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8.2.1. Turing machine model
What is ‘a proof'? What is ‘a computation'?: 1937~

- J)—rOIFMEES — Kileene: ‘recursive function’
- Fa—12% ® Turing Machine £7 )L — Turing: Turing machine model
— (GodelDAELMETEHE) .. HEDNER — (Godel: Incompleteness theorems) ---CCOmPl:‘af_it*;“a'
omplexi
IR R=-TM T ETE 5% ‘ ‘ Recursive function = Function computable by TM ‘

Church (1298 St gy <8 - Church's Thesis: Computable function 48

8.2. Turing # & (X 8.2. Turing Machine
8.2.1. Fa— U I HHETIL 8.2.1. Turing machine model
A BR AR Finite Control:
HREOKEZED has finite states.
;\:‘7\ P T/ Gea\r‘ «———— Head Tape:
ERICEBORSERD Infinitely long to both sides
< [BIBIXIX [ [X[-[X[B[B]  F—aMEBNTHY. = [BIBIX X[ [X[--{X[B[B[~- Inputdate is on the tape,
T—RADENEZAIE /S and Blank is filled on
ZABlK)  ANT—F Blank AAZ L TH S Blank Input Data the other cells.
$71¢7_'—7°§—’3’592E_’513*§§31 Gear: moves the tape 1 cell to left/right
NYR F—TLOXFEHRHEETD Head: reads/write a character on the cell.
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8.2. Turing Machine

8.2.1. Turing machine model

[Computation Process]
1. Read the letter X on the tape
2. According to the state g and

Gear
«——— Head letter X,
1. change the state
- [BIBIB XX [X[~[X[B[ 5 repjace X

3. move the head 1 cell to

Initial: Input data left or right

« Finite control is initial state 3. Halt if “accepting state” or

« Input word is on the tape go to step 1.

« Head is on X, the first letter of input.
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8.2. Turing Machine

8.2.1. Turing machine model

Comparing to...
e  hea > Automaton:
* Input data is just read.

~[BIBIBIX[X[- [X[-[X[B[- « Head only moves to right.

» PDA:
Input data +  Automaton+
* We can make a stack on t
left side.
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8.2.2. Fa—U T MDA
Turing Machine (TM) [ELL T D7D TRER:

M=(Q, Z,I,8,q,B,F)

. QUREBOES

e LI AATLIFAYE

o MF—TLOXFERBTITINIFAYL (&oTICT)

o 8 EBEM(KL)

oy MHEIREE(LD T EQ)

« B ZEAELB.BE(M—I), T—TLOAREDTALISNILER
BTEHEN TN, LIRET S,

. F RERE(EOTFCSQ)
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8.2. Turing Machine

8.2.2. Notations fora TM
Turing Machine (TM) is defined by a 7-tuple:
M=(Q, 2,T,8,qyB,F)

*  Q:setof states

«  X:inputalphabets

I": alphabets on the tape (hence ~ C ')

& : transition function (described later)

q,: initial state (hence g,€Q)

B: Blank. BE (I — Z ). We assume that all cells on the tape are
filled by B except finite cells.

«  F:accepting state (hence FEQ)
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8.2.2. Fa—Y U WO E
Turing Machine (TM) OBF %6 :
AT QX [ —— AURBHATLEXLF X
BEOREP  ~orenmysrmLetRin
QX FEX{LR}  5:9x F—Qx I x{LR}
ROIKAEq  XEBERZBXFEY /
REM: 6 DIEFXLDOTHLD
JEREM: S DENERBHYZD

. I x{LR
6:Qx [[—20xTx{ }13132

8.2. Turing Machine

8.2.2. Notations fora TM

Transition function & of a Turing Machine (TM):
Input: X [ «—— Letter X read by the head
current state p
Output: 9 X I'\x {L,R}
Next state ¢ X is replaced by Y
Deterministic: & is always determined uniquely

Nondeterministic: & can have several values
N8 QX [—20xT X{LR}

- Direction to move the head (Left,Right),

§:Qx —=Qx T x{LR}
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8.2.3. Fa— T DR m R R (FRHE)
™ DA F LT OERAEZ TR TOAIEEL:

K&
T—TDORE
AYRDRLE

TM M DA X Xpe o X 10X Xipq - X,

B IXDGE I TR[B L,

8.2. Turing Mg &1

8.2.3. Fa— T D B R R (HRHE)
TM M D#AR: X, Xy... X 10X Xi41... X,

- BELLBEFEC
qBX,...X,

TMM DFE(EB)D

1RFvT%E - T,

0RFYT UL DERE © TRET 50D PDA LR
TMDEBE

8.2. Turing Machine

8.2.3. Instantaneous Description (ID) of a TM
The ID of a TM needs the following information:
— state
— content of the tape
— position of the head

ID of a TM M: X;Xy...X; 10X Xisp... X,

S TB KD IXE= %8

8.2. Turing Machine

8.2.3. Instantaneous Description (ID) of a TM
ID of a TM M: X X5... Xi.10XiXis1--- X,
—  Write B if it is necessary
gBX;... X,
Transitions (computations) of a TM M:
1 step is described by -,
0 or more steps are described by ¥ as PDA.

Diagram for TM

Move the head to
right after replacing
letter a by b.
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8.2.3. Fa—) Y T M OB QIR (HRAE)
) L={wwR |w < {0,1}*}
TAT7: WmARLXFES B TERLTWE, 25 B2
Hof-b52HE
1. BYOXFHLNBLESZE
2. BRUIOXFENLES,
D ZOXFEMREITEZS
@ ZOXFEBTLEE
@ HEH~BEH
@ RALXF45BTLEE
® EH~RD
® RTYTINRD
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8.2. Turing Machine

8.2.3. Instantaneous Description (ID) ofa TM
Ex)L={wwR|w € {0,1}*}
Idea: If leftmost and rightmost letters are the same, replace
them by B. Accept if all letters become B.
1. Accept if the first letter is B
2. If the first letter is 0/1,
@ store the letter by the state
@ replace the letter by B
@ move to the leftmost
@ replace the leftmost letter by B if it is the same
® move to the rightmost
® gotostep 1.
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Bl)L={wwk |w e {0,1}*}

TAT7: WMHARCXFLS B TERLTLE,
288 B [>T 5%E
1. RVDOXFEH B AESZHE (0,0,
2. RYOXFHGES,
@ %®X$§W&§§J‘Gﬁié} (@09
@ ZOXF%#BTLEE vz

® HH~BD
® ALXFASBTLEE } (9% ..
® EH~RS oo—  © 11—

© 2FIIINES }(q&qﬁ) Vi

B/B—

1/B—
B/B—

B/B—
B/B—

0/0—
11— VI s

Ex)L={wwR|w € {0,1}*}

Idea: If leftmost and rightmost letters are the same,
replace them by B. Accept if all letters become B.
1. Accept if the first letterisB  (q,,0.)

2. If the first letter is 0/1,

(@ store the letter by the state
@ replace the letter by B } } @ 9)
@ move to the leftmost
@ replace the leftmost letter } (@49 .. 0/0—
by B if it is the same 0/0— < Ul
® move to the rightmosf 11—
® gotostepl. } (%)
1/B—

B/B—

-

B/B—
B/B—

0/0—
11— Ul s

Bl L={wwR|w e {0,1}*} £%#ET 5 TM

M:({qa'qmqll'"1q6}1{011}1{01118}1 6 ’ qu B, {qa})
DX EE: 6 IFLUTDRY

1 B

0
¥o ((92B.R) (a1,B.R) (dB.R)
ql (q1|0-R) (q1|l-R) (q3|B|L)

U2 (420R) (4 LR) (quB.L) oloe
03| - (@BL) - 0/0— 11—
O |(9eBL) - -

U5 |(00L) (@5LL) ([GoB.R) e

s |(96:0, 1, B,
6 (06:0.L) (G61.L) (dB.R) BB
Qa| - - -

. o B/B— 0/B— 00—

11— Vle s

Ex) L={wwR|w &€ {0,1}* } is accepted by TM

Mz({qalqOIqli“ .,qe},{O,l},{O,l,B}, 6 ’ qu B' {qa})l
where & is defined as follows:

1 B

0
Y ((a,B.R) (a1B.R) (daB.R)
ql (qlvovR) (qlvlvR) (qszvL)

P (0,.0,R) (02.1.R) (q4B,L) 0/0—
Os| - (&BL) - 0io— 11—
Qs ((@sBL) - -

Us (65,0.L) (@LL) (@B.R) e

06 |(d5,0.L) (deL.L) (d0B.R)
B/B—
Oa| - - -
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FHL={wwk|w e {0,1}*} #ZHET S TM
MAYA 711001 2% EI S EIFLUTDEY:
01001 0,001+ 0g,01+ 00g,1+ 001q, + 00g,1
= 0050 9500 - qsB00 - q,00+ q,0

F0d,- 9,0 F s Go -y

Ex) L={wwR|w € {0,1}* } is accepted by TM M.
The computation of M for the input 1001 is:

0,1001 +q,001+ 0g,01+ 00qg,1+ 001q, F 00qg,1
0050 =500 - q;B00 - 400+ q,0
F00,-0,0F s go 0,

8.2. Turing #H & (X
8.25 Fa— i MO ZIEEE
TMM &> TREIN B EEL(M):
MEAAWD T CEES B =L, SHIREEICHD
@matam:u:...
M=(Q. %, , 8 0,,B.F) [ZRLT.
LM)={w € I*| %3 peF MFEL.
aw” apB(a,BEeM*Eld, }
K*MD = 1L IFRREIZL TLVEELY
 LITHGETTRIBREICENILZETS
s LIMICADEWNEEIE, REREICASEThIEEL,
FYRAYITHERIL—TTEEN, HHICEEELE
{THRLY,
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8.2. Turing Machine

8.2.5. Language accepted by a TM
The language L(M) accepted by a TM M:
M will be in an accepting state under input w

ﬁFormally...
ForM=(Q,2,I", & ,q,,B,F),
L(M)={we 3*| IpEF, qwFapB(a,B T *}

% We do not mind if M halts or not.
« Anyway, it accepts if it is in an accepting state.
« For a word not in L(M), we only say that M never
accepts. It is OK if it is in dead-lock or infinite-loop.
Namely, it is OK if it does not stop.
28/32
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8.2.6. Fa— T W DE L
[EE]TMMIZET S(@X) AREZDEE .M IFE)
EEILTHEEERT S,
K LMDEZET, ZIERETIE TM (XBEZELT
BELTHEERINDEEIEELLELY,
KLMIZBSHNE w DR EWThhoENIEI
EET 5, (IB1E or ERIL—F)
IZHTEIEEE: LSEOESITEICTM T -
U SETE3SE
IRFRRIS EE: L(M) ICBSRELVE wITHLTE
TM MO ENMEZEE LT 5. EWSHIBEMA =S5
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8.2. Turing Machine

8.2.6. Halting property of TM

[Definition] For a TM M, if & (g,X) is not defined, we
define that M halts (namely, it stops computing).

% In the definition of L(M), the language does not
change if we define ‘TM halts in an accepting state’.

% We do not mind for the word w not in L(M). (Halt or

infinite-loop)
Recursively enumerable language:

U  The set of languages accepted by above TMs

Recursive language: The set of languages accepted by
TMs that always halt (especially, the words not in L(M)).
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8.* Fa— o D EE
- THEIOHEMETILELT
o THETEZEHINMR B L5 T
- TEHETHHEMIOETILELT
o TMIFHEEMZE->TLS

BEDTAY /ARG AR THAE TSR,
FTARTCTMTEHETES,

o FHEOMEEAL-OOREIZFERD
FILTIZXLOFHEIE TM TOBRME. A @
FRIDAR—RIZHEL2TNS,
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8. Turing Machine

8.*. Meaning of a Turing machine

Mathematical model of a ‘computation’
Computable function can be considered.
Model for a ‘computer’

TM has universality.

Every function computable by any von-Newman type computer
can be computed by a universal Turing machine.

TM can be used as a measure for efficiency of a
computation.

The efficiency of an algorithm is evaluated by the time complexity
and space complexity of a TM.
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