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o BasicComputerSciencdssues
« Whatis acomputation?
s Are computeromnipotent?
« Whatarethefundementatapabilitiesand
limitations of computers?

o PragmatidReasons

s Avoid intractableor impossibleproblems.
s Apply ef cient algorithmswhenpossible.

s Learnto tell thedifference.

Slidesmodi ed by Benry Chor, basedon original slidesby MauriceHerlihy, Brown University.

-p4



Courserlopics

o AutomataTheory:Whatis acomputer?

Slidesmodi ed by Benry Chor, basedon original slidesby MauriceHerlihy, Brown University.

-p.5



Courserlopics

o AutomataTheory:Whatis acomputer?
o ComputabilityTheory:Whatcancomputersio?

Slidesmodi ed by Benry Chor, basedon original slidesby MauriceHerlihy, Brown University.

-p.5



Courserlopics

o AutomataTheory:Whatis acomputer?
o ComputabilityTheory:Whatcancomputersio?

o Complity Theory:Whatmakessomeproblems
computationallyhardandotherseasy?

Slidesmodi ed by Benry Chor, basedon original slidesby MauriceHerlihy, Brown University. -p.5



Courserlopics

o AutomataTheory:Whatis acomputer?
o ComputabilityTheory:Whatcancomputersio?

o Complity Theory:Whatmakessomeproblems

computationallyhardandotherseasy?
o Copingwith intractability:

Slidesmodi ed by Benry Chor, basedon original slidesby MauriceHerlihy, Brown University.

-p.5



Courserlopics

o AutomataTheory:Whatis acomputer?
o ComputabilityTheory:Whatcancomputersio?

o Complity Theory:Whatmakessomeproblems

computationallyhardandotherseasy?
o Copingwith intractability:
s Approximation.

Slidesmodi ed by Benry Chor, basedon original slidesby MauriceHerlihy, Brown University.

-p.5



Courserlopics

o AutomataTheory:Whatis acomputer?
o ComputabilityTheory:Whatcancomputersio?

o Complity Theory:Whatmakessomeproblems

computationallyhardandotherseasy?
o Copingwith intractability:

s Approximation.

¢« Randomization.

Slidesmodi ed by Benry Chor, basedon original slidesby MauriceHerlihy, Brown University.

-p.5



Courserlopics

o AutomataTheory:Whatis acomputer?
o ComputabilityTheory:Whatcancomputersio?

o Complity Theory:Whatmakessomeproblems

computationallyhardandotherseasy?
o Copingwith intractability:

s Approximation.

« Randomization.

s Fixedparametenlgorithms.

Slidesmodi ed by Benry Chor, basedon original slidesby MauriceHerlihy, Brown University.

-p.5



Courserlopics

o AutomataTheory:Whatis acomputer?
o ComputabilityTheory:Whatcancomputersio?

o Complity Theory:Whatmakessomeproblems
computationallyhardandotherseasy?

o Copingwith intractability:
s Approximation.

« Randomization.

s Fixedparametenlgorithms.

s Heuristics.
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AutomataTl heory- SimpleModels

» Finite automata

s Relatedo controllersandhardwaredesign.

s Usefulin text processin@nd nding patterns
In strings.

s Probabilistic(Markov) versionsusefulin
modelingvariousnaturalphenomenée.g.
speeclrecognition).

» Pushdown automata

s Titely relatedto afamily of language&nown
ascontet freelanguages

s Playimportantrole in compilers,designof
programmindanguagesandstudiesof
naturallanguages.
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o |t Is naturalto expectthatdeterminingvalidity
canalsobedoneby acomputer

» Theorem:A computercannotdetermingf
mathematicastatementrue or false.
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ComputabilityTheory

In the rst half of the 20thcentury mathematicians
suchasKurt G6edel Alan Turing,andAlonzo
Churchdiscoveredthatsomefundementaproblems
cannotbe solved by computers.

9

K

Proofvericationof statementsanbeautomated.

It IS naturalto expectthatdeterminingvalidity
canalsobedoneby acomputer

Theorem:A computercannotdetermingf
mathematicastatementrue or false.

Resultsneededheoreticalmodelsfor computers.

Thesetheoreticaimodelshelpedleadto the
constructiorof realcomputers.
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PathsandLoops

o apathis asequencef verticesconnectedy
edges

» aloopis apaththatendsandendsatthesame
vertex
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PathsandLoopscanbe Deformed

A=/

(Vo;vi) ,  (Vo; V2; V1)

(Vo; Vo) » (Vo)
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Contractibility

>

@ contractible

not
contractible

o No algorithmcandeterminevhetheranarbitrary
loop In anarbitrary nite complex is contractible.
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SomeOtherUndecidabléProblems

o Doesaprogramrunforever?
IS aprogramcorrect?

Are two programssquvalent?
|s aprogramoptimal?

Doesanequationwith oneor morevariablesand
Integercoefcients (5x + 15y = 12) have an
Integersolution(Hilbert's 10th problem)

© o o o
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o Doesaprogramrunforever?
IS aprogramcorrect?

Are two programssquvalent?
|s aprogramoptimal?

Doesanequationwith oneor morevariablesand
Integercoefcients (5x + 15y = 12) have an
Integersolution(Hilbert's 10th problem)

» Is a nitely-presentedgrouptrivial?

© o o o
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» An algorithmis astep-by-steprocedure
s arecipe
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Slidesmodi ed by Benry Chor, basedon original slidesby MauriceHerlihy, Brown University. -p.13



Compl«ity Theory

Key notion: tractablevs. intractableproblems.

» A problemis agenerakcomputationafuestion:
s descriptionof parameters
s descriptionof solution

» An algorithmis astep-by-steprocedure
s arecipe
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Example:Traveling SalesmariProblem

Roger Williams
Z00

State
Capitol

3

9
(o)—2
Al Forno Brown University
Restaurant
(not drawn to scale)
Parameters:

o setof cities
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Z00
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Al Forno Brown University
Restaurant

(not drawn to scale)
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Example:Traveling SalesmariProblem

Roger Williams
Z00

State
Capitol

Al Forno Brown University
Restaurant

(not drawn to scale)

Solution:
o wanttheshortestourthroughthecities
o example:a; b;d; c; ahaslength27.
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ProblemSize
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s Strings:a=b=c=d==10=5=9==6=0==3.
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o Useanencodingof theproblem
s alphabebf symbols
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Slidesmodi ed by Benry Chor, basedon original slidesby MauriceHerlihy, Brown University. -p.16



ProblemSize

o Whatis anappropriataneasuref problemsize?
¢ Mnodes?
s N{m+ 1)=2 distances?

o Useanencodingof theproblem
s alphabebf symbols

s Strings:a=h=c=d==10=5=9==6=9==3.
o Measures

s ProblemSize:lengthof encoding(here:23
asciicharacters).

s Time Compl«ity: how longanalgorithm
runs,asfunctionof problemsize?
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Time Compl«ity - Whatis tractable?

» A functionf (n) isO(g(n)) wheneer
jf(n)] ¢ jg(n)j for largeenough.
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Time Compl«ity - Whatis tractable?

» A functionf (n) isO(g(n)) wheneer
jf(n)] ¢ jg(n)j for largeenough.
» A polynomial-timealgorithmis onewhosetime
complity 1s O(p(n)) for somepolynomialp(n).
» An exponential-timealgorithmis onewhosetime

compleity cannotbe boundedoy apolynomial
(e.g.,n'°9M),

Slidesmodi ed by Benry Chor, basedon original slidesby MauriceHerlihy, Brown University. -p.17



Tractability— Basicdistinction:

Sli

o Polynomialtime = tractable
o EXponentiakime = intractable
10 20 30 40 50 60
n :00001 :00002 :00003 :00004 :00005 :00006
second | second second second second second
n? | :00001 :00004 :00009 :00016 :00025 :00036
second | second second second second second
n3 | :00001 | :00008 :027 :064 1125 216
second | second second second second second
n° 11 3:2 24:3 1:7 5:2 13:0
second | seconds | seconds minute minutes minutes
2" :001 1:0 17:9 12:7 35:7 366
second | second | minutes days years centuries
3" :059 58 6:5 3855 2 108 1:3 10'3
second | minutes years centuries centuries centuries

! 'H () n ol ) o H lalidl 1 A : PN H
UTSITIOUTCU Uy DCTITY CUHUL UDasSCUIITUNyindar sinucsyy iauliLeTIeT

Yy Brownmtniversity
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Effect of Speed-Ups

| et'swalt for fasterhardware! Considemrmaximum
problemsizeyou cansolve in anhour.

present 100timesfaster| 1000timesfaster
n Ny 100N 1000N
n? N> 10N 31.6N
n° | N 4:64N; 10N
n°| N 2:5N, 3:98N,
2" N N; + 6:64 N; + 9:97
3" N N; + 4:19 N; + 6:29
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NP-Completeness

Your bosssays:

“Get meanefcient traveling-salesman
algorithm,or else’.

Whatareyou goingto do?
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Response

“YesMa'am, expectit this afternoon!”

Problemis

o All known algorithms(essentiallycheckall
possiblepaths.
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Response

“YesMa'am, expectit this afternoon!”

Problemis

All known algorithms(essentiallycheckall
possiblepaths.

Exhaustve checkingis exponential.
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Response

“YesMa'am, expectit this afternoon!”
Problemis

All known algorithms(essentiallycheckall
possiblepaths.

Exhaustve checkingis exponential.
Goodluck!
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Response
“Hah!, | will prove thatno suchalgorithmis possible”
Problemis, proving intractabilityis very hard.

Many importantproblemshave
no known tractablealgorithms

Slidesmodi ed by Benry Chor, basedon original slidesby MauriceHerlihy, Brown University. -p.22



Response

“Hahl, I will prove thatno suchalgorithmis possible”

Problemis, proving intractabilityis very hard.
Many importantproblemshave

no known tractablealgorithms

no known proof of intractability.
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Response

“| cant nd anefcient algorithm.
| guesd'm justa patheticloser ”

Badfor job security
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Response

“The problemis NP-completel cant nd
anefcient algorithm,but neithercanary
of thesefamouspeople...”

Advantages:

Theproblemis “just ashard” asotherproblems
smartpeoplecan't solve ef ciently.
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Response

“The problemis NP-completel cant nd
anefcient algorithm,but neithercanary
of thesefamouspeople...”

Advantages:

Theproblemis “just ashard” asotherproblems
smartpeoplecan't solve ef ciently.

Soit would doyour bossno goodto re youand
hire a Technion/Hebre Univ./MIT graduate.
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Response

“Would you settlefor a prettygood,but notthe best,
algorithm?”
Intractabllityisn't everything.

Find anapproximatesolution(is a solutionwithin
10% of optimumgoodenoughma’am?).
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Response

“Would you settlefor a prettygood,but notthe best,
algorithm?”
Intractabllityisn't everything.

Find anapproximatesolution(is a solutionwithin
10% of optimumgoodenoughma’am?).

Userandomization
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Response

“Would you settlefor a prettygood,but notthe best,
algorithm?”
Intractabllityisn't everything.

Find anapproximatesolution(is a solutionwithin
10% of optimumgoodenoughma’am?).

Userandomization
Fixed parametenlgorithmsmaybeapplicable.
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Response

“Would you settlefor a prettygood,but notthe best,
algorithm?”
Intractabllityisn't everything.

Find anapproximatesolution(is a solutionwithin
10% of optimumgoodenoughma’am?).

Userandomization
Fixed parametenlgorithmsmaybeapplicable.
Heuristicscanalsohelp.
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Response

“Would you settlefor a prettygood,but notthe best,
algorithm?”
Intractabllityisn't everything.

Find anapproximatesolution(is a solutionwithin
10% of optimumgoodenoughma’am?).

Userandomization
Fixed parametenlgorithmsmaybeapplicable.
Heuristicscanalsohelp.

Approximation,randomizationetc. areamong
the hottestareasan compleity theoryand
algorithmicresearchoday
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