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Outline of LectureOutline of Lecture

Scope of Scope of optimizationoptimization in science, in science, 
engineering and commerceengineering and commerce
Classical Classical pointpoint--byby--pointpoint approaches approaches 
Evolutionary Evolutionary populationpopulation--based based approachesapproaches
Scope of evolutionary approaches in Scope of evolutionary approaches in 
different problem solving tasksdifferent problem solving tasks
ConclusionsConclusions
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Scope of Optimization in Scope of Optimization in 
PracticePractice

Optimal design & Optimal design & 
manufacturingmanufacturing for for 
desired goalsdesired goals
Major application in Major application in 
engineeringengineering

MEMSMEMS
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Scope of Optimization (cont.)Scope of Optimization (cont.)

Inverse ProblemsInverse Problems
Output known, find inputOutput known, find input
Often with a goal: minimize distortion, maintain Often with a goal: minimize distortion, maintain 
physics, physics, occumoccum’’ss razor (simplest) etc.razor (simplest) etc.
Tomography, reconstruction, 3D from 2D imagesTomography, reconstruction, 3D from 2D images
Lead to multiple solutionsLead to multiple solutions

Reverse current Reverse current 
in brain models in brain models 
(Johnson, 2006)(Johnson, 2006)
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Scope of Optimization (cont.)Scope of Optimization (cont.)

Parameter Parameter 
optimizationoptimization for for 
optimal optimal 
performanceperformance

Scientific Scientific 
experiments, experiments, 
computer computer 
experiments,    experiments,    
DOE pointsDOE points
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Scope of Optimization (cont.)Scope of Optimization (cont.)

System ModelingSystem Modeling

And optimization And optimization ……
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Scope of Scope of 
Optimization (cont.)Optimization (cont.)

SchedulingScheduling (combinatorial opt.)(combinatorial opt.)
Supply chain managementSupply chain management
Process planningProcess planning

Routing & SchedulingRouting & Scheduling

Traveling Salesperson Traveling Salesperson 
problemproblem
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Scope of Optimization (cont.)Scope of Optimization (cont.)

Optimal controlOptimal control
TimeTime--variant profiles variant profiles 
are to be foundare to be found

How to lower load?How to lower load?
How to control temp, How to control temp, 
pressure?pressure?
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Scope of Optimization (cont.)Scope of Optimization (cont.)

Forecasting and predictionForecasting and prediction
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Scope of Optimization (cont.)Scope of Optimization (cont.)

Data miningData mining (classification, clustering, (classification, clustering, 
pattern recognition)pattern recognition)
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Scope of Optimization (cont.)Scope of Optimization (cont.)

Machine learningMachine learning
Designing intelligent Designing intelligent 
systemssystems
Learning systemsLearning systems
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Properties of Properties of 
Practical Optimization ProblemsPractical Optimization Problems

NonNon--differentiable functions and constraintsdifferentiable functions and constraints
Discontinuous search spaceDiscontinuous search space
Discrete search spaceDiscrete search space
Mixed variables (discrete, continuous, permutation)Mixed variables (discrete, continuous, permutation)
Large dimension (variables, constraints, objectives)Large dimension (variables, constraints, objectives)
NonNon--linear constraintslinear constraints
MultiMulti--modalitiesmodalities
MultiMulti--objectivityobjectivity
Uncertainties in variablesUncertainties in variables
Computationally expensive problemsComputationally expensive problems
MultiMulti--disciplinary optimizationdisciplinary optimization
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Different Problem ComplexitiesDifferent Problem Complexities

Mixed variablesMixed variables

MultiMulti--modalmodal Robust solutionRobust solution

ReliableReliable
solutionsolution
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Classical Optimization Methods  Classical Optimization Methods  
and Pastand Past

Exact differentiation & Exact differentiation & 
rootroot--finding methodfinding method

Intractable and not Intractable and not 
sufficient for practical sufficient for practical 
problemsproblems

Numerical algorithmsNumerical algorithms
Iterative and Iterative and 
deterministicdeterministic
Directions based on Directions based on 
gradients (mostly)gradients (mostly)

PointPoint--byby--point point 
approachesapproaches

Linear regression:Linear regression:

y=y=mx+bmx+b
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Classical Methods (cont.)Classical Methods (cont.)
Direct and gradient Direct and gradient 
based methodsbased methods
Convexity assumptionConvexity assumption

No guarantee otherwiseNo guarantee otherwise

Local perspectivesLocal perspectives
Discreteness cause Discreteness cause 
problemsproblems
NonNon--linear constraintslinear constraints
LargeLarge--scale application scale application 
timetime--consumingconsuming
Serial in natureSerial in nature
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No Free Lunch (NFL) TheoremNo Free Lunch (NFL) Theorem
In the context of In the context of optimizationoptimization

WolpertWolpert and and McCardyMcCardy (1997)(1997)
Algorithms A1 and A2Algorithms A1 and A2
All possible problems All possible problems FF
Performances P1 and P2 using A1 and A2 for a fixed Performances P1 and P2 using A1 and A2 for a fixed 
number of evaluationsnumber of evaluations
P1 = P2P1 = P2

Generic Generic softwaressoftwares for optimization are uselessfor optimization are useless
But, NFL breaks down for a narrow class of But, NFL breaks down for a narrow class of 
problems or algorithmsproblems or algorithms
Research effort: Find the best algorithm for a Research effort: Find the best algorithm for a 
class of problemsclass of problems

UnimodalUnimodal, multi, multi--modal, quadratic etc.modal, quadratic etc.
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Evolutionary Optimization:Evolutionary Optimization:
A Motivation from NatureA Motivation from Nature

Natural evolution + Natural evolution + 
genetics genetics 

Guided search Guided search 
procedureprocedure
Offspring are created Offspring are created 
by duplication, by duplication, 
mutation, crossover mutation, crossover 
etc. etc. 
Good solutions are Good solutions are 
retained and bad are retained and bad are 
deleteddeleted
Information is codedInformation is coded

EvolutionEvolution GeneticsGenetics
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Evolutionary Algorithms as Evolutionary Algorithms as 
OptimizersOptimizers
begin begin 
Solution Representation  Solution Representation  
t := 0;  // t := 0;  // generation countergeneration counter
InitializationInitialization P(tP(t);  );  
Evaluation Evaluation P(tP(t);  );  
while notwhile not TerminationTermination
dodo

P'(tP'(t)  := )  := Selection Selection ((P(tP(t));));
P''(tP''(t) := ) := Variation Variation ((P'(tP'(t));));
Evaluation Evaluation P''(tP''(t););
P(t+1):= P(t+1):= Survivor Survivor ((P(t),P''(tP(t),P''(t));));
t := t+1;t := t+1;

odod
endend

Mean approaches   Mean approaches   
optimumoptimum

Variance reducesVariance reduces

Recombination +Recombination +
MutationMutation

All operators are All operators are 
stochasticstochastic
Attempts to find an Attempts to find an 
approximate soln.approximate soln.
No convexity or gradient No convexity or gradient 
availibility assumptionavailibility assumption
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Simulation of a GASimulation of a GA
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Advantages of Advantages of EAsEAs
Applicable in problems where no (good) method Applicable in problems where no (good) method 
is availableis available

Discontinuities, nonDiscontinuities, non--linear constraints, multilinear constraints, multi--modalitiesmodalities
Discrete variable space Discrete variable space 
implicitly defined models implicitly defined models 
((ifif--thenthen--else)else)
Noisy problemsNoisy problems

Most suitable in problems where multiple Most suitable in problems where multiple 
solutions are soughtsolutions are sought

MultiMulti--modal optimization problemsmodal optimization problems
MultiMulti--objective optimization problems objective optimization problems 

Taking adv.Taking adv.
of populationof population

Taking adv.Taking adv.
of operatorof operator
flexibilityflexibility
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Advantages (cont.)Advantages (cont.)
Concept DevelopmentConcept Development

An EA solution is a An EA solution is a 
reciperecipe or a procedureor a procedure
Example: Seed and Example: Seed and 
howhow--toto--grow grow 
principlesprinciples
Not the whole Not the whole 
solution, but a solution, but a 
construction construction 
procedureprocedure
Evaluation generates Evaluation generates 
the whole solutionthe whole solution

Parallel implementation Parallel implementation 
is easieris easier

Robot NavigationRobot Navigation

SimulationSimulation

Rulebase:Rulebase:
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Suspension Suspension 
DesignDesign
Practice is full of nonPractice is full of non--
linearitieslinearities
Opt. Opt. softwaressoftwares may get stuckmay get stuck
Orders of magnitude better Orders of magnitude better 
than existing design possiblethan existing design possible

(Deb and (Deb and SaxenaSaxena, 1997), 1997)

((KulkarniKulkarni, 2005), 2005)

TwoTwo--wheelerwheeler
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Create an offspring using a probability distribution Create an offspring using a probability distribution 
around parents (Deb and around parents (Deb and AgrawalAgrawal, 1995), 1995)

Mutation operators existMutation operators exist xxLL xxUU

Fixed or updated varianceFixed or updated variance

For discrete variablesFor discrete variables

Real-Parameter Operators
OperatorOperator
flexibilityflexibility
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MixedMixed--Variable Optimization:Variable Optimization:
Handling mixed type of variablesHandling mixed type of variables

Treat type of crossTreat type of cross--sections, sections, 
materials, etc. as decision materials, etc. as decision 
variablesvariables
A mixed representation: A mixed representation: 
(1)  14  23.457  (101)(1)  14  23.457  (101)

(1): circular or square cross(1): circular or square cross--
sectionsection
14: diameter/side14: diameter/side
23.457: length23.457: length
(101): material(101): material

Permutation + real + cont.Permutation + real + cont.
Complete optimizationComplete optimization
Deb and Deb and GoelGoel, ASME, ASME--JMD, 1997JMD, 1997

OperatorOperator
flexibilityflexibility
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Other Customizations:Other Customizations:
Innovative RepresentationsInnovative Representations

An important matter in EA An important matter in EA 
applicationapplication
Permutation as fixed codingPermutation as fixed coding
Permutation: (aPermutation: (a--bb--cc--dd--ee))
Fixed coding: Fixed coding: 

(0, 0(0, 0--1, 01, 0--2, 02, 0--3, 03, 0--4)4)
Example: Example: (0 1 0 2 2)(0 1 0 2 2)

Allow any crossover to be usedAllow any crossover to be used
Valid permutations are createdValid permutations are created

_a__a_--> _> _c_a_bc_a_b_ _ --> _> _c_a_d_bc_a_d_b__--> > ((cc--aa--ee--dd--bb))

(Deb et al., 2003, IEEE)(Deb et al., 2003, IEEE)

OperatorOperator
flexibilityflexibility
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Constraint Handling:Constraint Handling:
Handling nonHandling non--linear constraintslinear constraints

Inequality constraintsInequality constraints penalized for penalized for 
violation:violation:

‹‹aa›› = a if a is = a if a is ––veve, 0 otherwise, 0 otherwise

Performance sensitive to penalty parametersPerformance sensitive to penalty parameters
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A PenaltyA Penalty--ParameterParameter--less less 
Constraint Handling ApproachConstraint Handling Approach

Modify tournament Modify tournament selsel.:.:
A feasible is better than an A feasible is better than an 
infeasibleinfeasible
For two feasible solutions, For two feasible solutions, 
choose the one with better choose the one with better ff
For two infeasible solutions, For two infeasible solutions, 
choose the one with smaller choose the one with smaller 
constraint violationconstraint violation
CMAME (Deb, 2000)CMAME (Deb, 2000)
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PopulationPopulation
approachapproach

Enter feasible Enter feasible 
regionregion
Look for Look for 
optimumoptimum
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A Computer SimulationA Computer Simulation
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WeldedWelded--Beam Design ProblemBeam Design Problem
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LargeLarge--Scale Optimization:Scale Optimization:
Handling large number of variablesHandling large number of variables

LargeLarge--scale and scale and 
practical problems practical problems 
require customizationrequire customization
KnowledgeKnowledge--augmented augmented 
EAsEAs

RepresentationRepresentation
Initialization and Initialization and 
operator designoperator design

A case study involving A case study involving 
millions of variablesmillions of variables
(Deb and Reddy, 2001)(Deb and Reddy, 2001)

Casting SchedulingCasting Scheduling
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Casting Scheduling ProblemCasting Scheduling Problem
Maximum metal utilization:Maximum metal utilization:

Constraints:Constraints:

An An integer linear program (ILP)integer linear program (ILP)
BranchBranch--andand--bound bound ––
exponential algorithmexponential algorithm
A typical operations research A typical operations research 
(OR) problem(OR) problem

Branch and boundBranch and bound
methodmethod
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Performance of LINGOPerformance of LINGO
Works up to n=500 on a Pentium IV (7 hrs.)Works up to n=500 on a Pentium IV (7 hrs.)

But does not work beyondBut does not work beyond
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OffOff--TheThe--Shelf EA ResultsShelf EA Results

Exponential function evaluationsExponential function evaluations
Random initialization, standard crossover and Random initialization, standard crossover and 
mutations are not enoughmutations are not enough
Standard EA practice is too genericStandard EA practice is too generic
Need a Need a customized EAcustomized EA
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A Customized GA:A Customized GA:
Optimal Population SizeOptimal Population Size

N=2000 variables with N=2000 variables with 
max. gen.=1000/Nmax. gen.=1000/N
A critical population A critical population 
size is neededsize is needed

Population &Population &
Operator flexibilityOperator flexibility
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ScaleScale--Up ResultsUp Results

KnowledgeKnowledge--augmented GA has subaugmented GA has sub--quadratic complexity quadratic complexity 
and up to and up to one millionone million variables (Deb and Reddy, 2001)variables (Deb and Reddy, 2001)
Never before such a large problem was solved using Never before such a large problem was solved using EAsEAs

Polynomial performancePolynomial performance

Solutions are Solutions are 
approximate to 200 approximate to 200 
gm of molten metal gm of molten metal 
in a 650 kg vesselin a 650 kg vessel
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Solar ThermalSolar Thermal
Electricity PlantElectricity Plant

Only three variablesOnly three variables
But difficult for But difficult for 
optimizationoptimization
LGO/LINDO does not LGO/LINDO does not 
workwork

Negative profitNegative profit
Initial Initial solnsoln. does not . does not 
changechange

EAsEAs find better find better 
solutionsolution

OverallOverall
flexibilityflexibility
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Properties of the Properties of the 
Design ProblemDesign Problem

f f has massive multihas massive multi--
modalitiesmodalities
ff has discontinuitieshas discontinuities
xx* is an discontinuous * is an discontinuous 
pointpoint
xx* lies on a variable * lies on a variable 
boundaryboundary
xx* is isolated* is isolated
xx* variables are of * variables are of 
different orders of different orders of 
magnitudemagnitude

GA SolutionGA Solution
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To solve problems with multiple local/global To solve problems with multiple local/global 
optimumoptimum
Classical methods can find only one optimum Classical methods can find only one optimum 
at a timeat a time

EAsEAs can, in can, in 
principle, find principle, find 
multiple optima multiple optima 
simultaneously, simultaneously, 
due to their due to their 
population population 
approachapproach

MultiMulti--Modal Optimization:Modal Optimization:
Handling multiple optimal solutionsHandling multiple optimal solutions

PopulationPopulation
approachapproach

MDO Short Course at Laajavuori 
(13 March, 2009)

39

NichingNiching and Sharing Functionand Sharing Function

Goldberg and Richardson Goldberg and Richardson 
(1997)(1997)
d is a distance measure d is a distance measure 
between two between two solnssolns..

Phenotypic distance: Phenotypic distance: 
d(xd(xii,x,xii), x: variable), x: variable
Genotypic distance: Genotypic distance: 
d(sd(sii,s,sii), s: string), s: string

Calculate niche count, Calculate niche count, 
ncncii==∑∑jjSh(dSh(dijij))
Shared fitness: Shared fitness: ffii’’==ffii/nc/ncii

Use proportionate selection Use proportionate selection 
operatoroperator
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Simulation ResultsSimulation Results

Inclusion of nicheInclusion of niche--formation strategyformation strategy
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Optimization with MetaOptimization with Meta--Models:Models:
Handling computationally expensive problemsHandling computationally expensive problems

NainNain and Deb (2003)and Deb (2003)
Successive approximations Successive approximations 
to the problemto the problem
Initial coarse approximate Initial coarse approximate 
model defined over the model defined over the 
whole range of decision whole range of decision 
variables with small variables with small 
databasedatabase
Gradual finer approximate Gradual finer approximate 
models localized in the models localized in the 
search spacesearch space

AlgorithmicAlgorithmic
flexibilityflexibility
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GenerationGeneration--wise Sketch of wise Sketch of 
Proposed ApproachProposed Approach

n/Q fraction of exact evaluations, although the ratio can ben/Q fraction of exact evaluations, although the ratio can be
made smaller latermade smaller later
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A Case Study:A Case Study:
Saving Function EvaluationsSaving Function Evaluations

BB--1010--3 finds a front in 3 finds a front in 
(750x200) (750x200) 
evaluations similar to evaluations similar to 
NSGANSGA--II in II in 
(1100x200) (1100x200) 
evaluationsevaluations
A saving of 32% A saving of 32% 
evaluations on a evaluations on a 
computational computational 
geometry problemgeometry problem
One strategy works One strategy works 
on many problemson many problems

A multiA multi--objective Problemobjective Problem
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MultiMulti--Objective OptimizationObjective Optimization

We shall discuss in the next lectureWe shall discuss in the next lecture
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ConclusionsConclusions
Recognize: Recognize: Most problem solving activities require Most problem solving activities require 
optimization routinelyoptimization routinely
ActAct: Do not shy away from using optimization: Do not shy away from using optimization
Evolutionary methods enable applicability to nearEvolutionary methods enable applicability to near--
optimality to complex problemoptimality to complex problem--solving taskssolving tasks

Try when classical methods fail or Try when classical methods fail or EAsEAs naturally suitednaturally suited

Need a good understanding of problem before Need a good understanding of problem before 
applicationapplication
A good optimization effort requires knowledge in A good optimization effort requires knowledge in 
mathematics, computing, and application domainmathematics, computing, and application domain
Must introduce optimization in UG/PG curriculumMust introduce optimization in UG/PG curriculum
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Thank You for Your Attention!Thank You for Your Attention!

For further information:For further information:
http://http://www.iitk.ac.in/kangalwww.iitk.ac.in/kangal/deb.htm/deb.htm
Email: Email: Kalyanmoy.Deb@hse.fiKalyanmoy.Deb@hse.fi
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