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Universality Problem

Given an NFA A, decide if Lang(A) = £*.
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Universality Problem

Given an NFA A, decide if Lang(A) = £*.

Common algorithm:

@ Determinization of A with subset construction

@ Find counterexample, i.e. a word that is not accepted

Determinization can lead to exponential blow-up in states.

= PSPACE complete

Jeremias Holub Antichains in Automata Theory 21/02/2016 3/77



Motivation Universality Problem - Example: Forward Subset Construction

Universality Problem: Example

Consider following NFA A:

b b
a
wn—(= Y,
b
a

Is A universal?
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Universality Problem: Example

NFA A: A run of the algorithm:
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Universality Problem: Example

NFA A: A run of the algorithm:

R
52753 51 52,54
a b

e |
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Universality Problem: Example

NFA A: A run of the algorithm:
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Universality Problem: Example

A run of the algorithm:

517 52

527 s3 S1, 52,54

(+) L7 -
e | R |
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Universality Problem: Example

A run of the algorithm:

S1, 52
a b

52,53 S1, 52,54

a . -
A | A |
152,53, 15,53, [51,%,55,5

a b a b
1S1.5 " 1S1. 5. 53. 541
151,52, 51,53, 54 S1,52,53 ‘51y52$537541
a b a
151.5 . 151.5.63.511' 51.5.53 "
151,52 ‘51752-,53754“51-,52753‘
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Universality Problem: Example

A run of the algorithm:

517 52

52753 S1, 52,54
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A | A |
152,53, 15,53, [51,%,55,5
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Motivation Universality Problem - Example: Forward Subset Construction

Universality Problem: Example

NFA A: A run of the algorithm:

b b
E
start ﬁ b @ a b

a
a b

6 ab
e | R |
S1. 53 152,53, 15,53, [s1,5,%,5
b a b a b
¥, . ¥k N
151,52 51,53, 54 S1,%2,53|!51,%2,53, % |
a b a b
¥, __N____ R SEUR
151,52 !51,5,53,5,51,5,53,'51,%,53, 54
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Motivation Universality Problem - Example: Forward Subset Construction

Universality Problem: Example

A run of the algorithm:

517 52

52753 51a52¢54

a . -
A | A |
152,53, 15,53, [51,%,55,5

a b a b

A is universal because all Y [Sro52,55] S1,52,85,5
reachable expanded states are
accepting!
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Partial Order
Partial Order

A partial order (M, R) consists of a set M and a binary relation
R < M x M, where for all x,y,z e M, it holds

reflexivity xRx
antisymmetry xRy A yRx = x =y
transitivity xRy A yRz = xRz

Jeremias Holub Antichains in Automata Theory 21/02/2016 6 /77



R T
Partial Order - Example

Consider M = {{1},{1,2},{1, 3}, {1,5}, {1, 6}, {1,2,3},{1, 3,4}, {1,3,5}}
and the C-relation. Then (M, <) is a partial order.
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Representation as a Hasse diagram:

{1,2} — {1,2,3}

/ =
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/ ~

{1} —— {1,5} — {1,3,5}
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Antichain
Antichain

Consider M = {{1},{1,2}, {1,3},{1,5}, {1,6}, {1,2,3},{1,3,4}, {1.3,5}}

and the C-relation. Then (M, <) is a partial order.

Representation as a Hasse diagram:

{1,2} — {1,2,3}

/ =
{1,3} — {1,3,4}
/ ~

{1} —— {1,5} — {1,3,5}

{1,6}

Antichain: Given AC M, (A, ). If fx,y e A x#y: xS yvyC x then

A is called antichain.

Jeremias Holub Antichains in Automata Theory
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Antichain - Example

Consider M = {{1},{1,2},{1, 3}, {1,5}, {1, 6}, {1,2,3},{1, 3,4}, {1,3,5}}
and the C-relation. Then (M, <) is a partial order.

Representation as a Hasse diagram:

{1,2} — {1,2,3}

/ =
{1,3} — {1,3,4}
/ ~

{1} —— {1,5} — {1,3,5}
{1,6}
Example: A = {{1,2},{1,3},{1,5},{1,6}} with (A, <) is an antichain.
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Notation: Nondeterministic Finite Automaton (NFA)
Notation: Nondeterministic Finite Automaton (NFA)

NFA A = (Loc, Init, Fin, £, §) with

Loc finite set of locations

Init < Loc set of initial states

Fin < Loc set of final (accepting) states
> finite alphabet

0 € Loc x ¥ x Loc nondeterministic transition relation

Jeremias Holub Antichains in Automata Theory 21/02/2016 10 / 77



Definition: Minimal element in set of sets w.r.t -relation

Let g € 2'°¢. Then s € g minimal <= Vs’ € q: s’ ¢ s.
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Definition: Minimal element in set of sets w.r.t -relation

Let g € 2'°¢. Then s € g minimal <= Vs’ € q: s’ ¢ s.

Example: q = {52, 53}, {51, 52, 53}, {52, 53, 54}

Jeremias Holub Antichains in Automata Theory 21/02/2016 11 /77



Definition: Minimal element in set of sets w.r.t S-relation
Let g € 2'°¢. Then s € g minimal <= Vs’ € q: s’ ¢ s.

Example: § = {5, 55}, {51, 52,55}, {52, 53, 8}

Then: {sp, s3} is minimal in g because

{s1,52,53} & {s2,53} and {s2, 3,54} ¢ {52, 53}

Jeremias Holub

Antichains in Automata Theory 21/02/2016 11 /77



Definition: Minimal element in set of sets w.r.t C-relation
Let g € 2'°¢. Then s € g minimal <= Vs’ € q: s’ ¢ s.
Example: q = {{s2, 53}, {51, 52, 53}, {52, 53, 54} }

Then: {sp, s3} is minimal in g because

{s1,52,53} & {52, 83} and {2, 53,51} E {52, 53}
But: {s1, 52,53} and {s, s3,54} are not minimal in g because

{s2,53} < {s1,52,53} and {s2, 53} < {2, 53, 54}
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Definition: Set of minimal elements

Let g € 2-°°. Then |g| set of minimal elements in g.
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Definition: Set of minimal elements
Let g € 2-°°. Then |g| set of minimal elements in g.

Example: g = {{s1}, {s2}, {s1, 53}, {s1, 54}, {53, Sa}, {53, 55, 6} }

Then: |q| = {{s1}, {52}, {s3, 54}, {53,55,56}}
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Definition: Set of minimal elements

Let g € 2-°°. Then |g| set of minimal elements in g.

Example: g = {{s1}, {s2}, {s1, 53}, {s1, 54}, {53, Sa}, {53, 55, 6} }

Then: |q| = {{s1}, {52}, {s3, 54}, {53,55,56}}

Important note: |g| is always an antichain!
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Definition: Partial Order =

Let g, g’ be antichains. Then the following holds:

gEq <= Vs eq -Iseq:sc s
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Definition: Partial Order C
Let g, g’ be antichains. Then the following holds:
gEq <= Vs eq -Iseq:sc s

Example:

{{s1, 92}, {2, 3}}={{51, %2, 53}, {52, 53, S5} }

Jeremias Holub Antichains in Automata Theory 21/02/2016

13 /77



Definition: Partial Order =

Let g, g’ be antichains. Then the following holds:
gEq <= Vs eq -Iseq:sc s

Example:

{{s1, 92}, {2, 3}}={{51, %2, 53}, {52, 53, S5} }

Counterexample:

{{517 52}7 {527 53}}i{{517 52, 53}7 {52’ 54, 55}}
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Definition: S-glb (greatest lower bound)

Let g, ' be antichains. Then the C-glb is:

grq = |[{s|seqvseq}
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Definition: S-glb (greatest lower bound)

Let g, ' be antichains. Then the C-glb is:
grq = |[{s|seqvseq}
Example:

q= {{Slv 52}’ {52’ 53}’ {S3a 54, 55}}
q/ = {{52753}7 {53’54}}
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Definition: S-glb (greatest lower bound)
Let g, ' be antichains. Then the C-glb is:

grq = |[{s|seqvseq}

Example:
q= {{Slv 52}’ {52’ 53}’ {S3a 54, 55}}
q/ = {{52753}7 {53’54}}
Then:
qf:‘q/ = l{{sla 52}7 {523 53}7 {537 54}7 {537 Sa, 55}}J
= {{s1, %2}, {s2, 53}, {s3, 5a}}
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Definition: S-glb (greatest lower bound)
Let g, ' be antichains. Then the C-glb is:

grq = |[{s|seqvseq}

Example:

q= {{Slv 52}’ {52’ 53}’ {S3a 54, 55}}
q/ = {{52753}7 {53’54}}

Then:

qf:‘q/ = l{{sla 52}7 {523 53}7 {537 54}7 {537 S4, 55}}J
= {{s1, 2}, {2, 53}, {s3, s} }

Important note: griq’ is always an antichain!
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Definition: Successor states

Let s be an set of states and o a letter. Then post,(s) is set of all of
successor states reachable with o

post,(s) = {¢' € Loc|Al e s: 6(¢,0,0")}
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Definition: Successor states

Let s be an set of states and o a letter. Then post,(s) is set of all of
successor states reachable with o

post,(s) = {¢' € Loc|Al e s: 6(¢,0,0")}

Example:

post,({{s1,52}}) = {{s2, 53}}

Jeremias Holub Antichains in Automata Theory 21/02/2016 18 / 77



Forward Antichain Algorithm
Forward Antichain Algorithm

Let g be an antichain. Then Post(q) is an antichain of all successor states:

Post(q) = |{s'|3s€ q-oc € L: s’ = post,(s)}]
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Antichains for universality checking Forward Antichain Algorithm

Forward Antichain Algorithm
Let g be an antichain. Then Post(q) is an antichain of all successor states:
Post(q) = |{s'|3s€ q- o € X: s’ = post,(s)}]

Theorem: Let A = (Lo, Init, Fin, ¥, 8) be an NFA and F = [{glg =
Post(q)ri{Init}}. Then Lang(A) # T* iff FE{Fin}.
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Forward Antichain Algorithm
Let g be an antichain. Then Post(q) is an antichain of all successor states:
Post(q) = |{s'|3s€ q- o € X: s’ = post,(s)}]

Theorem: Let A = (Lo, Init, Fin, ¥, 8) be an NFA and F = [{glg =
Post(q)ri{Init}}. Then Lang(A) # T* iff FE{Fin}.

Algorithm:

Iterating Post(q) starting with g = {Init} until fixed point is reached.

~

Then check for FE{Fin}.
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Antichains for universality checking Forward Antichain Algorithm - Example

Example |

xo = Init = {{s1, s2}}
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Antichains for universality checking Forward Antichain Algorithm - Example

Example |

xo = Init = {{s1, 55}}
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Antichains for universality checking Forward Antichain Algorithm - Example

Example |

xo = Init = {{s1,5}}
x1 = Post(xg)ri{Init} = [{
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Antichains for universality checking Forward Antichain Algorithm - Example

Example |

xo = Init = {{s1,5}}
x1 = Post(xg)ri{Init} = [{
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Antichains for universality checking Forward Antichain Algorithm - Example

Example |

xo = Init = {{s1,5}}
x1 = Post(xg)ri{Init} = [{
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Antichains for universality checking Forward Antichain Algorithm - Example

Example |

xo = Init = {{s1, 5 }}
X1 = POSt(Xo)ﬁ{lnit} = [{{52,53}

Jeremias Holub Antichains in Automata Theory 21/02/2016 25 /77



Antichains for universality checking Forward Antichain Algorithm - Example

Example |

xo = Init = {{s1,5}}
x1 = Post(xg)r1{Init} = |{{s2, 53},
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Antichains for universality checking Forward Antichain Algorithm - Example

Example |

xo = Init = {{s1,5}}
x1 = Post(xg)F1{Init} = |{{s2, 53},
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Antichains for universality checking Forward Antichain Algorithm - Example

Example |

xo = Init = {{s1,5}}
x1 = Post(xg)F1{Init} = |{{s2, 53},
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Antichains for universality checking Forward Antichain Algorithm - Example

Example |

xo = Init = {{s1, 5 }}
x1 = Post(xg)m{Init} = |{{s2, 53}, {51, %, 54}
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Antichains for universality checking Forward Antichain Algorithm - Example

Example |

xo = Init = {{s1, 5 }}
x1 = Post(xg)m1{Init} = |{{s2, 53}, {s1, 2, 4}
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Antichains for universality checking Forward Antichain Algorithm - Example

Example |

xo = Init = {{s1, 5 }}
x1 = Post(xg)F1{Init} = |{{s2, 53}, {s1, 52, sS4} }| 7 {Init}
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Antichains for universality checking Forward Antichain Algorithm - Example

Example |

xo = Init = {{s1, 5 }}
x1 = Post(xg)r1{Init} = {{sp, s3}, {51, 52, 54} } 1 {Init}
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Antichains for universality checking Forward Antichain Algorithm - Example

Example |

xo = Init = {{s1. 5}}
x1 = Post(xp)F{Init} = {{s2, s3}, {s1, %2, 54} } {51, 52}}
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Antichains for universality checking Forward Antichain Algorithm - Example

Example |

xo = Init = {{s1. 5}}
x1 = Post(xg) i {Init} = |{{s1, 5}, {52, 53}, {51, 52, 54} }
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Antichains for universality checking Forward Antichain Algorithm - Example

Example |

xo = Init = {{s1,5}}
x1 = Post(xg)m1{Init} = {{s1, 52}, {s2,53}}
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Antichains for universality checking Forward Antichain Algorithm - Example

Example |

xo = Init = {{s1, 52}}
x1 = Post(xg)m1{Init} = {{s1, 52}, {2, 53}}
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Antichains for universality checking Forward Antichain Algorithm - Example

Example |

xo = Init = {{s1, 52}}
x1 = Post(xg)m1{Init} = {{s1, 52}, {2, 53}}
xp = Post(xy)m{Init} =
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Antichains for universality checking Forward Antichain Algorithm - Example

Example |

xo = Init = {{s1, 52}}
x1 = Post(xg)m1{Init} = {{s1, 52}, {2, 53}}
xp = Post(xy)m{Init} = |{{s1, 52}, {2, 3},
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Antichains for universality checking Forward Antichain Algorithm - Example

Example |

xo = Init = {{s1, 52}}
x1 = Post(xg)m1{Init} = {{s1, 52}, {2, 53}}
xp = Post(xy)m{Init} = |{{s1, 52}, {2, 3},
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Antichains for universality checking Forward Antichain Algorithm - Example

Example |

xo = Init = {{s1, 52}}
x1 = Post(xg)m1{Init} = {{s1, 52}, {2, 53}}
xp = Post(xy)m{Init} = |{{s1, 52}, {2, 3},
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Antichains for universality checking Forward Antichain Algorithm - Example

Example |

xo = Init = {{s1, 52}}
x1 = Post(xg)m1{Init} = {{s1, 52}, {2, 53}}
xp = Post(xy)m{Init} = |{{s1, 52}, {s2, 53}, {51, 53}
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Antichains for universality checking Forward Antichain Algorithm - Example

Example |

xo = Init = {{s1, 52}}
x1 = Post(xg)m1{Init} = {{s1, 52}, {2, 53}}
xp = Post(xy)m{Init} = |{{s1, 52}, {s2, 53}, {51, 53}
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Antichains for universality checking Forward Antichain Algorithm - Example

Example |

xo = Init = {{s1, 52}}
x1 = Post(xg)m1{Init} = {{s1, 52}, {2, 53}}
xp = Post(xy)mi{Init} = |{{s1, 52}, {s2, 53}, {51, 53}
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Antichains for universality checking Forward Antichain Algorithm - Example

Example |

xo = Init = {{s1, 52}}
x1 = Post(xg)m1{Init} = {{s1, 52}, {2, 53}}
xp = Post(xy)mi{Init} = |{{s1, 52}, {s2, 53}, {51, 53}
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Antichains for universality checking Forward Antichain Algorithm - Example

Example |

xo = Init = {{s1, 52}}
x1 = Post(xg)m1{Init} = {{s1, 52}, {2, 53}}
xp = Post(xy)mi{Init} = |{{s1, 52}, {s2, 53}, {51, 53}
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Antichains for universality checking Forward Antichain Algorithm - Example

Example |

xo = Init = {{s1, 52}}
x1 = Post(xg)m1{Init} = {{s1, 52}, {2, 53}}
xp = Post(xy)mi{Init} = |{{s1, 52}, {s2, 53}, {51, 53}
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Antichains for universality checking Forward Antichain Algorithm - Example

Example |

xo = Init = {{s1, 52}}
x1 = Post(xg)m1{Init} = {{s1, 52}, {2, 53}}
xp = Post(xy)m{Init} = |{{s1, 52}, {s2, 53}, {51, 53} }|
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Antichains for universality checking Forward Antichain Algorithm - Example

Example |

xo = Init = {{s1, 52}}
x1 = Post(xg)m1{Init} = {{s1, 52}, {2, 53}}
xp = Post(xy)m{Init} = |{{s1, 2}, {s2, 3}, {51, s3}}|T7{Init}
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Antichains for universality checking Forward Antichain Algorithm - Example

Example |

xo = Init = {{s1, 52}}
x1 = Post(xg)m1{Init} = {{s1, 52}, {2, 53}}
xp = Post(xy)m{Init} = {{s1, s2}, {2, 53}, {51, 53} } 7 {Init}
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Antichains for universality checking Forward Antichain Algorithm - Example

Example |

xo = Init = {{s1, 52}}
x1 = Post(xg)m1{Init} = {{s1, 52}, {2, 53}}
xp = Post(xy)m{Init} = {{s1, 52}, {s2, 53}, {51, s3} } 1 {{s1, 52} }
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Antichains for universality checking Forward Antichain Algorithm - Example

Example |

xo = Init = {{s1, 52}}
x1 = Post(xg)m1{Init} = {{s1, 52}, {2, 53}}
xp = Post(xy)m{Init} = |{{s1, 52}, {s2, 53}, {51, 53} }|
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Antichains for universality checking Forward Antichain Algorithm - Example

Example |

xo = Init = {{s1, 52}}
x1 = Post(xg)m1{Init} = {{s1, 52}, {2, 53}}
xp = Post(xy)m{Init} = {{s1, 52}, {s2, 53}, {51, 53} }
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Antichains for universality checking Forward Antichain Algorithm - Example

Example |

xo = Init = {{s1, 52}}
x1 = Post(xg)m1{Init} = {{s1, 52}, {s2,53}}
xp = Post(xy)m{Init} = {{s1, 52}, {2, 53}, {51, 53}}
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Antichains for universality checking Forward Antichain Algorithm - Example

Example |

xo = Init = {{s1, s»}}

x1 = Post(xg)m{Init} = {{s1, s2}, {s2, s3}}

xp = Post(xy)m{Init} = {{s1, 52}, {2, 53}, {51, 53}}
x3 = Post(xz)m{Init} =

Jeremias Holub Antichains in Automata Theory 21/02/2016 54 /77



Antichains for universality checking Forward Antichain Algorithm - Example

Example |

xo = Init = {{s1, s»}}

x1 = Post(xg)m1{Init} = {{s1, 52}, {s2,53}}

xp = Post(xy)m{Init} = {{s1, 52}, {2, 53}, {51, 53}}
x3 = Post(xz)F1{Init} = |{{s1, 52}, {2, s3}, {51, s3}
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Antichains for universality checking Forward Antichain Algorithm - Example

Example |

xo = Init = {{s1, s»}}

x1 = Post(xg)m1{Init} = {{s1, 52}, {s2,53}}

xp = Post(xy)m{Init} = {{s1, 52}, {2, 53}, {51, 53}}
x3 = Post(xz)F1{Init} = |{{s1, 52}, {2, s3}, {51, s3}
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Antichains for universality checking Forward Antichain Algorithm - Example

Example |

xo = Init = {{s1, s»}}

x1 = Post(xg)m1{Init} = {{s1, 52}, {s2,53}}

xp = Post(xy)m{Init} = {{s1, 52}, {2, 53}, {51, 53}}
x3 = Post(xz)F1{Init} = |{{s1, 52}, {2, s3}, {51, s3}
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Antichains for universality checking Forward Antichain Algorithm - Example

Example |

xo = Init = {{s1, s»}}

x1 = Post(xg)m1{Init} = {{s1, 52}, {s2,53}}

xp = Post(xy)m{Init} = {{s1, 52}, {2, 53}, {51, 53}}
X3 = POSt(Xg)ﬁ“nit} = [{{51,52}, {52,53}, {51,53}
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Antichains for universality checking Forward Antichain Algorithm - Example

Example |

xo = Init = {{s1, s»}}

x1 = Post(xg)m1{Init} = {{s1, 52}, {s2,53}}

xp = Post(xy)m{Init} = {{s1, 52}, {2, 53}, {51, 53}}
x3 = Post(xz)F1{Init} = |{{s1, 52}, {2, s3}, {51, s3}
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Antichains for universality checking Forward Antichain Algorithm - Example

Example |

xo = Init = {{s1, s»}}

x1 = Post(xg)m1{Init} = {{s1, 52}, {s2,53}}

xp = Post(xy)m{Init} = {{s1, 52}, {2, 53}, {51, 53}}
x3 = Post(xz)F1{Init} = |{{s1, 52}, {2, s3}, {51, s3}
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Antichains for universality checking Forward Antichain Algorithm - Example

Example |

xo = Init = {{s1, s»}}

x1 = Post(xg)m1{Init} = {{s1, 52}, {s2,53}}

xp = Post(xy)m{Init} = {{s1, 52}, {2, 53}, {51, 53}}
x3 = Post(xz)F1{Init} = |{{s1, 52}, {2, s3}, {51, s3}
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Antichains for universality checking Forward Antichain Algorithm - Example

Example |

xo = Init = {{s1, s»}}

x1 = Post(xg)m{Init} = {{s1, s2}, {s2, s3}}

xp = Post(xy)m{Init} = {{s1, 52}, {2, 53}, {51, 53}}

x3 = Post(xo)P{Init} = [{{s1, 2}, {s2, 53}, {51, 53}, {51, 53, 54}
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Antichains for universality checking Forward Antichain Algorithm - Example

Example |

xo = Init = {{s1, s»}}

x1 = Post(xg)m{Init} = {{s1, s2}, {s2, s3}}

xp = Post(xy)m{Init} = {{s1, 52}, {2, 53}, {51, 53}}

x3 = Post(xo)P{Init} = [{{s1, 2}, {s2, 53}, {51, 53}, {51, 3, 54}
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Antichains for universality checking Forward Antichain Algorithm - Example

Example |

xo = Init = {{s1, s»}}

x1 = Post(xg)m{Init} = {{s1, s2}, {s2, s3}}

xp = Post(xy)m{Init} = {{s1, 52}, {2, 53}, {51, 53}}

x3 = Post(x2){Init} = [{{s1, 52}, {2, 53}, {s1, 53}, {51, 53, 54} }|
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Antichains for universality checking Forward Antichain Algorithm - Example

Example |

xo = Init = {{s1, s»}}

x1 = Post(xg)m1{Init} = {{s1, 52}, {s2,53}}

xp = Post(xy)m{Init} = {{s1, 52}, {2, 53}, {51, 53}}

X3 = POSt(X2)ﬁ{|nit} = [{{51752}¢ {52a53}7 {51a53}7 {51753754}”':‘{'”“:}
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Antichains for universality checking Forward Antichain Algorithm - Example

Example |

xo = Init = {{s1, s»}}

x1 = Post(xg)m{Init} = {{s1, s2}, {s2, s3}}

xp = Post(xy)m{Init} = {{s1, 52}, {2, 53}, {51, 53}}

x3 = Post(xz)m{Init} = {{s1, s2}, {s2, 53}, {51, s3}}F{Init}
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Antichains for universality checking Forward Antichain Algorithm - Example

Example |

xo = Init = {{s1, s»}}

x1 = Post(xg)m{Init} = {{s1, s2}, {s2, s3}}

xp = Post(xy)m{Init} = {{s1, 52}, {2, 53}, {51, 53}}

x3 = Post(x2){Init} = {{s1, %2}, {s2, 53}, {s1, s3}} 7 {{s1, 2 }}
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Antichains for universality checking Forward Antichain Algorithm - Example

Example |

xo = Init = {{s1, s»}}

x1 = Post(xg)m1{Init} = {{s1, 52}, {s2,53}}

xp = Post(xy)m{Init} = {{s1, 52}, {2, 53}, {51, 53}}
x3 = Post(xp)m1{Init} = |{{s1, 52}, {s2, 53}, {s1, 53} }|
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Antichains for universality checking Forward Antichain Algorithm - Example

Example |

xo = Init = {{s1, s»}}

x1 = Post(xg)m1{Init} = {{s1, 52}, {s2,53}}

xp = Post(xy)m{Init} = {{s1, 52}, {2, 53}, {51, 53}}
x3 = Post(xp)m1{Init} = {{s1, 2}, {s2, 53}, {51, 53} }
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Antichains for universality checking Forward Antichain Algorithm - Example

Example |

xo = Init = {{s1, s»}}

x1 = Post(xg)m1{Init} = {{s1, 52}, {s2,53}}

xp = Post(xy)m{Init} = {{s1, 52}, {2, 53}, {51, 53}}

X3 = POSt(Xg)ﬁ“nit} = {{51,52}, {52,53}, {51,53}} = Xo
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Antichains for universality checking Forward Antichain Algorithm - Example

Example |

xo = Init = {{s1, s»}}

x1 = Post(xg)m{Init} = {{s1, s2}, {s2, s3}}

xp = Post(xy)m{Init} = {{s1, 52}, {2, 53}, {51, 53}}

X3 = POSt(XQ)ﬁ{H’Iit} = {{51,52}, {52,53}, {51,53}} = X2

= least fixpoint!
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Antichains for universality checking Forward Antichain Algorithm - Example

Example |

x3 = Post(xy)m{Init} = {{s1, 52}, {s2, 53}, {51, 53} }
We need to check:

X3§{m}
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Antichains for universality checking Forward Antichain Algorithm - Example

Example |

x3 = Post(xy)m{Init} = {{s1, 52}, {s2, 53}, {51, 53} }

We need to check:

X3§{m} — {51752} - {54} \% {52,53} - {54} \Y {51,53} - {54}
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Antichains for universality checking Forward Antichain Algorithm - Example

Example |

x3 = Post(xp)mi{Init} = {{s1, 52}, {s2, 53}, {51, 53} }
We need to check:
X3§{m} = {51752} c {54} \Y {52,53} o {54} \Y {51753} c {54}

= The automaton is universal!
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Antichains for universality checking Forward Antichain Algorithm - Example

Example | - Execution tree

Remember the execution tree of the subset construction algorithm for
universality checking?

a b
a b a b
- - =" A |
152,55, 152,53, [51,%,53,5
a b a b
B SR P
a b a b
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Antichains for universality checking Forward Antichain Algorithm - Example

Example | - Execution tree

The forward antichain algorithm only expanded {s1, sz}, {s2, s3}, {51, 53}
which is an antichain!

a b
a b a b
)
a b a b
LY ey
a b a b
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Conclusion

Conclusion

problem: checking universality for NFAs

explicit determinization with subset construction can lead to
exponential many states

@ new concept: using antichains

keeps determinization implicit
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Conclusion
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