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Animation
Dynamic Formal CUEOEEE |Implementation
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Properties Specification (GlobalPlatform)
Temporal g
patterns =
-

Test Purposes Test

Cases

Test Generation

Automata

Objectives of Temporal patterns

@ Specify Dynamic Properties : Security, Safety, Liveness

@ Generate (automatically) Test Purposes Automata
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< Syntax Example Laws More Operators Biichi Automata LTL to BA Decidability and complexity

Propositional Lirear—~Fempeorat Logic (k)
¢ u= true | a | ¢ N o | 20

where a € AP
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< Syntax Example Laws More Operators Biichi Automata LTL to BA Decidability and complexity

Propositional Linear Temporal Logic (LTL)

¢ = tue | a | & N o | o | O ¢
O

where a € AP

(next)
a
ocFa e——0——0O——0——0——0---->
a
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° Temporal Logics Temporal Patterns Compositional Semantics Test Intention
< Syntax Example Laws More Operators Biichi Automata LTL to BA Decidability and complexity

Propositional Linear Temporal Logic (LTL)

¢ = tue | a | & N o | mo | O¢ | Oo
O O

where a € AP (next) (always)
a

oFa e —O0—0—0—0—0->

a

cFQOa O0—@—0—0—0—0" >

a a a a a a

cEd0a e—0—0—0——0—@-----
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< Syntax Example Laws More Operators Biichi Automata LTL to BA Decidability and complexity

LTL : Derived Temporal Operators

Do
(always)

d d d d d d

cE0a —0—0—0—0—@-----
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< Syntax Example Laws More Operators Biichi Automata LTL to BA Decidability and complexity

LTL : Derived Temporal Operators

D¢ <>(/) = —|D—|(/5

(always) (eventually)
a a a a a a
ckEda 6—0—0—0—0—@ -

cE0a O0—O0—0----@—0—0 >
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° Temporal Logics Temporal Patterns Compositional Semantics Test Intention
< Syntax Example Laws More Operators Biichi Automata LTL to BA Decidability and complexity

LTL : Derived Temporal Operators

Do O¢ = -U=¢ oo
(always) (eventually) (persistence)
a a a a a a
cEd0a e—o—0—0—0—0 -
a
cE0a O0—O0—0----@—0—0 >
a a a
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° Temporal Logics Temporal Patterns Compositional Semantics Test Intention
< Syntax Example Laws More Operators Biichi Automata LTL to BA Decidability and complexity

LTL : Derived Temporal Operators

Do O¢ = -U=¢ oo Uo¢ = ~0U=¢

(always) (eventually) (persistence) (infinitely many)
a a a a a a

cEd0a e—o—0—0—0—0 -

a

cE0a O0—O0—0----@—0—0 >
a a a

cEO0da 0—0—0----0—0—@-----
a a a a a

cEO0a O @@ @@
{i]|ae€ao(i)} is infinite
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° Temporal Logics Temporal Patterns Compositional Semantics Test Intention
< Syntax Example Laws More Operators Biichi Automata LTL to BA Decidability and complexity

LTL : Example of Temporal Properties 1/2
o Safety :

e cooling : O—(temphigh A coolingiow)

o elevator : O(moving = doorsciosed)

o traffic light : O(yellow = QOred)
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° Temporal Logics Temporal Patterns Compositional Semantics Test Intention
< Syntax Example Laws More Operators Biichi Automata LTL to BA Decidability and complexity

LTL : Example of Temporal Properties 1/2
o Safety :
e cooling : O—(temphigh A coolingiow)
o elevator : O(moving = doorsciosed)
o traffic light : O(yellow = QOred)
o Liveness :
o progress : O progress
o response : O(try_to_send = {delivered)
e termination : OO terminated
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< Syntax Example Laws More Operators Biichi Automata LTL to BA Decidability and complexity

LTL : properties of a trace 1/2
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< Syntax Example Laws More Operators Biichi Automata LTL to BA Decidability and complexity

LTL : properties of a trace 1/2

have a path # = Off On Err Err Err... = Off On Err¥

o1 FE (OOn
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< Syntax Example Laws More Operators Biichi Automata LTL to BA Decidability and complexity

LTL : properties of a trace 1/2

have a path # = Off On Err Err Err... = Off On Err¥

o1 FE (OOn
o1 E OQErm
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° Temporal Logics Temporal Patterns Compositional Semantics Test Intention
< Syntax Example Laws More Operators Biichi Automata LTL to BA Decidability and complexity

LTL : properties of a trace 1/2

have a path # = Off On Err Err Err... = Off On Err¥

o1 FE (OOn

o1 E OQErm
o7 F (Off vOn) U Err
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° Temporal Logics Temporal Patterns Compositional Semantics Test Intention
< Syntax Example Laws More Operators Biichi Automata LTL to BA Decidability and complexity

LTL : properties of a trace 1/2

have a path # = Off On Err Err Err... = Off On Err¥

m E OOn

™ E OQ Err

m E (Off Vv On) U Err
m F O(Err = QErr)
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° Temporal Logics Temporal Patterns Compositional Semantics Test Intention
< Syntax Example Laws More Operators Biichi Automata LTL to BA Decidability and complexity

LTL : properties of a trace 1/2

have a path # = Off On Err Err Err... = Off On Err¥

F OOn

E OQErr

F (Off Vv On) U Err
F O(Err = QErr)

F O(Err = OErr)

® 6 6 o6 o
303 3 3 3
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° Temporal Logics Temporal Patterns Compositional Semantics Test Intention
< Syntax Example Laws More Operators Biichi Automata LTL to BA Decidability and complexity

LTL : properties of a trace 1/2

have a path # = Off On Err Err Err... = Off On Err¥

F OOn

E OQErr

F (Off Vv On) U Err

F O(Err = QErr)

F O(Err = OErr)

F OOErr (persistence)

® 6 6 6 o o
303 3 3 3 3
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° Temporal Logics Temporal Patterns Compositional Semantics Test Intention
< Syntax Example Laws More Operators Biichi Automata LTL to BA Decidability and complexity

LTL : properties of a trace 1/2

have a

® 6 6 66 6 o o
203 03 3 3 3 3

path @ = Off On Err Err Err... = Off On Err¥

OO0n
OQ Err
(Off v On) U Err

O(Err = QErr)
O(Err = OErr)
QOErr (persistence)

O OUErr

L N | | B | N |
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° Temporal Logics Temporal Patterns Compositional Semantics Test Intention
< Syntax Example Laws More Operators Biichi Automata LTL to BA Decidability and complexity

LTL : Laws

@ negation

=09, —0¢=0-9¢, -0¢=0~¢
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° Temporal Logics Temporal Patterns Compositional Semantics Test Intention
< Syntax Example Laws More Operators Biichi Automata LTL to BA Decidability and complexity

LTL : Laws

@ negation

~Op=0-6 -0¢=0-¢ -0Oé=0O-6
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° Temporal Logics Temporal Patterns Compositional Semantics Test Intention
< Syntax Example Laws More Operators Biichi Automata LTL to BA Decidability and complexity

LTL : Laws

@ negation :
"0¢=0-9¢, ~0¢=U=¢ -0¢=0~¢
Corollary

gi S {Da <>7 O}

8% 8%

NN
ﬁglgg...gn_lgn gﬁE&l&z...@n_lX’n—\d)
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° Temporal Logics Temporal Patterns Compositional Semantics Test Intention
< Syntax Example Laws More Operators Biichi Automata LTL to BA Decidability and complexity

LTL : Laws

@ negation :
“d¢=0-9¢, —-0¢=U-9¢ -0¢=0"9¢
Corollary

&I— € {Du <>7 O}

ﬁgll@Q...X'n_l&n¢E|E1|Zg...®n_1®n—|¢

?

@ next : 0O ¢
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Temporal Logics Temporal Patterns Compositional Semantics Test Intention
Syntax Example Laws More Operators Biichi Automata LTL to BA Decidability and complexity

LTL : Laws

@ negation :
“d¢=0-9¢, —-0¢=U-9¢ -0¢=0"9¢
Corollary

|X|i € {Daoyo}

8% 8%

N N
ﬁXll@Q...X'n_l&n¢E|E1|Zg...®n_1®n—|¢

?

@ next : COd= OO0 ¢, O0¢ Oode
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° Temporal Logics Temporal Patterns Compositional Semantics Test Intention
< Syntax Example Laws More Operators Biichi Automata LTL to BA Decidability and complexity

LTL : Laws

@ negation :
"0¢=0-9¢, ~0¢=U=¢ -0¢=0~¢
Corollary

gi S {Da <>7 O}

8% 8%

NN
ﬁglgg...gn_lgn gﬁE&l&z...@n_lX’n—\d)

@ next : Qo= OO0 ¢, O0¢= QO09
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° Temporal Logics Temporal Patterns Compositional Semantics Test Intention
< Syntax Example Laws More Operators Biichi Automata LTL to BA Decidability and complexity

LTL : Laws
@ negation :
“d¢=0-9¢, ~0¢=U-9¢ -~0¢=0"9¢
Corollary

gi S {Da <>7 O}

8% 8%

NN
ﬁglgg...gn_lgn gﬁE&l&z...@n_lX’n—\d)

@ next : Qo= OO0 ¢, O0¢= QO09
Corollary
IZi € {Da <>7 ﬁ}'

i ... Ry, O = QR Ky... Ky_q K, ¢
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° Temporal Logics Temporal Patterns Compositional Semantics Test Intention
< Syntax Example Laws More Operators Biichi Automata LTL to BA Decidability and complexity

LTL : Laws

Oo 0¢ = -l=¢ oo UOd = =0U=¢

(always) (eventually) (persistence) (infinitely many)
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Temporal Logics Temporal Patterns Compositional Semantics Test Intention
Syntax Example Laws More Operators Biichi Automata LTL to BA Decidability and complexity

000 = =00=0

LTL : Laws
Lo Q¢ = —-d-¢ O
(always) (eventually) (persistence) (infinitely many)
?
=0o

@ ldempotency : (| o)
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° Temporal Logics Temporal Patterns Compositional Semantics Test Intention
< Syntax Example Laws More Operators Biichi Automata LTL to BA Decidability and complexity

LTL : Laws

D¢ O = -0-¢ o0¢ O0¢ = 000

(always) (eventually) (persistence) (infinitely many)

o Idempotency : O0¢=0¢
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Temporal Logics Temporal Patterns Compositional Semantics Test Intention
Syntax Example Laws More Operators Biichi Automata LTL to BA Decidability and complexity

000 = =00=0

LTL : Laws
Lo Q¢ = —-d-¢ O
(always) (eventually) (persistence) (infinitely many)
7
00 =009

@ ldempotency : O0¢=00¢
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° Temporal Logics Temporal Patterns Compositional Semantics Test Intention
< Syntax Example Laws More Operators Biichi Automata LTL to BA Decidability and complexity

LTL : Laws

D¢ O = -0-¢ o0¢ O0¢ = 000

(always) (eventually) (persistence) (infinitely many)

o Idempotency : O0¢=0¢ OO =00
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Temporal Logics Temporal Patterns Compositional Semantics Test Intention
Syntax Example Laws More Operators Biichi Automata LTL to BA Decidability and complexity

LTL : Laws
Uo 09 = -9 oo 0o = -0U=¢
(always) (eventually) (persistence) (infinitely many)
o ldempotency : O0¢=0¢ OGO =0 o
? ‘
=009

o0 ¢

@ Absorption :
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° Temporal Logics Temporal Patterns Compositional Semantics Test Intention
< Syntax Example Laws More Operators Biichi Automata LTL to BA Decidability and complexity

LTL : Laws

Do 0¢ = -l=¢ oo 00 = ~00-¢

(always) (eventually) (persistence) (infinitely many)
o Idempotency : O0¢=0¢ GO =0 o
@ Absorption : QOO ¢ =00 o
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Temporal Logics Temporal Patterns Compositional Semantics Test Intention
Syntax Example Laws More Operators Biichi Automata LTL to BA Decidability and complexity

0o = -0U=¢

Cy
LTL : Laws
Uo 09 = -9 oo
(always) (eventually) (persistence) (infinitely many)
o Idempotency : OO0¢=00¢ OGO =0 o
000 ¢ = 00 ¢

o0 ¢ =00 ¢

@ Absorption :

9/58
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% Temporal Logics Temporal Patterns Compositional Semantics Test Intention
()

Syntax Example Laws More Operators Biichi Automata LTL to BA Decidability and complexity

LTL : Laws
Uo Op = -U=0¢ oo 000 = ~0U—¢
(always)  (eventually)  (persistence) (infinitely many)
o Idempotency : O¢o=0¢ QO =00
o Absorption: 000 ¢ =00 ¢ 000 ¢ =006
TAROT 20T
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° Temporal Logics Temporal Patterns Compositional Semantics Test Intention
< Syntax Example Laws More Operators Biichi Automata LTL to BA Decidability and complexity

LTL : Laws

Oo 0¢ = -l=¢ oo UOd = =0U=¢

(always)  (eventually)  (persistence) (infinitely many)
o Idempotency : O0¢=00¢ QO =00
o Absorption : 000 o =000  O00¢ =000
Corollary
K; e {O,0}

O¢ o Oo¢ or
00 ¢ or OO0

®1®2...®n_1®n¢5{
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° Temporal Logics Temporal Patterns Compositional Semantics Test Intention
< Syntax Example Laws More Operators Biichi Automata LTL to BA Decidability and complexity

LTL : Until Operator

¢ == trwelalo ANod|-o | O¢ |Ho

try  deliv
try = Qdeliv @ ) @ @ @ ®----- N

try deliv
try = Qdeliv o @ O @ @ ®----- >
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° Temporal Logics Temporal Patterns Compositional Semantics Test Intention
< Syntax Example Laws More Operators Biichi Automata LTL to BA Decidability and complexity

LTL : Until Operator

¢ w=tuelalo Aol -0 | Oo¢ [Oo [0 U@

try  deliv
try = Qdeliv @ ) @ @ @ ®----- N

try deliv
try = Qdeliv o @ O @ @ ®----- >

try try try  deliv
try J deliv e @ ® O e @ ----- >
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° Temporal Logics Temporal Patterns Compositional Semantics Test Intention
< Syntax Example Laws More Operators Biichi Automata LTL to BA Decidability and complexity

LTL : Until Operator

¢ w=tuelalo Aol -0 | Oo¢ [Oo [0 U@

try  deliv
try = Qdeliv @ ) @ @ @ ®----- N

try deliv
try = Qdeliv o @ O @ @ ®----- >

try try try  deliv
try J deliv e @ ® O e @ ----- >

O ¢ = true U ¢
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° Temporal Logics Temporal Patterns Compositional Semantics Test Intention
< Syntax Example Laws More Operators Biichi Automata LTL to BA Decidability and complexity

LTL : Until Operator

¢ v=tweflal o Ao|=d | O tBelo U o

try  deliv
try = Qdeliv @ ) @ @ @ ®----- N

try deliv
try = Qdeliv o @ O @ @ ®----- >

try try try  deliv
try J deliv e @ ® O e @ ----- >

O = true U ¢ and 0o =-0-0
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° Temporal Logics Temporal Patterns Compositional Semantics Test Intention
< Syntax Example Laws More Operators Biichi Automata LTL to BA Decidability and complexity

LTL : Past Operators

add the past-time dual of each temporal operator :

¢ = . [ O¢ [ o U 9
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° Temporal Logics Temporal Patterns Compositional Semantics Test Intention
< Syntax Example Laws More Operators Biichi Automata LTL to BA Decidability and complexity

LTL : Past Operators

add the past-time dual of each temporal operator :

¢ == ... | O¢ | o U o | ©¢

@ for O (next) : © (previous)

© (previous) [ ® ® ® ® ®-----»
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° Temporal Logics Temporal Patterns Compositional Semantics Test Intention
< Syntax Example Laws More Operators Biichi Automata LTL to BA Decidability and complexity

LTL : Past Operators

add the past-time dual of each temporal operator :

6 = .. | 06 o Uo | 00

@ for O (next) : © (previous) , init = © false
o a a © a a © a
© (previous) ® o o o o ®------
© false
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° Temporal Logics Temporal Patterns Compositional Semantics Test Intention
< Syntax Example Laws More Operators Biichi Automata LTL to BA Decidability and complexity

LTL : Past Operators

add the past-time dual of each temporal operator :

6 = .. | 06 o Uo | 00

@ for O (next) : © (previous) , init = © false , Csp=—0-¢
©a a © a a © a
© (previous) [ ® ® ® ® ®-----»
© false
a Ss a a Os a
Os (strong previous) @ o o o ® ®-----»
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° Temporal Logics Temporal Patterns Compositional Semantics Test Intention
< Syntax Example Laws More Operators Biichi Automata LTL to BA Decidability and complexity

LTL : Past Operators

add the past-time dual of each temporal operator :

o == ... | Oo | o U o | &0 | ¢S ¢

@ for O (next) : © (previous) , init = © false , Csp=—0-¢
@ for U (until) : S (since)

bSabSabSabSa
b S a (since) [ ® ® ® ® ®---->

TAROT'2016 Testing Temporal Patterns Safouan TAHA 11/58



° Temporal Logics Temporal Patterns Compositional Semantics Test Intention
< Syntax Example Laws More Operators Biichi Automata LTL to BA Decidability and complexity

LTL : Past Operators

add the past-time dual of each temporal operator :

O¢ | ¢ Uo | ©90 | ¢S ¢

o =

@ for O (next) : © (previous) , init = © false , Csp=—0-¢

@ for U (until) : S (since)

@ for O (always) : B (always before), B ¢ = (init = ¢) A ¢ S init

Ha Ha Ha Ha
° ® o----->

B (always before) @ ® ®

11/58
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° Temporal Logics Temporal Patterns Compositional Semantics Test Intention
< Syntax Example Laws More Operators Biichi Automata LTL to BA Decidability and complexity

LTL : Past Operators

add the past-time dual of each temporal operator :

o = ... | Oo | o U o | ©6¢ | ¢ S ¢

@ for O (next) : © (previous) , init = © false , Csp=—0-¢
@ for U (until) : S (since)
@ for O (always) : B (always before), B ¢ = (init = ¢) A ¢ S init

@ for O (eventually) : & (eventually before), Sdp=-H-¢

TAROT'2016 Testing Temporal Patterns Safouan TAHA
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° Temporal Logics Temporal Patterns Compositional Semantics Test Intention
< Syntax Example Laws More Operators Biichi Automata LTL to BA Decidability and complexity

LTL : Past Operators

Theorem LTL + past = LTL [Gabbay]

@ an (LTL + past) formula can be written as as disjunction of 3 pure
formulas :

¢

¢past \ ¢present \ ¢future
—— —— ~——

5797/\’_‘ A% UaOa/\’_‘

@ proof : by induction (FOLLO)
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° Temporal Logics Temporal Patterns Compositional Semantics Test Intention
< Syntax Example Laws More Operators Biichi Automata LTL to BA Decidability and complexity

LTL : Past Operators

Theorem LTL + past 2 LTL [Gabbay]

@ an (LTL + past) formula can be written as as disjunction of 3 pure

formulas :
$ past \% ¢present \ Qb future
N~ N e’ N——

true, false A, = U,O,A, =

@ proof : by induction (FOLLO)
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° Temporal Logics Temporal Patterns Compositional Semantics Test Intention
< Syntax Example Laws More Operators Biichi Automata LTL to BA Decidability and complexity

LTL : Past Operators

Theorem LTL + past 2 LTL [Gabbay]

@ an (LTL + past) formula can be written as as disjunction of 3 pure

formulas :
é past \% d)present \ Qb future
N~ N e’ N——

true, false A, = U,O,A, =

@ proof : by induction (FOLLO)

@ example :

O((8 —pin) = —cash)
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° Temporal Logics Temporal Patterns Compositional Semantics Test Intention
< Syntax Example Laws More Operators Biichi Automata LTL to BA Decidability and complexity

LTL : Past Operators

Theorem LTL + past 2 LTL [Gabbay]

@ an (LTL + past) formula can be written as as disjunction of 3 pure

formulas :
é past \% d)present \ QZ) future
N~ N e’ N——

true, false A, = U,O,A, =

@ proof : by induction (FOLLO)

@ example :

O((8 —pin) = —cash) = —cash U pin
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° Temporal Logics Temporal Patterns Compositional Semantics Test Intention
< Syntax Example Laws More Operators Biichi Automata LTL to BA Decidability and complexity

Finite Automata (recall)

@ A (Nondeterministic) Finite Automaton (NFA) A is a tuple
(X,S,1,6,F), where

e X is a finite alphabet

S is a finite set of states

| C S is the set of initial states

§:S x ¥ — 2°is a transition function

F C S is the set of accepting (final) states
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° Temporal Logics Temporal Patterns Compositional Semantics Test Intention
< Syntax Example Laws More Operators Biichi Automata LTL to BA Decidability and complexity

Finite Automata (recall)

@ A (Nondeterministic) Finite Automaton (NFA) A is a tuple
(X,S,1,6,F), where

Y is a finite alphabet

S is a finite set of states

| C S is the set of initial states

§:S x ¥ — 2°is a transition function

F C S is the set of accepting (final) states

o A finite word w = Ay ... A, € £* is accepted by the NFA A if there
exists a finite sequence m = sp...s, € S* such that :

. Aiy
so €/ and V0§1<n,s;—1>s,-+1 and s, € F

@ We say that w belongs to the language of A noted £(A)
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° Temporal Logics Temporal Patterns Compositional Semantics Test Intention
< Syntax Example Laws More Operators Biichi Automata LTL to BA Decidability and complexity

Buchi Automata : Formal Definition

@ A (Nondeterministic) Biichi Automaton (NBA) A is a tuple
(X, S, 1,6, F) identical to the NFA definition.
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° Temporal Logics Temporal Patterns Compositional Semantics Test Intention
< Syntax Example Laws More Operators Biichi Automata LTL to BA Decidability and complexity

Buchi Automata : Formal Definition

@ A (Nondeterministic) Biichi Automaton (NBA) A is a tuple
(X, S, 1,6, F) identical to the NFA definition.

@ An infinite word w = AjA,... € T% is accepted by the NBA A if
there exists an infinite sequence m = s9s1... € §* such that :

A . .
o€l and YO<i, s —% 5,1 and s; € F for infinitely many i

@ we note L, (A) C X the accepted language of A
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° Temporal Logics Temporal Patterns Compositional Semantics Test Intention
< Syntax Example Laws More Operators Biichi Automata LTL to BA Decidability and complexity

NFA/NBA example

@ Another example over the alphabet ¥ = {A, B}

A B
© =0
A

@ when considered as NFA, this automaton recognizes ?
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° Temporal Logics Temporal Patterns Compositional Semantics Test Intention
< Syntax Example Laws More Operators Biichi Automata LTL to BA Decidability and complexity

NFA/NBA example

@ Another example over the alphabet ¥ = {A, B}

A B
© =0
A

@ when considered as NFA, this automaton recognizes
o all finite words ending with the letter A

L(A) = (A+ B)*.A
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NFA/NBA example

@ Another example over the alphabet ¥ = {A, B}

A B
© =0
A

@ when considered as NFA, this automaton recognizes
o all finite words ending with the letter A

L(A) = (A+ B)*.A

@ when considered as NBA, this automaton recognizes?
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Temporal Logics Temporal Patterns Compositional Semantics Test Intention
Syntax Example Laws More Operators Biichi Automata LTL to BA Decidability and complexity

NFA/NBA example

@ Another example over the alphabet ¥ = {A, B}

A B
© =0
A

@ when considered as NFA, this automaton recognizes
o all finite words ending with the letter A

L(A) = (A+ B)*.A

@ when considered as NBA, this automaton recognizes
o all infinite words having infinitely often A

Lo(A) = ((A+ B)".A)*
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° Temporal Logics Temporal Patterns Compositional Semantics Test Intention
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Blichi Automata : Emptiness

A language of a Blichi automaton A is said to be empty when

L,(A)=0
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° Temporal Logics Temporal Patterns Compositional Semantics Test Intention
< Syntax Example Laws More Operators Biichi Automata LTL to BA Decidability and complexity

Blichi Automata : Emptiness

A language of a Biichi automaton A is said to be empty when

L,(A)=0

@ How to automatically check emptiness?

o A typical example :

A
é
U
B
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° Temporal Logics Temporal Patterns Compositional Semantics Test Intention
< Syntax Example Laws More Operators Biichi Automata LTL to BA Decidability and complexity

Blichi Automata : Emptiness

A language of a Biichi automaton A is said to be empty when

L,(A)=0

@ How to automatically check emptiness?

o A typical example :

A
{? :
(o —)
So S1 S
B
B

Lo(A)#0
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< Syntax Example Laws More Operators Biichi Automata LTL to BA Decidability and complexity

Buchi Automata : Checking Emptiness

@ Checking Emptiness principle :
o If there is a reachable final state on a cycle = £, (A) # 0

@ Checking Emptiness Algorithm : using a traversal algorithm

@ starting from initial states, checking for the next reachable final
state

@ starting from such state, checking if it may reach itself (cycle)

© loop if no cycle

@ Thus, checking Emptiness can be solved in linear time
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from LTL to NBA

Theorem

For any Linear Time Property P, C (24”)* corresponding to some
LTL-formula ¢ (over AP), there exists an NBA A over 247 such that :

‘Cw(A¢>) = ’D¢>
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° Temporal Logics Temporal Patterns Compositional Semantics Test Intention
< Syntax Example Laws More Operators Biichi Automata LTL to BA Decidability and complexity

from LTL to NBA

Theorem

For any Linear Time Property P, C (24”)* corresponding to some
LTL-formula ¢ (over AP), there exists an NBA A over 247 such that :

£w(A¢>) = 'D¢>

@ from LTL to NBA examples :

o forg=P U Q
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° Temporal Logics Temporal Patterns Compositional Semantics Test Intention
< Syntax Example Laws More Operators Biichi Automata LTL to BA Decidability and complexity

from LTL to NBA

Theorem

For any Linear Time Property P, C (24”)* corresponding to some
LTL-formula ¢ (over AP), there exists an NBA A over 247 such that :

w(A¢>) =Py

@ from LTL to NBA examples :

PA-Q true

o forg=P U Q é Q (/é\)
N/

ﬂPV Q -Q

o forp=0(P= ¢ Q) e\ PrQ e
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LTL : subFormulas

Definition
@ Let ¢ be an LTL formula :
© € subF(¢) = @ or =y is a subformula of ¢
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° Temporal Logics Temporal Patterns Compositional Semantics Test Intention
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LTL : subFormulas

Definition
@ Let ¢ be an LTL formula :
© € subF(¢) = @ or =y is a subformula of ¢

o Examples :

o subF(O a) = {a,—a,O a,~ O a}
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° Temporal Logics Temporal Patterns Compositional Semantics Test Intention
< Syntax Example Laws More Operators Biichi Automata LTL to BA Decidability and complexity

LTL : subFormulas

Definition
@ Let ¢ be an LTL formula :
© € subF(¢) = @ or =y is a subformula of ¢

o Examples :

o subF(( a)={a,—a,O a,~ O a}
o subF(a |J b)={a,—-a,b,-b,a |J b,=(a U b)}
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° Temporal Logics Temporal Patterns Compositional Semantics Test Intention
< Syntax Example Laws More Operators Biichi Automata LTL to BA Decidability and complexity

LTL : subFormulas

Definition
@ Let ¢ be an LTL formula :
© € subF(¢) = @ or =y is a subformula of ¢

o Examples :

o subF(( a)={a,—a,O a,~ O a}
o subF(a |J b)={a,—-a,b,-b,a |J b,=(a U b)}
o p=(an—b) | b

subF(¢)?
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° Temporal Logics Temporal Patterns Compositional Semantics Test Intention
< Syntax Example Laws More Operators Biichi Automata LTL to BA Decidability and complexity

LTL : subFormulas

Definition
@ Let ¢ be an LTL formula :
© € subF(¢) = @ or =y is a subformula of ¢

o Examples :

o subF(0) a) = {a,-2,0 a,~ O a}
o subF(a |J b) = {a,~a,b,~b,a |J b,~(a U b)}
o p=(an-b) b

subF () = {a,~a, b, ~b,a A —b,~(a A —b), b, o}
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Consistent sets of subFormulas

Definition
o Let B C subF(¢) a set of subFormulas of ¢, 3 is consistent iff :
Q pesubF(P)\B — —peB
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Consistent sets of subFormulas

Definition
o Let B C subF(¢) a set of subFormulas of ¢, 3 is consistent iff :

Q pesubF(P)\B — —peB
Q@ piNprEB <= @1 €BApr € BA(p1 A p2) € subF(¢)
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° Temporal Logics Temporal Patterns Compositional Semantics Test Intention
< Syntax Example Laws More Operators Biichi Automata LTL to BA Decidability and complexity

Consistent sets of subFormulas

Definition
o Let B C subF(¢) a set of subFormulas of ¢, 3 is consistent iff :

Q pesubF(P)\B — —peB
Q@ piNprEB <= @1 €BApr € BA(p1 A p2) € subF(¢)

0991 UQOQEB/\@2¢B — (,9168

TAROT'2016 Testing Temporal Patterns Safouan TAHA

20/58



° Temporal Logics Temporal Patterns Compositional Semantics Test Intention
< Syntax Example Laws More Operators Biichi Automata LTL to BA Decidability and complexity

Consistent sets of subFormulas

Definition
o Let B C subF(¢) a set of subFormulas of ¢, 3 is consistent iff :
Q pesubF(P)\B — —peB
Q viNp EB = 1 €EBAp€BA(p1Ap2) € subF(¢)

9991 UQO2€B/\@Q¢B — (,9168
Q o1 UypresubF(p)ApreB = 1 U po€B
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° Temporal Logics Temporal Patterns Compositional Semantics Test Intention
< Syntax Example Laws More Operators Biichi Automata LTL to BA Decidability and complexity

Consistent sets of subFormulas

Definition
o Let B C subF(¢) a set of subFormulas of ¢, 3 is consistent iff :
Q pesubF(P)\B — —peB
Q viNp EB = 1 €EBAp€BA(p1Ap2) € subF(¢)

© vilUpmeBArpmEB = p1€B
Q o1 UppesubF(@)Ap€B = o1 U p2€B

@ Examples : p=(an-b) U b

° B= {aa_'bagb}
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° Temporal Logics Temporal Patterns Compositional Semantics Test Intention
< Syntax Example Laws More Operators Biichi Automata LTL to BA Decidability and complexity

Consistent sets of subFormulas

Definition
o Let B C subF(¢) a set of subFormulas of ¢, 3 is consistent iff :
Q pesubF(P)\B — —peB
Q viNp EB = 1 €EBAp€BA(p1Ap2) € subF(¢)

© vilUpmeBArpmEB = p1€B
Q o1 UppesubF(@)Ap€B = o1 U p2€B

@ Examples : p=(an-b) U b

o B={a,—b, o} (1) X
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° Temporal Logics Temporal Patterns Compositional Semantics Test Intention
< Syntax Example Laws More Operators Biichi Automata LTL to BA Decidability and complexity

Consistent sets of subFormulas

Definition
o Let B C subF(¢) a set of subFormulas of ¢, 3 is consistent iff :
Q pesubF(P)\B — —peB
Q viNp EB = 1 €EBAp€BA(p1Ap2) € subF(¢)

Qv UpeBAp:¢B = p1€B
Q vi UpresubF(p)ANpreB = o1 U po€B

@ Examples : p=(an-b) U b

o B={a,—b,¢} (1) X
o B=1{a,b,aN—b,o}
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° Temporal Logics Temporal Patterns Compositional Semantics Test Intention
< Syntax Example Laws More Operators Biichi Automata LTL to BA Decidability and complexity

Consistent sets of subFormulas

Definition
o Let B C subF(¢) a set of subFormulas of ¢, 3 is consistent iff :
Q pesubF(P)\B — —peB
Q viNp EB = 1 €EBAp€BA(p1Ap2) € subF(¢)

Qv UpeBAp:¢B = p1€B
Q vi UpresubF(p)ANpreB = o1 U po€B

@ Examples : p=(an-b) U b
° B= {aa —b, Qb} (1) X
oBz{a,b,a/\—'b,@} (2)X
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° Temporal Logics Temporal Patterns Compositional Semantics Test Intention
< Syntax Example Laws More Operators Biichi Automata LTL to BA Decidability and complexity

Consistent sets of subFormulas

Definition
o Let B C subF(¢) a set of subFormulas of ¢, 3 is consistent iff :
Q pesubF(P)\B — —peB
Q viNp EB = 1 €EBAp€BA(p1Ap2) € subF(¢)

9991 U(,D2€B/\(P2¢B — (,9168
Q o1 UypresubF(p)ApreB = 1 U po€B

@ Examples : p=(an-b) U b
o B=1{a,—b, o} (1) X
oBz{a,b,a/\—'b,@} (2)X

° BZ{Q,ﬂb,Q/\ﬁb,(f)}
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° Temporal Logics Temporal Patterns Compositional Semantics Test Intention
< Syntax Example Laws More Operators Biichi Automata LTL to BA Decidability and complexity

Consistent sets of subFormulas

Definition
o Let B C subF(¢) a set of subFormulas of ¢, 3 is consistent iff :
Q pesubF(P)\B — —peB
Q viNp EB = 1 €EBAp€BA(p1Ap2) € subF(¢)

Qv UpeBAp:¢B = p1€B
Q vi UpresubF(p)ANpreB = o1 U po€B

@ Examples : p=(an-b) U b
° B= {aa _'ba Qb} (1) X
oBz{a,b,a/\—'b,@} (2)X
oBZ{Q,ﬂb,Q/\ﬁb,(ﬁ)} \/
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° Temporal Logics Temporal Patterns Compositional Semantics Test Intention
< Syntax Example Laws More Operators Biichi Automata LTL to BA Decidability and complexity

Consistent sets of subFormulas

Definition
o Let B C subF(¢) a set of subFormulas of ¢, 3 is consistent iff :
Q pesubF(P)\B — —peB
Q viNp EB = 1 €EBAp€BA(p1Ap2) € subF(¢)

9991 U(,D2€B/\(P2¢B — (,9168
Q o1 UypresubF(p)ApreB = 1 U po€B

@ Examples : p=(an-b) U b
o B=1{a,—b, o} (1) X
oBz{a,b,a/\—'b,@} (2)X
o B={a,—~b,aN b, ¢} vV
o B={a,b,~(aN—b),—¢}
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° Temporal Logics Temporal Patterns Compositional Semantics Test Intention
< Syntax Example Laws More Operators Biichi Automata LTL to BA Decidability and complexity

Consistent sets of subFormulas

Definition
o Let B C subF(¢) a set of subFormulas of ¢, 3 is consistent iff :
Q pesubF(P)\B — —peB
Q viNp EB = 1 €EBAp€BA(p1Ap2) € subF(¢)

9991 U(,D2€B/\(P2¢B — (,9168
Q o1 UypresubF(p)ApreB = 1 U po€B

@ Examples : p=(an-b) U b
o B=1{a,—b, o} (1) X
o B=1{a,b,aN—b,o} (2) X
o B={a,—~b,aN b, ¢} vV
o B={a,b,~(aN—b),—¢} (4) X
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° Temporal Logics Temporal Patterns Compositional Semantics Test Intention
< Syntax Example Laws More Operators Biichi Automata LTL to BA Decidability and complexity

Consistent sets of subFormulas

Definition
o Let B C subF(¢) a set of subFormulas of ¢, 3 is consistent iff :
Q pesubF(P)\B — —peB
Q viNp EB = 1 €EBAp€BA(p1Ap2) € subF(¢)

© vilUpmeBArpmEB = p1€B
Q@ o1 U pesubF(Q)Np2€B = o1 U p2€B

@ Examples : p=(an-b) U b
o B=1{a,—b, o} (1) X
o B={a,b,an—b,o} (2) X
oBZ{Q,ﬂb,Q/\ﬁb,(ﬁ)} \/
o B={a,b,~(aA—b),~¢p} (4) X
o 13 = {~a, b, ~(a A —b), 0}

TAROT'2016 Testing Temporal Patterns Safouan TAHA 20/58



° Temporal Logics Temporal Patterns Compositional Semantics Test Intention
< Syntax Example Laws More Operators Biichi Automata LTL to BA Decidability and complexity

Consistent sets of subFormulas

Definition
o Let B C subF(¢) a set of subFormulas of ¢, 3 is consistent iff :
Q pesubF(P)\B — —peB
Q viNp EB = 1 €EBAp€BA(p1Ap2) € subF(¢)

© vilUpmeBArpmEB = p1€B
Q@ o1 U pesubF(Q)Np2€B = o1 U p2€B

@ Examples : p=(an-b) U b
o B=1{a,—b, o} (1) X
o B={a,b,an—b,o} (2) X
oBZ{Q,ﬂb,Q/\ﬁb,(ﬁ)} \/
o B={a,b,~(aA—b),~¢p} (4) X
o 13 = {~a, b, ~(a A —b), 0} (3) X
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GNBA for LTL formula

The GNBA Gy is a tuple (X, S, 1,6, F) where :

o Y =2AP
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< Syntax Example Laws More Operators Biichi Automata LTL to BA Decidability and complexity

GNBA for LTL formula

The GNBA Gy is a tuple (X, S, 1,6, F) where :
o X =24F

o S={B CsubF(¢) | B is consistent}
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GNBA for LTL formula

The GNBA Gy is a tuple (X, S, 1,6, F) where :
o ¥ =24F
o S={B CsubF(¢) | B is consistent}
o |I={BeS|¢peB}
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° Temporal Logics Temporal Patterns Compositional Semantics Test Intention
< Syntax Example Laws More Operators Biichi Automata LTL to BA Decidability and complexity

GNBA for LTL formula

The GNBA Gy is a tuple (X, S, 1,6, F) where :
o ¥ =24F
o S={B CsubF(¢) | B is consistent}
o |I={BeS|¢peB}

@ §:S x ¥ — 25 is the transition function defined as follows :

A = BNAP
QeeBepel
p1Upr€eB & preBYV
(99168/\991UL,’)2€B/)

BAB es —
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° Temporal Logics Temporal Patterns Compositional Semantics Test Intention
< Syntax Example Laws More Operators Biichi Automata LTL to BA Decidability and complexity

GNBA for LTL formula

The GNBA Gy is a tuple (X, S, 1,6, F) where :
o ¥ =24F
o S={B CsubF(¢) | B is consistent}
I={BeS|¢ehB}

@ §:S x ¥ — 25 is the transition function defined as follows :

A = BNAP
QeeBepel
p1Upr€eB & preBYV
(99168/\991UL,’)2€B/)
F={F,up | ¢1Uwo € subF(¢)} where

BAB es —

Foivp, ={BE€S | 01Uz ¢ BV ¢, € B}
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Decidability of LTL

Theorem

SAT(LTL) is decidable

@ Proof?
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Decidability of LTL

Theorem

SAT(LTL) is decidable

@ Proof ? transform LTL to BA then check emptiness
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° Temporal Logics Temporal Patterns Compositional Semantics Test Intention
e Syntax Example Laws More Operators Biichi Automata LTL to BA Decidability and complexity

Decidability of LTL

Theorem

SAT(LTL) is decidable

@ Proof ? transform LTL to BA then check emptiness

o VAL(LTL) is decidable (ex : LTL vs LTL)

o MC(LTL) is decidable (LTL vs Autmaton)
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Complexity of LTL

Polynomial Hierarchy

Let Xi = {x},x?,...,x"} a vector of boolean variables,

The problem SAT = 3X41, Prop(Xi) is NP-complete
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Complexity of LTL

Polynomial Hierarchy

Let Xi = {x},x?,...,x"} a vector of boolean variables,

The problem VAL =V Xy, Prop(X1) is coNP-complete
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Complexity of LTL

Polynomial Hierarchy

The problem QSAT, = 3Xa, VX1, Prop(Xi, X2) is Y5 -complete
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Complexity of LTL

Polynomial Hierarchy

The problem QSAT, = 3Xa, VX1, Prop(Xi, X2) is Y5 -complete
The problem QVAL, =VXo, 3X1, Prop(Xi, X2) is M5 -complete
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e Syntax Example Laws More Operators Biichi Automata LTL to BA Decidability and complexity

Complexity of LTL

Polynomial Hierarchy

The problem QSAT, = 3%, [VX1, Prop(Xi, Xz)] is 5 -complete
The problem QVAL, =V X, [3X1, Prop(Xi, X2)] is M5 -complete
¥P = npeolP ng = coNP?
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e Syntax Example Laws More Operators Biichi Automata LTL to BA Decidability and complexity

Complexity of LTL

Polynomial Hierarchy

The problem  QSAT, = 3Xk,VXk_1..., Prop(Xi,...,Xk) is Xf-complete
The problem  QVAL, =VYXk,3Xk_1..., Prop(Xi,...,Xk) is Mf-complete
¥P = NP1 NP = coNp™-1
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Complexity of LTL

QBF

PSPACE

Polynomial Hierarchy

Let Qi € {V, 3}, the general problem :
QBF = QnXny Qu—1Xn—1 ..., Qix1, Prop(xn,...,x1) is PSPACE-complete
PSPACE = NPSPACE = coPSPACE
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Complexity of LTL

QBF LTL

PSPACE

Polynomial Hierarchy

The problems SAT(LTL) = VAL(LTL) = MC(LTL) are PSPACE-complete
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° Temporal Logics Temporal Patterns Compositional Semantics Test Intention
e Dwyer et al.’s Temporal Patterns Limits of Translational Semantics

Plan

© Temporal Patterns
@ Dwyer et al.’s Temporal Patterns
@ Limits of Translational Semantics
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° Temporal Logics Temporal Patterns Compositional Semantics Test Intention
< Dwyer et al.’s Temporal Patterns Limits of Translational Semantics

Context : Temporal Logics

Example

while a user is connected (between Login and Logout),
each user's request (Req) must be responded (Resp)
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Context : Temporal Logics

Example

while a user is connected (between Login and Logout),
each user's request (Req) must be responded (Resp)
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° Temporal Logics Temporal Patterns Compositional Semantics Test Intention
< Dwyer et al.’s Temporal Patterns Limits of Translational Semantics

Context : Temporal Logics

Example

while a user is connected (between Login and Logout),
each user's request (Req) must be responded (Resp)

@ inLTL:
O((Login A OLogout) = (Req = (—Logout U Resp)) U Logout)

@ this formula will be even more complex without assuming :

O(Login + Logout + Req + Resp < 1)
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° Temporal Logics Temporal Patterns Compositional Semantics Test Intention
< Dwyer et al.’s Temporal Patterns Limits of Translational Semantics

Context : Temporal Logics

Example

while a user is connected (between Login and Logout),
each user's request (Req) must be responded (Resp)

@ in LTL :
O((Login A OLogout) = (Req = (—Logout U Resp)) U Logout)
@ this formula will be even more complex without assuming :

O(Login + Logout + Req + Resp < 1)

Issue

bridging the semantic gap between the natural language and
Temporal Logics (the formal language)
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° Temporal Logics Temporal Patterns Compositional Semantics Test Intention
< Dwyer et al.’s Temporal Patterns Limits of Translational Semantics

Principle

e Can we provide formal semantics (of Temporal Logics) to the
natural language?
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° Temporal Logics Temporal Patterns Compositional Semantics Test Intention
< Dwyer et al.’s Temporal Patterns Limits of Translational Semantics

Principle

e Can we provide formal semantics (of Temporal Logics) to the
natural language?

e one typical solution : a pattern-based language

Dwyer et al.'s Temporal Patterns [Dwyer et al., 1999]

@ Dwyer et al. predefine many patterns of temporal properties
@ Each temporal property is a combination of :

Pattern / Scope
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° Temporal Logics Temporal Patterns Compositional Semantics Test Intention
< Dwyer et al.’s Temporal Patterns Limits of Translational Semantics

Patterns

Property Patterns

/

Occurrence Order

Property patterns

Occurrence patterns : Absence/Presence of events
Order patterns : Order between events
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Patterns

Property Patterns

T

Occurrence Order
never always
eventually

Property patterns

Occurrence patterns : Absence/Presence of events

Order patterns :  Order between events
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° Temporal Logics Temporal Patterns Compositional Semantics Test Intention
< Dwyer et al.’s Temporal Patterns Limits of Translational Semantics

Patterns

Property Patterns

Occurrence Order

N

never always
eventually
(N times)

N

at least at most  exactly

Property patterns

Occurrence patterns : Absence/Presence of events

Order patterns :  Order between events
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° Temporal Logics Temporal Patterns Compositional Semantics Test Intention
< Dwyer et al.’s Temporal Patterns Limits of Translational Semantics

Patterns

Property Patterns

T~

Occurrence Order

never always precedence response
eventually
(N times)

at least at most  exactly

Property patterns

Occurrence patterns : Absence/Presence of events
Order patterns . Order between events
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° Temporal Logics Temporal Patterns Compositional Semantics Test Intention
< Dwyer et al.’s Temporal Patterns Limits of Translational Semantics

Patterns

Property Patterns

T~

Occurrence Order

never always precedence response
eventually (Chain) (Chain)
(N times)

at least at most  exactly

Property patterns

Occurrence patterns : Absence/Presence of events
Order patterns . Order between events
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° Temporal Logics Temporal Patterns Compositional Semantics Test Intention
< Dwyer et al.’s Temporal Patterns Limits of Translational Semantics

Scopes

@ R Q@ Q@ R Q
lobally.

Scopes

The Time Interval(s) over which a pattern holds
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° Temporal Logics Temporal Patterns Compositional Semantics Test Intention
< Dwyer et al.’s Temporal Patterns Limits of Translational Semantics

Scopes
@« R Q@ @ R Q
L ———
before Q _
after Q  m—
Scopes

The Time Interval(s) over which a pattern holds
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° Temporal Logics Temporal Patterns Compositional Semantics Test Intention
< Dwyer et al.’s Temporal Patterns Limits of Translational Semantics

Scopes

e« R Q@ Q@ R Q
L ———

before Q  IE——_—
after Q  m—
between Q and R *

after Q unless R = N ———

Scopes

The Time Interval(s) over which a pattern holds
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° Temporal Logics Temporal Patterns Compositional Semantics Test Intention
< Dwyer et al.’s Temporal Patterns Limits of Translational Semantics

Dwyer et al.’s Spec Patterns

@ back to our example :

while a user is connected (between Login and Logout),
each user's request (Req) must be responded (Resp)

LTL : O((Login A OLogout) = (Req = (—Logout U Resp)) U Logout)
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° Temporal Logics Temporal Patterns Compositional Semantics Test Intention
< Dwyer et al.’s Temporal Patterns Limits of Translational Semantics

Dwyer et al.'s Spec Patterns

@ back to our example :

while a user is connected (between Login and Logout),
each user's request (Req) must be responded (Resp)

LTL : O((Login A OLogout) = (Req = (—Logout U Resp)) U Logout)
Pattern : Resp responds to Req (Response)
Scope . between Login and Logout (Between)
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° Temporal Logics Temporal Patterns Compositional Semantics Test Intention
< Dwyer et al.’s Temporal Patterns Limits of Translational Semantics

Dwyer et al.'s Spec Patterns

@ back to our example :

while a user is connected (between Login and Logout),
each user's request (Req) must be responded (Resp)

LTL : O((Login A OLogout) = (Req = (—Logout U Resp)) U Logout)
Pattern : Resp responds to Req (Response)
Scope . between Login and Logout (Between)

@ easy to use

@ over ~ 600 specs : 92% of coverage
e http://patterns.projects.cis.ksu.edu/

@ adopted by many works : Bandera, JTPL, Propel ...
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° Temporal Logics Temporal Patterns Compositional Semantics Test Intention
e Dwyer et al.’s Temporal Patterns Limits of Translational Semantics

Dwyer et al.’s Translational Semantics

@ Besides the natural semantics of patterns and scopes

@ Dwyer et al. provide formal semantics by translation :

o Pattern x Scope — LTL
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° Temporal Logics Temporal Patterns Compositional Semantics Test Intention
e Dwyer et al.’s Temporal Patterns Limits of Translational Semantics

Dwyer et al.’s Translational Semantics
@ Besides the natural semantics of patterns and scopes

@ Dwyer et al. provide formal semantics by translation :

o Pattern x Scope — LTL

e Example : {Response : P’ responds to P} x Scope — LTL

Scope s LTL

globally O(P = OP')

before Q 0= (P=(-QU (P A-Q))UQ

after Q O(Q = 0O(P = OP))

between Q and R | ((Q A -RAOR) = (P = (=R U (P'"A=R))) UR)
after Qunless R | O(QA—-R= ((P= (-R U (P A—=R))) W R)
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° Temporal Logics Temporal Patterns Compositional Semantics Test Intention
e Dwyer et al.’s Temporal Patterns Limits of Translational Semantics

Dwyer et al.’s Translational Semantics

@ Besides the natural semantics of patterns and scopes

@ Dwyer et al. provide formal semantics by translation :

e Pattern x Scope —» LTL, CTL, p-calculus, QRE . ..

o Library : http://patterns.projects.cis.ksu.edu/

e Example : {Response : P’ responds to P} x Scope — LTL

Scope s LTL

globally O(P = OP")

before Q 0Q = (P=(=QU (P'A-Q)) U Q

after Q O(Q = 0O(P = OP))

between Q and R | ((Q A “RAOR) = (P = (=R U (P'"A=R))) UR)
after Qunless R | D(QA-R= ((P= (=R U (P'A=R))) WR)
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° Temporal Logics Temporal Patterns Compositional Semantics Test Intention
e Dwyer et al.’s Temporal Patterns Limits of Translational Semantics

15t Limit : Genericity

@ Many of the Dwyer et al.’s patterns are generic :
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° Temporal Logics Temporal Patterns Compositional Semantics Test Intention
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15t Limit : Genericity

@ Many of the Dwyer et al.’s patterns are generic :

e eventually P ( at most | at least | exactly ) k(€ N) times
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° Temporal Logics Temporal Patterns Compositional Semantics Test Intention
e Dwyer et al.’s Temporal Patterns Limits of Translational Semantics

15t Limit : Genericity

@ Many of the Dwyer et al.’s patterns are generic :

e eventually P ( at most | at least | exactly ) k(€ N) times

@ Because of the Translational Semantics, Dwyer et al. only

consider :
o eventually P (at least once) k=1
e eventually P at most 2 times k=2
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° Temporal Logics Temporal Patterns Compositional Semantics Test Intention
e Dwyer et al.’s Temporal Patterns Limits of Translational Semantics

15t Limit : Genericity

@ Many of the Dwyer et al.’s patterns are generic :

e eventually P ( at most | at least | exactly ) k(€ N) times

o (P1,...,Pu(en)) precedes | responds to (Py,..., Pl )

@ Because of the Translational Semantics, Dwyer et al. only

consider :
o eventually P (at least once) k=1
e eventually P at most 2 times k=2
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° Temporal Logics Temporal Patterns Compositional Semantics Test Intention
e Dwyer et al.’s Temporal Patterns Limits of Translational Semantics

15t Limit : Genericity

@ Many of the Dwyer et al.’s patterns are generic :

e eventually P ( at most | at least | exactly ) k(€ N) times

o (P1,...,Pu(en)) precedes | responds to (Py,..., Pl )

@ Because of the Translational Semantics, Dwyer et al. only

consider :
o eventually P (at least once) k=1
o eventually P at most 2 times k=2
o P precedes | responds to P’ n=1m=1
o (P1,P»,) precedes | responds to P’ n=2m=1
o P precedes | responds to (P}, P5) n=1m=2
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° Temporal Logics Temporal Patterns Compositional Semantics Test Intention
e Dwyer et al.’s Temporal Patterns Limits of Translational Semantics

2" Limit : Scalability

@ Dwyer et al.’s adopt Translational Semantics :

o to Temporal Logics : Pattern x Scope — LTL
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° Temporal Logics Temporal Patterns Compositional Semantics Test Intention
e Dwyer et al.’s Temporal Patterns Limits of Translational Semantics

2" Limit : Scalability

@ Dwyer et al.’s adopt Translational Semantics :

o to Temporal Logics : Pattern x Scope — LTL
o 10 patterns x 5 scopes = 50 LTL formulas
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° Temporal Logics Temporal Patterns Compositional Semantics Test Intention
e Dwyer et al.’s Temporal Patterns Limits of Translational Semantics

27 Limit : Scalability

@ Dwyer et al.’s adopt Translational Semantics :

o to Temporal Logics : Pattern x Scope — LTL
o 10 patterns x 5 scopes = 50 LTL formulas

@ Dwyer et al. informally propose many variants to increase
expressiveness and improve the 92% coverage :
o Patterns variants
e Scopes variants
e http://patterns.projects.cis.ksu.edu/
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° Temporal Logics Temporal Patterns Compositional Semantics Test Intention
e Dwyer et al.’s Temporal Patterns Limits of Translational Semantics

27 Limit : Scalability

@ Dwyer et al.’s adopt Translational Semantics :

o to Temporal Logics : Pattern x Scope — LTL
o 10 patterns x 5 scopes = 50 LTL formulas

@ Dwyer et al. informally propose many variants to increase
expressiveness and improve the 92% coverage :

o Patterns variants
e Scopes variants
e http://patterns.projects.cis.ksu.edu/

o without translating variants :

o 14 patterns x 21 scopes ~ 300 combinations
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° Temporal Logics Temporal Patterns Compositional Semantics Test Intention
e Dwyer et al.’s Temporal Patterns Limits of Translational Semantics

Patterns Variants

Order Patterns Semantics
o Dwyer et al. consider non strict semantics :

P P’
o ex : P’ responds to P PCAD;;___@ v

o0/
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° Temporal Logics Temporal Patterns Compositional Semantics Test Intention
e Dwyer et al.’s Temporal Patterns Limits of Translational Semantics

Patterns Variants

Order Patterns Semantics
o Dwyer et al. consider non strict semantics :

P P!
O-----20 \/
. /
e ex : P’ responds to P -
@ ---0® \/
v
@ Variant : strict Order Patterns
P P’
o ex : P’ respondsscti, to P PO;""@ v
/\ /
O-----20 X
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° Temporal Logics Temporal Patterns Compositional Semantics Test Intention
e Dwyer et al.’s Temporal Patterns Limits of Translational Semantics

Scopes Variants

Scopes Semantics

globally —

before Q H

after Q _—

between Q and R _H_M—
after Q unless R _H_H__

@ Dwyer et al. consider right-open intervals
o [ -, _[: left-closed and right-open
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° Temporal Logics Temporal Patterns Compositional Semantics Test Intention
e Dwyer et al.’s Temporal Patterns Limits of Translational Semantics

Scopes Variants

Scopes Semantics

Q R Q Q R Q

globally  ————

before Q [ H

after | Q e ————

between ] Q and R [ Jr| ———
after ] Q unless R [ ] =

@ Variant : otherintervals [ -, -], ] -, - [et] -, _]
o ex :open intervals | -, _ |
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° Temporal Logics Temporal Patterns Compositional Semantics Test Intention
e Dwyer et al.’s Temporal Patterns Limits of Translational Semantics

Scopes Variants

Scopes Semantics

globally

o o — o —— ——C—
before Q  INEG_—
—

after Q
between Q and R ——— -
after Q unless R I T

@ Dwyer et al. consider the first occurrence
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° Temporal Logics Temporal Patterns Compositional Semantics Test Intention
e Dwyer et al.’s Temporal Patterns Limits of Translational Semantics

Scopes Variants

Scopes Semantics

globally |

before Q  INEEG—_—

after Q e

between last Q and R

after last Q unless R

© Variant : select the last occurrence
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° Temporal Logics Temporal Patterns Compositional Semantics Test Intention
e Dwyer et al.’s Temporal Patterns Limits of Translational Semantics

3" Limit : Faithfulness

@ Patterns and Scopes have intuitive natural semantics
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° Temporal Logics Temporal Patterns Compositional Semantics Test Intention
e Dwyer et al.’s Temporal Patterns Limits of Translational Semantics

3" Limit : Faithfulness

@ Patterns and Scopes have intuitive natural semantics

@ Are the Translational Semantics faithful to the natural one?
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° Temporal Logics Temporal Patterns Compositional Semantics Test Intention
e Dwyer et al.’s Temporal Patterns Limits of Translational Semantics

3" Limit : Faithfulness

@ Patterns and Scopes have intuitive natural semantics

@ Are the Translational Semantics faithful to the natural one?

o Peer-review among the Dwyer et al. project members

o Model-checking the LTL formulas against some (un)satisfying
scenarios (w.r.t. natural semantics)
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° Temporal Logics Temporal Patterns Compositional Semantics Test Intention
e Dwyer et al.’s Temporal Patterns Limits of Translational Semantics

3" Limit : Faithfulness

@ Patterns and Scopes have intuitive natural semantics

@ Are the Translational Semantics faithful to the natural one?

o Peer-review among the Dwyer et al. project members

o Model-checking the LTL formulas against some (un)satisfying
scenarios (w.r.t. natural semantics)

@ Common issue between natural and formal semantics :

o No way! to measure faithfulness!
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° Temporal Logics Temporal Patterns Compositional Semantics Test Intention
e Dwyer et al.’s Temporal Patterns Limits of Translational Semantics

3" Limit : Faithfulness

@ Dwyer et al. build the Property Specification Language over a clear
separation between Patterns and Scopes

o A Pattern (resp. Scope) has a unique natural semantics regardless
the Scope (resp. Pattern) with which it is combined
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° Temporal Logics Temporal Patterns Compositional Semantics Test Intention
e Dwyer et al.’s Temporal Patterns Limits of Translational Semantics

3 Limit : Faithfulness => Homogeneity

@ Dwyer et al. build the Property Specification Language over a clear
separation between Patterns and Scopes

o A Pattern (resp. Scope) has a unique natural semantics regardless
the Scope (resp. Pattern) with which it is combined

@ Does the Translational Semantics keep Homogeneity ?

o Translational Semantics flattens the key separation
@ ex : a Pattern is translated 5 times and may have up to 5 different
interpretations
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° Temporal Logics Temporal Patterns Compositional Semantics Test Intention
e Dwyer et al.’s Temporal Patterns Limits of Translational Semantics

3 Limit : Faithfulness => Homogeneity

@ Dwyer et al. build the Property Specification Language over a clear
separation between Patterns and Scopes

o A Pattern (resp. Scope) has a unique natural semantics regardless
the Scope (resp. Pattern) with which it is combined

@ Does the Translational Semantics keep Homogeneity ?

o Translational Semantics flattens the key separation
@ ex : a Pattern is translated 5 times and may have up to 5 different
interpretations

@ Homogeneity is part of Faithfulness

@ a part that we will be able to measure!

TAROT'2016 Testing Temporal Patterns Safouan TAHA
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° Temporal Logics Temporal Patterns Compositional Semantics Test Intention
< Principle & Composition rules Composition vs Translation

Plan

© Compositional Semantics
@ Principle & Composition rules
@ Composition vs Translation
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° Temporal Logics Temporal Patterns Compositional Semantics Test Intention
< Principle & Composition rules Composition vs Translation

Principle [Taha et al., 2015]

@ Compositional Semantics are based on Biichi automata
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° Temporal Logics Temporal Patterns Compositional Semantics Test Intention
< Principle & Composition rules Composition vs Translation

Principle [Taha et al., 2015]

@ Compositional Semantics are based on Biichi automata
never P after Q
~O OO
-P -Q

@ Pattern and Scope are Biichi automata
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° Temporal Logics Temporal Patterns Compositional Semantics Test Intention
< Principle & Composition rules Composition vs Translation

Principle [Taha et al., 2015]

@ Compositional Semantics are based on Biichi automata

never P after Q

P Q

-P -Q
@ Pattern and Scope are Biichi automata

@ we distinguish the composition state within the Scope
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° Temporal Logics Temporal Patterns Compositional Semantics Test Intention
< Principle & Composition rules Composition vs Translation

Principle [Taha et al., 2015]

@ Compositional Semantics are based on Biichi automata

never P after Q composition
——
P Q o % >_,( )
-P
-P -Q -Q

@ Pattern and Scope are Biichi automata
@ we distinguish the composition state within the Scope

© we substitute the composition state by the Pattern automaton
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° Temporal Logics Temporal Patterns Compositional Semantics Test Intention
< Principle & Composition rules Composition vs Translation

Principle [Taha et al., 2015]

@ Compositional Semantics are based on Biichi automata

never P after Q never P after Q
- : O—0O—=0O
P -Q -Q P

@ Pattern and Scope are Biichi automata
@ we distinguish the composition state within the Scope
@ we substitute the composition state by the Pattern automaton

@ We obtain the automaton of the property : [Pattern/Scope]

o by applying composition rules
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° Temporal Logics Temporal Patterns Compositional Semantics Test Intention
< Principle & Composition rules Composition vs Translation
Patterns Automata
P -P -P True -P -P -P

R S W

always P never P eventually P

P A-P True
P
O O

P precedes P’

P'N =P pp-p —P

P’ responds to P

P’ —P'A=P; True

H&—\P’/\Plﬁ P, \ﬁ@

(Py, P2) precedes P’

True -P; -P'

448 Pl aAﬁP{é

=[P’ responds to (P1, P2)]

P P

O O O

eventually P at most 2 times

-Py p O True

O
Py O P}
P precedes (P}, P5)

/
-P;

=[(P}, P5) responds to P]

TAROT'2016
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° Temporal Logics Temporal Patterns Compositional Semantics Test Intention
< Principle & Composition rules Composition vs Translation

Patterns Automata + generic

True

-P -P -P -P -P -P -P -P
e B & 8 e Br 8 8 Be 4

— xk — — xk — —— xk —
eventually P k times eventually P at least k times eventually P at most k times
~P2 AP “Pa APl True
Pp_1 A =P} P,
. Y
-P},
Pr,nfl

(P1,...,Pn) precedes (Py,...,Pp)

-P;

True “PZ _‘Pn "PI,"
% Py 1 Py Po1 Py l

=[(Py,...,Pp,) responds to (Py,...,Py)]

Pa AP
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° Temporal Logics Temporal Patterns Compositional Semantics Test Intention
< Principle & Composition rules Composition vs Translation

Scopes Automata

-Q
Q

ol 6217
globally after Q before R

-R -QVR QA-R -QVR QA-R

-R
O0—0 (] — ]
R R
between Q and R after Q unless R
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° Temporal Logics Temporal Patterns Compositional Semantics Test Intention
< Principle & Composition rules Composition vs Translation

Scopes Automata + variants

-Q
Q

ol 6217
globally after Q before R

-R -QVR QA-R -QVR QA-R

-R
O0—0 (] — ]
R R
between Q and R after Q unless R

-QVR

QA-R

QA-R after last Q unless R

QA-R
between last @ and R -QA-R
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° Temporal Logics Temporal Patterns Compositional Semantics Test Intention
< Principle & Composition rules Composition vs Translation

Composition Rules : States

pattern 2 (Qp, inity, Fp, Tp)  with inity € Qp, Fp C Qp
scope def (Qs U {cs}, inits, Fs, Ts)  with inits € Qs U {cs}, Fs C Qs U {cs}
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° Temporal Logics Temporal Patterns Compositional Semantics Test Intention
< Principle & Composition rules Composition vs Translation

Composition Rules : States

pattern 2 (Qp, inity, Fp, Tp)  with inity € Qp, Fy C Qp
scope dof (Qs U {cs}, inits, Fs, Ts)  with inits € Qs U {cs}, Fs C Qs U {cs}
def 5 o
pattern/scope = (Q, init, F, T)
Q =QUQs
scope

P
Q
J gl ()

cs P
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° Temporal Logics Temporal Patterns Compositional Semantics Test Intention
< Principle & Composition rules Composition vs Translation

Composition Rules : States

pattern 2 (Qp, inity, Fp, Tp)  with inity € Qp, Fp C Qp
scope dof (Qs U {cs}, inits, Fs, Ts)  with inits € Qs U {cs}, Fs C Qs U {cs}

pattern/scope = (Q, init, F, T)

Q = Qp U Qs
o inits if inits # cs
nit =
scope

P
Q
U paten

cs —P

-Q
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° Temporal Logics Temporal Patterns Compositional Semantics Test Intention
< Principle & Composition rules Composition vs Translation

Composition Rules : States

{ pattern 2 (Q,, inity, Fp, Tp)  with inity € Qp, Fp C Qp

scope dof (Qs U {cs}, inits, Fs, Ts)  with inits € Qs U {cs}, Fs C Qs U {cs}

pattern/scope = (Q, init, F, T)

Q = Qp U Qs
o inits if inits # cs
init = .
init, else

scope 5
Q
U pateen ®

cs P

-Q /‘
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° Temporal Logics Temporal Patterns Compositional Semantics Test Intention
< Principle & Composition rules Composition vs Translation

Composition Rules : States

pattern 2 (Qp, inity, Fp, Tp)  with inity € Qp, Fp C Qp
scope dof (Qs U {cs}, inits, Fs, Ts)  with inits € Qs U {cs}, Fs C Qs U {cs}
def . .
pattern/scope = (Q, init, F, T)
Q = Qp U Qs
o inits if inits # cs
init = .
init, else
- Fs if cs & Fs

()
O patiern (@

cs —P

/
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Principle & Composition rules Composition vs Translation

% Temporal Logics Temporal Patterns Compositional Semantics Test Intention
()

Composition Rules : States

{ pattern def (Qp,

initp, Fp, Tp)

scope def (Qs U {cs}, inits, Fs, Ts)

Q :QpUQs

o inits
init = .
nitp

pattern/scope = (Q, init, F, T)

L
F =
(Fs\ {es}) U Fp

with init, € Qp, Fp C Qp
with inits € Qs U {cs}, Fs C Qs U {cs}

if inits # cs
else
if cs & Fs

else

scope

pattern

cs P
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° Temporal Logics Temporal Patterns Compositional Semantics Test Intention
< Principle & Composition rules Composition vs Translation

Composition Rules : Transitions (1/3)
@ Transitions from pattern to pattern : restriction
Pe g e T R = AN -P
9—q9 € Ip avec P’ € Out(cs)
PAR ’
g —>q €T Out(cs) = {P'|3q”,q" € Qs,cs T ¢ € Ts}
Py ®)
o — P A =P, AP}
(-"+D)]_~ © @
2

\O
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° Temporal Logics Temporal Patterns Compositional Semantics Test Intention
< Principle & Composition rules Composition vs Translation

Composition Rules : Transitions (1/3)

@ Transitions from pattern to pattern : restriction

P, R = A P
adeT { -

PAR /
g —>q €T Out(cs) = {P'|3q”,q" € Qs,cs T ¢ € Ts}

@ Transitions from scope to scope :

P
q—q €Ts,9, 9 € Qs
qu’ET
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° Temporal Logics Temporal Patterns Compositional Semantics Test Intention
< Principle & Composition rules Composition vs Translation

Composition Rules : Transitions (2/3)

© Transitions from scope to pattern :

/
qLcseTs,qGQyinitqu'eTp

PAP’
qgq—>q €T

PAP
@_P./C
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° Temporal Logics Temporal Patterns Compositional Semantics Test Intention
< Principle & Composition rules Composition vs Translation

Composition Rules : Transitions (2/3)

© Transitions from scope to pattern :

o left-closed interval :

/
qLcseTs,qGQyinit,,Lq/eTp

PAP’
g —>q €T

o left-open interval (variant) :

q—P>csETs7qEQs
q s init, € T

PAP
closed @—’

@ )@ —

P N\ P
orem >t (e )=—()
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° Temporal Logics Temporal Patterns Compositional Semantics Test Intention
< Principle & Composition rules Composition vs Translation

Composition Rules : Transitions (3/3)

@ Transitions from pattern to scope :

e right-open interval :

s g €T, d €Q,q€F

q LN q €T
o right-closed interval (variant) :

7
qLQpeTpvquvacsgqleTsquEQs
PAP!
q/\—)q/eT

/
oven_y () (a) "
/
closed @u

@@ ()
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° Temporal Logics Temporal Patterns Compositional Semantics Test Intention
< Principle & Composition rules Composition vs Translation

Example :

while a user is connected (between Login and Logout), each user request
(Req) must be responded (Resp)

Pattern : Resp responds to Req (Response)
Scope : between | Login and Logout [ (Between)
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° Temporal Logics Temporal Patterns Compositional Semantics Test Intention
< Principle & Composition rules Composition vs Translation

Example :

while a user is connected (between Login and Logout), each user request
(Req) must be responded (Resp)

Pattern : Resp responds to Req (Response)
Scope : between | Login and Logout [ (Between)
-R -QVR PV P =Y

QA-R

PA-P
R P’ ﬁ
between Q and R P responds to P’
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Temporal Logics Temporal Patterns Compositional Semantics Test Intention
Principle & Composition rules Composition vs Translation

Example :

while a user is connected (between Login and Logout), each user request

(Req) must be responded (Resp)

Pattern : Resp responds to Req (Response)
Scope : between | Login and Logout [ (Between)
-R -QVR PV P =Y

QA-R

P AP e
R P’
between Q and R P responds to P’
P responds to P’ between [ Q and R [
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° Temporal Logics Temporal Patterns Compositional Semantics Test Intention
< Principle & Composition rules Composition vs Translation

Example :

while a user is connected (between Login and Logout), each user request

(Req) must be responded (Resp)

Pattern : Resp responds to Req (Response)
Scope : between | Login and Logout [ (Between)

-R -QVR PV P =Y

QA-R
P AP e
R P
between Q and R P responds to P’
(P'V =P)A =R P A =R

PA-P' A-R

@ P’ A =R @

P responds to P’ between [ Q and R [
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° Temporal Logics Temporal Patterns Compositional Semantics Test Intention
< Principle & Composition rules Composition vs Translation

Example :

while a user is connected (between Login and Logout), each user request

(Req) must be responded (Resp)

Pattern : Resp responds to Req (Response)
Scope : between | Login and Logout [ (Between)
PV P -P’
P AP
()
between Q and R P responds to P’
R -QVR (P vV =P) A =R —P' A =R

PA-P' A-R

@ P’ AR @

P responds to P’ between [ Q and R [
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° Temporal Logics Temporal Patterns Compositional Semantics Test Intention
< Principle & Composition rules Composition vs Translation

Example :

while a user is connected (between Login and Logout), each user request

(Req) must be responded (Resp)

Pattern : Resp responds to Req (Response)
Scope : between | Login and Logout [ (Between)
PV P -P’
P AP
()
between Q and R P responds to P’
R -QVR (P vV =P) A =R —P' A =R

P responds to P’ between [ Q and R [

TAROT'2016 Testing Temporal Patterns Safouan TAHA

47/58



° Temporal Logics Temporal Patterns Compositional Semantics Test Intention
< Principle & Composition rules Composition vs Translation

Example :

while a user is connected (between Login and Logout), each user request

(Req) must be responded (Resp)

Pattern : Resp responds to Req (Response)
Scope : between | Login and Logout [ (Between)
PV =P -P'
P AP

P responds to P’

P’

-R -QVR (P'V =P)A =R —P A =R
(P'V=P)AQA =R

PA-P' AQA-R

P responds to P’ between [ Q and R [

TAROT'2016 Testing Temporal Patterns Safouan TAHA

47/58



° Temporal Logics Temporal Patterns Compositional Semantics Test Intention
e Principle & Composition rules Composition vs Translation

Composition vs Translation

o Translational Semantics by Dwyer et al. :

e n patterns X m scopes ~ n X m combinations to translate

o finite support for generic patterns ke 1l.N
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Composition vs Translation

o Translational Semantics by Dwyer et al. :

e n patterns X m scopes ~ n X m combinations to translate

o finite support for generic patterns kel.N
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Composition vs Translation

o Translational Semantics by Dwyer et al. :

e n patterns X m scopes ~ n X m combinations to translate

o finite support for generic patterns ke 1l.N

@ Compositional semantics :

e n patterns X m scopes ~ n 4+ m automata to define

e native support for generic patterns keN

Composition 2:0 Translation

@ Compositional Semantics brings Genericity and Scalability
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° Temporal Logics Temporal Patterns Compositional Semantics Test Intention
e Principle & Composition rules Composition vs Translation

Composition vs Translation

o Translational Semantics by Dwyer et al. :

e n patterns X m scopes ~ n X m combinations to translate

o finite support for generic patterns kel.N

@ Compositional semantics :

e n patterns X m scopes ~ n 4+ m automata to define

e native support for generic patterns keN

Composition 2:0 Translation

@ Compositional Semantics brings Genericity and Scalability

@ what about Homogeneity ?
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° Temporal Logics Temporal Patterns Compositional Semantics Test Intention
e Principle & Composition rules Composition vs Translation

Homogeneity

‘ globally ‘ before R after Q between Q and R after Q unless R ‘
always P | 0P [[or = (P U R)|O(Q = OP)|O((Q A =R A OR) = (P U R))|O((Q A =R) = (PWR))‘
never P O-pP LTL LTL LTL LTL
eventually P oP LTL LTL LTL LTL
eventually P (=P W (PW (=P LTL LTL LTL LTL
at most 2 W (P W O-P))))

P precedes P’ —P'W P LTL LTL LTL LTL
(P1,P2) precedes P’ OP' = (=P U (PN LTL LTL LTL LTL
—~P' A O(=P' U P2)))
P precedes (P}, P) (O(P{ A OOPS)) = LTL LTL LTL LTL
(=P)) U P)
P’responds to P 0P = oP') LTL LTL LTL LTL
(P, P%) responds to P [0(P = 0(P{ A O0OP})) LTL LTL LTL LTL
P’ responds to (P1,P2)| 0P A O0OP, = LTL LTL LTL LTL
O(0(P2 A OP'))

Approach :
@ Collect the 50 LTL formulas given by Dwyer et al.
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Temporal Logics Temporal Patterns Compositional Semantics Test Intention
Principle & Composition rules Composition vs Translation

Homogeneity
globally
always P 0Op
never P 0-p
eventually P OP
eventually P (=P W (PW (=P

at most 2 W (P W 0=P))))
P precedes P’ -P WP
(P1,P2) precedes P’ OP" = (=P" U (P A

—P' A O(=P" U Py)))
P precedes (P}, P}) (O(P{ A OOP})) =
(=P) U P))
P’responds to P 0P = 0P')

(P7,P}) responds to P

0(P = 0(P{ A O0P3))

P’ responds to (P1,P2)

O(PL A OOP2 =
O(0(P2 A OP)))

Approach :

P -P -P True -P -p -P
4 8 - s
always P never P eventually P eventually P at most 2 times

A, True

P AP True —P' A =Py True

5 P 5 gﬁP’/\Pl% Py %
P -P,

P precedes P’ (P1,P2) precedes P’ P precedes (P}, Pb)

=Py
P'V-Ppp-p P
it

True e PR QO -,
s T I
- O O

[P’ responds to (Py, P2)] =[(P},P5) responds to P]

P’ responds to P

@ Collect the 50 LTL formulas given by Dwyer et al.

@ Generate the Patterns automata (LTL2BA)
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° Temporal Logics Temporal Patterns Compositional Semantics Test Intention
e Principle & Composition rules Composition vs Translation

Homogeneity

‘ globally H before R ‘ after Q ‘ between Q and R ‘ after Q unless R ‘
|

always P | op 0R = (P UR)[O(Q = OP)|O((@ A =R A OR) = (P U R)|O(@ A =R) = (P W R))|

-Q

L Q
O
globally after @ before R
R TQVR Qa-r “QVR Qn-r
—R o
e
R R
between @ and R after Q unless R

Approach :
@ Collect the 50 LTL formulas given by Dwyer et al.

@ Generate the Patterns automata (LTL2BA)
© Generate the Scopes automata (LTL2BA)
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Temporal Logics Temporal Patterns Compositional Semantics Test Intention

¢y

Principle & Composition rules Composition vs Translation

Homogeneity

globally ‘ before R after Q between Q and R after Q unless R ‘
always P op [[or = (P U R)|O(Q = OP)|O((Q A =R A OR) = (P U R))|O((Q A =R) = (PWR))‘
never P 0-pP C C C iti Composition
eventually P oP C C C Composition
eventually P (=P W (PW (=P C C C Composition

at most 2

W (P W O=P))))

P precedes P’

P’ W P

(P1,P2) precedes P’

OP" = (=P U (PLA
=P’ A O(=P' U P,)))

Composition

Composition

Composition

Composition

Composition

Composition

Composition

Composition

P precedes (P}, P)

(0(P{ A OOP}) =
(=P) U P))

Composition

Composition

Composition

Composition

P’responds to P

0P = oP")

Composition

Composition

Composition

Composition

(P, P%) responds to P

H(P = 0(P{ A OOP)))

Composition

Composition

Composition

Composition

P’ responds to (P1,P2)

O(PL A OOP, =
O(0(P2 A OP'))

Composition

Composition

Composition

Composition

Approach :

@ Collect the 50 LTL formulas given by Dwyer et al.

@ Generate the Patterns automata (LTL2BA)
© Generate the Scopes automata (LTL2BA)

@ Apply the composition to generate the automata of remaining combinations
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Temporal Logics Temporal Patterns

Principle & Composition rules Composition vs Translation

Compositional Semantics Test Intention

Homogeneity

globally before R after Q between Q and R after Q unless R ‘
always P oP OR = (P UR)|O(Q = OP)|0((Q A =R A OR) = (P U R))|0((Q A —=R) = (PWR))‘
never P O-pP = = = =
eventually P oP c (1) = c (2 c (2
eventually P (=P W (PW (=P = = = =
at most 2 W (P W O-P))))
P precedes P’ -PWP = > @(3) C (@ @
(P1,P2) precedes P’ OP' = (=P U (PN = = c@ (2
—~P' A O(=P' U P2)))
P precedes (P}, P) (O(P{ A OOP})) = = = c( [« P)]
(=P) U P))

P’responds to P 0P = oP') = = = =
(P, P%) responds to P [0(P = 0(P{ A O0OP})) > (4) = > (4) o (4)
P’ responds to (P1,P2)| 0P A O0OP, = # (5) = # (5) #(5)

O(0(P2 A OP'))

Approach :

@ Collect the 50 LTL formulas given by Dwyer et al.

@ Generate the Patterns automata (LTL2BA)
© Generate the Scopes automata (LTL2BA)

@ Apply the composition to generate the automata of remaining combinations

@ Compare!

(Translation =, C, D Composition)
v
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% Temporal Logics Temporal Patterns Compositional Semantics Test Intention
D

Principle & Composition

rules  Composition vs Translation

Homogeneity : mismatching cases

Mismatching cases

Dwyer et al.’s Formula

Composition Formula

(1) eventually P before R

—RW (P A =R)

(2) P precedes P’ / P eventually
between Q and R / after Q unless R|O(@ A -R) = ...)

(3) P precedes P’ after Q

O-QV O(Q A (=P" W P))

(4) (P71, P%) responds to P

...(P= (-RU (P, A -R

before R/ ... AO(=RUPY)). ..
(5) P’ responds to (P1, P2) < (PLAO(=RU P) =
before R/ ... O(-RU (P2 AOP)). ..
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° Temporal Logics Temporal Patterns Compositional Semantics Test Intention
e Principle & Composition rules Composition vs Translation

Homogeneity : mismatching cases

Mismatching cases Dwyer et al.’s Formula Composition Formula
(1) eventually P before R —“RW (P A =R) C|RV -RW (PA-R)

(2) P precedes P’ / P eventually

between Q and R / after Q unless R|O(@ A -R) = ...) C

(3) P precedes P’ after Q O-QV O(QA (=P WP) |D

(4) (P}, P%) responds to P ...(P= (-RU(P{ A-R

before R/ ... AO(=RUPY)))... D

(5) P’ responds to (P1,P2) ... (PLAO(=RU Py) =

before R/ ... O(=RU (P, AOP))) ... |#

@ if R holds immediately (right-open interval) !
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° Temporal Logics Temporal Patterns Compositional Semantics Test Intention
e Principle & Composition rules Composition vs Translation

Homogeneity : mismatching cases

Mismatching cases Dwyer et al.’s Formula Composition Formula

(1) eventually P before R —“RW (P A =R) C|RV -RW (PA-R)

(2) P precedes P’ / P eventually

between Q and R / after Q unless R|O(@ A -R) = ...) ClOQ@AO("QSR)A=R)=...)
(3) P precedes P’ after Q O-QV O(QA (=P WP) |D

(4) (P}, P%) responds to P ...(P= (-RU(P{ A-R

before R/ ... AO(=RUPY)))... D

(5) P’ responds to (P1,P2) ... (PLAO(=RU Py) =

before R/ ... O(=RU (P, AOP))) ... |#

@ if R holds immediately (right-open interval) !

@ Dwyer et al. consider all occurrences of Q (not the 15t) : stronger constraint
Q P Q P’ R
O---50---0---0--->O Translation X  Composition \/
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° Temporal Logics Temporal Patterns Compositional Semantics Test Intention
e Principle & Composition rules Composition vs Translation

Homogeneity : mismatching cases

Mismatching cases Dwyer et al.’s Formula Composition Formula

(1) eventually P before R —“RW (P A =R) C|RV -RW (PA-R)

(2) P precedes P’ / P eventually

between Q and R / after Q unless R|O(@ A -R) = ...) ClOQ@AO("QSR)A=R)=...)
(3) P precedes P’ after Q O-QVOQA(-P"WP) |D|O-QVIQASE-QA (=P W P))
(4) (P}, P%) responds to P ...(P= (-RU(P{ A-R

before R/ ... AO(=RUPY)))... D

(5) P’ responds to (P1,P2) ... (PLAO(=RU Py) =

before R/ ... O(=RU (P, AOP))) ... |#

@ if R holds immediately (right-open interval) !
@ Dwyer et al. consider all occurrences of Q (not the 15t) : stronger constraint

© Dwyer et al. consider some occurrence of Q (not the 15t) : weaker constraint
Q P’ Q P P’
O --0--->0---X0--->O Translation \/ Composition X
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% Temporal Logics Temporal Patterns Compositional Semantics Test Intention
D

Principle & Composition

rules  Composition vs Translation

Homogeneity : mismatching cases

Mismatching cases

Dwyer et al.’s Formula

Composition Formula

(1) eventually P before R —“RW (P A =R) C|RV -RW (PA-R)

(2) P precedes P’ / P eventually

between Q and R / after Q unless R|O(@ A -R) = ...) ClOQ@AO("QSR)A=R)=...)
(3) P precedes P’ after Q O-QVOQA(-P"WP) |D|O-QVIQASE-QA (=P W P))
(4) (P}, P%) responds to P ...(P= (=RU (P, A-R ...(P= (-RU(P,A-R

before R/ ... ANO(=RUPY))) ... D|AO(=RU(PSA=R)))) - - -

(5) P’ responds to (P1,P2) ... (PLAO(=RU Py) = ... (PL A O(=R U (P2A=R)) =
before R/ ... O(FRU(PLAOPY))) ... | #|O(RU(PrA(=RU (P A=R))) ...

@ if R holds immediately (right-open interval) !

@ Dwyer et al. consider all occurrences of Q (not the 15t) : stronger constraint

© Dwyer et al. consider some occurrence of Q (not the 15t) : weaker constraint

@ right-open interval !

@ right-open interval !
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° Temporal Logics Temporal Patterns Compositional Semantics Test Intention
e Principle & Composition rules Composition vs Translation

Homogeneity : mismatching cases

Mismatching cases Dwyer et al.’s Formula Composition Formula

(1) eventually P before R —“RW (P A =R) C|RV -RW (PA-R)

(2) P precedes P’ / P eventually

between Q and R / after Q unless R|O(@ A -R) = ...) ClOQ@AO("QSR)A=R)=...)

(3) P precedes P’ after Q O-QVOQA(-P"WP) |D|O-QVIQASE-QA (=P W P))

(4) (P}, P%) responds to P ...(P= (=RU (P, A-R ...(P= (-RU(P,A-R

before R/ ... ANO(=RUPY))) ... D|AO(=RU(PSA=R)))) - - -

(5) P’ responds to (P1,P2) ... (PLAO(=RU Py) = ... (PL A O(=R U (P2A=R)) =

before R/ ... O(FRU(PLAOPY))) ... | #|O(RU(PrA(=RU (P A=R))) ...
Composition 3:0 Translation

@ Compositional Semantics reveals inconsistencies within Translational
Semantics
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° Temporal Logics Temporal Patterns Compositional Semantics Test Intention
e Principle & Composition rules Composition vs Translation

Homogeneity : mismatching cases

Mismatching cases

Dwyer et al.’s Formula

Composition Formula

(1) eventually P before R —“RW (P A =R) C|RV -RW (PA-R)
(2) P precedes P’ / P eventually
between Q and R / after Q unless R|O(@ A -R) = ...) ClOQ@AO("QSR)A=R)=...)
(3) P precedes P’ after Q O-QVOQA (=P WP) |D|0-QVIQAEH-QA (=P W P))
(4) (P}, P%) responds to P ...(P= (=RU (P, A-R ...(P= (-RU(P,A-R
before R/ ... ANO(=RUPY))) ... D|AO(=RU(PSA=R)))) - - -
(5) P’ responds to (P1,P2) ... (PLAO(=RU Py) = ... (PL A O(=R U (P2A=R)) =
before R/ ... O(FRU(PLAOPY))) ... | #|O(RU(PrA(=RU (P A=R))) ...
Composition 3:0 Translation
@ Compositional Semantics reveals inconsistencies within Translational
Semantics
Composition 4:0 Translation

@ Composition is linear where LTL — BA is PSPACE-complete !
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° Temporal Logics Temporal Patterns Compositional Semantics Test Intention
e Principle & Composition rules Composition vs Translation

Furthermore

@ Dwyer et al. combine 1 pattern and 1 scope
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° Temporal Logics Temporal Patterns Compositional Semantics Test Intention
e Principle & Composition rules Composition vs Translation

Furthermore
@ Dwyer et al. combine 1 pattern and 1 scope
Extension

e 1 pattern and successive applications of k scopes!
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° Temporal Logics Temporal Patterns Compositional Semantics Test Intention
e Principle & Composition rules Composition vs Translation

Furthermore
@ Dwyer et al. combine 1 pattern and 1 scope
Extension

e 1 pattern and successive applications of k scopes!

@ thanks to composition ! Pattern x ScopeX<N zemantie, BA

@ ex : P precedes P’

-PA-P True
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° Temporal Logics Temporal Patterns Compositional Semantics Test Intention
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Furthermore
@ Dwyer et al. combine 1 pattern and 1 scope
Extension

e 1 pattern and successive applications of k scopes!

@ thanks to composition ! Pattern x ScopeX<N zemantie, BA

@ ex : P precedes P’ after Q

-Q

=P A=P' True
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° Temporal Logics Temporal Patterns Compositional Semantics Test Intention
e Principle & Composition rules Composition vs Translation

Furthermore
@ Dwyer et al. combine 1 pattern and 1 scope
Extension

e 1 pattern and successive applications of k scopes!

@ thanks to composition ! Pattern x ScopeX<N zemantie, BA

@ ex : P precedes P’ after Q, between S and T

-T SV T SAT -Q

=P A=P' True

7
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° Temporal Logics Temporal Patterns Compositional Semantics Test Intention
e Principle & Composition rules Composition vs Translation

Furthermore
@ Dwyer et al. combine 1 pattern and 1 scope
Extension

e 1 pattern and successive applications of k scopes!

@ thanks to composition ! Pattern x ScopeX<N zemantie, BA

@ ex : P precedes P’ after Q, between S and T, before R ...

-T SV T SAT -Q

-PA-P' True

7

-R True R True
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Plan

@ Test Intention
@ Example
@ Transformation Rule
@ Transformation consistency
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Test Intention

@ Given a test purpose automaton, coverage criteria may be :

o all states

o all transitions
o all k-paths

]
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Test Intention

@ Given a test purpose automaton, coverage criteria may be :
o all states
o all transitions
o all k-paths
o ...

@ How do we cover predicates over transitions?

e C/DC (Condition and Decision Coverage)
o MCC (Multiple Condition Coverage)
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° Temporal Logics Temporal Patterns Compositional Semantics Test Intention
< Example Transformation Rule Transformation consistency

Test Intention

@ Given a test purpose automaton, coverage criteria may be :

o all states

o all transitions
o all k-paths

o ...

@ How do we cover predicates over transitions?

e C/DC (Condition and Decision Coverage)
o MCC (Multiple Condition Coverage)

Transformation rules

There is a common practice to transform a test purpose
automaton to an equivalent test intention automaton
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Example : P precedes R

-PA-R True
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Example : P precedes R

-PA-R True

P A-R,
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Example : P precedes R

-PA-R True

P AR True P ARy True

—P A=R,
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Example : P precedes R

P AR True P ARy True
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Transformation Rule

Transformation Definition

R
—

@ predicate coverage : test all predicate cases P = ((\/ R))VR)

) .. P
@ test a reflexive transition ———

@ paths coverage : unfold R between 0 and n times '
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Transformation Rule

Transformation Definition

R
—

@ predicate coverage : test all predicate cases P = ((\/ R))VR)

) .. P
@ test a reflexive transition ———

@ paths coverage : unfold R between 0 and n times '
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Transformation Realization

Q Define/implement a transformation rule over automata
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Transformation Realization

Q Define/implement a transformation rule over automata

@ After transformation, thanks to composition, we can apply
new scopes !
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e Example Transformation Rule Transformation consistency

Transformation Realization

Q Define/implement a transformation rule over automata

@ After transformation, thanks to composition, we can apply
new scopes !

Theorem : Composition Consistency

Let p; = (Qp; inity,, Fo, P, T, ), i € {1,2} be two automata and

def ..
s = (Qs, inits, Fs, P, Ts) be any scope automaton. Then, we have :

L(p1) = L(p2)

£*(p1) £4(p2) } = Vs. LY(p1 @s) = LY (p2 @)
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Transformation Realization

Q Define/implement a transformation rule over automata

@ After transformation, thanks to composition, we can apply
new scopes !

Theorem : Composition Consistency

Let p; = (Qp; inity,, Fo, P, T, ), i € {1,2} be two automata and

def ..
s = (Qs, inits, Fs, P, Ts) be any scope automaton. Then, we have :

L(p1) = L(p2)

£*(p1) £4(p2) } = Vs. LY(p1 @s) = LY (p2 @)

© Prove transformation consistency !
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Thank you

any questions ?
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