Generation of Sentences with Their Parses: the Case of

Scattered Context Grammars
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Scattered Context Grammar (SCG)

Scattered context grammar G = (V, P, S, T)

V is a finite alphabet
T is a set of terminals, T C V
S is a starting symbol, S € (V —T)

P is a finite set of productions of the form: (Ay, ..., A,) — (x1,...,Xn);
Al,oo s An€(V —=T); x1,...,xp € V¥

Propagating scattered context grammar (PSCG)

m special case of SCG

m every (Ar,...,An) — (x1,...,x,) satisfies x,...,x, € VT
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Generated Language

Derivation step

If: (Al,... n)—>(X1,...,Xn)
u = U1A1 ce unAnUn+1
V= U1X]...UpXpUpt1
then u = v[(A1,...,An) — (X1, -, Xn)]

Generated language

L(G) ={x|xe T*S="x}

Generative power

m Lscc = Lgre
m Lcr C Lpsce € Les
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Production Labels

m for every grammar G = (V, P, S, T), there is a set of production
labels

m we denote them /ab(G)
m every p € lab(G) uniquely identifies one production

m we write p: (A1,...,An) — (x1,...,Xpn)

Example
Gl = ({57A7 Bv C7 a, b7 C}7 P1757{aa b: C})
Iab(Gy) = {1,2,3}

Py:1:(S)— (ABC
2:(A,B,C) — (aA, bB, cC)
3:(A B, C) — (e,€€)

L(Gy) ={a"b"c"|n> 0}

~~ ~—
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Production Labels (cont.)

m to express that x = y by p: (A1,...,As) — (x1,...,Xn), We write
x=y[p]

S = ABC[1] = aAbBcC [2] = aaAbbBccC [2] = aabbcc [3] in Gy

m to express that x =* y by productions labeled with pq,..., p,, we
write x =" y [p1 ... pn]

B p...PpE /ab(G)*

Example

S =* aabbcc [1223] in Gy
1223 € lab(G,)*
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Proper Generator of its Sentences With Their Parses

Parse

If S =*x[p],x € T*, p € lab(G)*, then x is a sentence generated by G
according to parse p

Example

aabbcc is a sentence generated according to parse 1223 in G;

Proper generator of its sentences with their parses

G is a proper generator of its sentences with their parses if
L(G) = {x|x =yp,y € (T —lab(G))", p € lab(G)*, S =" x[p]}

0 Generation of Sentences with Their Parses 6 /18



Proper Generator of its Sentences with Their Parses (cont.)

G2 = ({57’47 Ba C? a, b7C7 172737$}7 P2757{aa b7 G, 17273})
lab(Gy) = {1.2,3}

P,: 1:(S)— (ABC19)
2: (A, B,C,9%) — (aA, bB, cC,29)
3: (A B, C,9%) — (€¢€¢3)

S = ABC1$[1] = aAbBcC12$ [2| = aaAbbBccC122$ 2| =
aabbcc1223 (3]

S =* aabbcc1223[1223]

L(Gy) ={a"b"c"p|n>0,5S=*a"b"c"p|p],p = 12"3}

G, is a proper generator of its sentences with their parses
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Main Result

mlet G=(V,P,S, T) be a proper generator of its sentences with their
parses

m we define the weak identity 7 from V* to (V — lab(G))* as
m 7(a) = a for every a € (V — lab(G))
m 7(p) = € for every p € lab(G)

m(aabbcc1223) = aabbcc in G

Theorem

For every recursively enumerable language, L, there exists a PSCG, G,

such that G is a proper generator of its sentences with their parses and
L = n(L(G)).
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Problem Sketch

m idea: simulation of SCG by PSCG and adding labels of used
productions

m problem: productions of PSCG do not contain € on their right hand
sides

m instead of €, we can use some fill-in symbol (y)

Example
G3 - ({57 A7 B’ C? a’ b? C’.y’ 17 27 37 $}7 P37 S? {37 b? C7y7 1? 27 3})
lab(G3) = {1,2,3}

P;: 1:(S)— (ABC19)
2: (A, B,C.$) — (aA, bB, cC,28)
3:(A,B,C8$)— (v,y,y,3)

S = ABC1$[1] = aAbBcC12$ [2] = aaAbbBccC122$ 2] =
aaybbyccy1223[3]
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Problem Solution

generate the parse before the sentence in the sentential form

move the symbols of generated sentence before the parse

replace fill-in symbols with the parse

Demonstration

S =* 1223aaybbyccy

1223aaybbyccy =* aabbccl223. .. yyyyyyyyy

aabbccl223 ... yyyyyyyyy =* aabbccl223 . ..
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m original SCG G = (V,P,5,T)
m = {(a)|ac T}
m [ ={%,%,,9%3}

Constructed PSCG G = (V,P,S, T)

=({S,X,Y,ZYUVUIlab(G)UDUT,P,S, T U lab(G))

Ga(~ G1) = ({S,A,B,C,a,b,c},Ps,5,{a,b,c}); lab(Gs) = {1,2,3}
Py: 1:(S)— (ABQ)
2:(A,B,C) — (aA, bB,cC)
3:(A,B,C) — (e,¢¢)
Gy = ({S, X, Y,Z}U{§ A, B, C,a,b,c}Ulab(Gs) U {(a), (b), (c)}U
{$1,9%2,9%3}, P4, S, {a, b, C}U/ab(G4))
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Step 1 (preparation)

Add [1]:(S) — (X[1]$:ZS5) to P

Add |1] :(S) — (X|1]$:ZS) to Py
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Productions (cont.)

= (a)
v(A)
7v(e)

Step 2 (simulation of the SCG)

€T
AcV-T

~<;>@

For every p : (A1,...,An) — (x1,...,x,) € P add
Lp1] = ($1, A1, ..., An) = (LP1$1,7(x1), - .., ¥(xn)) to P;
add |2] : ($1) — (|2]$2) to P

Example

Add Lllj ($1,§)_ _(L11J$1,ABC) to Py :
21 : ($17_ B, C) — ([21]$1,(a)A, (b)B, (c)C) to P4
131] : ($1,A,B,C) — (|31]$1,Y,Y,Y) to Py

Add [2] : ($1) — ([2]$2) to P4
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Productions (cont.)

Step 3 (moving symbols before the parse)

For every a € T, add
[32) : (X,$2, Z, (a) — (aX, |32]$5, Y, Z) to P;
[a3] : (X, $2,Z,(a)) — (a, [a3]%3,Y,Y) to P

Add |a2] : (X,$2,Z,(a)) — (aX, |a2]%,,Y,Z) to P4
|b2] : (X,%,,Z, (b)) — (bX,|b2]$2,Y,Z) to Py
c2]| 1 (X,%$2,Z,(c)) — (cX, [c2]$2,Y,Z) to P4
|a3] : (X,$2,Z,(a)) — (a,]a3]%3,Y,Y) to Py
|b3] : (X,%2,Z,(b)) — (b, b3]%3,Y,Y) to P4
|c3] : (X,%2,2Z,(c)) — (c, [c3]%3,Y,Y) to Py
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Productions (cont.

Step 4 (replacing Y with the parse)
Add (3] : (33, Y) = ([3],33) to P

Step 5 (removing $3)
Add [4] : (33) — (|4]) to P

Example

Add 3] : (53, Y) — ([3],$3) to Pa
[4] : ($3) — ([4]) to P4
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Example

m‘

Step 1 1] :(S) — (X[1]$:25)
Step 2 Lilj : ($1,§) _—>_(L11J$1,/_43C)
[21] : ($1,A, B, C) — ([21]$1,(a)

2 258 € A, (b)B,{c)C)
131 : ($1,4,B,C) — ([31]$1,Y, Y,

b
Y)

[2] : ($1) — ([2]92) to P4

Step 3 [a2] : (X, $2,2Z,(a)) — (aX, |a2]%,,Y,2)
162] : (X,$5, Z, (b)) — (X, |b2]$5, Y., 2)
|c2] : (X,%2,2Z,(c)) — (cX, [c2]%,,Y,2)
[a3] : (X,$2,2Z,(a)) — (a, [a3]$3, Y, Y)
[b3] : (X,$2,Z,(b)) — (b, [b3]$5,Y,Y)
[e3] : (X,$2,Z,{c)) — (c, [c3]%5, Y, Y)

Step 4 3] : ($3,Y) — ([3],%3)

Step 5 [4] : ($3) — (14])




Example

m‘

Step 1 [1] : (S) — (X|1]$:25)
1

Step 2 |11]:($ _)_ (|11)$,,ABC)
[21] : (81, A, B, C) — ([21]%1, (a)A, (b) B, {c) C)
|31] : ($1, B,C) — ([31)$1,Y,Y,Y)

[2] - ($1) — ([2]32) to Pa

Step 3 [a2] : (X, $2,7Z,(a)) — (aX, [a2]$,,Y,Z)
|b2] : (X,$,,Z, (b)) — (bX,|b2]$,,Y,2)
|c2]| : (X,$2,Z,(c)) — (cX, |c2]$,,Y,Z)
[a3] : (X,3$2,Z,(a)) — (a,a3]33, Y, Y)
[63] : (X,$2,Z, (b)) — (b, [b3]33, Y, Y)
(€3] : (X,9$2,Z,(c)) = (c, [3]$3, Y, Y)

Step 4 [3]: (33, Y) — (I3],%3)

Step 5 [4] : ($3) — (14])




X|[1/$:Z5

Step 1 [1] : (S) — (X|1]$:25)

Step 2 |11] : ($1,_)_ (|11)$,,ABC)
[21] : ($1,A, B, C) — ([21]$1, (a)A, (b) B, {c) ()
|31] : ($1, B,C) — (|31]%$1,Y,V,Y)

[2] - ($ 1)—> (12]$2) to P4

Step 3 [a2] : (X, $2,7Z,(a)) — (aX, [a2]$,,Y,Z)
|b2] : (X,$2,Z, (b)) — (bX,|b2]%,,Y,2)
|c2] : (X,%2,2Z,(c)) — (cX, [c2]%,,Y,2)
[a3] : (X,$2,Z,(a)) — (a, [a3]33,Y,Y)
[63] : (X, $2,Z,{b)) — (b, | b3]%3,Y,Y)
[e3] : (X, $2,Z,(c)) — (c, [c3]$5, Y, Y)

Step 4 3] : (85, Y) — ([3],%3)

Step 5 14 : (83) — (14))




Example
X|[1]$.Z5
Step 1 |1 : (S) — (X|1]$:Z53)

Step 2 [11]:($1,5) — ([11]$;,ABC)
[21] ($1 A,B,C) — (|21]$1, (a)A, (b)B, (c)C)
L31J ($1,A B, C) — (L3 1%1,Y,Y,Y)

[2] : ($1) — ([2]$2) to P.

Step 3 [a2] : (X,$2,7Z,(a)) — (aX [a2]$2, Y, Z)
|b2] : (X,$2,Z,(b)) — (bX,|b2]%5,Y,2)
|c2] : (X,%2,2Z,(c)) — (cX, [c2]%,,Y,2)
[a3] : (X,$2,2Z,(a)) — (a, [a3]$3, Y, Y)
[b3] : (X,$2,Z,(b)) — (b, [b3]$5,Y,Y)
[e3] : (X,$2,Z,{c)) — (c, [c3]%5, Y, Y)

Step 4 3] : ($3,Y) — ([3],%3)

Step 5 14 : (83) — (14))




X|1]|11]$,ZABC

Step 1 [1]:(S) —
Step 2 [11] : (
[21] : (81,

)

) — (aX, a2]%,, Y, 2)
) — (bX, |b2]$2, Y, 2Z)
) — (X, |€2]%,, Y, 2)
) - (37 L33J$37 € Y)

) — (b, | b3]%3,Y,Y)
) - (C7 LC3J$37 € Y)

|b3] : (X, $2, Z,
|c3] 1 (X, %2, Z,
Step 4 |3]:(%3,Y) —

]
(
(
(
|a3] : (X,$2,Z,(<
(
(
Step 5 [4] : ($3) — ([4]




X|1]|11]$,ZABC

Step 1 1] : (S) — (X[1]$:29)

Step 2 [11] :($1,5) — ([11J$;,ABC)
[21] - ($1 f\ B, C) — (121]%1, (a)A, {b) B, (c) C)
131] : ($1,A,B,C) — (|31]$1,Y,V,Y)
12 - ($ 1)—>(L 1$2) to Py

Step 3 [a2] : (X,$2,2Z,(a)) — (aX, |a2]$2, Y, 2)
|b2] : (X,$2,Z, (b)) — (bX, |b2]$, Y, 2)
|c2] : (X,%2,2Z,(c)) — (cX, [c2]%,,Y,2)
[a3] : (X,$2,Z,(a)) — (a, [a3]33, Y, Y)
[63] : (X,9$2, Z, (b)) — (b, | b3]33, Y, Y)
[3] 1 (X,%2,Z,(c)) — (c, [c3]9%3, Y, Y)

Step 4 [3] : (33, Y) — ([3],%5)

Step 5 [4]: ($3)—>(L4J)
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Step 2 |11]: ($1,5) —
L21J : ($1./A,
131 : (81, A,
12 = ($1) — (12
Step 3 |a2] : (X,$,,Z,
|b2] : (X,$,,Z,

)

) — (aX, a2]%,, Y, 2)
) — (bX, |b2]$2, Y, 2Z)
) — (X, |€2]%,, Y, 2)
) - (37 L33J$37 € Y)

) — (b, | b3]%3,Y,Y)
) - (C7 LC3J$37 € Y)

|b3] : (X, $2, Z,
|c3] 1 (X, %2, Z,
Step 4 |3]:(%3,Y) —

]
(
(
(
|a3] : (X,$2,Z,(<
(
(
Step 5 [4] : ($3) — ([4]
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Step 2 |11]: ($1,5) —
L21J : ($1./A,
131 : (81, A,
12 = ($1) — (12
Step 3 |a2] : (X,$,,Z,
|b2] : (X,$,,Z,

)

) — (aX, a2]%,, Y, 2)
) — (bX, |b2]$2, Y, 2Z)
) — (X, |€2]%,, Y, 2)
) - (37 L33J$37 € Y)

) — (b, | b3]%3,Y,Y)
) - (C7 LC3J$37 € Y)

|b3] : (X, $2, Z,
|c3] 1 (X, %2, Z,
Step 4 |3]:(%3,Y) —

]
(
(
(
|a3] : (X,$2,Z,(<
(
(
Step 5 [4] : ($3) — ([4]




)

) — (aX, a2]%,, Y, 2)
) — (bX, |b2]$2, Y, 2Z)
) — (X, |€2]%,, Y, 2)
) - (37 L33J$37 € Y)

) — (b, | b3]%3,Y,Y)
) - (C7 LC3J$37 € Y)

|b3] : (X, $2, Z,
|c3] 1 (X, %2, Z,
Step 4 |3]:(%3,Y) —

]
(
(
(
|a3] : (X,$2,Z,(<
(
(
Step 5 [4] : ($3) — ([4]




X|[1][11]]21]]21]$;Z(a){a)A(b){b)B(c){c)
Step1 [1]:(S

!

<

=

&

S

N

N —
Ol

)

) — (aX, a2]%,, Y, 2)
) — (bX, |b2]$2, Y, 2Z)
) — (X, |€2]%,, Y, 2)
) - (37 L33J$37 € Y)

) — (b, | b3]%3,Y,Y)
) - (C7 LC3J$37 € Y)

|b3] : (X, $2, Z,
|c3] 1 (X, %2, Z,
Step 4 |3]:(%3,Y) —

]
(
(
(
|a3] : (X,$2,Z,(<
(
(
Step 5 [4] : ($3) — ([4]




Example

X[ 1|11][21](21][31]$:Z(a)(a) Y (b){b) Y {c){c) Y

Step 1 [1]:(S) — (X[1]$:ZS)

Step 2 [11] : ($1, ?)_ ([t 1j$1,_Z\BC") B B B
121] = ($1,A, B, C) — (2181, (a)A, (b) B, {c) C)
131] : ($1,A, B, C) — ([31]$1, Y, Y, Y)
12]: (51) — (12)$2) to Py

Step 3 [a2] : (X, %2, 2Z,(a)) — (aX, |a2]%,,Y,Z2)
[62] : (X,$2,Z, (b)) — (bX [62]%2, Y, Z)
|c2] : (X,$2,2Z,(c)) — (cX, [c2]%,,Y,2)
|a3] : (X,%2,Z,(a)) — (a, a3]%3, Y,Y)
Lb3J . (X, $2 <b>) —> (b Lb3J$3 Y Y)
|c3] : (X,%2,2Z,(c)) — (c,[c3]%5,Y,Y)

Step 4 3] : (85, Y) — ([3],%3)

Step 5 [4] : ($3) — ([4])




X[1)|11](21](21][31]$:Z(a)(a) Y {b){b) Y{(c){c)Y

Step 1 [1]:(S) — (X[1]$:25)

Step 2 Lilj : ($1,§) _—>_(L11J$1,_Z\BC") B B B
[21] : (81, A, B, C) — ([21]$1, (a)A, {b) B, (c) ()
131 : ($1,A,B,C) — ([31]%1,Y,Y,Y)
[2] : ($1) — ([2]$2) to P4

Step 3 [a2] : (X,$2,Z,(a)) — (aX, |a2]%,,Y,2)
|b2] : (X,%2,Z,(b)) — (bX,|b2]%,,Y,2)
|c2] : (X,%2,2Z,(c)) — (cX, |c2]%,,Y,2)
|a3] : (X,$2,7Z,(a)) — (a,]a3]%3,Y,Y)
|b3] : (X,%2,Z,(b)) — (b, [b3]%3,Y,Y)
|c3] : (X,%$2,Z,(c)) — (c, [c3]%3,Y,Y)

Step 4 3 (83, ) — (13),5)

Step 5 [4] : ($3) — ([4))




X[1]111]]21][21][31][2]$2Z(a)(a) Y (b)(b) Y (c){c) Y

Step 1 [1]:(S) — (X[1]$:25)

Step 2 Lilj : ($1,§) _—>_(L11J$1,_Z\BC") B B B
[21] : (81, A, B, C) — ([21]$1, (a)A, {b) B, (c) ()
131 : ($1,A,B,C) — ([31]%1,Y,Y,Y)
[2] : ($1) — ([2]$2) to P4

Step 3 [a2] : (X,$2,Z,(a)) — (aX, |a2]%,,Y,2)
|b2] : (X,%2,Z,(b)) — (bX,|b2]%,,Y,2)
|c2] : (X,%2,2Z,(c)) — (cX, |c2]%,,Y,2)
|a3] : (X,$2,7Z,(a)) — (a,]a3]%3,Y,Y)
|b3] : (X,%2,Z,(b)) — (b, [b3]%3,Y,Y)
|c3] : (X,%$2,Z,(c)) — (c, [c3]%3,Y,Y)

Step 4 3 (83, ) — (13),5)

Step 5 [4] : ($3) — ([4))




X[1]111]]21][21][31][2]$2Z(a)(a) Y (b)(b) Y (c){c) Y

Step 1 [1]:(S) — (X[1]$:25)

Step 2 Lilj : ($1,§) _—>_(L11J$1,_Z\BC") B B B
[21] : (81, A, B, C) — ([21]$1, (a)A, {b) B, (c) ()
131 : ($1,A,B,C) — ([31]%1,Y,Y,Y)
[2] : ($1) — ([2]$2) to Pa

Step 3 |a2] : (X,9%2,Z,(a)) — (aX, |a2]|%,, Y, 2)
|b2] : (X,%2,Z,(b)) — (bX,|b2]%,,Y,2)
|c2] : (X,%2,2Z,(c)) — (cX, |c2]%,,Y,2)
|a3] : (X,$2,7Z,(a)) — (a,]a3]%3,Y,Y)
|b3] : (X,%2,Z,(b)) — (b, [b3]%3,Y,Y)
|c3] : (X,%$2,Z,(c)) — (c, [c3]%3,Y,Y)

Step 4 3 (83, ) — (13),5)

Step 5 [4] : ($3) — ([4))




aX|1)(T1]|21) 21 [31] |2 [42]$2 Y Z{a) Y (B)(BY Y {c)c) Y

Step 1 [1]:(S) — (X[1]$:25)

Step 2 Lilj : ($1,§) _—>_(L11J$1,_Z\BC") B B B
[21] : (81, A, B, C) — ([21]$1, (a)A, {b) B, (c) ()
131 : ($1,A,B,C) — ([31]%1,Y,Y,Y)
[2] : ($1) — ([2]$2) to Pa

Step 3 |a2] : (X,9%2,Z,(a)) — (aX, |a2]|%,, Y, 2)
|b2] : (X,%2,Z,(b)) — (bX,|b2]%,,Y,2)
|c2] : (X,%2,2Z,(c)) — (cX, |c2]%,,Y,2)
|a3] : (X,$2,7Z,(a)) — (a,]a3]%3,Y,Y)
|b3] : (X,%2,Z,(b)) — (b, [b3]%3,Y,Y)
|c3] : (X,%$2,Z,(c)) — (c, [c3]%3,Y,Y)

Step 4 3 (83, ) — (13),5)

Step 5 [4] : ($3) — ([4))




aX |1][T1)|21](21]|31) (2] [a2]$> Y Z(a) Y (BY(BY Y (c){c) Y

Step 1 [1]:(S) — (X[1]$:25)

Step 2 Lilj : ($1,§) _—>_(L11J$1,_Z\BC") B B B
[21] : (81, A, B, C) — ([21]$1, (a)A, {b) B, (c) ()
131 : ($1,A,B,C) — ([31]%1,Y,Y,Y)
[2] : ($1) — ([2]$2) to Pa

Step 3 |a2] : (X,9%2,Z,(a)) — (aX, |a2]|%,, Y, 2)
|b2] : (X,%2,Z,(b)) — (bX,|b2]%,,Y,2)
|c2] : (X,%2,2Z,(c)) — (cX, |c2]%,,Y,2)
|a3] : (X,$2,7Z,(a)) — (a,]a3]%3,Y,Y)
|b3] : (X,%2,Z,(b)) — (b, [b3]%3,Y,Y)
|c3] : (X,%$2,Z,(c)) — (c, [c3]%3,Y,Y)

Step 4 3 (83, ) — (13),5)

Step 5 [4] : ($3) — ([4))




aaX|1]|11]|21]|21](31][2]|a2]a2|$.Y Y ZY (b)(b)Y (c){c)Y

Step 1 [1]:(S) — (X[1]$:25)

Step 2 Lilj : ($1,§) _—>_(L11J$1,_Z\BC") B B B
[21] : (81, A, B, C) — ([21]$1, (a)A, {b) B, (c) ()
131 : ($1,A,B,C) — ([31]%1,Y,Y,Y)
[2] : ($1) — ([2]$2) to Pa

Step 3 |a2] : (X,9%2,Z,(a)) — (aX, |a2]|%,, Y, 2)
|b2] : (X,%2,Z,(b)) — (bX,|b2]%,,Y,2)
|c2] : (X,%2,2Z,(c)) — (cX, |c2]%,,Y,2)
|a3] : (X,$2,7Z,(a)) — (a,]a3]%3,Y,Y)
|b3] : (X,%2,Z,(b)) — (b, [b3]%3,Y,Y)
|c3] : (X,%$2,Z,(c)) — (c, [c3]%3,Y,Y)

Step 4 3 (83, ) — (13),5)

Step 5 [4] : ($3) — ([4))




aaX|1]|11]|21]|21]|31][2][a2]|a2|$2YY ZY (b){b)Y{c){c)Y

Step 1 [1]:(S) — (X[1]$:25)

Step 2 Lilj : ($1,§) _—>_(L11J$1,_Z\BC") B B B
31 : (51, 4,8, C) — ([31/81, (a), ()B, ()T
131 : ($1,A,B,C) — ([31]%1,Y,Y,Y)
12] = ($1) — ([2]$2) to P4

Step 3 [a2] : (X,$2,Z,(a)) — (aX, |a2]%,,Y,2)
|b2] : (X,$2,Z, (b)) — (bX,|b2]$,,Y,2)
|c2] : (X,$2,2Z,(c)) — (cX, [c2]%,,Y,2)
|a3] : (X,$2,7Z,(a)) — (a,]a3]%3,Y,Y)
163 : (X,$5, Z, (b)) — (b, |b3]$3, Y, Y)
|c3] : (X,%$2,Z,(c)) — (c, [c3]%3,Y,Y)

Step 4 [3] : (83, Y) — ([3],%5)

Step 5 [4] : (33) — (4])




aabX|1|[11]|21]]21](31][2][a2][a2] [b2]$2YY Y YZ(b)Y (c){c)Y

Step 1 [1]:(S) — (X[1]$:25)

Step 2 Lilj : ($1,§) _—>_(L11J$1,_Z\BC") B B B
31 : (51, 4,8, C) — ([31/81, (a), ()B, ()T
131 : ($1,A,B,C) — ([31]%1,Y,Y,Y)
12] = ($1) — ([2]$2) to P4

Step 3 [a2] : (X,$2,Z,(a)) — (aX, |a2]%,,Y,2)
|b2] : (X,$2,Z, (b)) — (bX,|b2]$,,Y,2)
|c2] : (X,$2,2Z,(c)) — (cX, [c2]%,,Y,2)
|a3] : (X,$2,7Z,(a)) — (a,]a3]%3,Y,Y)
163 : (X,$5, Z, (b)) — (b, |b3]$3, Y, Y)
|c3] : (X,%$2,Z,(c)) — (c, [c3]%3,Y,Y)

Step 4 [3] : (83, Y) — ([3],%5)

Step 5 [4] : (33) — (4])




aabX|1]|11]|21]|21](31]|2]|a2]|a2][b2]$2YYYY Z(b)Y (c){c)Y

Step 1 [1]:(S) — (X[1]$:25)

Step 2 Lilj : ($1,§) _—>_(L11J$1,_Z\BC") B B B
31 : (51, 4,8, C) — ([31/81, (a), ()B, ()T
131 : ($1,A,B,C) — ([31]%1,Y,Y,Y)
12] = ($1) — ([2]$2) to P4

Step 3 [a2] : (X,$2,Z,(a)) — (aX, |a2]%,,Y,2)
|b2] : (X,$2,Z, (b)) — (bX,|b2]$,,Y,2)
|c2] : (X,$2,2Z,(c)) — (cX, [c2]%,,Y,2)
|a3] : (X,$2,7Z,(a)) — (a,]a3]%3,Y,Y)
163 : (X,$5, Z, (b)) — (b, |b3]$3, Y, Y)
|c3] : (X,%$2,Z,(c)) — (c, [c3]%3,Y,Y)

Step 4 [3] : (83, Y) — ([3],%5)

Step 5 [4] : (33) — (4])




aabbX|1]|11][21][21]|31][2]|a2][a2][b2][b2]$2YYYY Y ZY (c){c)Y

Step 1 [1]:(S) — (X[1]$:25)

Step 2 Lilj : ($1,§) _—>_(L11J$1,_Z\BC") B B B
31 : (51, 4,8, C) — ([31/81, (a), ()B, ()T
131 : ($1,A,B,C) — ([31]%1,Y,Y,Y)
12] = ($1) — ([2]$2) to P4

Step 3 [a2] : (X,$2,Z,(a)) — (aX, |a2]%,,Y,2)
|b2] : (X,$2,Z, (b)) — (bX,|b2]$,,Y,2)
|c2] : (X,$2,2Z,(c)) — (cX, [c2]%,,Y,2)
|a3] : (X,$2,7Z,(a)) — (a,]a3]%3,Y,Y)
163 : (X,$5, Z, (b)) — (b, |b3]$3, Y, Y)
|c3] : (X,%$2,Z,(c)) — (c, [c3]%3,Y,Y)

Step 4 [3] : (83, Y) — ([3],%5)

Step 5 [4] : (33) — (4])




aabbX|1]|11]]21]]21]|31]|2][a2][a2][b2][b2]$2YYYYY ZY (c){c)Y

Step 1 [1]:(S) — (X[1]$:25)

Step 2 |11] : ($1,5) — (|11]$1, ABC)
[21] : (81, A, B, C) — ([2L]$1, (a)A, (b)B, (c) C)
131] : ($1,A,B, C) — ([31]$1, Y, Y, Y)
[2] : ($1) — ([2]$2) to P4

Step 3 [a2] : (X, $2,Z,(a)) — (aX,|a2]$,, Y, Z)
|b2] : (X,$2, ,(b))—>(bX |62]$5,Y,2)
[c2] 1 (X,$2,Z,(c)) — (cX, [c2]$2, Y, 2)
[a3] : (X $2, ,(a)) — (a,a3]%3,Y,Y)
[c3] : (X;$2, ,<C>) (c,[c3]%3,Y,Y)

Step 4 [3] :($3,Y) — (13],%3)

Step 5 |4] : ($3) — (|4))




Example

aabbcX |1]|11][21](21]|31][2]|a2][a2] [ b2][b2][c2]$2YYYYYYYZ
(Y

Step 1 [1]:(S) — (X[1]$:25)

Step 2 |11] : ($1,S) — (|11]$1,ABC)
L21J ($1,A,B, C) — ([21]%1,(a)A, (b)B, (c)C)
131] : ($1, A, B, C) — (131]$1,Y,Y,Y)
[2] : ($1) — ([2]$2) to P4

Step 3 [a2] : (X, $2,Z,(a)) — (aX,|a2]$,, Y, Z)
|b2] : (X,$2, ,(b))—>(bX |62]$5,Y,2)
[c2] 1 (X,$2,Z,(c)) — (cX, [c2]$2, Y, 2)
[a3] : (X $2, ,(a)) — (a,a3]%3,Y,Y)
[c3] : (X;$2, ,<C>) (c,[c3]%3,Y,Y)

Step 4 3] :(%3,Y) — ([3],%3)

Step 5 |4] : ($3) — (|4))




Example

aabbcX|1][11]|21]|21]|31](2]|a2]|a2]|b2][b2][c2|$>YYYYYYY Z(c)
Y

Step 1 [1]:(S) — (X[1]$:ZS)

Step 2 |11] : ($1,S) — (|11]$1,ABC)
L21j ($1,A, B, C) — (|21]$1, (a)A, (b)B, (c)C)
131] : ($1, A, B, C) — (131]$1,Y,Y,Y)
12] = ($1) — ([2]$2) to P4

Step 3 [a2] : (X, %2, 2Z,(a)) — (aX, |a2]%,,Y,Z2)
[62] : (X, 32, a(b>)—>(bX [62]%2, Y, Z)
|c2] : (X,$2,Z,(c)) — (cX,|c2]$2,Y,2Z)
|a3] : (X, $2, ,(a)) — (a,]a3]%3,Y,Y)
Lb3J (X) $27 <b>) i (b7 Lb3J$37 Y7 Y)
[e3] : (X, $2,Z,(c)) = (c, [c3]$5,Y,Y)

Step 4 3] : (85, Y) — ([3],%3)

Step 5 [4] : ($3) — ([4])




Example

aabbcc|1]|11]]21]|21]|31]|2]|a2]|a2][b2]|b2][c2]|c3]|$3YYYYYYY
YYY

Step 1 [1]:(S) — (X[1]$:ZS)

Step 2 |11] : ($1,S) — (|11]$1,ABC)
L21j ($1,A, B, C) — (|21]$1, (a)A, (b)B, (c)C)
131] : ($1, A, B, C) — (131]$1,Y,Y,Y)
12] = ($1) — ([2]$2) to P4

Step 3 [a2] : (X, %2, 2Z,(a)) — (aX, |a2]%,,Y,Z2)
[62] : (X, 32, a(b>)—>(bX [62]%2, Y, Z)
|c2] : (X,$2,Z,(c)) — (cX,|c2]$2,Y,2Z)
|a3] : (X, $2, ,(a)) — (a,]a3]%3,Y,Y)
Lb3J (X) $27 <b>) i (b7 Lb3J$37 Y7 Y)
[e3] : (X, $2,Z,(c)) = (c, [c3]$5,Y,Y)

Step 4 3] : (85, Y) — ([3],%3)

Step 5 [4] : ($3) — ([4])




aabbcc|1||11]|21]|21]|31][2]|a2][a2]|b2]|b2]|c2][c3]|$:Y YYYYY
YYYY

Step 1 [1]:(S) — (X[1]$:25)

Step 2 |11] : ($1,5) — (|11]$1, ABC)
L21J ($1,A,B, C) — ([21]%1,(a)A, (b)B, (c)C)
131] : ($1, A, B, C) — (131]$1,Y,Y,Y)
[2] : ($1) — ([2]$2) to P4

Step 3 [a2] : (X, $2,Z,(a)) — (aX,|a2]$,, Y, Z)
|b2] : (X,$2, ,(b))—>(bX |62]$5,Y,2)
[c2] : (X, $2,2Z,(c)) — (cX, [c2]$2, Y, 2Z)
[a3] : (X, $2, ,(a)) — (a,a3]%3,Y,Y)
[b3] : (X, $2,Z, (b)) — (b, |b3]$3,Y,Y)
|e3] : (X,$2,Z ,<C>) (c,[c3]%3,Y,Y)

Step 4 [3] :(%3,Y) — (|3],9%3)

Step 5 |4] : ($3) — (|4))




aabbcc|1]|11]|21]]21)(31](2]|a2]|a2][b2]|b2][c2][c3]|3]$3YYYYY
YYYY

Step 1 [1]:(S) — (X[1]$:25)

Step 2 |11] : ($1,5) — (|11]$1, ABC)
L21J ($1,A,B, C) — ([21]%1,(a)A, (b)B, (c)C)
131] : ($1, A, B, C) — (131]$1,Y,Y,Y)
[2] : ($1) — ([2]$2) to P4

Step 3 [a2] : (X, $2,Z,(a)) — (aX,|a2]$,, Y, Z)
|b2] : (X,$2, ,(b))—>(bX |62]$5,Y,2)
[c2] : (X, $2,2Z,(c)) — (cX, [c2]$2, Y, 2Z)
[a3] : (X, $2, ,(a)) — (a,a3]%3,Y,Y)
[b3] : (X, $2,Z, (b)) — (b, |b3]$3,Y,Y)
|e3] : (X,$2,Z ,<C>) (c,[c3]%3,Y,Y)

Step 4 [3] :(%3,Y) — (|3],9%3)

Step 5 |4] : ($3) — (|4))




aabbcc|1||11]|21]|21]|31][2][a2][a2]|b2]|b2]|c2]|c3][3]$:Y YYY
YYYYY

Step 1 [1]:(S) — (X[1]$:25)

Step 2 |11] : ($1,5) — (|11]$1, ABC)
L21J ($1,A,B, C) — ([21]%1,(a)A, (b)B, (c)C)
131] : ($1, A, B, C) — (131]$1,Y,Y,Y)
[2] : ($1) — ([2]$2) to P4

Step 3 [a2] : (X, $2,Z,(a)) — (aX,|a2]$,, Y, Z)
|b2] : (X,$2, ,(b))—>(bX |62]$5,Y,2)
[c2] : (X, $2,2Z,(c)) — (cX, [c2]$2, Y, 2Z)
[a3] : (X, $2, ,(a)) — (a,a3]%3,Y,Y)
[b3] : (X, $2,Z, (b)) — (b, |b3]$3,Y,Y)
|e3] : (X,$2,Z ,<C>) (c,[c3]%3,Y,Y)

Step 4 [3] :(%3,Y) — (|3],9%3)

Step 5 |4] : ($3) — (|4))




aabbcc|1]|11]|21]|21)|31](2]|a2]|a2][b2][b2][c2]|c3]|3][3]/$3YYY
YYYYY

Step 1 [1]:(S) — (X[1]$:25)

Step 2 |11] : ($1,5) — (|11]$1, ABC)
L21J ($1,A,B, C) — ([21]%1,(a)A, (b)B, (c)C)
131] : ($1, A, B, C) — (131]$1,Y,Y,Y)
[2] : ($1) — ([2]$2) to P4

Step 3 [a2] : (X, $2,Z,(a)) — (aX,|a2]$,, Y, Z)
|b2] : (X,$2, ,(b))—>(bX |62]$5,Y,2)
[c2] : (X, $2,2Z,(c)) — (cX, [c2]$2, Y, 2Z)
[a3] : (X, $2, ,(a)) — (a,a3]%3,Y,Y)
[b3] : (X, $2,Z, (b)) — (b, |b3]$3,Y,Y)
|e3] : (X,$2,Z ,<C>) (c,[c3]%3,Y,Y)

Step 4 [3] :(%3,Y) — (|3],9%3)

Step 5 |4] : ($3) — (|4))




aabbcc|1||11]|21]|21]|31][2]|a2][a2]|b2]|b2]|c2]|c3](3][3]$3Y Y
YYYYYY

Step 1 [1]:(S) — (X[1]$:25)

Step 2 |11] : ($1,5) — (|11]$1, ABC)
L21J ($1,A,B, C) — ([21]%1,(a)A, (b)B, (c)C)
131] : ($1, A, B, C) — (131]$1,Y,Y,Y)
[2] : ($1) — ([2]$2) to P4

Step 3 [a2] : (X, $2,Z,(a)) — (aX,|a2]$,, Y, Z)
|b2] : (X,$2, ,(b))—>(bX |62]$5,Y,2)
[c2] : (X, $2,2Z,(c)) — (cX, [c2]$2, Y, 2Z)
[a3] : (X, $2, ,(a)) — (a,a3]%3,Y,Y)
[b3] : (X, $2,Z, (b)) — (b, |b3]$3,Y,Y)
|e3] : (X,$2,Z ,<C>) (c,[c3]%3,Y,Y)

Step 4 [3] :(%3,Y) — (|3],9%3)

Step 5 |4] : ($3) — (|4))




aabbcc|1||11]|21]|21]|31][2]|a2][a2] | b2]|b2]|c2][c3][3]|3]|3]$3Y
YYYYYY

Step 1 [1]:(S) — (X[1]$:25)

Step 2 |11] : ($1,5) — (|11]$1, ABC)
L21J ($1,A,B, C) — ([21]%1,(a)A, (b)B, (c)C)
131] : ($1, A, B, C) — (131]$1,Y,Y,Y)
[2] : ($1) — ([2]$2) to P4

Step 3 [a2] : (X, $2,Z,(a)) — (aX,|a2]$,, Y, Z)
|b2] : (X,$2, ,(b))—>(bX |62]$5,Y,2)
[c2] : (X, $2,2Z,(c)) — (cX, [c2]$2, Y, 2Z)
[a3] : (X, $2, ,(a)) — (a,a3]%3,Y,Y)
[b3] : (X, $2,Z, (b)) — (b, |b3]$3,Y,Y)
|e3] : (X,$2,Z ,<C>) (c,[c3]%3,Y,Y)

Step 4 [3] :(%3,Y) — (|3],9%3)

Step 5 |4] : ($3) — (|4))




aabbcc|1||11]|21]|21]|31][2]|a2][a2]|b2]|b2]|c2]|c3](3][3]]3]$3
YYYYYYY

Step 1 [1]:(S) — (X[1]$:25)

Step 2 |11] : ($1,5) — (|11]$1, ABC)
L21J ($1,A,B, C) — ([21]%1,(a)A, (b)B, (c)C)
131] : ($1, A, B, C) — (131]$1,Y,Y,Y)
[2] : ($1) — ([2]$2) to P4

Step 3 [a2] : (X, $2,Z,(a)) — (aX,|a2]$,, Y, Z)
|b2] : (X,$2, ,(b))—>(bX |62]$5,Y,2)
[c2] : (X, $2,2Z,(c)) — (cX, [c2]$2, Y, 2Z)
[a3] : (X, $2, ,(a)) — (a,a3]%3,Y,Y)
[b3] : (X, $2,Z, (b)) — (b, |b3]$3,Y,Y)
|e3] : (X,$2,Z ,<C>) (c,[c3]%3,Y,Y)

Step 4 [3] :(%3,Y) — (|3],9%3)

Step 5 |4] : ($3) — (|4))




aabbcc|1||11]|21]|21]|31][2]|a2][a2]|b2]|b2]|c2]|c3](3][3]]3]|3]
$3YYYYYY

Step 1 [1]:(S) — (X[1]$:25)

Step 2 |11] : ($1,5) — (|11]$1, ABC)
L21J ($1,A,B, C) — ([21]%1,(a)A, (b)B, (c)C)
131] : ($1, A, B, C) — (131]$1,Y,Y,Y)
[2] : ($1) — ([2]$2) to P4

Step 3 [a2] : (X, $2,Z,(a)) — (aX,|a2]$,, Y, Z)
|b2] : (X,$2, ,(b))—>(bX |62]$5,Y,2)
[c2] : (X, $2,2Z,(c)) — (cX, [c2]$2, Y, 2Z)
[a3] : (X, $2, ,(a)) — (a,a3]%3,Y,Y)
[b3] : (X, $2,Z, (b)) — (b, |b3]$3,Y,Y)
|e3] : (X,$2,Z ,<C>) (c,[c3]%3,Y,Y)

Step 4 [3] :(%3,Y) — (|3],9%3)

Step 5 |4] : ($3) — (|4))




aabbcc|1]|11]|21]|21]|31]|2] [a2]|a2]|b2] | b2][c2]|c3]|3](3]]3] 3]
$3YYYYYY

Step 1 [1]:(S) — (X[1]$:25)

Step 2 |11] : ($1,5) — (|11]$1, ABC)
L21J ($1,A,B, C) — ([21]%1,(a)A, (b)B, (c)C)
131] : ($1, A, B, C) — (131]$1,Y,Y,Y)
[2] : ($1) — ([2]$2) to P4

Step 3 [a2] : (X, $2,Z,(a)) — (aX,|a2]$,, Y, Z)
|b2] : (X,$2, ,(b))—>(bX |62]$5,Y,2)
[c2] : (X, $2,2Z,(c)) — (cX, [c2]$2, Y, 2Z)
[a3] : (X, $2, ,(a)) — (a,a3]%3,Y,Y)
[b3] : (X, $2,Z, (b)) — (b, |b3]$3,Y,Y)
|e3] : (X,$2,Z ,<C>) (c,[c3]%3,Y,Y)

Step 4 [3] :(%3,Y) — (|3],9%3)

Step 5 |4] : ($3) — (|4))




Example

aabbec|1]|11]|21]|21]|31]|2] |a2) |a2) [ b2] [ 62] 2] €3] 3] 3] 3] 3]
1335 YYYYY

Step 1 [1]:(S) — (X[1]$:25)

Step 2 [11]:($1,5) — ([11)$;,ABC)
121] : (81, A, B, C) — (2134, (a)A, (b)B, (c) C)
131 : ($1,A,B,C) — ([31]%1,Y,Y,Y)
12] : ($1) — ([2]9$2) to P4

Step 3 |a2] : (X,$2,Z,(a)) — (aX, [a2]$,, Y, 2)
|b2] : (X, %2, ,( )) — (bX |b2]%,, Y, Z)
|c2] : (X,%2,2Z,(c)) — (cX, |c2]%,,Y,2)
|a3] : (X, $2, ,(a)) — (a,]a3]%3,Y,Y)
Lb3J : (X) $27 <b>) i (b7 Lb3J$37 Y7 Y)
|c3] : (X,%2,2Z,(c)) — (c,[c3]%5,Y,Y)

Step 4 3] : ($3,Y) — (13],93)

Step 5 [4] : ($3) — ([4])




Example

aabbec|1)|11]|21](21](31][2]a2]a2] | b2] [ b2][c2] 3] (3] 3] (3] (3]
13/$:Y YYYY

Step 1 [1]:(S) — (X[1]$:25)

Step 2 [11]:($1,5) — ([11)$;,ABC)
121] : (81, A, B, C) — (2134, (a)A, (b)B, (c) C)
131 : ($1,A,B,C) — ([31]%1,Y,Y,Y)
12] : ($1) — ([2]9$2) to P4

Step 3 |a2] : (X,$2,Z,(a)) — (aX, [a2]$,, Y, 2)
|b2] : (X, %2, ,( )) — (bX |b2]%,, Y, Z)
|c2] : (X,%2,2Z,(c)) — (cX, |c2]%,,Y,2)
|a3] : (X, $2, ,(a)) — (a,]a3]%3,Y,Y)
Lb3J : (X) $27 <b>) i (b7 Lb3J$37 Y7 Y)
|c3] : (X,%2,2Z,(c)) — (c,[c3]%5,Y,Y)

Step 4 3] : ($3,Y) — (13],93)

Step 5 [4] : ($3) — ([4])




Example

aabbec|1]|11]|21]|21]|31]|2] |a2) |a2) [ b2] [ 62] 2] €3] 3] 3] 3] 3]
13]13]$5 YYYY

Step 1 [1]:(S) — (X[1]$:25)

Step 2 [11]:($1,5) — ([11)$;,ABC)
121] : (81, A, B, C) — (2134, (a)A, (b)B, (c) C)
131 : ($1,A,B,C) — ([31]%1,Y,Y,Y)
12] : ($1) — ([2]9$2) to P4

Step 3 |a2] : (X,$2,Z,(a)) — (aX, [a2]$,, Y, 2)
|b2] : (X, %2, ,( )) — (bX |b2]%,, Y, Z)
|c2] : (X,%2,2Z,(c)) — (cX, |c2]%,,Y,2)
|a3] : (X, $2, ,(a)) — (a,]a3]%3,Y,Y)
Lb3J : (X) $27 <b>) i (b7 Lb3J$37 Y7 Y)
|c3] : (X,%2,2Z,(c)) — (c,[c3]%5,Y,Y)

Step 4 3] : ($3,Y) — (13],93)

Step 5 [4] : ($3) — ([4])




Example
aabbec|1](11](21](21](31](2][a2][a2][b2][b2][c2][3][3](3](3] (3]
13]13/$5Y YYY

Step 1 [1]:(S) — (X[1]$:ZS)

Step 2 |11] : ($1,5) — (L11j$1,ABC) B B
L21j §$1,ABC) (121]%1, (a)A, (b)B, (c)C)

131] : (31,4, B, C) — ([31]$1, Y, Y, Y)
[2] : ($1) — ([2]$2) to Pa

Step 3 [a2) : (X,$2, 2, (a)) — (aX, [22]85, Y, 2)
[62] : (X, $2, ,( ))—>(bX 162]$2, Y, Z)
|c2] : (X,$2,2Z,(c)) — (cX, [c2]%,,Y,2)
|a3] : (X, $2, ,(a)) — (a,]a3]%3,Y,Y)
Lb3J ; (X, $2, <b>) — (b, Lb3J $3, Y, Y)
|c3] : (X,%2,2Z,(c)) — (c,[c3]%5,Y,Y)

Step 4 3] : ($3,Y) — (13],93)

Step 5 [4] : ($3) — ([4))




Example
aabbcc|1||11]|21]|21]|31][2]|a2][a2]|b2]|b2]|c2]|c3](3][3]]3]|3]
[3][3][3]$sYYY

Step 1 [1]:(S) — (X[1]$:ZS)

Step 2 |11] : ($1,5) — (L11j$1,ABC) B B
L21j §$1,ABC) (121]%1, (a)A, (b)B, (c)C)

131] : (31,4, B, C) — ([31]$1, Y, Y, Y)
[2] : ($1) — ([2]$2) to Pa

Step 3 [a2) : (X,$2, 2, (a)) — (aX, [22]85, Y, 2)
[62] : (X, $2, ,( ))—>(bX 162]$2, Y, Z)
|c2] : (X,$2,2Z,(c)) — (cX, [c2]%,,Y,2)
|a3] : (X, $2, ,(a)) — (a,]a3]%3,Y,Y)
Lb3J ; (X, $2, <b>) — (b, Lb3J $3, Y, Y)
|c3] : (X,%2,2Z,(c)) — (c,[c3]%5,Y,Y)

Step 4 3] : ($3,Y) — (13],93)

Step 5 [4] : ($3) — ([4))




Example
aabbcc|1||11]|21]|21]|31][2]|a2][a2]|b2]|b2]|c2]|c3](3][3]]3]|3]
[3][3][3]%sYYY

Step 1 [1]:(S) — (X[1]$:ZS)

Step 2 |11] : ($1,5) — (L11j$1,ABC) B B
L21j §$1,ABC) (121]%1, (a)A, (b)B, (c)C)

131] : (31,4, B, C) — ([31]$1, Y, Y, Y)
[2] : ($1) — ([2]$2) to Pa

Step 3 [a2) : (X,$2, 2, (a)) — (aX, [22]85, Y, 2)
[62] : (X, $2, ,( ))—>(bX 162]$2, Y, Z)
|c2] : (X,$2,2Z,(c)) — (cX, [c2]%,,Y,2)
|a3] : (X, $2, ,(a)) — (a,]a3]%3,Y,Y)
Lb3J ; (X, $2, <b>) — (b, Lb3J $3, Y, Y)
|c3] : (X,%2,2Z,(c)) — (c,[c3]%5,Y,Y)

Step 4 3] : ($3,Y) — (13],93)

Step 5 [4] : ($3) — ([4))




Example
aabbcc|1||11]|21]|21]|31][2]|a2][a2]|b2]|b2]|c2]|c3](3][3]]3]|3]
[3J13]13][3]%5YY

Step 1 [1] : (S) — (X[1]$:25)

Step 2 [11]:($1,5) — (|11)$1,ABC)
L21j §$1,ABC) (121]%1, (a)A, (b)B, (c)C)

131] : (31,4, B, C) — ([31]$1, Y, Y, Y)
[2] : ($1) — ([2]$2) to Pa

Step 3 [a2) : (X,$2, 2, (a)) — (aX, [22]85, Y, 2)
[62] : (X, $2, ,( ))—>(bX 162]$2, Y, Z)
|c2] : (X,$2,2Z,(c)) — (cX, [c2]%,,Y,2)
|a3] : (X, $2, ,(a)) — (a,]a3]%3,Y,Y)
Lb3J ; (X, $2, <b>) — (b, Lb3J $3, Y, Y)
|c3] : (X,%2,2Z,(c)) — (c,[c3]%5,Y,Y)

Step 4 3] : ($3,Y) — (13],93)

Step 5 [4] : ($3) — ([4))




Example

aabbcc|1||11]|21]|21]|31][2]|a2][a2]|b2]|b2]|c2]|c3](3][3]]3]|3]
13/[3][3][3/$3YY

Step 1 [1]:(S) — (X[1]$:25)

Step 2 [11]:($1,5) — (|11)$1,ABC)

L21J §$1, A, B,C) — (|21]$1, (a)A, (b)B, (c)C)

131] : (31,4, B, C) — ([31]$1, Y, Y, Y)
[2] : ($1) — ([2]$2) to Pa

Step 3 [a2) : (X,$2, 2, (a)) — (aX, [22]85, Y, 2)
[62] : (X, $2, ,( ))—>(bX 162]$2, Y, Z)
|c2] : (X,$2,2Z,(c)) — (cX, [c2]%,,Y,2)
|a3] : (X, $2, ,(a)) — (a,]a3]%3,Y,Y)
Lb3J ; (X, $2, <b>) — (b, Lb3J $3, Y, Y)
|c3] : (X,%2,2Z,(c)) — (c,[c3]%5,Y,Y)

Step 4 3] : ($3,Y) — (13],93)

Step 5 [4] : ($3) — ([4))




Example

aabbcc|1||11]|21]|21]|31][2]|a2][a2]|b2]|b2]|c2]|c3](3][3]]3]|3]
13/13][3]13][3]%3Y

Step 1 [1]:(S) — (X[1]$:25)

Step 2 [11]:($1,5) — (|11)$1,ABC)

L21J §$1, A, B,C) — (|21]$1, (a)A, (b)B, (c)C)

131] : (31,4, B, C) — ([31]$1, Y, Y, Y)
[2] : ($1) — ([2]$2) to Pa

Step 3 [a2) : (X,$2, 2, (a)) — (aX, [22]85, Y, 2)
[62] : (X, $2, ,( ))—>(bX 162]$2, Y, Z)
|c2] : (X,$2,2Z,(c)) — (cX, [c2]%,,Y,2)
|a3] : (X, $2, ,(a)) — (a,]a3]%3,Y,Y)
Lb3J ; (X, $2, <b>) — (b, Lb3J $3, Y, Y)
|c3] : (X,%2,2Z,(c)) — (c,[c3]%5,Y,Y)

Step 4 3] : ($3,Y) — (13],93)

Step 5 [4] : ($3) — ([4))




Example

aabbcc|1||11]|21]|21]|31][2]|a2][a2]|b2]|b2]|c2]|c3](3][3]]3]|3]
13/13][3]13][3]%3Y

Step 1 [1]:(S) — (X[1]$:25)

Step 2 [11]:($1,5) — (|11)$1,ABC)

L21J §$1, A, B,C) — (|21]$1, (a)A, (b)B, (c)C)

131] : (31,4, B, C) — ([31]$1, Y, Y, Y)
[2] : ($1) — ([2]$2) to Pa

Step 3 [a2) : (X,$2, 2, (a)) — (aX, [22]85, Y, 2)
[62] : (X, $2, ,( ))—>(bX 162]$2, Y, Z)
|c2] : (X,$2,2Z,(c)) — (cX, [c2]%,,Y,2)
|a3] : (X, $2, ,(a)) — (a,]a3]%3,Y,Y)
Lb3J ; (X, $2, <b>) — (b, Lb3J $3, Y, Y)
|c3] : (X,%2,2Z,(c)) — (c,[c3]%5,Y,Y)

Step 4 3] : ($3,Y) — (13],93)

Step 5 [4] : ($3) — ([4))




Example

aabbce|1]|11]|21]|21])|31][2]|a2]|a2]|b2]|b2]|c2] 3] [3]3](3](3]
[3J[3J13]13] 3] [3])%3

Step 1 [1]:(S) — (X[1]$:25)

Step 2 |11]:($1,5) — (|11]$,,ABC)
31 : (81,4, B, ©) — (2181, (a)A, (b)B, ()T
131 : ($1,A,B,C) — ([31]%1,Y,Y,Y)
[2] : ($1) — ([2]$2) to Pa

Step 3 |a2] : (X,9%2,Z,(a)) — (aX, |a2]|%,, Y, 2)
[62] : (X, $2,Z,{b)) — (bX, | b2]$>, Y, Z)
|c2] : (X,%2,2Z,(c)) — (cX, |c2]%,,Y,2)
[a3] : (X,$2,2Z,(a)) — (a, [a3]33,Y,Y)
|b3] : (X,$2,Z,(b)) — (b |63]%3,Y,Y)
[€3] : (X, %2, Z,(c)) — (¢, [c3]%3, Y, Y)

Step 4 [3] :($3,Y) — (13],%3)

Step 5 [4] : ($3) — ([4))




aabbcc|1||11]|21]|21]|31][2]|a2][a2]|b2]|b2]|c2]|c3](3][3]]3]|3]

13/ [3][3]13][3]13]L

Step 1 [1]:(S) — (X[1]$:25)
1 )

—~

aX,|a2|%$,,Y,2)
(bX, [b2]%2,Y,2)
(X, c2]%,,Y,2)
(a, [a3]%3,Y,Y)
— (b, |B3]9%5,Y,Y)
— (c,|c3]%3,Y,Y)

(
(
|_33J :(X,$2,Z,<

|b3] : (X, %2, 2Z,(
|_C3J:(X,$2,Z,<

Step 4 3] : (%3, Y) — (
]

Step 5 [4] : (33) — (|4




aabbec|1]|11](21]|21](31](2][a2]|a2] | b2][b2][c2][c3](3](3](3] (3]

[3J13][3][3] 3] [3] 4]

Step 1 [1]:(S) — (X[1]$:25)

Step 2 Lilj : ($1,§) _—>_(L11J$1,_Z\BC") B B B
21 : (51, A.B.C) — (|21]8y, (3. (5)B. () )
131 : ($1,A,B,C) — ([31]%1,Y,Y,Y)
[2] : ($1) — ([2]$2) to P4

Step 3 [a2] : (X,$2,Z,(a)) — (aX, |a2]%,,Y,2)
I_b2J : (X7 $2’ Z, <b>) - (bX7 £b2J$2’ Y, Z)
|c2] : (X,$2,Z,(c)) — (cX,|c2]$2,Y,2Z)
|a3] : (X,$2,Z,(a)) — (a, [a3]%3,Y,Y)
[63] : (X, $2,Z,{b)) — (b, |b3]%3,Y,Y)
3] : (X,%2,2Z,(c)) — (c, [c3]%3.Y,Y)

Step 4 3] : ($3,Y) — ([3],%3)

Step 5 [4] : ($3) — ([4])




Additional Productions

m 2 additional productions for generation of sentence which corresponds
toein G

Step 1 (without symbols X, Z)

Add [1.] : (S) — (|1)$:S) to P

Step 2 (skipping step 3)

Add |_2€J : ($1) — (|_2EJ$3) to P

Example

Add [1] : (S5) — ([1c]$15) to Py
12¢] 1 ($1) — (|2)$3) to P4

0 Generation of Sentences with Their Parses 17 / 18



Future Investigation

m can the same result be proven if we use the leftmost derivation? [YES]

m can we reduce the number of nonterminals? [YES]

m which other grammars can be proper generators of their sentences
with their parses?

0 Generation of Sentences with Their Parses 18 / 18
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