Turing Machines Review

0 An example of adecidable language that isnot a CFL
< Implementation-level description of aTM
< State diagram of TM

0 Varieties of TMs
< Multi-Tape TMs
< Nondeterministic TMs
< String Enumerators
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Turing Machines

Infinite Tape
1 Blank part of tape
Machine State
q Read/
0 Wrile
Head
GC—q

ej

Just like a DFA except:
< You have an infinite “tape” memory (or scratchpad) on which you
receive your input and on which you can do your calculations
< You can read one symbol at atime from acell on the tape, write one
symbol, then move the read/write pointer (head) left (L) or right (R)
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Who was Turing?

0 Alan Turing (1912-1954): one of the
most brilliant mathematicians of the
20t century (one of the “founding
fathers’ of computing)

0 Click on “Theory Hall of Fame” link
on class web under “Lectures’

0 Introduced the Turing machine as a
formal model of what it means to
compute and solve a problem (i.e. an
“algorithm™)

< Paper: On conput abl e nunbers,
with an application to the

Ent schei dungsprobl em Proc.
London Math. Soc. 42 (1936).
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How do Turing Machines compute?

0 O(current state, symbol under the head) = (next state, symbol
to write over current symbol, direction of head movement)

Infinite Tape Infinite Tape
[iT1Tol1To] [0]o]
Machine State Machine State
q Read/ q Read/
0 Write 0 Write
Head Head
o
. O—q > g (E q
ace acce 1
Uy qrej

0 Diagram shows: &(q;,1) = (d,4, 0, L)  (R=right, L = left)
0 Interms of “Configurations’: 110q,10 = 11q,4000
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Solving Problems with Turing Machines

0 Weknow L ={0"1"0" |n = 0} isnot a CFL (pumping lemma)

0 Show L isdecidable
< Construct adecider M such that L(M) =L
< A decider isaTM that always halts (in g, Or g,4) and is
guaranteed not to go into an infinite loop for any input
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|deafor a Decider for {0"1"0" | n = 0}

0 General Idea: Match each O with a1 and a0 following the 1.
0 Implementation Level Description of a Decider for L:
On input w:
1. If first symbol = blank, ACCEPT
2. If first symbol = 1, REJECT
3. If first symbol = 0, Write ablank to mark left end of tape
aIf current symbol is0 or X, skip until itis 1. REJECT if blank.
b. Write X over 1. Skip 1's/X’s until you see 0. REJECT if blank.
c. Write X over 0. Move back to left end of tape.
4. Atleft end: Skip X’suntil:
a Yousee0: Write X over 0 and GOTO 3a
b. Youseel: REJECT
c. You see ablank space: ACCEPT
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State Diagram

XL
<> O Ooﬁ L
1-L
1-X,R
qsk|p0 qSkIpl qgo |eft
1-R ~R OHKR _-R
at-left
Ores Oacc *{R

0 Try running the decider on:

% 010, 001100, ... ACCEPT
% 0,000,0100, ... REJECT
% What about 010010?
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Houston, we have a
problem...with our
Turing machine.
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What’ s the problem?

XL
<> O 1., R <> 0-L
1-L
1-X,R - X,L
qsk|p0 qSkIpl qgo |eft
\
at-left
Ores Gacc ‘(R
0 The decider accepts incorrect strings:
< 010010, 010001100 ACCEPT!!
< Accepts (0"1"0")"
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A Simple Fix (to the Decider)

0 Scaninitially to make sure string is of the form 0* 1* O*

0 Oninput w:

1. If first symbol = blank, ACCEPT Add this

2. If first symbol = 1, REJECT -

3. If first symbol = 0: if wisnot in 00*11*00*, REJECT; else,
Write a blank to mark left end of tape
a.If current symbol is0 or X, skip until itis 1. REJECT if blank.
b. Write X over 1. Skip 1's/X’s until you see 0. REJECT if blank.
c. Write X over 0. Move back to left end of tape.

4. Atleft end: Skip X’suntil:
a Yousee0: Write X over 0 and GOTO 3a
b. Youseel: REJECT
c. You see ablank space: ACCEPT

R. Rao, CSE 322 10




The Decider TM for L inall itsglory

o R <> <> New part tests
- _ q]_ 1—> R q2 O—> R q3\\\1_)R

o8 for 00* 11* 00*
1.R 0-L " oL \AqREJ
X LR qREW
0-R R X-R XL
ORes - <> =7 <> 1.R 0-L
1.XR 0_XL Ol*'-
Us«ipo Oscip1 —~  Ogoreft
~
SR 0-X,R _-R
et-left
Oacc ‘{R
R. Rao, CSE 322 N 11
Varietiesof TMs

What if we
allow multiple
tapes?

What if we
alow
nondeterminism

R. Rao, CSE 322 12




Various Types of TMs

0 Multi-Tape TMs. TM with k tapes and k heads
28 QxIk - QxTIkx{LR}k
 8(Gjy @y, o, 8) = (G by, ooy B LR, o, L)

0 Nondeterministic TMs(NTMs)
20 QxIN - Pow(QxT x{L,R})
= 0(q, @ ={(a,, b, R), (9, ¢, L), ..., (O, d, R)}

0 Enumerator TM for L: Printsall stringsin L (in any order,
possibly with repetitions) and only the stringsin L

0 Other types: TM with Two-way infinite tape, TM with
multiple heads on a single tape, 2D infinite tape TM,
Random Access Memory (RAM) TM, etc.
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Surprisel
All TMs are born equal...

0 Each of the preceding TMs s equivalent to the standard TM
< They recognize the same set of languages (the Turing-
recognizabl e languages)

0 Proof idea: Simulate the “deviant” TM using a standard TM

0 Example 1. Multi-tape TM on astandard TM
< Represent k tapes sequentially on 1 tape using separators #
< Use new symbol a to denote a head currently on symbol a

01 ........... |
f

| ?2 2. ..., | (See text for details)
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Example 2: Simulating Nondeterminism

0 Any nondeterministic TM N can be Qo
simulated by a deterministic TM M a4
< NTMs: &: Qxrl - Pow(Q x [ x{L,R}) (a0, b, R) (G c L)
< No ¢ transitions but can simulate them ‘b/ . /\
by reading and writing same symbol ? L
< N acceptsw iff thereisat least 1 path in ™~ .
N’streefor w ending in g / o

: : / Ores /
0 General proof idea: Simulate each q
branch sequentially \ Ace
< Proof idea 1: Use depth first search?
No, might go deep into an infinite branch
and never explore other branches!
< Proof idea 2: Use breadth first search

Explore al branches at depth n before n+1 T This branch does
not halt
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Simulating Nondeterminism: Details, Details

0 Usea3-tape DTM M for breadth- Qo a
first traversal of N'stree on w: ‘a/ \
< Tape 1 keeps the input string w (9, b,R) (@ L)
< Tape 2 stores N’ s tape during SN /N0
simulation along 1 path (given by / TNy
tape 3) up to a particular depth, N / 213~
starting with w / Ye /
< Tape 3 stores current path number . Qacc
E.g. € = root node g, P
213 = path made up of 3 child of -
1% child of 2" child of root -
0 Seetext for more details ~._ Does
“ not halt
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Next Class: We'll ‘rap up Chapta 3 and
move onto undecidability...

Have a great
nondeterministic
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