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CSCI1256: Theory of Computing Problems Computers Cannot Solve

- Programsthat print “ hello, world”
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printf(hello, world\t);
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= Note: Programs may take an unimaginably
long time before making any output at al.
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Problems Computers Cannot Solve Problems Computers Cannot Solve

int exp(int i, int n)
i pest, = Why Undecidabl e Problems Must Exist
for (j=1 j <=n ; j ++) ans*=i;

- Recdl: A “problem” isredly atest of
membership of astring in alanguage. The
number of different languages over any
a phabet of more than one symbol is not
countable.

return(ans);

mai n()

int n, total =3, x, vy, z;
cin > n;
while (1) {
for (x=1 ; x<=total-2 ; x++)
for (y=1 ; y<=total-x-1; y++) {
z = total -x-y;
if (exp(x,n)+exp(y,n) == exp(z,n))
cout <<"hello, world << endl

- The set of programs (finite strings over afinite
aphabet) is countable — order by length and
then lexicographicaly.

Introduction to Turing Machines
Introduction to Turing Machines

Chapter 8:
Chapter 8:

total ++; = Therefore, there areinfinitely fewer programs
}

) than there are problems!
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Problems Computers Cannot Solve Problems Computers Cannot Solve

= Definitions = Definitions continued ...

= A mapping f:A® B is abijection between sets
AandB if f is both one-to-one and onto B.

- A setissad to be countably infiniteifitis
equinumerous with G .

Two sats A and B are equinumerous if there
isabijectionf:A® B.

- A sdtiscountableifitisfinite or countably
infinite. A set tha isnot countableiscdled
uncountable.

A set isfiniteifit is equinumerous with the
set {1,2,w ,n} for some natura number n.

= Asaisinfiniteifitisnot finite
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From Figure 8.4 of IATI

Problems Computers Cannot Solve

rom Figure 8.3 of IATLC, Hoperoft, Motwani, & Ullman, 2001,

Problems Computers Cannot Solv
- The Hypothetical “ Hello, World” Tester,H

= Modification #1:

/ ! Hello-world
lesTer

W

H H,

where P isaprogram
| is someinput to P

- Ifaproblem has an dgorithm like H, thenitis
said to bedecidable.

- Notes:

= Print“hel | o, wor | d instead of printing

“no” when program P (on input 1) does not
= Show: H does not exist; i.e. the hello-world pint“ hel 1 o, worl d

problem isundecidable.
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Figure

Problems Computers Cannot Solve

Figure 8.5 of IATLC, Hopcroft, Motway

Problems Computers Cannot Solve

- Modification #2: - Findly ...

H, H, !

Introduction to Turing Machines
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= Notes: - Notes:

** What does H, do when given itsdf as input?
= In any case, H provides two different outputs,
which is acontradiction.

Chapter 8 Developed by B. Julano ©2002, based on notes by J. Ulman m

** Determine what program P would do ifits
input wereits own (source) code....
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Figure 8.7 of IATLC.

Problems Computers Cannot Solv

Hopcroft, Motwani, & Ullman, 2001,

The Turing Machine

- Reducing One Problem to Another - Theory of Undecidability

* Undecidability provides aguidanceto
programmers about what might or might not
be accomplished through programming.

F, = Construct | =5 e Decide =

Insancs INSEance

* Some decidable problems areintractable —
they require large amounts of timeto solve.

Introduction to Turing Machines
Introduction to Turing Machines

- SupposeP; is known to be undecidable and
P, is anew problem we want to prove
undecidable. The above constructionis caled ** Enter the Turing Machine ...

areduction of P to Po.
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- We need tools that will dlow usto prove
everyday questions undecidable ot intractable.
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The Turing Machine
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\ M e Reloys OVTRVT. - m 1ON

A model of “any possible computation” ...
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Ty Gonick (1983), The Cartoon Gi

From Lary Uide to the Computer . Harper Collins Publishers, New York, page 101,

=

The Turing Machine
- Significance
** D. Hilbert’s question: Isit possibleto find an

is andogous to TMs (Church-Turing thesis).
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The Turing Machine

= A Turing Machine (TM) is formaly described
by the 7-tupleM = (Q, S, G, d, q, B, F) where
** Qisthefinite set of states of thefinite control
* S isthefinite set ofinput symbols
" Gisthefinite set of tape symbols and Si G

"d:Q G® Q G{L,R} isatransition
function

* gyl Qisthe start state
" Bl Gistheblank symbol ; and

" FI Qisaset of final states.
Chapter 8 Developed by B. Julano ©2002, based on notes by J. Ulman m

The Turing Machine

- Notation

Finite

cantrol

A
v
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* Each move by aTuring Machine resultsin
B Change of state;
B writing atgpe symbol in thecdl just scanned; and
B moving thetape head | eft or right.
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The Turing Machine

- Moves are described by the t notation similar to
that used for PDAS (si mllaly for kr ).

= Suppose d(q,X;) = (p,Y,L); i.e. thenext moveis
leftward. Then,

XXoW Xi 10K XisaW Xp bz XaXoW Xi20Xi.1YXj4qW X
* Ifi=1, then
aX1XoW Xn bz PBYXaW X
* If i=n and Y=B, then
XX Xn-10Xn Fg XaXoW Xn-2PXn-1
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The Turing Machine

- Instantaneous descriptions (I Ds) are denoted
by strings X;Xow X;.10XiXi+1w X, whereql Q,
a=XyXoW Xi_1,b=X; %W X, G* and

** thetape head is scanning theith symbol
from the | eft;

Introduction to Turing Machines
Introduction to Turing Machines

* X1Xow X, is the portion of the tgpe between
the leftmost and the rightmost nonblank.

Chapter 8:
Chapter 8:




From Figure 8.10 of IATLC, Hoperoft, Motwani, & Ullman, 2001

The Turing Machine

- Transition Diagrams
K/

The Turing Machine

= Suppose d(g,X;) = (p,Y,R); i.e. the next moveis 2

rightward. Then,

£} ) = iy -

XaXW Xi-10Xi Xie W Xtz XoXoW Xi.1YPXje W X
** Ifi=n, then

Xy XMW Xp10Xn by X XoW X1 Yp

Introduction to Turing Machines
Introduction to Turing Machines

* Ifi=1 and Y=B, then L(M)={0"1": n31}

X X Xn kg pXow Xy
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From Figure 8.12 of IATLC, Hopcroft, Motwani, & Uliman, 2001

The Turing Machine
- Transition Diagrams
8B 3=

The Turing Machine
- The Language of a Turing Machine
- GivenTM M =(Q,S,Gd,q,B.F).

" L(M) istheset of stringswl S* such that
oW - apb for some state pl F and any tape

Introduction to Turing Machines
Introduction to Turing Machines

stringsa, bl G'.
monus TM where . .
! Bla~ .. 1 mBn = max(mBn,0) The§et oflmguag%we_zcm accept using a
¥ S A TM iscdled therecursively enumerable

languages, or RE languages.

Nl B =
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The Turing Machine TM Programming Techniques

= Turing Machines and Halting - Storagein the State

* Another notion of “acceptance’” commonly ** treat state as atupleto “store’ dataval ues.
used for TMsisacceptance by halting. A
TM haltsifit enters astate gl Q, scanning a

tape symbol Xi G, and d(q,X) is undefi ned.

* Weassumetha aTM dways hdtswhenitis
in an accepting state. (How can we do this?)

* (Modd of “ dgorithm”) Languages with TMs
that hat eventudly, whether or not they
accept, are cdled recursive languages.

Chapter 8 Developed by B. Jullano ©2002, based on notes by J. Ulman m
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TM Programming Techniques
= Multiple Tracks

TM Programming Techniques
- Example
** Consider TM
M = (Q.{0,1},{0,1,B},d.[q,,B].B,{[a,,BI})
where L(M) = 01*+10*

** each track can hold one symbol and the tape
a phabet consists of tuples.

== with multipletracks, onetrack can beused as a
“mark” holder.

Ql {g,a} {0,1,B} _
8 TM M; whereL(M4) = {On1n: n31} (see Slide#22)

B nmonusTM (see Slide #23)

8 TM M, whereL(M5) = {wew : wi { 0, }*}
Ql {q} {0,1,B}

rtion 0/0> " ,
data portio Gi {B,1} {0,1¢,B}
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TM Programming Techniques TM Programming Techniques

= Subroutines - The“copy” TM as asubroutine

* Since TMs are used to represent dgorithms, 0
TMs can bebuilt by connecting interacting

components (other TMs) or subroutines.

(AR - (W] =

Start Wy —= 3 B ili= A\

* Example TM M tha implements the
“multiplication” function by reading input
0M10n and computing OmM,

Introduction to Turing Machines
Introduction to Turing Machines

i can beimplemented by using a*“copy”
function that makes m copies of On....

Chapter 8 Developed by B. Jullano ©2002, based on notes by J. Ulman m
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g TM Programming Techniques g TM Programming Techniques
= L. . c

§ - "‘I'hecn’)mplljete“.multlpl|(H|on” TM that usesthe rc:ﬁ, - AHierarchical Notation for TMs

i _ Ioopy’ subroutine: R ; il i ** complex machines built from simpler ones.
£ i wédh £ ** consists of basic machines and rules for
5 } S combining machines.

g Wi = e % . .

B o o = | =8l - Basic Machines

% i i el o ! i - L - -8 . .

= i - 2 "* Head-moving machines

= e o = M ., ebbreviated L, isthemachine

p = i g pl M. = ({sh}, S SN{B},d,s B,{h})
= L = (i = where d(s,a) = (h,a,L)

G @) Similarly for machine M, abbreviated R.

Wi~
Chapter8  Developed by B. Juiano ©2002, based on notes by J. Ulman | -J._l:u
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Adopted from Elements of the Theory of Computation H.R. Lewis & C.H. Papadimitriou, 1998.

TM Programming Techniques

Adopted from Elements of the Theory of Computation H.R. Lewis & C.H. Papadimitriou, 1998,

TM Programming Techniques

- Basic Machines, continued ... = Conventions (Notational Conveniences)

** Symbol-writing machines
For eech al S, define Mg, abbreviated a, isthe
machine
Ma = ({sh}, S,SN{B}, d, s B,{h} )
whered(sb) = (h,a,R) fordl bl S

" Unlabdlled arrows assume any symbol al S.

" Arrows labdled a denotes any bl S where
bt a.

* For amachine M, Mn for n>0 denotes n copies
of M connected by unlabelled arrows.

Introduction to Turing Machines
Introduction to Turing Machines

= Rulesfor Combining Machines
= Note:
** This notation works nicdy with subroutines!

Chapter 8 Developed by B. Julano ©2002, based on notes by J. Ulman m

*= TMswill becombined in away suggestive of
the structure of afinite automaton.
* Individua machines treated as states and

connected by input tape symbols.
Chapter 8 Developed by B. Jullano ©2002, based on notes by J. Ulman m
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m TM Extensions " TM Extensions
£ <

§ - Multitape Turing Machines r;s - Equival ence of One-Tape and Multitape TMs
2 . 2 -

= Finite 5 Finite

= control L control

S g

5 Tape movements = {L,R, S} S

3] B

3 1 3 '

2 o :

E '- E || 1]

& e . & A { ¥

g - g ' E3
& L g L2 | I
O O g8 i i

. i I
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TM Extensions

Proof: (Many-Tapes-to-One Construction), continued ...

** N simulates M by visiting thek head markersin
order to determine the current tape symbols ...

TM Extensions

Theorem 8.9

- Every language accepted by amultitgpe TM is
recursively enumerable.

. A count is stored as acomponent of N's
finite control to keep track of the number of
head markers to its | eft.

. Additiondly, for each head marker, N stores
the scanned symbol as another component of
its finite control .

Hence, Qu i Qu {0Lv Kk~ Gk

»
Chapter 8 Developed by B. Julano ©2002, based on notes by J. Ulman m

Proof: (Many-Tapes-to-One Construction)
" Let language L be accepted by ak-tgpe TM M.

** SimulaeTM M with one-tape TM N whose
tape has 2k tracks.
Only haf of thetracks hold contents of tapes of M.

T he other haf contain single marker for current
head position & the corresponding tgpe of M.

Chapter 8 Developed by B. Jullano ©2002, based on notes by J. Ulman m

Introduction to Turing Machines
Introduction to Turing Machines

Chapter 8:
Chapter 8:

TM Extensions

Theorem 8.10

- Thetimetaken by the onetgpe TM N of
Theorem 8.9 to simulaten moves of the k-tape
TM M is O(n?).

TM Extensions

Proof: (Many-Tapes-to-One Construction), continued ...

** Next, N hasto
revisit each head marker on its tgpe;

change the symbol in the track representing -
the corresponding tapes of M; and Important implicetion:
= Ifthemultitape TM takes polynomid time, so

does the one-tgpe TM.

Introduction to Turing Machines
Introduction to Turing Machines

move the heed markers left or right, if
necessary.
** Findly, N changes the state of M as recorded it
its own fininte control (based on tuples for Q).
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TM Extensions
Theorem 8.11

- If My isanondeterministic TM, then thereis a
deterministic TM Mp such that L(Mp)=L(Mp).

TM Extensions

= A nondeterministic Turing Machine (NTM)
differs from the deterministic variety by

dgX) I Q G{LR}
wheregl Q and XI G Pr oof:
** |dea NTM ® k-tgqpeDTM ® 1-tgpe DTM.
= Construct Mp as ak-tape DTM.

Usefirst (multitrack) tapeto hold a queue of IDs of
Mn, including the state of M, separated by inter-ID
markers such as “*”.

, Second tapeis merdy used as amarker.

Chapter 8 Developed by B. Julano ©2002, based on notes by J. Ulman m

= NTMs can choose, a each step, any of thetriples
to be the next move.

= Similar definitions for IDs, moves, and language
accepted by an NTM M apply as derived from the
deterministic variety ...

Chapter 8 Developed by B. Jullano ©2002, based on notes by J. Ulman m
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TM Extensions

To process current ID, Mp does the following:
* Mp examines state g Q and scanned symbol
X1 G of current ID. Thefinite control of Mp
knows what choices of moves My has for each

state and symbol. Ifgl F, then Mp accepts and
simulaes My no further.

TM Extensions

= Nondeter ministic Turing Machines

Finite

comnirol

indicates current ID

~ L4

Quewe: ~ L Ee e " If gl F and My has k moves, then Mp usesits
of 1’ ' second tgpe to copy the current ID and then
Soratoh e make k copies of that ID at the end of the

tape seguence of IDs on tape 1 (thereby adding them

to the back of the queue).
Chapter 8 Developed by B. Juiano ©2002, based on notes by J. Ulman Chapter 8 Developed by B. Julano ©2002, based on notes by J. Ulman
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From Figure 8.19 of IATLC, Hoperoft, Motwani, & Ullman, 2001

= Semi-infinite Tapes

TM Extensions

Mp processing the current 1D, continued ...

- Mp modifies each of the k IDs just copied onto
tape 1 to adifferent one of thek choices of
moves that My has from its current ID.

* Mp returns to the marked, current ID to erase

the mark and to move the mark to the next ID to
theright. Thecyderepeas onthisnext ID ...

** A TM with asemi-infinite tgpe means that
thereare no cdlsto theleft of theinitia head
position.

" A TM with asemi-infinite tape simulates a

TM with an infinite tape by using atwo-track

tape:
X, ke 92

end marker
Chapter 8 Developed by B. Julano ©2002, based on notes by J. Ulman m

Note Thisissimilar to the use of aqueue for the
breadth-first search agorithm.

Chapter 8 Developed by B. Jullano ©2002, based on notes by J. Ulman m
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Restricted TMs

= Multistack M achines
* Genegrdizations of the PDAS

" Recdl: TMs can accept languages that are not
accepted by any PDA with one stack.
** Note: PDA with two stacks can accept any
languagethat aTM can accept!
* In one move, a multistack machine can
. changeto anew state g Q; and
replace the top symbol of each stack with a
string of zero or more stack symbols X1 G*.
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Restricted TMs

Theorem 8.12

- Every language accepted by aTM My isdso
accepted by aTM M1 with the following
restrictions:

** M7’ shead never moves left of itsinitid
position; and
** M1 never writes ablank.

Chapter 8: Introduction to Turing Machines
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Restricted TMs
- Example: A 3-stack machine...

Fimite

| Hale : TIN
Inpur - Um‘“ Pl Acceptiteect
ol

L4

Introduction to Turing Machines

Chapter 8:

Chapter 8 Developed by B. Jullano ©2002, based on notes by J. Ulman m

Restricted TMs

- Counter Machines
- Two equivdent ways to think of acounter
machine
= A stack with abottom marker, say Zj, and
one other symbol, say X, that can be placed
on the stack.
Thus, the stack dways looks like
XXXw XZg, or specificdly, XnZ.
" A devicethat holds anon-negative integer
with operations increment-by-1,
decrement-by-1, and test-if-zero.

Introduction to Turing Machines

Chapter 8:
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Chapter 8:

Introduction to Turing Machines

Chapter 8:

Restricted TMs

Theorem 8.13

- Ifalanguagel is accepted by aTM M, thenL is
accepted by atwo-stack machine.

Pr oof:

- |dea Useone stack to hold what is to the | eft of
thetape, and usethe other to hold what is to the
right of the tape.

* Detailsin the textbook ...

Chapter 8 Developed by B. Julano ©2002, based on notes by J. Ulman m

Restricted TMs

= The Power of Counter Machines

Note:

* Every language accepted by a counter machineis
recursively enumerable.
Counter machines are specia cases of stack
machines, which are specid cases of multitape
TMs, which accept only recursively enumerable
languages.
* Every language accepted by a one-counter
machineisa CFL.
A one-counter machineis aspecia case of aone
stack maching i.e., aPDA.

Chapter 8 Developed by B. Julano ©2002, based on notes by J. Ulman m
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Restricted TMs

Theorem 8.14

- Every recursivey enumerablelanguageis
accepted by athree-counter machine.

Pr oof:

** |dea Use Theorem 8.13 to derive atwo-stack
machine, then develop aconstructive agorithm
for a2-stacks-to-3-counters conversion.

Introduction to Turing Machines

Chapter 8:

Chapter 8 Developed by B. Jullano ©2002, based on notes by J. Ulman m

Restricted TMs

9]

(0]

£

d= .

Q 2-stacks-to-3-counters conver sion, continued:
S

g M3 /

=}

- v N
= Xi- X
-% x X
3 X2 Xn-
= X3 Xn
- S SR

* If astack hasr-1 symbols, think of the stack
contents as a baser number with the symbols as

thedigits 1 throughr-1.
Chapter 8 Developed by B. Julano ©2002, based on notes by J. Ulman m
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Chapter 8:

Introduction to Turing Machines

Chapter 8:

Restricted TMs

2-stacks-to-3-counters conver sion:

* Consider L={anbncn: n30}, TM M1 where
L(M4)=L, and wi {a,b,c}* where |w|=n.

M1

/

w |X1|X2|X3|W |X||W |Xn_]]Xn,W

* So, by Theorem 8.13 we can derive an
equivaent 2-stack machine, M» ...

Chapter 8 Developed by B. Julano ©2002, based on notes by J. Ulman

Restricted TMs

2-stacks-to-3-counter s conver sion, continued:

= So, for the 3-counter machine, M 3, use one
counter for each stack plus one*“ scratch”

counter:
M3
Chapter 8 Developed by B. Julano ©2002, based on notes by J. Ulman

C1  for My'sstack, S
Cy, for My sstack, Sy

Cs
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Restricted TMs

2-stacks-to-3-counter s conver sion, continued:

Restricted TMs

2-stacks-to-3-counters conver sion, continued:

** Consider the string w=aaabbbccc and the ID
aagabbbccce for M1 whereql Q ...

* which is represented by M3 as

M > M3 Cl for M,’s stack, S,
2
/ Cz for M,’s stack, Sg
Therearer-1=[{ a,b,c}|=3

e

stack symbols. So, r=4.

Introduction to Turing Machines
Introduction to Turing Machines

40 a

21| b
& B I_tﬁe?r:]rteb(i%n?;;ﬁ:ﬂ a5 * Note TomoveM;’'s read-write head one cdl to
% a | 40 % ¢ quad units. % the right requires popping X; from Sy and
5 a4 46| ¢ 5 pushing X; into § for M.

e

Chapter 8 Developed by B. Julano ©2002, based on notes by J. Ulman m
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Restricted TMs

2-stacks-to-3-counter s conver sion, continued:

Restricted TMs
2-stacks-to-3-counters conver sion, continued:

** Consider the move from aagabbbccc to
aaarbbbcce in M; whereq,rf Q ...

M /

f \ M - sla

* Read top symbol of Sy = store the remainder, C,

modulor, into Cs. States in M5 used to

M> / determine remai nder.

( \ M - s|a

Introduction to Turing Machines
Introduction to Turing Machines

40 a 10 a

41| b / 16297(C, 41 b / 16297( Cp
y b 66 b
3 a | 40 c B a |40 c
g a|asm 26| € g a s 46 C

Chapter 8 Developed by B. Julano ©2002, based on notes by J. Ulman m Chapter 8 Developed by B. Julano ©2002, based on notes by J. Ulman m
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Restricted TMs

2-stacks-to-3-counters conver sion, continued:

Restricted TMs
2-stacks-to-3-counters conver sion, continued:

* Pop from Sg = divide C, by r, discarding the * Pushinto §_ = multiply C; by r, then add the

Introduction to Turing Machines
Introduction to Turing Machines

remander. vauestoredin Cs.
M» / Mo /
M3 \ M3
=\ L B
40| p Va 4074(Cy 40| b / Cz
o 41 b 3 41 b
b b
o x| ¢ 1|Cs o a |40 x| ¢ ‘ Cs
‘g_ a | 40 c ‘%’_ a |41 c
6 a |41 45 C 6 a 42 45| C
X > A
Chapter 8 Developed by B. Julano ©2002, based on notes by J. Ulman
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Restricted TMs

3-counter s-to-2-counter s conver sion:

Restricted TMs

Theorem 8.15

- Every recursivey enumerable languageis
accepted by atwo-counter machine.

* Store the number m=2i3i5k in one counter and
use the other one as a“ scratch” counter.

Pr oof: "+ Test ifi=0 by moving count from one counter
to the“scratch,” counting modulo 2 in the state.

- |dea Deveop aconstructive dgorithm for a 3-
counters-to-2-counters conversion. Do this by
representing the 3 countersi, j, andk, by a

singleinteger m=2i3i5k, . tests for j=0 and k=0 and ogous.

Chapter 8 Developed by B. Julano ©2002, based on notes by J. Ulman m Chapter 8 Developed by B. Julano ©2002, based on notes by J. Ulman m
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i=0if and only if the number m=2i3i5k is
not divisible by 2.

Introduction to Turing Machines
Introduction to Turing Machines
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Restricted TMs

3-counter s-to-2-counter s conver sion, continued:

TMs and Computers

- Real Computers

" In one sense, a(red) computer has afinite
number of states, and is thus weaker than a
™ ...

* Incrementing countersii, j, or k is equivdent
to multiplications of the count m=2i3i5k by 2,
3, or 5; respectively.

. Wehaveto postulae an infinite supply of

tapes, disks, or some peripherd storage
deviceto simulatean infinitetgpe TM.

* Decrementing countersi, j, or k is equivaent
to divisions of the count m=2i3i5k by 2, 3, or
5; respectively.

Introduction to Turing Machines
Introduction to Turing Machines

. Assume a human operaor can mount
disks, keegping them stacked neetly on the
sides of the computer.

Chapter 8 Developed by B. Julano ©2002, based on notes by J. Ulman m

Chapter 8:
Chapter 8:
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rom Figure 8.21 of IATLC, Hoperoft, Motwani, & Ullman, 2001.

TMs and Computers TMs and Computers

- Simulating a TM by a Computer = Simulating a TM by a Computer , continued ...

* A computer can simulate finite control, and
mount one disk that holds the region of the
tape around the tape head.

* When the tape head moves off this region, the
computer outputs the following request:

# Movethe current disk to thetop of the | eft
or right pile; and
# Mount thedisk & thetop of the other pile.

Processor

Introduction to Turing Machines
Introduction to Turing Machines

Tapet 10 T e s

* Seethefigure on the next dlide ... il ol right af

e teeisl Tt et
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TMs and Computers TMs and Computers

- Simulating a Computer by a TM, continued ...
** Instruction cyc e of computer simulated by:

# Find theword indicated by theinstruction
counter on the memory tgpe.

# Examinetheinstruction code (afinite set
of options), and get the contents of any
memory words mentioned in the
instruction, using the “scratch” tape.

# Perform theinstruction, changing word
va ues as needed, and adding new address-
va ue pars to the memory tape, if needed.

- Simulating a Computer by a TM

* |ldea Simulaionisa thelevd of stored
instructions and words in memory ...

* TM has onetgpethat holds dl the used
memory locations and their contents.

Introduction to Turing Machines
Introduction to Turing Machines

* Other TM tegpes hold the instruction counter,
memory address, computer input file, and
“scratch.”

Chapter 8 Developed by B. Jullano ©2002, based on notes by J. Ulman m
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Figur

TMs and Computers

Hopcroft, Motwani, & Ullman, 2001,

TMs and Computers

= Comparing the Running Times of Computers
and TMs

* Use TM as atool not just to examine what
can be computed, but dso what can be
computed with enough efficiency tha a
problem’s computer-based sol ution can be
used in practice,

* Tractable (polynomid; wha can be solved
efficiently) vs. intractable (morethan

Tnput file polynomid; can be solved, but not fast enough

for the solution to be usable)

Seranol
Chapter 8 Developed by B. Juiano ©2002, based on notes by J. Ulman | Chapter 8 Developed by B. Juilano ©2002, based on notes by J. Ulman
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TMs and Computers TMs and Computers

= Comparing the Running Times of Computers
and TM's, continued ...

* |If acomputer can do multiplication of words
whose length is not limited (e.g. to 64 bits, as
on most computers), then the length of the
longest va ue can double a each step.

- Comparing the Running Times of Computers
and TM's, continued ...

* If aproblem can be solved in polynomia time
on atypicd computer, then it can besolvedin
polynomid timeby aTM, and conversdy.

* Hence, conclusions aout what aTM can or
cannot do with adequate effi ciency apply
equdly well to acomputer.

Chapter 8 Developed by B. Jullano ©2002, based on notes by J. Ulman m

# Assumethat acomputer is about to perform
n multiplications requiring T(n) steps...

# It would takeat | east O(2T(") steps foraTM
to simulae T(n) steps of the computer.

Chapter 8 Developed by B. Julano ©2002, based on notes by J. Ulman m
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TMs and Computers TMs and Computers

- Comparing the Running Times of Computers Theorem 8.17

and TMs, continued ... = |f acomputer

* However, if welimit thelength of words to,
say, 64 bits, or we dlow arbitrarily long
words but only instructions that add a most 1
to thelength in one step (e.g. addition) ...

* has only instructions that incresse the
maximum word length by a most 1; and

* has only instructions that amultitgpe TM
can perform on words of length k in O(k?)
steps or less;

Then the TM described in Slide #64 can
simulate n steps of the computer in O(n3) of its

# Assumetha acomputer is about to perform n
additions requiring T(n) steps....

# Then O(T(n)3) steps of the TM sufficeto
simulate T(n) computer steps. own steps.
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TMs and Computers

Copyright and Intellectual Property Notice
Theorem 8.18

- A computer of the type described in Theorem
8.17 can be simulated for n steps by aone-tape
TM, using & most O(n6) steps of the TM.

This document and parts of its contents are the Intellectual
Property (IP) of Dr. Benjoe A. Juliano of the Department of
Computer Science at California State University, Chico (CSUC).
Dr. Juliano claims exclusive moral rights of ownership under
current Copyright Laws (Tite 17 of the United States Code and
1998 Digital Millenium Copyright Act) and IP Policies/Guidelines
(CSUC EM83-08, EM97-07, and Artice 39 of he CFA/CSU
Contract) including, but not limited to:
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Pr oof: - the exclusive right to copy, reproduce, and/or distribute this
document,
: - the right to be identified as the creator of this work (the right
 Recdl: A onetagpeTM can simulatea of abuton); (he rg

- the right o take action against false attribution; and

- the right to object to derogatory treatment of this work (the
rightofintegrity).
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multitgpe TM by squaring the number of steps,
a most.
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