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Where we are in CS 332

Automata Computability Complexity

Previous unit: Computability theory
What kinds of problems can / can’t computers solve?

Final unit: Complexity theory
What kinds of problems can / can’t computers solve under
constraints on their computational resources?
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Time and space complexity

Today: Start answering the basic questions
1. How do we measure complexity? (as in CS 330)
2. Asymptotic notation (as in CS 330)

3. How robust is the TM model when we care about
measuring complexity?

4. How do we mathematically capture our intuitive
notion of “efficient algorithms”?
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Time and space complexity

Time complexity of a TM = Running time of an algorithm

= Max number of steps as a function of input length n

T‘
Had /w‘h\( / Vol

Space complexity of a TM = Memory usage of algorithm
= Max number of tape cells as a function of input length n
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Example

In how much time/space can a basic single-tape TM decide
A={0"1"|m = 0}? Ex. J= 000 \ 1)

—

On) |, Single lefd -vight Scan

. . Tuet " oo '\ & on)
Let’s analyze one particular TM M4 [~ ™ goo ¥ (1
ge(?’\d Can . ¢70/y\f' °
O(n)

. Thrd van' ZPB 1) Y & o)
: e 5. Acest
M = “On input w: ‘

1. Scan input and reject if not of the form 0"1°
2. While input contains both 0’s and 1’s:
Cross off one 0 and one 1
3. Accept if no O’s and no 1’s left. Otherwise, reject.”
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Example

M =“On input w:
1. Scan input and reject if not of the form 0" 1"
2. While input contains both O’sand 1's: &0
Cross off one 0 and one 1 &< o(«)
3. Accept if no O’s and no 1’s left. Otherwise, reject.”

What is the time complexity of M?

a—0(1)feonstanttime] s‘j",ij““""”lil E
b) O(n) [linear time] OnY  + oG- 0ln) +oy -
@_ 0 (n?) [quadratic time] —)
gl'ee l 4 Les Mvau e h
d) 0(n3) [cubic time] S U ouke loop
= O(n")

What is the space complexity of M?
OCn)
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Review of asymptotic notatlon

-F“ndxm VO\\L/\

O-notation (upper bounds)
|

f () = 0(g(n)) means: . > n
There exist constants ¢ > 0,1, > 0 such that

f(n) <cg(n) foreveryn = ny

Example: @— 0(n3) (c =_3; ng = 4)

TF n20_=94 " La k12 ¢ 2 n +m

< E.V‘
(,vn'l] ¢ ‘%V‘?, = (Cw
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Properties of asymptotic notation:

Transitive:
f(n) = 0(g(n)) and g(n) = O0(h(n)) means f(n) = 0(h(n))
o = o(n?) aiz o) = - O(n?)

Not reflexive:
f(n) = 0(g(n)) does not mean g(n) = 0(f(n))

Example: f(n) = 2n?%, g(n) = n®
10 o) hat % nowpd O(n )

(7

\/l(n) 3 C , "]
Alternative (better) notation: f(n) € 0(g(n)) :% ¢ = o

- 1
3 )y & ¢ |n(n3
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- .ﬂ-( "'X (‘(‘ (n) = d -p(w
Examples e L o) 9 )
Cn: BO( 96 4 oy = OComy)
and  flw) = Nlegny
101+ 202 = 410 = O)
J
= O ), - oln"") Cf'z ") Koo e
_ — J Vut lese
M\QJES‘PM,J
vn + logn = 0O(n) fad lege gruo <o

- O({nS Thaa gl {)a‘j-no..:qigJ

+n (logn +vn) = ()

“\ 3/
\/\.097\'\ + wm = o(“{’.‘B = O(n l)

_—
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Little-oh

/Q(V‘) (2 9.92993)
(n) ! C9(Vl3
/— " l//é fen)

i

If O-notation is like <, then o—n(IJtation is like < =9
Rig - O (il -0
f(n) =o0(g(n)) means: 3c3w. .. |[¥c 3w

For every constant ¢ > 0, there existslnng > 0 such that
f(n) < cg(n) foreveryn = ny

& Y 3 s.\.f%l)sc ¢bard, B Qw — FO

Example: 2n%+ 12 =o(n®) (ny = max{4/c,3})

g'_/"{’ leb ¢ 20 Ve wh.\ru_\, W_ . N
Get Mo% Wac 3 ‘J/¢) 7,3 . ,lw‘l*\'l. Y 7%7* 12
1 1 (R 3 Q‘M _—:‘T_ - w
In t1L < Ly + ln IV\ 4 ] W00 N>100
¢ LI 2
- 1A . - o ‘
cCn) vt |nz /3
— Cm3
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True facts about asymptotic expressions

Which of the following statements is true about the

function f(n) = 2™? EI@EI
) fm=0@Y" ey w 'E‘“;

b) f(n) = 0(3")7 Lim 57 L ( 2’

c) f(m)=0(n?) X A exporntels b gmo fokem

Fhon o) polygedmsnls ne

d) n2=0(f(n)
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Asymptotic notation within expressions

Asymptotic notation within an expression is shorthand for
“there exists a function satisfying the statement”

Examples:
: F)
onO(l) Mt ang V) whoe fn) = O(l}
&2 V\C "L swme  (helmT c

't 0(M) hewst 2 F e P L cwe  f): OCn)

° (1 4+ 0(1))n Mean ' (|-} -(:(n\) o V1 fo same 'F(n) :O(n\
& N+ wv-o())
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FAABs: Frequently asked asymptotic bounds

e Polynomials.a, + an + ... + an® is 0(n%) if a;, > 0
e Logarithms.log n = 0(10gbn) for all constantsa,b > 0

logqvl' :0%’0\_ = O(QHL

foreveryc > 0, logn = o(n°)
,Qo«j w o= O(V)O'O”.w')
e Exponentials. Forallb > 1andalld > 0, n¢ = o(b")

qq«m [( 00001 )

N deyn

e Factorial. n'=nn-1)---1
By Stirling’s formula, a"= 6“&") = 4

= (V2mn) @/n/—h +0(1)) = 20(®logn)
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Time and Space Complexity
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Running time analysis

Time complexity of a TM (algorithm) = maximum number of
steps it takes on a worst-case input

med Segh VAl g ok epy TN aves
Y e
Formally: Let f : N - N.ATM M runs in time f(n) if on

every input w € X", M halts on w within at most f(n) steps

- Focus on worst-case running time: Upper bound of f(n)

—

must hold for all inputs of length n

- Exact running time f(n) does not translate well between
computational models / real computers. Instead focus on
asymptotic complexity.
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Time complexity classes

letf: N—> N
TIME(f (n)) is a set (“class”) of languages:

v (ow“’a:\’ ('cssy.

= Get b poWlewms cduhle o e O(F(n))

A language A € TIME(f (n)) if there exists a basic single-
tape (deterministic) TM §\7I 2?iﬁat

1) Decides 4, and Tome (') =

2) Runs in time O(f (n)) gp,‘ A con W deled
- A% qﬂqv\fa‘,*( “':“‘ez)

50"\ | w205 & TTmen")
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. . E@EI
Time class containment 3t 2 T
If f(n) = 0(g(n)), then which of the following  [=]:
statements is always true?

-

wt = O(ys"\ 'T'.TME(V.’\ ~ TT"”F(V.3)

Ex
l@ TIME(f(n)) . TIME(Q(“)) A e TIme(£iny)
b) TIME(g(n)) € TIME(f(n)) = % ™ v:n aa:«v, A
c) TIME(f(n)) = TIME(g(n)) w O(Fta) He

=M dos A n O(sl
d) None of the above docdos A §in)
=2 Ae TIME(gn)
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Example

A={0"1"|m = 0}
M =“On input w:
1. Scan input and reject if not of the form 0*1*
2. While input contains both 0’s and 1’s:
Cross off one 0 and one 1

3. Accept if no 0’s and no 1’s left. Otherwise, reject.”

 Mrunsintime O(n?) =) Ae TImE(n"Y
* Is there a faster algorithm?
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Example
BHIE B B7 yyviyyy

A={0"1"|m = 0}
M' =“On input w:
1. Scan input and reject if not of the form 0*1* O (n)

2. While input contains both 0’s and 1's: &= 0(Joy r)
* Reject if the total number of 0’s and 1’s remaining is odd? ocw|
* Cross off every other 0 and every other 1

3. Accept if no 0’s and no 1’s left. Otherwise, reject.”

{Lﬁ:’ Oln) 4 O(.ooJ m) - O(V\) 23Ny = O(n 2077')
* Running time of M":
A c Tame( \nhg n>

* Is there a faster algorithm?
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Example

Running time of M": O(nlogn)

Theorem (Sipser, Problem 7.49): If L can be decided in
o(nlogn) time on a 1-tape TM, then L is regular

[_QL'; Tle.e o wo TM M \l‘-lm\;uj :\n o(nﬂo:, n)
decdiy 35" | mzo3
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Does it matter that we're using the 1-tape

model for this result?
It matters: 2-tape TMs can decide A faster

M'" =“On input w:
1. Scan input and reject if not of the form 0*1*
2. Copy O’s to tape 2
3. Scan tape 1. For each 1 read, cross off a 0 on tape 2

4. I1f 0’s on tape 2 finish at same time as 1’s on tape 1, accept.
Otherwise, reject.”

Analysis: A is decided in time O(n) on a 2-tape TM

Moral of the story (part 1): Unlike decidability, time_
complexity depends on the TM model
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How much does the model matter?

Theorem: Let t(n) = n be a function. Every multi-tape

TM running in time t(ng has an equivalent single-tape TM
running in time 0 (t(n)“)

Proof idea:

We already saw how to simulate a multi-tape TM with a
single-tape TM

Need a runtime analysis of this construction

Moral of the story (part 2): Time complexity doesn’t
depend too much on the TM model (as long as it’s
deterministic, sequential)
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Extended Church-Turing Thesis

Every “reasonable” model of computation can be
simulated by a basic, single-tape TM with only a
polynomial slowdown.

E.g., doubly infinite TMs, multi-tape TMs, RAM TMs
Does not include nondeterministic TMs (not reasonable)

Possible counterexamples? Randomized computation,
parallel computation, DNA computing, quantum
computation



Complexity class P

Definition: P is the class of languages decidable in
polynomial time on a basic single-tape (deterministic) TM

P= Upe;TIME(n*) = T3weln) U Trab(n*)U
= {A d  golymoatal ) TIwe (v 3) J..
¢sl. Ae 'TLTME/p/WSB

* Class doesn’t change if we substitute in another
reasonable deterministic model (Extended Church-Turing)

* Cobham-Edmonds Thesis: Roughly captures class of
problems that are feasible to solve on computers
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A note about encodings

We'll still use the notation ( ) for “any reasonable”
encoding of the input to a TM...but now we have to be
more careful about what we mean by “reasonable”

How long is the encoding of a I/-vertex, E-edge graph...
... as an adjacency matrix?
... as an adjacency list?

How long is the encoding of a natural number k
... in binary?
... in decimal?
... iInunary?



Describing and analyzing polynomial-time
algorithms

* Due to Extended Church-Turing Thesis, we can still use
high-level descriptions on multi-tape machines

* Polynomial-time is robust under composition: poly(n)
executions of poly(n)-time subroutines run on poly(n)-
size inputs gives an algorithm running in poly(n) time.

= Can freely use algorithms we’ve seen before as
subroutines if we’ve analyzed their runtime

* Need to be careful about size of inputs! (Assume inputs
represented in binary unless otherwise stated.)




Space complexity

Space complexity of a TM (algorithm) = maximum number of
tape cells it uses on a worst-case input

Formally: Let f : N — N.ATM M runs in space f(n) if on
every input w € £", M halts on w using at most f(n) cells

A language A € SPACE(f (n)) if there exists a basic single-
tape (deterministic) TM M that

1) Decides A, and
2) Runsintime O(f(n))
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Back to our examples
A={0"1"|m = 0}

Theorem: Let s(n) = n be a function. Every multi-tape
TM running in space s(n) has an equivalent single-tape
TM running in space 0(s(n))
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