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T'he Boyer-Moore Algorithm

[Boyer & Moore, Commun. ACM '77]

* Optimisation by skipping characters
» SkipValue can be computed beforehand.

Finite

SkipValue :|(X X |pat|)|— Z>g
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Pattern Matching

N S Ut ' Target String )'

» String str: dbacdc

B

» Regular Language L : dc*{ba|dc}

="

Qutput L
13,9) | str(i,j) € L} = 1(1,3),(4,7);
str(1,3) =dba € L, str(4,7) =dcd € L
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Naive Algorithm for
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e? L(d
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0d
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dc})
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Naive Algorithm for
Pattern Matching

d badcdoCc

d badcdoce? Lo
c? L(c

— 7 L(c
i Founa!; .

c*{
c*{
c*{

e? L(dc*{ba
e? L(dc*{ba
e? L(dc*{bal|dc})

0d
0d

0d

dc})
dc})

dc})
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dc})
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The Boyer-Moore type Algorithm

for Pattern Matching

[Watson & Watson, Sci. Comput. Program. '03]
d badcdoc

1.righttoleft 'p 3

d bﬂa/

2. SKip by more
than 1!

d ¢ €?2 L(c

e? L(dc*{ba
e? L(dc*{ba
e? L(dc*{ba|dc})

e? L(o
e? L(cC
c €? L(d

c*{
c*{
c*{
c*{

0d
0d
0d

0d

dc})
dc})

C
C
C

C

C})
C})
C})
C})

c/e? L(dc*{ba|dc})
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The Boyer-Moore type Algorithm
for Pattern Matching

[Watson & Watson, Sci. Comput. Program. '03]
d badcdoc
—kLdcX{ba|dcC})

1.righttoleft'p ;. c})

d b a/ %/@% ) })

2. Skip by more ‘ dc})
than 1!! C d c c: \““oc*{ba\dc})
d c d c¢/e€? L(dc*{ba]dc})
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The Boyer-Moore type Algorithm
for Pattern Matching

[Watson & Watson, Sci. Comput. Program. '03]
d badcdoc

I c? L(dc*{ba|dc})
1. righttoleftip 2 e? L(dc*{ba|dc})

d b a/ € Lbdatdlba|dc})

Similar to the
y  SkipValue in the Boyer-
\ Moore algorithm for strmg
“ matching.

2. Skip by more
than 1!! C
C

d o™
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The Boyer-Moore type Algorithm
for Pattern Matching

[Watson & Watson, Sci. Comput. Program. '03]

Finite

For string matching:

SkipValue :|(X X |pat|) — Z>g {  We cannot
— | precompute |
SkipValue! .

For pattern matching:

SkipValue :|( X x sup{ |w| |w € L } )

— ZZO
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The Boyer-Moore type Algorithm
for Pattern Matching

[Watson & Watson, Sci. Comput. Program. '03]

For string matching: L., _

SkipValue :|(X X |pat|) — Z>g We cannot |

o 1 precompute |
i Infinite! { j SkipValue! |

For pattern matching:

SkipVal :|( X x {states of the pattern autom.} ) — Zxg

M. Waga (UTokyo)



Timed Pattern Matching
with
Boyer-Moore type

Algorithm®

Contribution
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Timed Wora

[Alur & Dill, Theor. Comput. Sci. '94]

: A timed word Is

((01771), (02772), T ,(Un,Tn))

iwhere o1,09,--- ,0, € X , and
,Tn € Rso such that

T1, T2y

T <To <<+ - <Tp

Target
String
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Timed Word Segment

[ [
i i
] ]
[ [
i S i

]
: . t oy
0 ‘ a b $ theh termtinal
i w — — | | . character |
: (0.8,2.8) 0 0.4 1.7 2.0 ¢ .
[ [
i i
R i
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Timed Automata. raien

[Alur & Dill, Theor. Comput. Sci. '94]

guard

event <::>
S1
a,r > 1
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Timed Pattern Matching

a b a
I >
i oo 0 1.2 25 34 0
e timed word w
T — a, 1 <zx/x:=( $,1<zx
start —{ So S1
e timed automaton A Q Q @
S— N 02 a  2.2b a
O " " 0 12 %b5 34
UToOUT —— AN
p , %.2 1&,2 2.%1:95 Scfl \t
{(&,t) | t‘(t,t’) c L(A)} 0. 12 25 34 1
0.2 a 2.2{) CIL \
0 12 .25 Y
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Timed Pattern Matching

t,

End points S

02 a  22b a o | |
e ——— I > 2_“____,_____, _____

0 1.2 2.5 3.4 t i i

02 a  22b a , ,

T — I > | |
0 1.2 2.5 3.4 t i oot

0.2 a 2.2b a | |

— —— I > | |

0 1.2 2.5 34 ¢t | '
0.2 a 22 a ) - 0 1 p2 /

0 1.2 .25 34 0 N N

; Beglnnlng pomts ;

| ‘ i oF

.Thm

IThe answer of timed pattern matching for the spec.
:vvritten IN timed automaton can be represented by finite

iunion of intervals of ¢, ¢, ¢ — ¢



Target Pattern Algorithms

‘Naive
‘Boyer-Moore

String

Matching | °'""9

Pattern Strin Regular [-Naive
Matching J Language |-Boyer-Moore
' ~ _ )
J;rt’t‘gfn Timed| Timed |[*Naive
Matching wo r nl - ;;.- ‘Boyer-M b

| Contribution
Rmmsmesmommsmmeemrosmpmas] M. Waga (UTokyo)



Naive Algorithm for
Timed Pattern Matching

a b a
—
0 1.2 2.5 3.4 t

L(A)
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Naive Algorithm for
Timed Pattern Matching

a b a
—
0 1.2 2.5 3.4 t

L(A)
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Naive Algorithm for
Timed Pattern Matching

a b a
—
0 1.2 2.5 3.4 t
L(A)
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Naive Algorithm for
Timed Pattern Matching

a b a
0 1.2 2.5 3.4 t
L(A)
L(A)
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Naive Algorithm for
Timed Pattern Matching

a b a
0 1.2 2.5 3.4 t
L(A)
L(A)
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Naive Algorithm for
Timed Pattern Matching

Assume any point is OK

a b a

0 1.2 2.5 3.4 t

Constraint
0<t<1.2
a,r <1 $,2 >1
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Naive Algorithm for
Timed Pattern Matching

read
a b a

0 1.2 2.5 3.4 t

Constraint
0<t<1.2
a,r <1 $,2 >1
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Naive Algorithm for
Timed Pattern Matching

narrow the constraint

a b a
o
. 2.5 3.4 ¢

- Constraint
satisfy fg; o 62> 1 0.2 <t<1.2

:
start H
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Naive Algorithm for
Timed Pattern Matching

try to insert $ (terminate character)

a b a
%‘E—|—|—>
0 3.4 1
Constraints
a$<1 $.2 > 1 02<t<12
) 1.2 <t <25
start — <.Cl?:?f/—t
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Naive Algorithm for
Timed Pattern Matching

A

Answer

0.2 <t <1.2
1.2 <t/ <2.5

1<t —t
M. Waga (UTokyo)




Boyer-Moore lype Algorithm
for Timed Pattern Matching

a b a
—t—
0 1.2 2.5 3.4 t

left to right

L(A) Skip by more
than 1!!

M. Waga (UTokyo)



Boyer-Moore lype Algorithm
for Timed Pattern Matching

a b a
I

0 1.2 2.5 3.4 t

efttoright =~
|

" Similar to the “&
SkipValue in the  .(A) Skip by more

i Boyer-Moore type } o

\ algorithm for pattern /
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Boyer-Moore lype Algorithm
for Timed Pattern Matching
Finite

SkipValue : (Z X {states of the pattern autom.}) — L0

String Matching

MPLE '
AMPL X

Difficulty: Uncountably many| AP %
comparison of EXA X

timed words. EX X
F v

Idea: Representation by a run of a region automaton
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Boyer-Moore lype Algorithm
for Timed Pattern Matching

Timed Pattern Matching

a b «a

SkipValue (Z x {states of the p { 0 06 L5 2-17} —

005 1.3 20t

- _ab
0 0.61.1 t
— ab
{ 0 015120 t } X
Difficulty: Uncountably many T
comparison of e )
timed words. 00510

Idea: Representation by a run of a region automaton
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Region Automata

[Alur & Dill, Theor. Comput. Sci. '94]

Timed Automaton Region Automaton

S1 $ S3
O<ar<l1 r>1
a

S9 $ S3
x =0 O<ze <1
B

States x ClockValues Regions = ClockValues/ ~
'S infinite RegionStates = States X Regions
s finite!
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S

f Skip Value
over approx. o

accepting over approx.
words (shifted) | | of read words| compare

- : ¢ 0 start
0 0.6 9.0 t 0 06 15 ¢ Tr = O €T < 1

a b a b f?
0 06 15 t m 0 0.61.1 t N

a b a b —
005 1.3 , t 00,51‘% t -

¢ a star
0 07 20t 0 0712 t 0 0<x < 1

l———» m—

||l\3

(31733) a (82,82) b (51783)
Start{x_o,x’>2 r<1l,2' =0 r=00<2' <1

isarunof R(Ax A)?
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EXperiments

- Environment: MacBook Air Core i7-2677M

RAM 3.7GB
- Implemented in C++
+ Show two cases out of five cases in the paper

- Used engine model of Simulink in Case"

+ Case? is taken from [Ulus et al., FORMATS "14]
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Case

* Close to our target application

w: sequential binarized (high/low) logs of the torque
of an engine simulation in Simulink

Match when the
torque is too high for
low, true high, high, d Iong tlme

Jx =0 0<z <l O0<z <1
A = s (R

high, true

high,
O<ar<l1

=) & ()
S6 Sy S4
high, high,

1<z D<a<l1
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Case

P nafve ‘
Boyer-Moore (without pre-processing) ~——
20 Boyer-Moore (with pre-processing) —— 2bout
L) |
§2oo R twice faster
= 150 |- i
=
2
gmo = |
=L preprocessing is required
| only once per pattern
0 | | | | | ' i | |

0 50 100 150 200 250 300 350 400 450 500
Number of Events [x10000]

e Used the average of the 10 times run.
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Case ?

-+ The cost of the precomputation is high.
- Taken from [Ulus et al., FORMATS "14]

w : on/off switching of two states
o and g following geometric

distribution states. (~ 10'?)

—q¢,0 <y <10/y :=0

—p,0 <x<10/x:=0
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Case ?

- The precomputation in our Boyer-Moore type
algorithm did not finish due to the lack of RAM.

- The number of regions increases exponentially.
(bounded by |C]! - 2I€1 - TT .o (2¢, + 2))

- Using a zone automaton instead of a region
automaton may be a solution.

- The naive algorithm worked well because it does
not use region automata.
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Conclusions and
Future Work

- Solved the timed pattern matching problem with
our Boyer-Moore type algorithm.

- About twice faster than the naive one at most

- Its space complexity is too large for some
instances

- Reduce the space complexity of its
precomputation

- Using a zone automaton in place of a region
automaton?
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