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Limitations of ComputationLimitations of Computation

 Hardware precisionHardware precision
 Software - weSoftware - we’’re humanre human
 ProblemsProblems

–– complex problem formulation (weather?)complex problem formulation (weather?)
–– complexitycomplexity
–– inherent inherent uncomputabilityuncomputability



HardwareHardware

 Precision errorsPrecision errors

 Hardware MalfunctionHardware Malfunction

 Design Errors (See famous Intel PentiumDesign Errors (See famous Intel Pentium
division bug)division bug)

 Read TextRead Text



SoftwareSoftware

 Software becomes more and moreSoftware becomes more and more
complex. When programs have complex. When programs have millons millons ofof
lines of code, itlines of code, it’’s easys easy  for errors to occur.for errors to occur.

 Poor DesignPoor Design

 Human errors (Software bugs)Human errors (Software bugs)



ProblemsProblems

 Complex problemsComplex problems
–– many factors and variablesmany factors and variables
–– difficulty modelingdifficulty modeling
–– no no ““closed formclosed form””

temp tomorrow = temp. today * 1.1 - temp tomorrow = temp. today * 1.1 - windchillwindchill……

–– solved via large-scale simulation with lots ofsolved via large-scale simulation with lots of
math dictating behavior of math dictating behavior of ““cellscells”” based on based on
adjacent cells.  turn crank, see what happens.adjacent cells.  turn crank, see what happens.

–– as moments increase, accuracy decreasesas moments increase, accuracy decreases



ProblemsProblems

Computational ComplexityComputational Complexity

 Running time of an algorithm isRunning time of an algorithm is  a function of input sizea function of input size
 Some functions grow faster than othersSome functions grow faster than others
 WAY fasterWAY faster
 For some problems, we have efficient algorithmsFor some problems, we have efficient algorithms

(functions that grow moderately).(functions that grow moderately).
 For others,For others,  the best known algorithms have runningthe best known algorithms have running

times that grow so fast that they are impractical, andtimes that grow so fast that they are impractical, and
always will be.always will be.

 Some problems provably cannot be solved with a fasterSome problems provably cannot be solved with a faster
algorithmalgorithm



Running TimesRunning Times

 Computational ComplexityComputational Complexity

Recall bubble-sort  andRecall bubble-sort  and insertion-sort    ? insertion-sort    ?
num. comparisons = 1 + 2 + num. comparisons = 1 + 2 + ……  + n-1 = n(n-1)/2+ n-1 = n(n-1)/2

==  (1/2)n(1/2)n22 - (n/2) - (n/2)

““big-Ohbig-Oh”” notation notation……. say. say  O(nO(n22) instead.) instead.
  - ignore constants, take highest degree of- ignore constants, take highest degree of

polynomialpolynomial



Running TimesRunning Times

O(1) :O(1) :  constant timeconstant time……. doesn. doesn’’t depend on inputt depend on input
O(log n): O(log n):   binary searchbinary search
O(n): O(n):   linear search, adding n numbers, etc.linear search, adding n numbers, etc.
O(n log n):O(n log n):  mergesortmergesort, , quicksort quicksort on averageon average
O(nO(n22):): bubblesortbubblesort, insertion, selection sort, insertion, selection sort
O(nO(n33):): slowerslower
O(nO(n44):): even slowereven slower

O(2O(2nn):): impractically slow algorithmimpractically slow algorithm
O(n!):O(n!): even more impractically sloweven more impractically slow



Spreadsheet of running timesSpreadsheet of running times

 and execution times at 1 billion steps/secand execution times at 1 billion steps/sec



ProblemsProblems

 graph coloring (naïve algorithm: _____)graph coloring (naïve algorithm: _____)
 traveling salesperson (naïve algorithm:traveling salesperson (naïve algorithm:    _____)_____)
 subset sum (naïve algorithm: _________)subset sum (naïve algorithm: _________)
 steiner steiner tree (compare to tree (compare to mstmst).  ________)).  ________)
 circuit circuit satisfiabilitysatisfiability

 hundreds of othershundreds of others

 $$$$ MILLION DOLLAR PRIZE $$$$$$$$ MILLION DOLLAR PRIZE $$$$
 http://www.claymath.org/millennium/http://www.claymath.org/millennium/

        Find an efficientFind an efficient  method for solving any one of thesemethod for solving any one of these



UNCOMPUTABLE problemsUNCOMPUTABLE problems

 previous category were problems thatprevious category were problems that
could be solved, butcould be solved, but  known methods tookknown methods took
too longtoo long

 this category are problems for which wethis category are problems for which we
know:know:
THEY CANNOT BE SOLVED BYTHEY CANNOT BE SOLVED BY

ANY ALGORITHM WHATSOEVERANY ALGORITHM WHATSOEVER



HistoryHistory

 HilbertHilbert’’s s ““programprogram””

 GGöödeldel’’s s undecidability undecidability theoremtheorem

 TuringTuring’’s halting problems halting problem

 Natural problems and consequencesNatural problems and consequences



David HilbertDavid Hilbert

 famous mathematicianfamous mathematician

 23 problems23 problems

 founder offounder of
  ““metamathematicsmetamathematics””

 goal togoal to  ““mechanizemechanize””
mathematicsmathematics



Kurt GKurt G  ööddelel

 LogicianLogician
 Proved in 1931Proved in 1931……(age 25)(age 25)

““there are true propositions thatthere are true propositions that
cannot be provedcannot be proved””    (i.e., (i.e., ““nono”” to to
HilbertHilbert’’s program)s program)

 Shook the foundations ofShook the foundations of
–– mathematicsmathematics
–– philosophyphilosophy
–– sciencescience
–– everythingeverything



Alan TuringAlan Turing

 British MathematicianBritish Mathematician

 Seminal work in Computation,Seminal work in Computation,
AI, CryptanalysisAI, Cryptanalysis

 Subject of several books,Subject of several books,
moviesmovies



A Halting ProblemA Halting Problem

x = input (x = input (““please enter a positive number)please enter a positive number)
WHILE x > 1:WHILE x > 1:

IF x is even:IF x is even:
x = x/2x = x/2

ELSE:ELSE:
x = 3x + 1x = 3x + 1



The Halting ProblemThe Halting Problem

 Given:  Program, Input to programGiven:  Program, Input to program
      Does the program on the input ever halt?Does the program on the input ever halt?

 Critical question that pervades all ofCritical question that pervades all of
computationcomputation

 Has muchHas much  more broad consequences thanmore broad consequences than
it at first appearsit at first appears



HilbertHilbert’’s 10th problems 10th problem

 Finding integer solutions to a polynomialFinding integer solutions to a polynomial
with integer coefficients:with integer coefficients:

15x15x44yy22 - 3xy - 3xy33zz22 + 2x + 2x22z = 1z = 1

 No algorithm exists for finding suchNo algorithm exists for finding such
solutions, or determining whether theresolutions, or determining whether there
are any.are any.



““ProofProof”” of of  Halting problemHalting problem

 Suppose there was an algorithm thatSuppose there was an algorithm that
could tell whether a program halted oncould tell whether a program halted on
given inputgiven input…………


