Yo Jo P

Pushdown Automata Exercises

We start with standard problems on building pda for a given language, ending with more
challenging problems. ...to be continued ...

1. Construct pushdown automata for the following languages. Acceptance either by
empty stack or by final state.

(a) {a"™a"™ | m,neN}

2. More languages.
(a) { w € {a,b}* | w equals zmir(z) met x € {a,b}* }
(b) { w € {a,b}* | w does not equal zmir(z) for some x € {a,b}* }
(c) {w € {a,b,c}* | w does not equal zcx for some = € {a,b}* }
(d) { w e {a,b}* | w does not equal zz for some = € {a,b}* }

3. Construct a pda with final state acceptance for the language
B = { bin(¢)$mir(bin(i + 1)) | ¢ >0 } € {0,1,$}*
Here is bin(i) € {0,1}* the binary representation (without leading zero’s) of the
number i. Eg. bin(11) = 1011 and mir(bin(12)) = 0011.

4. Give a one-state pda for the ‘coin-change’ language from the chapter:

Leo ={w=y|ze{1,2}"ye {8} |zli+ 2 [z[=5"|yls },
Pda and cfg.
5. pushdown automaton A is specified by
A= {q,n}, {a,b},{Z, X}, qin, Z,0), where ¢ contains the following transitions:
(90,a,Z) = (q0,7), (90,0, 2) — (q0, X Zin),
(g0, @, X) = (g0, XX),  (q0,0,X) = (q1, ),
(1,0, X) = (q1,A), (q1,a,Z) — (qo, Z).

Determine a (reduced) context-free grammar G for the empty stack language of A,

ie., L(G) = L.(A).



6. Given two cf languages K and L, there is a pda A such that L;(A) = K and
L.(A) = L (where the subscripts f and e refer to the final state and empty stack
acceptance respectively).

Deterministic automata.

7. Consider the languages of Exercise [1. Which of these are accepted by deterministic
automata? Give an automaton where possible. What is the acceptance type?

8. Show formally that the language { a"b™ | n < m < 2n } is not deterministically
context-free.

Unfortunately, when applying the operation pre from the chapter, we obtain
{a"b™ | n < m < 2n } which still is context-free. We need a different closure
property of the deterministic context-free languages to tackle this problem.

9. Show formally that the language { wmir(w) | w € {a,b}* } is not deterministically
context-free.

10. Show that { a™b"c? | m < n or n < p} is not deterministically context-free.

11. Let wy, ..., w, be a sequence of words over the alphabet A en let ¥ = {1,2,...,n}
be an alphabet reprsenting numbers. A context-free language related to the post
correspondence problem is generated by the productions S — w;Si (i = 1,...,n),

S — A

Argue that also the complement of this language is context-free. (Hint: this is a
question on deterministic languages.)

From this infer that ‘L(G) = ¥*’ is undecidable for a cfg G over alphabet X.
12. Let # be a symbol not in the alphabet 3.

Give a proof that K € DPD; <= K - # € DPD,

Also K € DPD;y <= K -# € DPD; (DPDy is denoted DCF in the chapter)

Closure Properties.

13. For each of the following operations, construct a finite state transducer that performs
that operation (for a fixed regular R).
(a) intersection with regular language R

(b) right quotient with regular language R:
for K, Re ¥ K/R={xe€ X" |zy € K for somey € R}

(c) concatenation with regular language R
14. Write each of the operations of the previous exercise as a combination of full trio

operations, i.e., as a composition of morphism, inverse morphism, and intersection
with regular languages.



15.

The family CF is closed under inverse morpisms. This can be shown using pda, either
directly as in the chapter (Lemma 7) or via finite state transductions, as in the notes
(Lemma 11). Verify that this closure property also holds in the deterministic case.

Extending the model.

16.

17.

18.

A two-way pushdown automaton may move on its input tape in two directions.
As usual for two-way automata we assume that the begin and end of the input
tape is marked by special symbols. In this way the automaton can recognize those
positions.

Describe a two-way pda for each of the following languages.

(a) {a™"c" | ne N} (easy)

(b) { ww | w € {a,b}* }  (nice puzzle)

(¢) {vecuvw | u,v,w € {a,b}* }  (pattern matching; clever trick)

In the case of finite state automata, the two-way model is equivalent to the usual
one-way automaton. Find a proof of this result.

Stack automata are pda that may inspect their stack. The chapter states: “stack
automata that do not read input during inspection of the stack are equivalent to
pda’s”. Verify this fact.

Research.

19.

Investigate the notion of ‘recursive finita state automata’. How do you formalize this
notion. How do you define determinism here? What is the relation to (deterministic)
pushdown automata?
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Convention. When we use a diagram to depict a pda, we use our own private conven-
tions. A single instruction (p,a, A, g, ) is given as an arc from state p to state g labelled
by a; A/a. Label a;+A represents a set of instructions pushing A on top of the stack
(p,a, X, q, AX) for all X € I', while label a represents the set (p, a, X, ¢, X) of instructions
that ‘ignore’ the stack.

A/ +A
(P)—+—9)

Solutions

la The pda is depicted by the following diagram. Formally, it consists of the fol-
lowing components: state set @@ = {1,2,3,4}, alphabet ¥ = {a,b}, stack al-
phabet I' = {Z, A}, initial state 1, final state 4, initial stack symbol Z, and in-
structions (1,a, X, 1, AX), (1, A\, X,2, X), (2,0, X,2, X), (2,\, X,3,X) (3,a,A4,3,\),
(3,X,7,3,\), for all X € T". Acceptance either by final state or by empty stack.

a; +A b a; A/

'QAQAQA;Z/A@

Alternatively, we build a cfg: S — aSA, S —T, T =0, T — )\, A — a.

This translates into the single state pda with instructions (p, a, S, p, SA), (p, A, S, p, T),
(p, b, T,p, T), (p,\, T,p,\), and (p,a, A, p, \). Initial stack symbol S, acceptance by
empty stack.

Determinism. The automata above are not deterministic. To accept determinis-
tically we have to realize strings without b’s (including \) are to be accepted too,
without recognizing (guessing) the middle of the string. However, strings without b
from the regular subset (aa)*. Likewise there is a ‘special’ subset b*.

AVA

a; A/

by AJA &bﬁ a; A/ @ X Z/\ ©®

b; AJA



le

Study such a diagram with care. Is it deterministic? Are the special cases (like the
empty string) handled properly? How are the good strings accepted, but also how
are the bad ones rejected?

We give three different pda accepting this language. All variants use the fact that
the language can be writen as { a’b't/¢’ |i,j € N }.

a;+A b; A/ b; +A c; A/

A@ QAzm/z Q A 8)\;&“/)\@

a;+C b;C'/A ;D /A

A A/ X C/A
b; B/ c; D/

L— >2< \ a; AJAB b;C/CD

bAD N Zin /A

1f For each a we put nondeterministically one or two symbols onto the stack. Each b

1i

2b

removes one symbol.

Push for a’s and pop for b’s, or more precisely put the number #,(v)—#,(v) onto the
stack, where v is the prefix of the input read. Note that this number can become
negative. We can either use two different pushdown symbols, or we can use the
states to store the sign.

Determinism. Before each letter we test whether the contents of the stack represents
zero. In that case we pass through a final state to signal possible acceptance (in
case the end of the input was reached).

Initial state 0, final state f, initial pushdown symbol Z (for ‘zero’). Instructions:
(07 )\7 Z7 f? Z)? (07 )\7 PJ 17 P)7 (07 )\7 N7 17 N)? (f7 )\7 Z7 17 Z)7 (teSting Zero)
(17 a? P7 07 PP)? (1’ a? N’ 07 A)’ (]'7 b7 P7 07 A)? (17 b7 N’ 07 NN) (Counting)'
When w is not of the form xmir(z) then either its length is odd, or there is a k such
that the k-th symbol from the word differs from the k-th symbol from the rear. De

language of strings of odd length is regular, and hence accepted by a pda. Since
pda languages are closed under union it suffices to construct a pda for the language

{ zoryosz | x,y, 2 € {a,b}", |z| = |2|, 01,00 € {a,b}, 01 # 02 }.



2c

This automaton goes through the following steps: (1) read the input, stacking for
each letter read the symbol X under the initial symbol Z. (2) read a letter, storing
its value on top of the stack, (3) ignore a random number of symbols from the input,
(4) read a letter that is different from the one stored on the stack, otherwise block,
(5) read input symbols, taking an X from the stack for each letter. This can be
achieved using a single state. Acceptance by empty stack (of course).

(p,d Z) = (p,ZX) (0 €{a,b}),

(p,a,2) — (p,A), (p,b,Z) v (p,B),

(p,0,A) = (p,A), (p,0,B) (p,B) (o€ {a,b}),
(p,a,B) — (p,A), (p,b,A) = (p,A),

(p,a X) = (p,A) (0 €{a,b}).

In my philosophy this is a context-free grammar in disguise:

Z —oXZ, Z —aA, Z - B, A — 0A, B — 0B, B—a, A—0b X — 0.
(0 € {a,b})

The language can be written as Ly U Ly U L3 U Ly U Ly where
Ly ={we{a,b,c}*|#.(w)#1}, aregular language

a,b,c

a,b a,b
.9 Y

Lo = { xicxy | X1, 29 € {a,b}*, |x1] < |22 },

a;+A a; AN
b;+A b; A/ a,b
¢ va'a Zin/Zin O
b7 Zm/Zm
Ly = { zicxy | 1,29 € {a, b}, |x1| > |22] },
a;+A
b; +A a: A/
. b; A/
"—D. —(O__0
N AJA

Ly = { zrayicaobys | 11,20, y1, 2 € {a,b}", [11] = |22] },
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a; +A a; A/
b; +A a,b b; A/ A
a

a,b

and finally Ls equals Ly but with strings of the form x1by,czoays,.

The pda that we have constructed can be joined with instructions (gi,, A, Zi,) +—
(q, Zin) starting from a new initial state g;,.

When w does not consist of two copies of the same word, then either w has odd
length, or the first half of w does not equal the second half, so there is a k such
that the letter on position £ differs from the letter at position k£ after the middle.
Unlike the previous exercise we cannot recognize the middle, and we have to guess
that point.

Thus we find the language

Ke = { mio1y1220292 | 21,91, 22, 42 € {a, b}",

|.T1‘ = |.T2|, |y1| = ‘y2|70-170-2 € {a> b}701 7£ ) }
In this way we cannot recognize the language. We can if we realize that that it is
not necessary to determibe middle, but that it suffices to check that between the o’s
are as many letters as before and after: |y;x3| = |x1| + |y2| replaces the requirement
1] = [al, [ya] = |yl

B:BlLJBQUBgmet

By = { 12017$0" 1mir(z)1 | = € {0,1}*,n > 0 1,
By ={1"80"1|n>1},en
By={081}.

From this a pda for B can be constructed in a straightforward way.

Using the standard construction for obtaining a cfg for a given pda, we find 15
productions: (in all cases: p,r € @, where Q = {qo, ¢1})-

S — lqoZp),

[90Zq0] — a, [g0Z7] — algoXp|[pZTr],
[ X7] = algXp|[pX7], [qXq] — b,
[ Xaqi] = b, [qZr] — a[gZr].

In a bottom-up way we determine the productive nonterminals, those nonterminals
that can derive a (terminal) string:

(1) [90Zqo), [00X ¢1], [1 X ¢1], (because of productions [goZqy] — a, etc.)

(2) S, [@1Zqo] (because of [¢1Zqo] — a[qoZqo])-

Thus, e.g., [qo, Z, ¢1] is not productive. This means that there is no computation of
the form (w, qo, Z) ¥ (X, q1, A), from ¢y to ¢; the pda removes Z from the stack,
reading some string w € {a, b}*.
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Deleting productions containing the remaining nonterminals, we obtain an equiva-
lent grammar:

S — [900Zq),

[0 Zq] — a, [q0Zq] — algeXq1][g1 Zqo],

[0 Xq] = algpXall[aXa], [0Xa] =0,

[ Xa] = b, (@1 Zg] — algoZqo).

Now we compute the reachable nonterminals, i.e., those that are generated starting
from the axiom S:

05 () lgnZan] @) lgnXal, (076 () [0Xa]

In fact, these are all the nonterminals found in the previous step. The grammar we
had in the last step is reduced. The (single) production for S can be removed when
taking [goZqo] as axiom.

We can slightly ‘optimize’ this. Write Z instead of [¢oZqo], X instead of [goX ¢1],
and substitute [¢1 Zqo] — a[goZqo] in [qoZq0] — algoX q1][¢1 Zqo], and [¢1 X ¢1] — b in
[4in X 1] — algimn X q1][q1 X q1]. We thus obtain the equivalent grammar:

Z —a, J4—aXad,
X —aXb, X —b

Then, it is not difficult to verify that L(G) = L.(A) = ({ a"b" | n > 1}a)* - a.

Given a finite state automaton for R, we turn it into a finite state transducer for the
intersection with R by changing each transition reading a letter into one reading
and writing it. This fst copies a string to the output and accepts provided that
string belongs to R: intersection.

Given a finite state automaton for R, we turn it into a finite state transducer for
the right quotient with R as follows. First we copy a prefix of the input, using a
single state with loops. Then nondeterministically we move to the automaton for
R, which tests the suffix of the string, while outputting nothing.

(13b right quotient with R) Assume the regular language R is subset of {a,b}.
The inverse of the morphism ¢ : @ — a,b — b,a — a,b — b marks a random
part of strings in a language. After intersecting with {a,b}* - R we keep strings
that start with a marked prefix followed by a suffix in R. Applying the morphism
frar— A\b— \a— a,b— bwe delete the R-suffix, while unmarking the prefix.

Thus, K/R = h(g~'(K) N R), the composition we are looking for.
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