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Model Checking — The Big Business
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Model Checking — Be Generous

model checking as a method in program verification

@ correctness property

abstraction formalisation

transition system temporal formula

| model checker |

yes/no, counterex.
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Model Checking — Be Generous

model checking as a generic method for problem solving

encoding formalisation

transition system formula

| model checker |




Hutagalung/Lange: Model Checking for String Problems — Model Checking 5/20

Model Checking for Decision Problems

how to use model checking technology to solve decision problem P

Q take suitable logic £ with decidable model checking problem
@ find suitable encoding enc for instances of P

© find suitable defining formula ¢p

x e P iff enc(x) = pp
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Model Checking for Decision Problems

how to use model checking technology to solve decision problem P

Q take suitable logic £ with decidable model checking problem
@ find suitable encoding enc for instances of P

© find suitable defining formula ¢p

x e P iff enc(x) = pp

@ optimise model checking algorithm for £ into algorithm for P
using partial evaluation



Hutagalung/Lange: Model Checking for String Problems — String Problems

String Problems

input: wy,...,w, € L*

compute

» longest common substring (LCST):
vsuchthat w,=...v... foralli=1,...,n

6/20
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String Problems

input: wy,...,w, € L*
compute

» longest common substring (LCST):
vsuchthat w,=...v... foralli=1,...,n

» shortest common superstring (SCST):
vsuchthatv=...w;...foralli=1,...,n

» longest common subsequence (LCSS):

ai...agsuchthatw, =...a1...ar...... ag...foralli=1,...,n
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String Problems

input: wy,...,w, € L*

compute

» longest common substring (LCST):
vsuchthat w,=...v...foralli=1,...,n

» shortest common superstring (SCST):
vsuchthatv=...w;...forall /=1 ..., n

» longest common subsequence (LCSS):

ai...agsuchthatw,=...a1...ax...... ag...foralli=1
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Algorithmic Solutions to String Problems

input: wy,...,w, € £*, assuming |w;| < m

» dynamic programming in O(m")

» suffix tree algorithm in O(mn)
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String Problems via Computational Logic

goal: take suitable logic £
define these string problems in £ on suitable input representation

use model checking and partial evaluation to design algorithms for
LCST, SCST, LCSS

slight mismatch: LCST, SCST, LCSS are computation problems
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The Modal p;-Calculus

syntax

pu=q|qlene|eve|(a)e|[ale | X | puX.e|vX.p

interpreted in states of a transition system
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The Polyadic p-Calculus

syntax [Andersen’94,0tto’99]

eu=q;|qi | ehe | Ve | (a)ip | [alie | X | pX.o | vX.p | {i+ j}o
with1<i<d

interpreted in d-tuples of states of a transition system
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The p-Calculus
syntax

eu=q;|qi | ehe | Ve | (a)ip | [alie | X | pX.o | vX.p | {i+ j}o
with1<i<d

interpreted in d-tuples of states of a transition system
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The p-Calculus
syntax
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The p-Calculus
syntax

eu=q;|qi | ehe | Ve | (a)ip | [alie | X | pX.o | vX.p | {i+ j}o
with1<i<d

interpreted in d-tuples of states of a transition system
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The Polyadic p-Calculus

} _ 1 2
Fact: £ﬂ—£iu§£u§...§£7j

standard example: ﬁi can define bisimilarity

vX (@ Va) A (Nlali(a)2X) A{(1,2) + (2,1)}X

other simulations definable [Andersen’94, L./Lozes/Vargas'12]
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The Polyadic p-Calculus

. _pl 2
Fact: £, =L, <L, <...< L[}

standard example: ﬁi can define bisimilarity

vX (@ Va) A (Nlali(a)2X) A{(1,2) + (2,1)}X

other simulations definable [Andersen’94, L./Lozes/Vargas'12]
Thm.: £2 = PTIME/~ [Ott0'09]
Thm.: Ei satisfiability is undecidable [Otto’99]

Thm.: Eg model checking in O((en*)9) [L./Lozes'12]
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Defining String Problems in L}

consider input wy,...,w, as transition system, e.g.
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a 3 3 ¢ 3 t a c 3 3
00 —0-0—0 000

Srest=vX.(Ai) AV (b)i(b)2(b)sX
i=1 be{a,c,g,t}
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Defining String Problems in L

., W, as transition system, e.g.

consider input w, ..

1

i

Srest =vX.(A i) /\b {\/ <}b>1<b>2(b>3X
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Defining String Problems in L}

consider input wy, ..., w, as transition system, e.g.

Srest =2 X (AN i) AV (b)1(b)2(b)sX
i=1 be{a,c,g,t}
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Defining String Problems in L}

consider input wy, ..., w, as transition system, e.g.

Srest =P X (A i) AV (b)i(b)2(b)3X
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Defining String Problems in L}
consider input wy, ..., w, as transition system, e.g.

c t a c a

o000 000000
a a c t a

*-0-0—0-0—0 00

a c t a C
00 —0-0—0-0—0°:0

Srest =X (AN i) AV (b)1(b)a(b)sX
i=1 be{a,c,g,t}
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Defining String Problems in L}
consider input wy,...,w, as transition system, e.g.

C t a C a

o -—0°-0—0-0-0-0-0:0
a a c t a

-0 -0-0-0—0-0°0

a c t a c
050000000

drest = vX.( 1ii) /\be{\/ t<}b>1<b>2(b>3X = 1
1= a,c,g,
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Defining String Problems in L7

consider input wy, ..., w, as transition system, e.g.

Prest = 13X ( ' i) b{V (}b>1(b>2(b>3X
i= €13a,c,8,t

longest common substrings acg and cgt found in penultimate
iteration



@ An Algorithm for LCS
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Using Partial Evaluation
observations on model checking ®csT

» deterministic transition relation
» sets of n-tuples with exactly one state per input word
» operations: union, left-shift-by-one, intersection

» needed in each step: occurrences of a,c, g,t

maintain occurrence sets for b € {a,c, g, t}

Occ(b) = {ji| wi(j) = b}
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Using Partial Evaluation
observations on model checking ®csT

» deterministic transition relation
» sets of n-tuples with exactly one state per input word
» operations: union, left-shift-by-one, intersection

» needed in each step: occurrences of a,c, g,t

maintain occurrence sets for b € {a,c, g, t}

Occ(b) = {ji| wi(j) = b}

extend to occurrences of subwords w € {a,c,g,t}" by

Occ(bw) := Occ(b)N{ji| (+1)i € Occ(w)}
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Solutions

Def.: w is solution if Vi 3j. ji € Occ(w)

Lemma: bw is solution = w is solution
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Solutions

Def.: w is solution if Vi 3. j; € Occ(w)

Lemma: bw is solution = w is solution

Algorithm LCST

procedure LCST(wy, ..., w,)
S+ X%
compute Occ(b) for all b e X
repeat
S+ S
S+ {bw|weS bexr}
compute Occ(bw) for all bw € S
eliminate non-solutions from S
until S =0
return {(w, Occ(w)) | w € §'}
end procedure
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Example (Continued)

11,51,71, 32,
13,33,73

31,61,02, 17,
52,03,53
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Example (Continued)

31,61,02, 17,

13,51,71,32, -
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Example (Continued)

31,61,02, 17, 11,51, 71, 32,

13,33,73

52,03,53




Hutagalung/Lange: Model Checking for String Problems — An Algorithm for LCS 15/20

Example (Continued)

31,61,02, 17,
52,03,53

t a/ C é\t
(Bint) (i) @

11,51,71, 32,
13,33,73
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Example (Continued)

31,61, 05, 15, \

1,51, 71,
52,03,53 13,33,73

t a a

21,42,43 [31,12753j [61752,03j
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Example (Continued)

31,61,02, 17,
52,03,53

11,51,71, 32,
13,33,73

Gnn)  Gus) @Ee) ([BE®
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Example (Continued)

31,61,02, 17,
52,03,53
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Example (Continued)

31,61,02, 17,

11,51, 71, 32,

21,47,43

52,03,53 13,33, 73
t a a c g
21,42,43 [31,12753j [61,52,03] [g;:g;’22i} [EEZ§2,33
a C

[31,12,53j [01722,23]

15/20
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Further Optimisations

for instance: bw not a solution = bwb’ not a solution

~> point to longest prefix
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Further Optimisations

for instance: bw not a solution = bwb’ not a solution

~> point to longest prefix
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€ 23,63
... »
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S, llp, By 01,22,23
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Complexity Analysis

input wa, ..., w, with |w;| < m

Algorithm LCST can be made to explore at most O(nm) many
occurrence sets.

PROOF IDEA: partition nodes in this graph into three kinds
» non-extendable to the left <m
» extendable to the left by multiple letters < nm

» others <m
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Benchmark

LCST against suffix tree algorithm on genome analysis between
bacteria / viri
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Online Potential

conceptual comparison between LCST and suffix tree algorithm

» similar tree-like data structure ~» similar optimisations possible

> built differently
» suffix tree alg. processes input words one-by-one

» LCST processes common subwords one-by-one

rule of thumb: after half the running time

» suffix tree alg. finds longest common substring of half the
inputs

» LCST finds half-longest common substring of all inputs



The End
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