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Motivation

ÅSignificant advances in scheduling area in last 20 years
ïAlgorithmic methods

ïModeling techniques

ïComputational technologies

ÅStill a significant gap between theory & practice (NP-hard)
ïAcademic developments tested on small problems

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

ÅNeed for effective, systematic techniques that efficiently 
handle a large number of decisions
ïHeuristics, decomposition or aggregation methods

ÅGuaranteeing optimality may not be that critical in practice
ïShort time to generate a solution (optimality vs. performance)

ïOptimality easily lost due to disturbances
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INTRODUCTION



Classification Scheduling Approaches (I)

ÅNetwork structure of equipment units

ïSingle or multistage plants

ÅUnits allocated to single production stage

ïMultipurpose plants

ÅUnits suitable to a couple tasks of production recipe
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Classification Scheduling Approaches (II)

ÅTime representation
ïExplicit time grids

ÅDiscrete-time (Kondili et al., 1993; Pantelides, 1994)

ÅContinuous-time

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

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

ïSequencing variables

ÅImmediate precedence (Gupta & Karimi, 2003)

ÅGeneral precedence

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

TIME-GRID BASED 

MODELS



Discrete-time Model

ÅMost powerful approach overall
ïCan tackle problems of industrial relevance

ïSimple, elegant and very tight MILP formulation

ÅCritical modeling issues
ïUniform interval length ŭmay be difficult to select

ÅTrade-off: data accuracy vs. problem tractability

ïHandling changeovers

ïBatch-size dependent processing times
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ŭ Binary 

variables

Total 

variables

Constraints Cost 

[k$]

CPUs

10 4005 11242 7277 91 5.36

5 8077 22514 14477 90 150

2 20137 56174 36077 89 40

1 40341 112378 72077 89 1429Accurate data

Rounded-up data

Not true optimum
10 orders

6 units

3 stages



Continuous-time Model

ÅMore general approach

ïCan handle a wide variety of features rigorously

ïSignificantly more complex overall

ÅCritical modeling issue

ïGlobal optimal solutions only for |T|ŸÐ
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|T| Binary 

variables

Total 

variables

Constraints Cost [k$] CPUs

8 462 957 495 Infeasible 0.57

9 528 1089 562 27.222 7.18

10 594 1221 629 27.008 369

11 660 1353 696 26.911 4131Not optimum
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Unit-specific Models

ÅBetter for special types of problems

ïMultistage plants

ÅCompetitive with sequence-based models

ïMultipurpose plants without shared resources

ÅCritical modeling issue

ïFewer event points to find global optimal solutions

November 9, 2009 CAST Plenary Session 9

Model Time grid |T| Binary 

variables

Total 

variables

Constraints Cost 

[k$]

CPUs

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



NEW DEVELOPMENTS

IN THIS PAPER



How to Handle Large Set of Orders?

ÅSystematic method by Roslöf et al. (2001)
ïParameterized to take the most of available computational 

power

ïContinuous-time model with sequencing variables

ïSuitable for multistage plants

ïScheduling from scratch & rescheduling

ÅKey idea
ïSchedule the full set of orders sequentially
ÅFirst considered orders given full degrees of freedom

ÅOthers can be partly rescheduled
ïUnit assignments and relative position in sequence cannot change

ÅNovelty
ïUse of unit-specific continuous-time model

ïValidation through solution of examples of moderate size
ÅCompare solution quality and computational effort
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Which Unit-specific Model?

ÅThree alternatives (Castro & Novais, 2008)

ïCastro & Grossmann (2005)

ÅMinimum event points approach

ïShaik & Floudas (2008)

ÅMore general (multipurpose plants)

ïCastro & Novais (2008)

ÅCan handle multiple batches for an order

ÅSingle time slot per order enough to ensure generality

ïAlgorithm eliminates uncertainty # slots as part of solution 

strategy

ÅGrids from different units with #̧ slots  

ïSuboptimal solutions entirely due to decomposition process

November 9, 2009 CAST Plenary Session 12

M1

M2

M3

I1

n1

M4

M5

M6

I2

I2

I1

I1

I2

n2

n3

n3

n1

n2

T1,1

T1,2

T1,3

T1,4

T1,6

T1 T2 T3 T4 T5 T6 T7

T1,5



Fixed Relative Positions Strategy

ÅOne order at time

ÅTwo orders at a time
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Mathematical Formulation (MILP)

ÅMinimize makespan

ÅMeet release dates

Å Severely penalize due date violations
ïSlack variables

ÅConstraints domain feature dynamic sets
ïManipulated by scheduling algorithm
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Scheduling Algorithm

ÅUser may choose:
ïHeuristic for order-iteration assignment

ïNumber of orders scheduled at a time

ïUnit-specific or general precedence sequencing model

November 9, 2009 CAST Plenary Session 15



COMPUTATIONAL 

RESULTS



Algorithmôs Main Results

ÅProblems of moderate size (e.g. 16 orders, 6 units, 2 stages)

ï33% success rate in finding optimal solution

ïSchedules with no due date violations

ÅLarge-scale problems (e.g. 50 orders, 17 units, 6 stages)

ïGood solutions in <1 min

ïFull-space models rapidly become intractable

ÅOut of memory termination with no solution returned

Full-space Decomposition 

Algorithm

Problem (I,M,K) CPUs Best Best CPUs

P12 (30,17,6) 60000 21.791 20.168 8855

P13 (50,17,6) 60000 36.136 30.053 5833

P14 (50,12,6) 33061 no sol. 984 350

P15 (50,20,5) 26949 no sol. 535 14776
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Other Results

ÅTime grid @sequencing variables

ÅMinimum slack times (MST) better than earliest due 

date (EDD) heuristic 

ÅBest tradeoff solution quality/computational effort

ïScheduling (NOS=) 2 orders at a time
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Makespan CPUs

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



Conclusions

ÅFlexible decomposition algorithm for large-scale plants
ïSingle batch, multistage with unlimited storage

ÅFeatures well-established continuous-time models in its core
ïUnit-specific & general precedence sequencing variables

ÅDecomposition strategy solves # slots specification issue
ïTime grids grow at different rates

ÅFurther information
ïOptimal Short-Term scheduling of Large-Scale Multistage Batch 

Plants. Ind. Eng. Chem. Res. In press.

ÅFuture work
ïProblems featuring sequence-dependent changeovers

ïExtend approach to multipurpose plants

ÅAcknowledgments:
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