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Abstract

Problem: bisimulation for asynchronous discrete-event models
Limited to: systems with deterministic transitions

Converted to reachability problem.

Apply saturation heuristic

For large quotient spaces: fastest symbolic bisimulation algorithm

Bisimulation problem symbolically solvable for large quotient spaces, for
deterministic systems with strong event locality.
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® Given a DCLTS (S, Sjnit, €, T¢,C, C),
Sint €S, Te CSXEXS, To:S+S,¢:S—=C
o~ largest equivalence relation B C S x S where:

Each pair in B has the same color, and
v(p,q) € B: ¢(p) = c¢(q)
° also has matching transitions to pairs in B
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VaecENP eS,(p3p =39 €S,g3q A (p,q) eB)

Malcolm Mumme, Gianfranco Ciardo (UCR) Fully Symbolic Bisimulation RP 2011 7 /56



Preliminaries Background

Matching Transitions to Pairs in B.

v(p.q) € B:
VaeEvp eS,(p3p =39 €S,93 g AP, q) eB)

jo]
jo]
2

Malcolm Mumme, Gianfranco Ciardo (UCR) Fully Symbolic Bisimulation

RP 2011

8/56



Preliminaries Background

Bisimulation facts

@ Extensional notion of equivalence of states in automata

Malcolm Mumme, Gianfranco Ciardo (UCR) Fully Symbolic Bisimulation RP 2011 9/56



Preliminaries Background

Bisimulation facts

@ Extensional notion of equivalence of states in automata
@ O(mlog n) time algorithm (Paige & Tarjan '87)

Malcolm Mumme, Gianfranco Ciardo (UCR) Fully Symbolic Bisimulation RP 2011 9/56



Preliminaries Background

Bisimulation facts

@ Extensional notion of equivalence of states in automata
@ O(mlog n) time algorithm (Paige & Tarjan '87)
@ O(m) time for single function coarsest partition ( & Bonic ’85)

Malcolm Mumme, Gianfranco Ciardo (UCR) Fully Symbolic Bisimulation RP 2011 9/56



Preliminaries Background

Bisimulation facts

@ Extensional notion of equivalence of states in automata

@ O(mlog n) time algorithm (Paige & Tarjan '87)

@ O(m) time for single function coarsest partition ( & Bonic ’85)
@ no cycles — O(m)

Malcolm Mumme, Gianfranco Ciardo (UCR) Fully Symbolic Bisimulation RP 2011 9/56



Preliminaries Background

Bisimulation facts

@ Extensional notion of equivalence of states in automata

@ O(mlog n) time algorithm (Paige & Tarjan '87)

@ O(m) time for single function coarsest partition ( & Bonic ’85)
@ no cycles — O(m)

@ Explicit: data structures < edges, nodes

Malcolm Mumme, Gianfranco Ciardo (UCR) Fully Symbolic Bisimulation RP 2011 9/56



Preliminaries Background

Bisimulation facts

@ Extensional notion of equivalence of states in automata

@ O(mlog n) time algorithm (Paige & Tarjan '87)

@ O(m) time for single function coarsest partition ( & Bonic ’85)
@ no cycles — O(m)

@ Explicit: data structures <+ edges, nodes
@ Symbolic: Decision Diagrams « tuplesets

Malcolm Mumme, Gianfranco Ciardo (UCR) Fully Symbolic Bisimulation RP 2011



Preliminaries Background

Bisimulation facts

@ Extensional notion of equivalence of states in automata

@ O(mlog n) time algorithm (Paige & Tarjan '87)

@ O(m) time for single function coarsest partition ( & Bonic ’85)
@ no cycles — O(m)

@ Explicit: data structures <+ edges, nodes
@ Symbolic: Decision Diagrams «» tuplesets
@ Bouali and Di Simone '92

Malcolm Mumme, Gianfranco Ciardo (UCR) Fully Symbolic Bisimulation RP 2011



Preliminaries Background

Bisimulation facts

@ Extensional notion of equivalence of states in automata

@ O(mlog n) time algorithm (Paige & Tarjan '87)

@ O(m) time for single function coarsest partition ( & Bonic ’85)
@ no cycles — O(m)

@ Explicit: data structures <+ edges, nodes
@ Symbolic: Decision Diagrams «» tuplesets

e Bouali and Di Simone '92
@ Dovier, Piazza, and Policriti ‘04

Malcolm Mumme, Gianfranco Ciardo (UCR) Fully Symbolic Bisimulation RP 2011



Preliminaries Background

Bisimulation facts

@ Extensional notion of equivalence of states in automata

@ O(mlog n) time algorithm (Paige & Tarjan '87)

@ O(m) time for single function coarsest partition ( & Bonic ’85)
@ no cycles — O(m)

@ Explicit: data structures <+ edges, nodes
@ Symbolic: Decision Diagrams «» tuplesets

e Bouali and Di Simone '92
@ Dovier, Piazza, and Policriti ‘04
o Wimmer, Herbstritt, and Becker '07

Malcolm Mumme, Gianfranco Ciardo (UCR) Fully Symbolic Bisimulation RP 2011



Preliminaries Background

Bisimulation facts

@ Extensional notion of equivalence of states in automata

@ O(mlog n) time algorithm (Paige & Tarjan '87)

@ O(m) time for single function coarsest partition ( & Bonic ’85)
@ no cycles — O(m)

@ Explicit: data structures <+ edges, nodes

@ Symbolic: Decision Diagrams «» tuplesets

Bouali and Di Simone '92

Dovier, Piazza, and Policriti '04
Wimmer, Herbstritt, and Becker 07
This paper ’11

Malcolm Mumme, Gianfranco Ciardo (UCR) Fully Symbolic Bisimulation RP 2011



Preliminaries Background

Quasi-Reduced Multi-Way Decision Diagrams QMDDs

Xy XY)
(020 3)

oL ol (0212)
BEDNBDN RIS eRe
x’ (0402)

(0414)

(1202)

¥ (1303)

(1314)

(1404)

(1412)

Malcolm Mumme, Gianfranco Ciardo (UCR) Fully Symbolic Bisimulation RP 2011 10/56



Preliminaries Background

QMDDs Represent Relations (Tuple-Sets)

Malcolm Mumme, Gianfranco Ciardo (UCR) Fully Symbolic Bisimulation RP 2011 11/56



Preliminaries Background

QMDDs Represent Relations (Tuple-Sets)

@ Each path in MDD (graph) corresponds to tuple in relation.

Malcolm Mumme, Gianfranco Ciardo (UCR) Fully Symbolic Bisimulation RP 2011 11/56



Preliminaries Background

QMDDs Represent Relations (Tuple-Sets)

@ Each path in MDD (graph) corresponds to tuple in relation.

@ Canonical: sharing «» compression, comparison, unique table,
non-mutable.

Malcolm Mumme, Gianfranco Ciardo (UCR) Fully Symbolic Bisimulation RP 2011 11/56



Preliminaries Background

QMDDs Represent Relations (Tuple-Sets)

@ Each path in MDD (graph) corresponds to tuple in relation.

@ Canonical: sharing «» compression, comparison, unique table,
non-mutable.

@ Set operations implemented in SMART MDD library.

Malcolm Mumme, Gianfranco Ciardo (UCR) Fully Symbolic Bisimulation RP 2011 11/56



Preliminaries Background

QMDDs Represent Relations (Tuple-Sets)

@ Each path in MDD (graph) corresponds to tuple in relation.

@ Canonical: sharing «» compression, comparison, unique table,
non-mutable.

@ Set operations implemented in SMART MDD library.
@ Efficient memoized recursive algorithms for set operations:

(IO W0\ ©).

Malcolm Mumme, Gianfranco Ciardo (UCR) Fully Symbolic Bisimulation RP 2011 11/56



Preliminaries Background

QMDDs Represent Relations (Tuple-Sets)

@ Each path in MDD (graph) corresponds to tuple in relation.

@ Canonical: sharing «» compression, comparison, unique table,
non-mutable.

@ Set operations implemented in SMART MDD library.

@ Efficient memoized recursive algorithms for set operations:
(1O U N, 1\, ©).

@ Efficient memoized recursive algorithms for functional operations:
(3,V, x,0,()7").

Malcolm Mumme, Gianfranco Ciardo (UCR) Fully Symbolic Bisimulation RP 2011 11/56



Preliminaries Background

QMDDs Represent Relations (Tuple-Sets)

@ Each path in MDD (graph) corresponds to tuple in relation.

@ Canonical: sharing «» compression, comparison, unique table,
non-mutable.

@ Set operations implemented in SMART MDD library.
@ Efficient memoized recursive algorithms for set operations:

(1O U N, 1\, ©).

@ Efficient memoized recursive algorithms for functional operations:
(3,V, x, o, ()_1 ).

@ SMART Saturation-based state-space generation.

Malcolm Mumme, Gianfranco Ciardo (UCR) Fully Symbolic Bisimulation RP 2011 11/56



Preliminaries Background

QMDDs Represent Relations (Tuple-Sets)

@ Each path in MDD (graph) corresponds to tuple in relation.

@ Canonical: sharing «» compression, comparison, unique table,
non-mutable.

@ Set operations implemented in SMART MDD library.

@ Efficient memoized recursive algorithms for set operations:
(1O U N, 1\, ©).

@ Efficient memoized recursive algorithms for functional operations:
(3,V, x, o, ()_1 ).

o SMART Saturation-based state-space generation.

@ Variable ordering matters.

Malcolm Mumme, Gianfranco Ciardo (UCR) Fully Symbolic Bisimulation RP 2011 11/56



Preliminaries Background

Variable Ordering Matters (1)

Xy XY)
(0203)

oL "l (0212)
BEONBRN RIS eRe
« | (0402)

(0414)

(1202)

Y | (1303)

(1314)

(1404)

(1412)

Malcolm Mumme, Gianfranco Ciardo (UCR) Fully Symbolic Bisimulation RP 2011 12/56



Preliminaries

Background

Variable Ordering Matters (2)

X,y

—>X’,_Y'

—~

<

o~~~ o~~~ o~~~ o~~~

- - 2 4 24 000 00O0

<

AP OONPPPOONDDN
~— T S Y Y N S S S~ ~—

-~

—~

>

R R A A A A A A A

o~~~ o~~~ o~ o~~~ o~

- 0O -2 00 —+20—-+-0-—=+0

<

DEPONAENOEN WS

<

~
~

Malcolm Mumme, Gianfranco Ciardo (UCR)

Fully Symbolic Bisimulation

RP 2011

13 /56



Preliminaries Background

Variable Ordering Matters (3)

Xy X¥)
(0203)

= Tl (0212)
BEDNBBN RIS eRe
« | (0402)

(0414)

(1202)

Y | (1303)

(1314)

(1404)

(1412)

Malcolm Mumme, Gianfranco Ciardo (UCR) Fully Symbolic Bisimulation RP 2011 14 /56



S N~ o~~~ o~~~ o~~~

~ A S >

N o~ o~ o~~~ o~~~ o~~~
—~ —— —— N R

o~~~ o~~~ o~ o~~~

T o T e T T T -

N~~~ o~~~ o~ o~~~

T T T T e~~~ ~——

Preliminaries Background

c
S
s
=)
E
2
m
L
‘S
o
=
>
D
>
=
[T

0.3—4.2
®—0-®
=8
X, Y

- X",y

S
()]
p -
o)
=
©
=
o
C
—
o)
O
e
@)
o
e
S
@
>

Malcolm Mumme, Gianfranco Ciardo (UCR)



S N~ o~~~ o~~~ o~~~

~— A N >

N o~ o~ o~~~ o~~~ o~~~
—~ o~ T N N R

o~~~ o~~~ o~~~ o~~~

T T T e T -~

N~~~ o~~~ o~ o~~~

T T T T e~~~ ~——

Preliminaries Background

c
S
s
=)
E
2
m
L
‘S
o
=
>
D
>
=
[T

0.3—4.2
®—0-®
=8
X, Y

- X",y

)
()]
p -
o)
=
©
=
o
C
—
o)
O
e
@)
o
e
S
@
>

Malcolm Mumme, Gianfranco Ciardo (UCR)



Preliminaries Background

Variable Ordering Matters (6)

(xx'yy)
| (0023)
(0034)
. | (0042)
(0122)
vy | (0133)
(0144)
(1022)
¥ 1 (1033)
(1044)
(1134)
(1142)

Malcolm Mumme, Gianfranco Ciardo (UCR) Fully Symbolic Bisimulation RP 2011 17 /56



Preliminaries Background

Variable Ordering Matters (7)

(000000)
(001001)
(010010)
(011011)
(100100)
(101101)
(110110)
(111111)

Malcolm Mumme, Gianfranco Ciardo (UCR)

Fully Symbolic Bisimulation

RP 2011

18 /56



Preliminaries Background

Set Closure (reachability in a finite space S)

Given: Te CS x S indexed set of transition relations
Given: Sijpy € S set of initial states
Returns: S C S = (Uaee Ta)*(Sinit) states reachable from S;;;

by transitions 7¢
Breadth-first algorithm:

Algorithm: lterative TransitiveClosure

Q Temp < Unee T
Q Stemp < Sinit
© Repeat:
@ Stemp < Stemp U Ttemp (Stemp)
Q Until Stemp converges
@ Return: S = Stemp
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@ Saturation assumptions:
e Symbolic representation of states with K variables S=8kx---xS8
e Partition 7 into |J, ¢ 7o SO that £ = K'... 1 and the support of 7, is
within variables .. . . 1
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Preliminaries Background

Set Closure (reachability in a finite space S)

Given: T'x 1 C S8 x S indexed set of transition relations
Given: Sijpr € S set of initial states
Returns: S € S = (Uaek..1 Ta)* (Sinit) states reachable from S;;

by transitions 7¢
First call saturation based algorithm: SatClosure(7.1, Sinit)
Saturation-based algorithm: (memoization code not shown)

Algorithm: SatClosure(7y.1, Sinit)

Q Stemp — Sinit

© Repeat:
e For each child s; of Siemp do: 5] «+ SatClosure((7/_4.1, Si))
® Stemp < new node with children s,
@ Stemp < Stemp U 77(/ (Stemp)

© Until Stemp converges

Q Return: S = Stemp
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Preliminaries Background

Bisimulation algorithms

Generic iterative splitting algorithm:
Iterative update of some equivalence relation variable B.

@ Start with B = coarsest partition of state space S, S x S (~C B)
@ Initially split B based on state color

@ lteratively remove implausible members from 5 when required by
definition of Bisimulation, by splitting 3 into smaller blocks.
VacEVP €S, (p3pP =30 €S,g5d N p.q)€B)

@ lteration continues until all equivalence classes have been used
as splitters.

@ |B| shrinks monotonically

Malcolm Mumme, Gianfranco Ciardo (UCR) Fully Symbolic Bisimulation RP 2011 22/56



Preliminaries Background

Matching Transitions to Pairs in B.

v(p.q) € B:
VaeEvp eS,(p3p =39 €S,93 g AP, q) eB)

jo]
jo]
2

Malcolm Mumme, Gianfranco Ciardo (UCR) Fully Symbolic Bisimulation

RP 2011

23 /56
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Splitting (Contrapositive).

v(p.q) € B:
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Our Algorithm Main Idea

Splitting with Deterministic Transitions (main idea).
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Our Algorithm Main Idea

Splitting with Deterministic Transitions (simplified).
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Our Algorithm Main Idea

Splitting with Deterministic Transitions (BPRR).

Po = (To X To) ™! (Vo € &)

v
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Our Algorithm Main Idea

Splitting with Deterministic Transitions (BPRR).

(p ~? q) (P A Q)
aw > aw
0 * q) 0 * 4q)
Po = (Ta x Ta) ™! (Va € &)

v
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Our Algorithm Main Idea

Splitting with Deterministic Transitions (BPRR).

(S0,50) = (50,51) < (S0,S2) < (S0,83) < (S0,54) (S0,85)
J J 1) 1)
(s1,50) (81,51) < (51,52) (s1,83) = (51,54) < (S51,85)

f f U i} i}

(82,50) (82,51) = (52,52) (82,83) (82,54) = (52,S5)
f 4
(83,5) = (83,51) < (S3,52) (83,83) = (83,54) = (S3,85)
() J J () |}
(84,50) < (54,51) < (S4,52) (S4,83) < (54,54) (S4,85)

f I I
(85,50) < (S5,51) (S5,82) = (S5,83) < (S5,84) (Ss5,85)
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Our Algorithm

Main Idea

Splitting with Deterministic Transitions (BPRR).

(So~S0) => (So?S1) <= (S0782) <= (So?S3) < (So?Ss)  (So’Ss)
4 4 T T
(517s9) (S1~81) < (517s2) (51783) = (51784) <« (S174S5)

f i) 4 T g
<32?30> (SQ?S1> = <32N32> <52?33> (SQ?S4> = (SQ?S5>

i) 4
(83780) = (837S1) < (S378p) (S3~S3) = (837s4) = (S378s)

) 4 4 T )
(84750) < (847S1) < (84782) (84783) < (S4~S4)  (S47Ss5)

1) 4 4
(s5780) < (s5751)  (S57%2) = (S57S3) < (S57Sa)  (S5~S5) |
P = cheg Pa
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Our Algorithm Main Idea

Splitting with Deterministic Transitions (BPRR).

(So~80) = (So7451) <= (So7#S2) <= (SoS3) <= (So#Ss)  (S07Ss)
U J f f
(S1%80) (81~81) < (517s2) (S1%483) = (817%484) < (S17Ss5)

) ) Y [} T
(S2480)  (S27S1) = (So~S2)  (S2#S3)  (S2%S4) = (Sp7tSs)
) J
(S374S0) = (Saris1) < (SaS2)  (S3~S3) = (S3?S4) = (S3Ss)
f U U () ()
(S47480) <= (SatS1) & (Sa74S2)  (Sa?S3) <« (Sa~Sa)  (Sa7Ss)
f U U
(S57¢50) <= (S574S1)  (S574S2) = (S574S3) < (S574Sa)  (S5~S5)

Use Saturation-based set closure.
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Our Algorithm Main Idea

Splitting with Deterministic Transitions (BPRR).

(So~S0) = (So#%S1) < (S074S2) < (S07S3) < (So#Sa)  (So#Ss)
(2 (2 i) i)
(s1750)  (s1781) < (S81~82)  (S1783) = (S17454) < (S1%S5)

i) i) U ) i}

(S2780)  (S2~S1) = (S2~S2)  (S274S3)  (S274Sa) = (S2Ss)
i) (8
(S3780) = (S37%S1) & (S374S2)  (S3~S3) = (S3~S4) = (S37S5)
f U % f )
(Sa7v50) < (Sats1) < (SatS2)  (Sa~S3) < (Sa~Sa)  (SaSs)

f 4 I
(S57%S0) < (S57S1)  (S574S2) = (S57£S3) & (S5%S4)  (S5~S5) ]

Only bisimilar pairs remain.
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Our Algorithm Main Idea

Splitting with Deterministic Transitions (BPRR).

(So~Sp) = = = =
(8 (8 i) i)
(S1~81) <= (S1~82) = <=
i) i) I ) i}
(S2~81) = (S2~S2) -
i) (8
= < (S3~83) = (S3~54) =
f % % f ()
<= & (S4~83) <= (S4~54)
f 4 4
= = & (S5~85)

Only bisimilar pairs remain.
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e Our Algorithm

@ Building the algorithm
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Our Algorithm Building the algorithm

Alteration of generic splitting algorithm.

@ Initial partition, then iterative splitting based on pair relations.
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Our Algorithm Building the algorithm

Alteration of generic splitting algorithm.

@ Initial partition, then iterative splitting based on pair relations.
@ Two ways a pair may be non-bisimilar:

@ (initial)
p ~?q p # q
P P
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Our Algorithm Building the algorithm

Alteration of generic splitting algorithm.

@ Initial partition, then iterative splitting based on pair relations.
@ Two ways a pair may be non-bisimilar:
@ (initial)
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Our Algorithm Building the algorithm

Constructing BPRRs.

Given bisimulation problem for DCLTS (S, Sjnit, €, T¢,C, C):

Malcolm Mumme, Gianfranco Ciardo (UCR) Fully Symbolic Bisimulation RP 2011 41/56



Our Algorithm Building the algorithm

Constructing BPRRs.

Given bisimulation problem for DCLTS (S, Sjnit, €, T¢,C, C):
@ Transitions: 7¢ CS x S (and the corresponding 7;)
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Our Algorithm Building the algorithm

Constructing BPRRs.

Given bisimulation problem for DCLTS (S, Sjnit, €, T¢,C, C):
@ Transitions: 7¢e CS x S (and the corresponding 7;)
@ Construct new domain: B=8 x S
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Our Algorithm Building the algorithm

Constructing BPRRs.

Given bisimulation problem for DCLTS (S, Sjnit, €, T¢,C, C):
@ Transitions: 7¢e CS x S (and the corresponding 7;)

@ Construct new domain: =S xS
@ Create BPRRs: P: C B x B.
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Our Algorithm Building the algorithm

Constructing BPRRs.

Given bisimulation problem for DCLTS (S, Sjnit, €, T¢,C, C):
@ Transitions: 7¢e CS x S (and the corresponding 7;)
@ Construct new domain: B=8 x S
@ Create BPRRs: Ps C B x B.

@ P,((s1,52)) = pairs (s3, S4)
where s1 = T,(S3) A S2 = Ta(S4) (Vo € €)
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Our Algorithm Building the algorithm

Constructing BPRRs.

Given bisimulation problem for DCLTS (S, Sjnit, €, T¢,C, C):
@ Transitions: 7¢e CS x S (and the corresponding 7;)
@ Construct new domain: B=8 x S
@ Create BPRRs: Ps C B x B.
® Pa((s1,52)) = pairs (s, S4)

where s1 = T,(S3) A S2 = Ta(S4) (Vaef)
® Po=(T,xT)" (Vo € &)
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Our Algorithm Building the algorithm

Initial Partition.

Given bisimulation problem for DCLTS (S, Sjnit, €, T¢,C, C):
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Our Algorithm Building the algorithm

Initial Partition.

Given bisimulation problem for DCLTS (S, Sjnit, €, T¢,C, C):
@ Transitions: 7¢ C S x &, Pair domain: B=8 x S
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Our Algorithm Building the algorithm

Initial Partition.

Given bisimulation problem for DCLTS (S, Sjnit, €, T¢,C, C):
@ Transitions: 7¢ C S x &, Pair domain: B=8 x S

@ Partition according to coloring function
c(s)={aecfFseS:(sd) T}
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Our Algorithm Building the algorithm

Initial Partition.

Given bisimulation problem for DCLTS (S, Sjnit, €, T¢,C, C):
@ Transitions: 7¢ C S x &, Pair domain: B=8 x S
@ Partition according to coloring function
c(s)={aecé&FeS:(s,8)eT,}
@ Initial Partition: Bjn; C B, where only 1 member of each pair
enables 7., for some a € &.
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Our Algorithm Building the algorithm

Initial Partition.

Given bisimulation problem for DCLTS (S, Sjnit, €, T¢,C, C):
@ Transitions: 7¢ C S x &, Pair domain: B=8 x S

@ Partition according to coloring function
c(s)={aecé&FeS:(s,8)eT,}

@ Initial Partition: B C B, where only 1 member of each pair
enables 7,, for some o € £.

@ States where 7, is enabled: S,) = {s € S|35": (s,¢') € T}
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Our Algorithm Building the algorithm

Initial Partition.

Given bisimulation problem for DCLTS (S, Sjnit, €, T¢,C, C):
@ Transitions: 7¢ C S x &, Pair domain: B=8 x S
@ Partition according to coloring function
c(s)={aecé&FeS:(s,8)eT,}
@ Initial Partition: B C B, where only 1 member of each pair
enables 7,, for some o € £.
@ States where 7, is enabled: S,) = {s € S|3s": (s, §') € T}

@ Initial Partition: Binit = Uaeg (S[a] X (S \ S[a])) U ((S \ S[u]) X S[a]) .
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Our Algorithm Building the algorithm

Algorithm

@ Given bisimulation problem for DCLTS (S, Sjnit, €, T¢,C, C):
@ Transitions: Te CS x S (and the corresponding 7;)

Algorithm: SaturationBisimulation(S, T;)

o Define: B=S xS
For (o € &) loop: P, + (T x T2)™!
For (8 € K : 1) loop: P35 = Ua mop(7a)=p Pa merge by level

e Construct: Bjiz UaeE (S[a] X (S \ S[a])) U ((S \ S[a]) X S[a]) where
Sjo) ={s€ 8|35 : (s5,5") € Ta}.

~ « SatClosure(Pjy.;, Binit)

Return: B\ ~ —
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e Results and Future Work
@ Performance Results
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Results and Future Work

Performance Results

Combined N token “Kanban” Model Results

Performance for kanban model bisimulation

Space (B) vs. N

Runtime (s) vs. N

100000 1.0E+09
10000
1000 / 1.0E+08 /
1?8 _— 1.0E+07
1 1.0E+06 //////1
0.1 iz
001 T T T T T T T T T 1 OE+O5 T T T T T T T T T

123456789101 123456789101

N = tokens Wimmer et al ™ Saturation
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Results and Future Work Performance Results

Combined N process “Robin” Model Results

Performance for round-robin scheduler model bisimulation

Runtime (s) vs. N Space (B) vs. N
100000 1.0E+09
10000
1000 1.0E+08 /
1(1’8 1.0E+07 /
Tz = 1.0E+06
0.1 V4
0.01 —_ 1.0E+05 —
0 5 10 15 20 25 0 5 10 15 20 25

N = processes Wimmer et al ™ Saturation
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Results and Future Work Performance Results

Combined N process “Leader’” Model Results

Performance for leader model bisimulation

Runtime (s) vs. N Space (B) vs. N

1.0E+09
10000.000
1000.000 /_/\/f4
100.000 v 1.0E+08
10.000 ——
1.000 — 1.0E+07 ‘ ‘
0 5 10 15 0 5 10 15

N = processes Wimmer et al ™ Saturation
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Results and Future Work Performance Results

Cascade model
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Results and Future Work Performance Results

Combined 3 x N stage “Cascade” Model Results

Performance for cascade model bisimulation

Runtime (s) vs. N Space (B) vs. N
| /
100

,
/
/A 1.0E+7
/

10
1 / ’;
0.1 1.0E+5 /
0.01 +—
0.001 1.0E+3

1 10 100 1000 1 10 100 1000

N = classes = stages Wimmer et al =™ Saturation
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e Results and Future Work

@ Discussion
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Results and Future Work Discussion

Discussion of Results

Qualitative evaluation of Quantitative results:
@ Saturation performed well in all cases (especially Robin.).

@ Inflated resource usage for our implementation of Wimmer’s
algorithm.

@ Saturation is not necessarily always fastest.
Additional Thoughts:
@ Additional optimizations are possible for our algorithm.
@ Our implementation of Wimmer’s algorithm needs adjustment.
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e Results and Future Work

@ Future Work
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Results and Future Work Future Work

Future Work

Improvements to current work:
@ Extend to non-deterministic transitions.
@ “Weak” bisimulation (invisible transitions).
@ SMART Additional optimization and tuning.

Malcolm Mumme, Gianfranco Ciardo (UCR) Fully Symbolic Bisimulation RP 2011



Summary
Summary

@ Implementation of bisimulation algorithms in SMART
@ Comparison using Petri net models.

@ Obtained fully-symbolic algorithm with good performance even
with many classes
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Summary

The End

fin
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