novais (2008) B ] S

A Can handle multiple batches for an order

A Single time slot per order enough to ensure generality

I Algorithm eliminates uncertainty # slots as part of solution
strategy
A Grids from different units with | # slots

I Suboptimal solutions entirely due to decomposition process
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Fixed Relative Positions Strategy

A One order at time

A Two orders at a time

i =1 i i=2 i =3

= =

i —— | ——
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Mathematical Formulation (MILP)

A Minimize makespan = min)s+ ¥ Fa(Sujr ZA{S
mEM ) reT 0 ig]"
A Meet release dates

A Severely penalize due date violations
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A Constraints domain feature dynamic sets
I Manipulated by scheduling algorithm
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Scheduling Algorithm

A User may choose:
I Heuristic for order-iteration assignment

I Number of orders scheduled at a time
I Unit-specific or general precedence sequencing model

Given:
I;, NOS, p;
Tl {t eTit=(NOS+1) [ t/(NOS+1) |
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Al gorithmdés Main R&:

LNEG

A Problems of moderate size (e.g. 16 orders, 6 units, 2 stages)
I 33% success rate in finding optimal solution
I Schedules with no due date violations

A Large-scale problems (e.g. 50 orders, 17 units, 6 stages)
I Good solutions in <1 min

I Full-space models rapidly become intractable
A Out of memory termination with no solution returned

- it M1 [4dlazl4s|39]43) 38l a9l340 320 30018l 23116l 201 24l 13] 31 421 36l 2 {10l 7271 40]
Full-space Decomp_OSItlon M2 |48 5046144135 3733] 31 29| 2011 a{17{ 15]21 121 ] 25] 4126122 51 61 5128
Algorlthm m3 [[asd[ash (35038 3l 2o 1l iz 1l i il 3024 420 1o 64270 7

Ma | [azdged 330320191 340 300 18] [T T R P T P S T (=
Problem (1,M,K) CPUs Best Best CPUs M5 | 0144 0
Mé | StageS 1481504, 44.4..35.4.38 d45014d 17 4,20 4114214

P12  (30,17,6) 60000 21.791 20.168 8855 .
M9 |
P13 (50,17,6) 60000 36.136 30.053 5833 el
M12
M13 |

P14 (50,12,6) 33061  no sol. 984 350 el 1AL, -
a5 i | e ih
P15 (50,20,5) 26949 no sol. 535 14776 M16 R ——

M17 kA3 3713001984 310 {130]110 2018 {l24{2fi2]_P26i2R7)
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Other Results fo

A Time grid @sequencing variables
A Minimum slack times (MST) better than earliest due
date (EDD) heuristic

A Best tradeoff solution quality/computational effort
I Scheduling (NOS=) 2 orders at a time

Problem NOS=1 NOS=2 NOS=3 NOS=1 NOS=2 NOS=3

P12 21.699 21.333 21.333 15.5 350 24956
P13 30.733 30.219 31.794 40.0 19017 42056
P14 1025 994 1011 43.0 2024 41686
P15 561 566 566 28.8 108 3818
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Conclusions #

A Flexible decomposition algorithm for large-scale plants
I Single batch, multistage with unlimited storage

A Features well-established continuous-time models in its core
I Unit-specific & general precedence sequencing variables

A Decomposition strategy solves # slots specification issue
I Time grids grow at different rates

A Further information

I Optimal Short-Term scheduling of Large-Scale Multistage Batch
Plants. Ind. Eng. Chem. Res. In press.

A Future work
I Problems featuring sequence-dependent changeovers
I Extend approach to multipurpose plants
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