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Beyond Boolean Semantics
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Beyond Boolean Semantics

p = G(req — Fjg o0jsat)

Enrich the Boolean
interpretation by assigning a
numerical value relevant in
some domain

Boolean Semantics —— Quantitative Semantics

Soundness property Correctness property

Distinguish behaviours with same
Boolean value

Enable comparison and ranking

Enable optimization and synthesis




Contribution

Definition of a new time-robustness semantics for the point-based
interpretation of Metric Interval Temporal Logic (MITL)

Proof of soundness and stability guarantees wrt the Boolean Semantics of
MITL

Evidence of relation between time robustness and tolerance under temporal
uncertainty

2 use cases



A bit of history
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Embedded Computing Systems 22(1):1-44



A bit of history
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Trace alignment ~
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Time robustness
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Definition

Finiteeventtrace o = (to,S0)(t1,51)--- (th—1,Sn—1)

Event € R>o X 2’6“P

{PO;Pla %% 7pm—1}

o = (0, {@})(10, {®.@})(20, {@})

state  {@} {00} (@

time 0 10 20
index 0 1 2




MITL Syntax

p:=T|p|o|leNp|eUrp | Xp

| ]

Atomic predicate Until  Next



MITL Syntax

p:=T|p|o|leNp|eUrp | Xp

| ]

Atomic predicate Until  Next

Fro:=TUjp
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MITL Semantics

p:=TI|p|w|leAp|eUrp | Xrp

(O-ai> ’: SOlUISOQ lf 3.7 = ?:,(O',j) i: P2, tj —1; € ]7
Vk € [Za])a (07 k) ': ¥1

-: ® ® o— (0,0) F@U 15,20/@®
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MITL Semantics

p:=TI|p|w|leAp|eUrp | Xrp

(0,)) EXrp ifi<n—1and (0,i+1) = o, and
tiv1—t; €1

- ¢ @ o—> (0,2) F X[5,10@®
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From Boolean to Time Robustness

o D S—

ti t; +a tz'.+_1 t; + b

(0,)) EXrp ifi<n—1and (0,i+1) = ¢, and
tH_l—tiGI

13



From Boolean to Time Robustness

|

ti t; +a ti-+—1 t; + b

(0,)) EXrp ifi<n—1and (0,i+1) = ¢, and
tz'_l_l—tz'EI
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From Boolean to Time Robustness

o o— .
ti tit+a Tig t; +b

(0,)) EXjp ifi<n-—1and (0,i+1) =y, and
tig1—ti € 1
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From Boolean to Time Robustness

C { ) } l .
ti tit+a Tig t; +b

(0,)) EXjp ifi<n-—1and (0,i+1) =y, and
Lopr — & el

min(p(gp,a,i g 1)7d(t’i7ti+171)) ifi<n-—1,
— 00 otherwise.

p(Xrp,0,1) = {
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From Boolean to Time Robustness

A By B) = {“b‘“’ fa=9,

min(t; —t; —a,t; +b—1t;) otherwise.
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From Boolean to Time Robustness

ti+b—t; ifa =0,

dti,t‘, ,b —_ . 1
(ti, 5, [a, b)) {mln(tj —ti —a,t; +b—1;) otherwise. (u—
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From Boolean to Time Robustness

ifa =0,
otherwise. 4
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From Boolean to Time Robustness

N S — R
ti tj ti+0b
ti-i-(l

bi b — 5 ifa =0,
min(t; —t; —a,t; +b—1t;) otherwise.

d(ti, tj, [a, b]) = {

<4

We do not allow changing the order of events
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Time Robustness

p(T,0,1)

o(p. . 1) { if (0,1) = p,

otherwise.

_'9070- Z — _,0 ¥, 0, 7'
:0(901 A 90270'72) - mln(p((ph(f?i))p(cp% g, Z))

ple1U1ps, 0,1) = max(min(p(¢2, 0, 5), d(ti, t5, 1),
721

min p(p1,0, k)))

1<k<j

p(Xrp,0,1) = {

—00 otherwise.

min(p((pﬂfﬂi £ 1)’d(ti7ti+laI)) ifi<n-—1,
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Soundness

Theorem 1 (Soundness of time robustness). The time ro-
bustness is sound with respect to Boolean semantics of
MITL, meaning that for each formula o, event trace o and
i < |o| we have:

p(p,0,i) > 0= (0,i) F ¢ (1)
plp,0,1) <0 = (0,1) = ¢ 2)
(0,1) E o= p(p,0,i) >0 (3)

(0,%) = o = plp,0,i) <O0. (4)
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Stability

Theorem 2 (Stability property of time robustness). Let us
consider ¢ € Lyrrrr and two trajectories o and o’ such
that|s(o) = §(o’)| then

Vi <|ol, |p(e,0's1)—plp,0,9)| < [lt{o”)—t(o)]l1- (5)

O O O @ >

O
o
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Stability

Theorem 2 (Stability property of time robustness). Let us
consider ¢ € Lyrrr and two trajectories o and o’ such
that s(o) = 5(c’), then

Vi <lo|, |p(p,0',i)—p(p,0,i)] < |[t(c")—t(o)|1. (5)

. o . o~

— Cm — O P >
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Stability

Theorem 2 (Stability property of time robustness). Let us

consider ¢ € LT and two trajectories o and o' such
that 5(0) = §(o’), then

Vi <|ol, |p(e,0's1)—plp,0,9)| < [lt{o”)—t(o)]|1- (5)

an\ VN
O & ..
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Stability

Theorem 2 (Stability property of time robustness). Let us
consider ¢ € LT and two trajectories o and o' such

that 5(0) =

Vi < o,

s(o’), then

lp(p, o', 1) —p(p,0,1)| <

[t(e") —t(o)llx

\

&)

< p(p,0,1)
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Stability

Theorem 2 (Stability property of time robustness). Let us
consider ¢ € LT, and two trajectories o and o’ such

that 5(0) =

Vi < |o|,

s(o’), then

lp(p, o', 1) —p(p,0,1)| <

|

o(p,0’,i) >0

[t(e") —t(o)ll:

\

S)

< p(p,0,1)
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Stability

Theorem 2 (Stability property of time robustness). Let us
consider ¢ € LT, and two trajectories o and o’ such

that 5(0) =

Vi < |o|,

s(o’), then

lp(p, o', 1) —p(p,0,1)| <

|

o(p,0’,i) >0

(0,i) E ¢

[t(e") —t(o)ll:

\

S)

< p(p,0,1)

\U/ soundness
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Monitoring Algorithm

[)(L,OlU[’\,Qz, g, L) - In;lX(Inin ([)(992 U:j)t d(tl tjv I)
J=1

Inhl'p0p1,05k)))

1Sk<j

==

Tree structure of the formula

TIRO tool

Complexity (9(7),2 lo|)



Drone surveillance system

Y
o[2]

Q
=

T

wd = F[lo,zo](enterA/\F[40’50] (enterB/\F[QO,;;O] enterC))
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Drone surveillance system

robustness (p)
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Drone surveillance system

robustness (p)

6

N

4
L' perturbation
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Drone surveillance system

robustness (p)
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Drone surveillance system

robustness (p)
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Drone surveillance system

robustness (p)
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Smart Hospital
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Robots delivering medical items from pharmacy to target rooms

|

M  might fail and ask for another robot to recover them

\

malicious: request fake recovering

Pinciroli, R., and Trubiani, C. 2023. Performance Analysis of Fault-Tolerant Multiagent Coordination Mechanisms. IEEE Trans. Ind. Informatics
19(9):9821-9832.
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Smart Hospital

W 0o = G(create — Fg 90 1oad)

11 12
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¢p = G(load — F[;, ) deliver)

= . = G(fail = X[g,2500) recover)

Robots delivering medical items from pharmacy to target rooms

N

might fail and ask for another robot to recover them

1M
\

malicious: request fake recovering
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Smart Hospital

median time robustness (M)
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®a — G(create - Fjo,20) load)
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Smart Hospital

Median time robustness vs. number of robots

®a — G(create - Fjg,20) load)

median time robustness (M)

number of robots (r)

=®= m/r = 0 (no malicious)

== m/r = 0.5

o» — G(load - Fy. ) deliver)

number of robots (r)

%+ m/r =1 (all malicious)
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Future work

Use time robustness for synthesis problem
Define an optimized algorithm for time robustness

Remove the constraint of fixed ordering
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Thanks
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Smart Hospital

median time robustness (M) x103

o — G(fail = Xjo,2500] recover): robustness is stable

by malicious fraction

A..
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malicious fraction (m/r)
=@=r = 10 robots == r = 20 robots =A= r = 40 robots

by number of robots

10 20 40

number of robots (r)
=@= m/r = 0 (no malicious) == m/r=0.5 =A m/r =1 (all malicious)
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Conclusions

Introduced a quantitative semantics for MITL under point-based
interpretation extending the concept of time robustness to event-based
systems

Proved soundness and stability property
Defined a simple monitoring algorithm

Link time robustness to the resilience of a system to timing deviation with two
experiments
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MITL Semantics

p:=T|p|o|leNp|eUrp | Xp

(0,i) =T
—_ — (50T
3 10 17

@, 1) =T
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MITL Semantics

p:=T|p|lwleAne|eUrp| Xrp

(0,9) Fp if p € si

(0,0) F@

(0,3) =@
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MITL Semantics

p:=TI|p|w|leAp|eUrp | Xrp

(Opai)':ﬁso if(Uai)P&SO
(Uvi) ’:901/\902 lf (0—7i) ':901 and (0-72.) ):902

B 4 ® ® o—> (0,0) = -@

(0,0) E -@ON®
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Topology of satisfaction




Under Approximation

o =Fr—pVF;—p

/
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Smart Hospital

#robots

#malicious median -
. \ Pa ©b pe (x10°%)

r m mr M Q1 Qs M Q1 Qs M Q1 Qs
10 O 0 -558 -55929 -178 -650  -5661 9 49 -65 -38
10 5 05 -574 -3533 -189 -1018 -7247 8 -48 -6.1 -3.8
10 10 1 -571 -2033 -201 ~-1507 9772 6 -49 -64 -39
20 0 0 -21 -204 20  -316 -4059 10 -49 -66 -3.8
20 10 0.5 -109 -424 -2 -698  -8275 5 50 -64 -38
20 20 1 -203 -1093 -42 -1216 -18478 -12 -50 -6.6 -39
40 0 0 20 20 20 -3 -512 15 41 -55 -29
40 20 0.5 20 20 20 -14 -606 13 -48 -62 -3.7
40 40 1 19 -23 20 237  -1758 4 48 -64 -38
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Smart Hospital

#robots

#malicious median -
\ \ Pa b pc (x10%)

r m mr M Q1 Q3 M Q1 Qs M Q1 Qs
10 | O 0 -558 -55929 -178 [-650 | -5661 9 49 -65 -38
10 |5 |05 -574 -3533 -189 [1018 | -7247 8 -48 -6.1 -3.8
10 10 | 1T -571 -2033 -201 f1507 | 9772 6 -49 -64 -39
20 | O 0 -21 -204 20 |-316 | 4059 10 -49 -6.6 -3.8
20 |10 [ 0.5 -109 -424 -2 -698 | -8275 5 -50 -64 -38
20 (20 | 1 -203 -1093 -42 [1216| -18478 -12 -50 -6.6 -3.9
40 (0 | O 20 20 20 -3 -512 15 -41 -55 -29
40 120 | 0.5 20 20 20 -14 -606 13 -48 -62 -3.7
40 140 | 1 19 -23 20 |-237 | -1758 4 48 -64 -38
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Smart Hospital

#robots

#malicious median -
\ \ Pa b pc (x10%)

r m m/r M Q 1 Qg M Q 1 Qg M Q 1 Q 3
10] 0 0 -558 -55929 -178 |[-650 | -5661 9 -49 -65 -38
10 5 05 -574 -3533 -189 -1018 -7247 8 -48 -6.1 -38
100 10 1 -571 -2033 -201 ~-1507 -9772 6 -49 -64 -39
201 O 0 -21 -204 20 |-316 | 4059 10 -49 -6.6 -38
20 10 0.5 -109 -424 -2 -698  -8275 5 50 -64 -38
20 20 1 -203 -1093 42 -1216 -18478 -12 -50 -6.6 -39
40| 0 0 20 20 20 -3 -512 15 41 -55 -29
40 20 05 20 20 20 -14 -606 13 48 -6.2 -3.7
40 40 1 19 -23 20 237 -1758 4 48 -64 -38
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Smart Hospital

#malicious median -
\ \ Pa Pb Pe (X 103)
#robots r m mr M Q1 Q3 M Q1 Qs M @1 Qs
10] 0 0 -558 -55929 -178 |[-650 | -5661 9 49 -65 -38
100 5 05 -574 -3533 -189 ~-1018 -7247 8 -48 -6.1 -3.8
100 10 1 -571 -2033 -201 ~-1507 -9772 6 -49 -64 -39
201 0O 0 -21 -204 20 |-316 | 4059 10 -49 -6.6 -38
20 10 0.5 -109 -424 -2 -698  -8275 5 50 -64 -38
20 20 1 -203 -1093 42 -1216 -18478 -12 -50 -6.6 -39
401 0 0 20 20 20 -3 -512 15 41 -55 -29
40 20 05 20 20 20 -14 -606 13 48 -6.2 -3.7
40 40 1 19 -23 20 237  -1758 4 48 -64 -38

Time robustness captures the resilience of a system to timing deviations
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