Automata and Grammars
SS 2018

Assignment 12: Solutions to Selected Problems

Problem 12.1. [Turing Machines]

Design a one-tape Turing machine M; with at most 8 states such that
L(M)={a"b"c" |n>0}.
Solution. We present a single-tape TM M = (Q,{a,b,c},{a,b,c, A, B,C,0},0,6,q0,qf)

for the language {a™b"c” | n > 0}, where Q@ = {qo,¢1,2,93,94,qs} and ¢ is given by the
following table:

J 0 T q2 q3 q4 q5
al(qg,AR)| (1,0, R) - - (Q4,a L) | -
b — (q2, B,R) | (gq2,b,R) - (qa;,b,L) | —
c - - (q37 Ca R) (q37 C, R) (Q47 C, L) -
A - - - - (90, A, R) | —
B (qavaR) (Q1,B,R) — - (Q47B7L) —
C'| (90,C, R) - (q2,C, R) - (q1,C, L) | —
U (q]c,D,O) - — ((M,D,L) - -

Here the states are used as follows: ¢g: Search to the right for an a,

q1: Search to the right for a b,

q2: Search to the right for a ¢,

qs3: Search to the right for a O,

q4: Search to the left for an A,

qr: Final state.
If one wants the TM M to not halt on any words that do not belong to the language
{a™"c™ | n > 0}, then one just needs to replace every undefined transition for each state

q € {q0,1,92,93,q4} by an infinite loop.

The computation of M on input aabbce looks as follows:

qoaabbcc Fpyr Aqrabbec Fa Aagibbee Fuv  AaBgsbee
Fu AaBbgoce Fu AaBbCgsce Fv AaBbCeq3O
Fu AaBbCquc Fa AaBbgyCe Fu AaBgybCe

Fv AageBbCe Fyv AgquaBbCe Fv gaAaBbCe
Fu  AgoaBbCe Fa AA BbCe Fv AAB@bCe
Fv AABBgCe Fv AABBCqgsc Fv AABBCCg3O
Fv AAuBBCC by AuABBCC by AAqeBBCC
i, AABBCCqD ty AABBCCqpO

It can now be seen quite easily that L(M) = {a"b"c" |n > 0}. O



Problem 12.2. [Turing Machines]
Let Leopy = {wew | w € {a,b}* }.
(a) Design a one-tape Turing machine M; with at most 8 states such that L(M7) = Leopy-

(b) Design a two-tape Turing machine M with at most 4 states such that L(Ms) = Leopy-

Solution. (a) The TM M; will work as follows. Let x = wcv be given as input, where
u,v € {a,b}*. M; marks the first letter of u, stores it in its finite-state control, and moves
right until it reaches the first letter to the right of the symbol c. It then compares this letter
to the stored symbol. If these two symbols coincide, then it also marks the current symbol
and returns to the marked symbol in u; otherwise it just halts in a non-accepting state. Once
M has returned to the marked symbol in u, it moves one step to the right, marks the new
symbol, stores it in its finite-state control, and moves right again to the first unmarked symbol
to the right of the symbol c¢. This process is repeated until either a mismatch is found, and
then M; halts without accepting, or until M; has verified that © = v, and then M7 halts and
accepts. To realize this behaviour, we define M; = (Q, {a,b,c},{a,b,c,*,0},0,61,q0,q¢),
where Q = {qo0, qa, @, 43, @, 2P, ¢} and 97 is given by the following table:

01 a b c * O | Comments

90 | (qa>*, R) | (qv,*, R) | (¢7,0, R) — — | Mark and remember a letter
da | (Ga,a,R) | (¢a;b,R) | (¢, ¢, R) — — | Store a and move right

@ | (@0, R) | (6,0, R) | (g3, ¢, R) - — | Store b and move right

4 | (p, %, L) — — (¢,,*, R) | — | Compare to letter in v

@, — (p,*, L) — (g4, %, R) | — | Compare to letter in v

p - - (p',ce,L) | (p,*,L) | — | Return left to ¢

p | (p,a,L) | (p/,b,L) — (g0, 0, R) | — | Return left

a5 | (p,a,0) | (p,b,0) - (¢f,0,R) | — | Accept on empty tape

Given the word x = abcab as input, M executes the following computation:

goabcab Fpp o *qgbcab Far,  *bgacab Far,  xbeqlab
Far, *bpex b Fan,  *p'bex b Far, P xbexb
Far, Ogobexb  Fpr, Oxgpexd Far, Oskcgyxb
Fan Oxcxqb bay Oxcep*x Far, O pe* *
Far, Op'xcxx by, OOgoe * * Far, DOOgy * *
Fy, OOO0Ogpx by, DOO0O0g¢0,

that is, M7 accepts the word abcab. On the other hand, on input y = acab, M; executes the
following computation:

goacab tpr *ggcab Far, *xeqhab  bFar *kpexb
Fa, Pxexb bpy Ogocxb b OOgys % b
Fa, DOOgpb bp, OOOpb,

that is, M does not accept the word acab. It can now be seen that L(M;) = Leopy-



(b) The TM M, will work as follows. Let ucv be given as input, where u,v € {a,b}*. My
scans the prefix u from left to right, thereby copying it to tape 2. On reaching the symbol ¢,
the head on tape 1 pauses on the symbol ¢, while the head on tape 2 is moved back to the
first symbol of u. Then My compares u (by reading from tape 2) to v (from tape 1). If u = v,
then Ms accepts.

To realize this behavior, we define My = ({qo,q.ar,qr},{a,b,c},{a,b,c,0},0,62,q0,q¢),
where d5 is given by the following table:
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Given the word x = abcab as input, My executes the following computation:

(goabeadb, qo0) Far,  (Ogobeab, agoD) Fan,  (OOgocab, abgoO)

( (
Fuv,  (B0gcab, agibe) Fan,  (OOgcab, giabe)
Far,  (OO0gcab, ¢Oabe) Fu,  (OD0O0g-ab, Ograbe)
Fa,  (O%b, 0%bc) Fa,  (0%¢.0,03g.c)
YA (D5qu O%q,0),

that is, My accepts on input abcab.
On input y = acab, Ms executes the following computation:

(QOCLCGba QOD) }_Mg (qucab) CL(IOD) }_Mz (DQanbv QZGC)
Fa,  (Ogeab, ¢OCac) Fy,  (O00grab, Ograc)
}_MQ (ngr‘b? DQ(]rC)7

which is non-accepting. It can be shown that L(Ms) = L. O



Problem 12.3. [Turing Machines]

Let f : N — N be the function f(n) = |dya(n)|2, that is, for each non-negative integer n,
f(n) is the number of occurrences of the digit 2 in the dyadic representation of n. Construct
a two-tape Turing machine M with at most 8 states that computes the function f.

Hint: The dyadic representation of a positive integer n is the word w = amam—1---ai1ag €
{1,2}" such that n = > ; a;-2". The advantage of the dyadic representation over the binary
representation is the fact that it establishes a bijection between the set of positive integers
and the set of words {1,2}", while the binary representation is not unique if leading zeros
are allowed.

Solution. Observe that the input n as well as the result f(n) are written on the tape of
M in their dyadic representations. Let M = (Q,{1,2},{1,2,0},0,4,po,ps), where Q =
{Po,p1, P2, D¢, 90,92, 93} and ¢ is given by the following table:

d Po P1 qo 92 q3 P2 pf
(DvD) (pfvlj?O?Dv()) (pQ,D,L,D7O) (qg,D,(),D,L) (pOalijvDaR) (po,D,O,l,O) (pf,D7R,D,O) -
(0,1) (p1,0,0,1,0) | (p1,1,R,0,R) | (g0,3,0,1,R) | (¢2,0,0,1,L) | (g2,0,0,2,L) — —
(0,2) | (p1,0,0,2,0) | (p1,2,R,0,R) | (q0,3,0,2,R) | (¢2,0,0,2,L) | (¢3,0,0,1,L) - -
(LD) (po,D,R,D,O) — (q37150?D’L> (p0a1707D7R) (p07170a170) (p271aL7D70) —
(171) (p03D7R7130) — (QO7170713R) (qQ7130717L) (qQ7170723L) - -
(1,2) (po, 0, R,2,0) - (g0,1,0,2, R) (¢2,1,0,2,L) | (g5,1,0,1,L) — —
(275) (q07DaR>DaO) — (Q332a07D7L) (p0a270aDaR) (p0,2707130) (p2727L>DaO) —
(2,1) (g0,0, R, 1,0) — (g0,2,0,1, R) (¢2,2,0,1,L) | (q2,2,0,2,L) — —
(2,2) (g0,0, R, 2,0) - (¢0,2,0,2,R) | (g2,2,0,2,L) | (g3,2,0,1,L) — —

Observe that using the states qo, g2, q3, M simulates the Turing machine for the dyadic
+1-function on its second tape (see the corresponding example in Section 4.1).

Given the number n = 12 as input, M executes the following computation. Recall that
dya(12) = 212, that is, f(12) = 2:

(P0212,p08) Far (Ogol2,900) Fu (Og312,¢300)  Fu (Opol2,pol)
Fu (00po2,pol)  Far (03go0, gol) Far (O3qe0, 1g00)
Far (BPqs0,q31)  Far (O30, qe02)  Far (O%po0, po2)
Fu (OPp1i0,p12) B (032p00,0p0) bFar (D%pe2, po0)
Fa (O%pe02,p20) Fur (OPpy2,py0).

Thus, first M scans and deletes its input on tape 1 from left to right, simulating the dyadic
+1-machine on tape 2 each time it detects a 2 on tape 1. After that it copies the result from
tape 2 to tape 1, erasing tape 2 in the process. Finally, the head on tape 1 is moved to the
first symbol of the result. Observe that f(0) = 0, and that dya(0) = e. O




Problem 12.4 [Phrase-Structure Grammars|

Determine the languages that are generated by the following general grammars:

(a) Gi = ({S,A,B,C,D,E},{a,b}, Pi,S), where P; is defined as follows:
P = {S—ECS—¢eC— ACa,C — BCb,C — D,
aA — Aa,bA — Ab,aB — Ba,bB — Bb,FA — Fa,EB — Eb,
aD — Da,bD — Db, ED — ¢},
(b) Go2 = ({S,A,B},{a,b}, P, S), where P, is defined as follows:
P, = {S— ASB,S — BSA,S — SS5,5 — ¢,
AB —-¢,BA — ¢, A — a,B — b}.

Solution. (a) We claim that L(G1) = Leopy = { ww | w € {a,b}* }. First we show that
{ EwCw | w e {a,b}*} C L(G)) N E - ({C,a,b})".

To prove this inclusion, we proceed by induction on |w|. If |w| = 0, then w = ¢, and we
see that S —¢g, FC = FwCw. If |w| = 1, then w = a or w = b. In the former case
S —a¢, EC =g, FACa —g, EaCa, and the other case is analogous. Now assume that
w = au. By the induction hypothesis, we have S —¢ EuCu. Now we can continue as
follows:

EuCu —¢, EuACau —y, EAuCau —¢g, FauCau= EwCuw.

As BwCw —¢, BEwDw —§, EDww —¢, ww, we see that Leopy C L(Gy).

From we set of productions Pp, we see that L(G1) = {e} U L(Gy, EC) and that L(G,,C) =
{WECw,WEDw | W € {A, B}, 7(W) = w}, where 7(A) = a and 7(B) = b. In or-
der to rewrite the nonterminals A and B into the terminals a and b, we need the pro-
ductions containing E on the left-hand side. These show that EW®Cw =&, EwCw and
EWZEDw =G, BwDw =g EDww —¢, ww are essentially the only derivations that rewrite
all these nonterminals. Hence, we see that L(G1) = Lcopy-

(b) We claim that L(G2) = Lg = {w € {a,b}* | |w|ls = |w|p}. From the form of the
productions we see that |a|a4 + |l = |a|s + |afy for all & € L(Gs). This implies that
L(G2) C L.

To prove the converse inclusion, let w € Lg. We proceed by induction on |w|. If |w| = 0,
then w = ¢, and S —¢, ¢ = w. If |w| = 2, then w = ab or w = ba, and S =g, ASB =%, ab
and S —¢g, BSA —>%2 ba. Now let |w| = 2n + 2. Then w = aub or w = bua for some word
u € Lg such that |u| = 2n, or w = ujaugb or w = ujbuga for some words uy, us € Lg such
that |ui| + |uz| = 2n. In the former case we have S —¢g, ASB —>2G2 aSb —¢, aub = w, and
analogously for w = bua. In the latter case we have S —¢, SS —¢, u1S —¢, wWASB —¢,
uraugb = w, and analogously for the other case. Thus, we see that L(G2) = Lg. O



