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Model Checking:
Is the system correct??

Formalize
Specification

Model Checker

YES
Witness
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Multi-Valued Model Checking:
In what "degree” is the system correct??

Extract model .
Formalize
- Specification
M
(3 . ‘/
@@ A[Ga=(Xbv—a)]

MV -Model Checker

N
The "degree” of satisfaction
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Why multi-valued model checking?
Application 1: conflicting viewpoints
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Why multi-valued model checking?
Application 2: Abstraction
Using 3-valued logic
e introduce new special value Maybe to stand for “unknown”

Advantages:

e No spurious counter-examples
¢ result = T, F or M (unknown)
e Verification even using incomplete models
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| Example taken from
% Per]p:u:]' Marsha Chechik




Why multi-valued model checking?
Application 3: Query Checking [Chan, CAV'00]

Goal: speed-up design understanding
e discover properties not known a priori

Temporal logic query {false, p, —p, true}
e temporal logic formula with
placeholders (unknowns) {p, —p, true}

¢ egqg., AG?, , AG(p > ?,)
e evaluates to strongest propositional

formula
that makes query true.

Some applications

e provide partial explanation when property holds
¢ eg. instead of A6 (a v b), ask A6? {a, b}
answer a A b is stronger!
e provide diagnostic information when property fails
F;fpe];’m e.g. if AG(req — AF ack) fails - ask A6 (req > AF?,) S,U\iisﬁ”g\?gh?:

{p, true} {—p, true




> A partial-order is a binary relation = such

that for all x,y,zeS the following properties
hold:

> Reflexivity ZEZ
> Transitivity & Cyand y & zimply z C 2
> Antisymmetry © Ey and y Ex imply = = 2
A poset is the pair: 5=(S,5)
» Inalinear order all the elements are
comparable.

A\

> Let X,V be posets, then a map f: X—V is called
order-preserving if:

(Vry, 29 € X).(x1 Ex 20 — f(z1) By f(29))
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Lattices
* Define join LI and meet M as:
Uy :=sup({z,y}) and x Ny :=inf({z,y})

< Lattice .Lis a poset (L,=) where for all x,yel, xmy and xuUy exist

*

<+ Complete lattice is a lattice where for all XcL, X and LIX exist

<+ c-complete lattice is a complete lattice with complement operator ~
such that ~T=L and ~L=T

*

% A lattice is distributive iff it satisfies the distributive law
Vr,y,z€ L).(xM(yUz) = (xMy) U (xM2))

< Let X,V be posets, then a map f: X—V is called continuous function if
for all non-empty directed sets ZcX:

L f(Z) = f(UZ
== Penn f(Z2) = f(U2)




Some important lemmas

d The jo/inand meet are order preserving functions, i.e. for all

xy.zwel rLyand 2Ew imply s UzE yUw

O The connecting lemma, for x,yel

rCyiff eUy=y iff cMNy =2

[ Every finite lattice is complete

[ Every continuous function is order preserving

Q If X,V are finite posets and f:X—V is order preserving, then fis
continuous
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Join irreducible elements

» An element x of alattice .Lis join irreducible if
> (i) x=L
> (ii) x=yLz implies x=y or x=z for all y,zelL

> Every element of lattice L can be written as a
join of join irreducible elements, for all xeL:

r=lyeJL)|yEx}

» IfL isdistributive lattice then, the following
are equivalent:

> X is join-irreducible
> if y,zel and xSylLiz then XCy or Xz

& Penn




Quasi-Boolean and Boolean Algebras

A quasi-Boolean algebra B is a structure B=(B,r,L!, ~,1,T). where
T and L are the greatest and least elements, (B,,L) is a

distributive lattice and ~ is an unary operation of period 2 s.t. for
every xeB there exists unique ~xeB satisfying:

e De Morgan laws: ~ (zMy) =~z U~y ~(zUy)=~zll~y

e Antimonotonic: x Ly iff ~yL~ux

e Involution: ~~x=x

A Boolean algebra % is a quasi-Boolean algebra where for each
element xeB the following hold:

e Law of non-contradiction =M1~z =1
e Law of excluded middle zxzU~x =T

& Penn




Quasi-Boolean and Boolean Algebras (examples)

Quasi-Boolean Algebras Boolean Algebras
».=(2%,2), S={a,b,c}

B3=({0,2.1}.5)

0 true
© maybe
(Qfalse
~1=0, ~0=1, ~3=
unknown @ true (11)
(O false @

& Penn




Tarski-Knaster Fixpoint Theorem

Let L be a complete lattice and f : L — L be an order-preserving
function, then f has fixpoints, i.e. f(x) = x. The least and greatest

fixpoints are characterized as follows:

px. f(x) =

ve.f(xr) =

{rel|flz)=x}=
{rel| f(x)=xa}=

{rel]|f(z)Ex}

{relL|zC f(z)}

Lety, z in L such that y=f(y), y=ux.f(x), f(z)=z, vx.f(x)=z and, let

f to be continuous, then the iteration:

y; defined as yo := v and y;21 := f(y;) converges to px.f(x)
z; defined as zg := z and z; 1 := f(z;) converges to va.f(x)

& Penn
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Multi-valued sets and relations

A multi-valued set S is a total function from the objects of a set S
to the elements of a lattice £,ie.$:S—>L

e Intuitively, expresses the "degree” that an object s belongs to a set S
e Actudlly, in the two-valued case, i.e. when £=%,, it reduces to the
characteristic function of the set S

A multi-valued relation R on sets S and T over a lattice L is a
functionR : Sx T > L.

(Sng §")(x) :=S(x) NS (x)  (mv-intersection)
(Sur §")(z) :=S(z)US'(x)  (mv-union)
SCr § == (Vx).(S(x) T S'(x)) (mv set inclusion)
S=p 8 := Vx).(S(z) =S (x)) (mv-equality)

S(x) :=~ (S(x))  (mv-complementation)
SNgS =SupS (De-Morgan)

SugS =Sng ¥
SCpS =S CgS (antimonotonicity)




mv-Kripke Structures

An mv Kripke structure is a tuple M = (S, S, R, AP, 0, L.D)
- Sis a (finite) set of states
- S,is a set of initial states (5,c.5)
- R: 5x5— L is an mv-transition relation
(Vs € S).(3s’ € 9).((s,s") € Dom(R) AR(s,s’) € D)
= APis a (finite) set of atomic propositions

- O : 5xAP — L is a total labelling function that maps a pair of
a state s and an atomic proposition a to an element of the

lattice L

- .Lis a lattice or an algebra
= Dis the set of designated values

& Penn




mv-Kripke Structures (Examples)

pressed = T
request = F

T T

pressed = T
request = F

T M

_[pressed = M]_
request = T 7

F?g PE:I]I] Examples courtesy of Marsha Chechik




Predecessor mv-sets

The existential predecessor sef:
pre5(@Q)(s1) = || (R(s1,52) M Q(s2))

$2€.55
The universal predecessor set:
e Bruns & Godefroid and Chechik et. al.

pref(Q)(s1) =[] (R(s1,52) = Q(s2))

52€S5
e Konikowska & Penczek

preg(Q)(s1) = | ] (R(s1,52) MQ(s2))

{SQGSQ ‘ R(Sl,Sg)GD}

Compare with classical definition:

pref(Q) = {s1 € 51| (3s2).((s1,52) € RAsa €Q)}

R -
preg(Q) = {s1 € 51| (Vs2).((s1,52) € R — 59 € Q)}

(def. 1)

(def. 2)




Example

For any ac AP, we denote by |ja] : S—L

the mv-set that represents the "degree”
that the proposition a is satisfied in
some state s

The mv-set |a| introduces a partition of
the state space

Example from Chechik et al

a] bl 4 ¢ bl A (s
O (s2) {sl}O{sz} (s2)
{s;} {so}

R {(s1.5,), (52.5,)}
{(s0.51)} {(50152)}

{(s0.50). (51.50). (51.51),

(s2.50). (s2.51)} e

VoL CIILI




Example from Chechik et al

lal qeg Bl o Bl qsy
{} Q (s2) {sl}Q{sz} {sz}Q {s1)
{s;} {so} }

R Q {(s1.52). (52.5.)} prev(\a\):prea(\a\) pre,(|bl))
{(50,51)} {(50152)} {} {50}
{} {s0.51.8,} {} {s1.5,}

{(s0.50). (51.50). (51.51),

(S,.50). (52.51)} Y {} {}

o LI CIIIX




The multi-valued model checking problem

Given multi-valued system M = (s, 5, R, AP, 0, £.D)and
a specification ¢

Multi-valued model checking problem
(Vs € So)-(llellm(s) € D)

Alternative:

Given multi-valued system M = (s, 5, R, AP, 0, £,D), state
s in S and specification ¢ determine ||, (s)

& Penn




The multi-valued model checking problem

Two main approaches

» Reduction methods to classical model checking
< [Bruns and Godefroid] Reduction for multi-valued p-calculus
<+ [Chechik et. Al.] Reductions for multi-valued LTL, py-calculus
< [Konikowska and Penczek] Reduction methods for
“*mv-CTL* using designated values
<*mv-CTL* for FLO and specific lattices (L, ,.L4.,.etc)
“su-calculus

> Direct methods

< [Bruns and Godefroid] Extended alternating automata
<+ [Chechik et. Al.] Multi-valued CTL symbolic model checking
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Temporal Logics (1)
CTL* syntax

bs = a | s | Ps V Os | E[Cbp]
Op = s | D | dp V by | Xy | [0p U]

Derived operators
Q1 — G2 = 2PV Py Q1 P2:= 1 — P2 NP2 — D1

Alp] = —E[~¢)] Eventually: F'¢ = [1UQ]
Before (weak): [¢y Bebo] = —[~y Uso]
Release: [p1Roa] = —[—¢1 U—pa]
Always: Gop = [0 B=¢] or Gp = [0RP)

& Penn




Temporal logics (2):
Semantic Intuition of Linear time properties

6 a - always a
F a - eventually a
X a - next state a
oUb-oumis
aBb-abeforeb @ @ () —@—@

& Penn I




Temporal Logics (3):
Semantic intuition of branching temporal properties

gl 9 g

L L LL L] Ll L Lo L] L L] LL L] L L LLL ] L L LLL ] L L L] L1 L] . LR L] LL L] LL L] LL L]

(a) EF g " (b) AF g (€) EG g . (d) AG g

- Usiiviesmy af Prssasrivania




Mv-CTL* model checking using designated values (1)

Semantics of mv-CTL" in mew

APt = AP UAP Ul(s) = 1
AP — {-a | ac AP) State for'mulas | HH(a|)| .
ac AP e | IVl = ool
— los Adbsll = llsll Nz 14561
Path formulas 1E@l(s) = | el (w[0])
l6ll(xli) = lgali(x(@)) | refatea()
p V ol (x[d]) i= ||l (7 ]d]) L ||| (7 [2]) |Adpll(s) = L ()H@p“(ﬂ“[o])
6o Awpll(mlil) = Nl li]) M |45l () el
IXpll(r{i) o= ROr(2), m(i-+ 1) MGyl + 1)
NgpUtllxl) = Il L (lepl RN [ RGrGe = 1), 7)) 1 (1651 (x[k)) 1

J>i i<k<j

N(R(r (j—l) (5) N 1epll (7 [5]))
ligpReplI(xLED) = el [ el @D U || RGr(k = 1), 7 (k) 1 gyl (r[A])) L

J>i i<k<j

U(R(7(j — 1),7(5)) N 1Lpll (= [5])))




Mv-CTL* model checking using designated values (2)

< Theorem 1 (Reduction from NNF mv-CTL* to CTL* using
Designa’red Values) Assume that L is a c-complete lattice.

- Let the designated values D and non-designated values N be closed
under arbitrary bounds.

+ Definet: M= (S, Sy, R, AP+, 0, LD) > K= (S, Sy, R, AP+, O)
such that:
1) R={(s,5') € S? |R(s,s') € D}
2) forany a € APT itis ||a||x(s) =1 iff |a|lm(s) € D

- Then for any state formula ¢, and any paTh formula ¢, of NNF mv-
CTL* over the lattice L and any state s in S and path 7 in Paths,(s) of
M, we have:

H@sl'./\/((s) €D ?'ff (}C? S) ':.s @q
|‘¢p”M(7T[O]) €D if f (K, m[0]) Fp p

& Penn




Mv-CTL* model checking using designated values (3)

Sketch of proof:
v Notice that the paths on M and K are the same
v' For any subset Lg of L the following properties hold:

) ||LseD iff (3lely.(leD)
2) [1Lse D iff (¥leLy).(leD)

v" Proof proceeds by induction on the structure of ¢, some cases:

v @=a, ain AP+, then holds by definition

v 9=V, Then | @ n(s)= o1 n(s)U| 9, | n(s)eD iff (property 1) (3i).
(H‘PiH/v\(S)E D) iff (IH) (K.s)=o; implies (K,s)=@;ve,=¢

v 9=[p;Up,], then ¢  4(x[i])eD iff (property 1) there exists j>i+1 s.t.
R(x(j-1), ()1 0, (x[D)eD iff (as R(x(j-1), n(j))eD and D is closed
under bounds) | ¢, u(n[j])eD and (property 2) for all O<k<j (R(n(k-1),
a(K) |, | w(x[KD))eD iff | @, w(n[k])eD iff (IH) on the same path =,
(Kx[jDEw, and for all O<k<j (K,x[k])=@, which by definition is

(Kx[0D)E[eUop,]=0

& Penn




Mv-CTL* model checking using designated values (4)

< Theorem 2 (Reduction from mv-CTL* to CTL* using Designated
Values) Assume that L is a c-complete lattice.

< Let the designhated values D and non-designated values N be closed
under arbitrary bounds.

« xeD implies ~xeN and xeN implies ~xeD
+ Definet: M=(S, S, R, AP, 0, L.D) > K=(5, 5, R, AP, O)
such that:
1) R={(s,s") € S?|R(s,5) € D}
2) forany a € AP itis ||a|x(s) =1 iff Qu(s) € D

+ Then for any state formula ¢, and any path formula ¢, of NNF mv-CTL*

over the lattice L and any state s in S and path  in Paths,(s) of M, we
have:

||Q5SHJ\/1(S) cD fo (}Ca S) }:5 C,Dq
||Cfbp”M(7‘—[OD cD if f (]Ca'“—[o]) |:p @p

“» Proof: The only additional case is for the complementation

& Penn




Mv-CTL* model checking using designated values (5)

T

Examples: D;g‘\

- Theorem 1: The condition that D and N should be closed S !
under arbitrary bounds is satisfied by logics over finite g '~
linear orders .

e i.e. 3-valued Kleene logic, many-value Lukasiewicz logics etc N g,'

Theorem 2: The conditions are satisfied by: F
e Logics over finite linear orders
e Logic over the lattice L,

Rosser-Turquette Godel Lukasiewicz
T "\\ T "\\ T
’ '\\‘ ’ \ ’ ‘\\
D*i*‘.‘\\\‘ g\“ Diow
: Ml PV
)

1
H [N H
\ I |\ { i\ \ \
1 ) | \
i/’\ n D T e N g 1
1 - AR 1
': " N ':‘I




Mv-CTL* model checking using designated values (6)

Remarks

v The complexity of mv-CTL* model checking is the same
as the two-valued case

v' The complexity of CTL* model checking is O(|K|x2lel)
v A combination of LTL and CTL model checking algorithms

v' Due to the construction a counter-example in K is a
counter-example in M

v' The approach is helpful as long as we do not care about
the exact value

v If the conditions of theorem 2 are satisfied then the 2
definitions of the predecessor sets coincide for the
designated values

& Penn




The propositional two-valued p-calculus

Syntax

bi=a|X |6 |6Ad|6Ve|Ob| 06| uX.6 | vX.0

Semantics
[

[X]

[—¢)

[oV 4

[¢ A
[Co)

[O¢)]
[1X.6(X)

[ X.$(X)
& Penn

KE

e

PIKE

KE

Ice

KE

KE

= pref([¢]
= [(HQ €2 | [6(X)]kelX — Q] € Q}

[

, Lef{o,1}

{seS|aecO(s)}

e(X)

S\[¢]xe
[P]xce U
[P]ce N
pref ([¢]

= mzce
Y] ke
ke
Ke)

xe)

L@ €271 Q C [o(X)]kelX « QI}




mv-p-Calculus Model Checking by Reduction (1)

Semantics of mv-p-calculus in NNF wrt to mv-model M

e Atomic propositions and mv-transition relation take values over
a quasi-Boolean algebra B

||| me(s)

lal| me

| X || ame
|V Y| me

|6 A V|| e
|C || me

|0 || ame

| X.o(X)|| me

v X.p(X) || me
& Penn

z
AP+ — AP UAP
+
Qo ae AP {ﬁ_{wmemﬂ}
e(X)

|?]| me U [|[¥]|me
|?]| me DB [|Y]|me
pres (|6l ame)
pret (||o] ame)

(8{Q € B | |¢(X)||me[X — Q] Cp Q}
| JB{Q € B | Q Ch [|6(X) | me[X « Q}




mv-u-Calculus Model Checking by Reduction (2)

Assume that the ftransition relation R is 2-valued (denoted by R)
Define translation:

e 1:M=(S, S, R, AP+, 0,5,D) > K, = (S, So, R, AP+, 0,)

e Forall seS and for some xe3 acO,(s) iff xXE0(s)

Proposition: Let M be a mv-Kripke structure over a finite
distributive lattice L, ¢ an mv-p-calculus formula in NNF, s in S and
x, X" inL, then (lg//(e)(s) = 1 and xXEx imply (¢, e)(s) = 1.
e Proof: Straightforward double induction on the alternation depth and
the structure of the formula o.

Main Result (Theorem): Let M be a mv-Kripke structure over a
finite distributive lattice L, ¢ an mv-p-calculus formula in NNF, s in

S, then (o] ye)(s) = Li{xeJ(L) | ([lp/ie)(s) = 1}

e Proof: Every element of lattice L can be written as a join of join
irreducible elements, i.e. (¢ ye)(s) = LU{xeJ(L) | xE(cp{Ms)(s)}

& Penn




mv-u-Calculus Model Checking by Reduction (3)

Lemma: Let M be a mv-Kripke structure over a finite distributive
lattice L, ¢ an mv-p-calculus formula in NNF, s in S and x in J(L),
then (o] e)(s) = 1iff x=([lo/ne)(s).

Proof:
By induction on the alternation depth n of the formula ¢. Let n=0,
we proceed by induction on the structure of ¢, case
e p=acAP* by definition
o 0=0;vy,, then [ o;ve,| e (s)=1iff 9 |e(s)=1or [o,/e (s)-1
iff (TH) xS @, ye(s) or xE| @, ye (8) iff(*) x = xLix E
191 me(S)U 92| ye (8) iff x £ [0;ve,| ye (S)

Consider alternation depth n+1 and proceed by induction on the
structure of o, case
o p=pX.y(X), then | pX.W(X)| /(e (s)=1 iff se(fy, )I5"(D). Also,
xE|uX.Y(X) | e (s) iff x=(fy,,)ISI(L). By IH se(fex W)'S'*I(Q) iff
XE(f,,)ISIH(L).
& Penn




mv-u-Calculus Model Checking by Reduction (4)

Reduction algorithm for mv-p-calculus

[: procedure REDUCEMUCALC(M, ¢)

2: A—JL)
3: B~
4: while A # (0 do
St r « maximal element of A
6: if s € [¢]x,e then
7 C {2 eJ(®) | Ca}
8: B+~ BUC
9: A — A\C
10: else
[ A — A\{z}
12: end if
13: end while (1)
14: return B
15: end procedure (1)
& Penn

Reduction method for the
mv-p-caclulus calls at most |J(L)]
times the p-caclulus model checker

The running time of the naive
u-caclulus model checking algorithm
is: O(lo|x|K[x|S|nestt®)

Example: The Kripke structure K; expresses the
pessimistic viewpoint that % is false, while Ky expresses

the optimistic viewpoint that both the values 1 and 3
are true. If K, satisfies ¢ then (|o//pe)(s) = L{l, 3} = 1.

If K, satisfies ¢ then (¢ ye)(s)= L{3} = 3.




Direct mv-CTL Model Checking (1)

CTL Syntax

Semantics of mv-CTL wrt mv-model M

e Atomic propositions and mv-transition relation take values over
a quasi-Boolean algebra B

16||(s) = bforbe Band s e S
|a|| = O, fora e AP
[=oll = |4
lovyl = lefUs ¥
IEXo| = preS(lloll)
IEGo| = vL.|¢| Np [|[EXZ]
|EloUY]|| = pZ.||¥||Us (o] Np [[EXZ])

F;fpem] where |FXZ| = pfr‘e%a(Z)




Direct mv-CTL Model Checking (2)

mv-CTL symbolic model checking algorithm

1: procedure Check (o) > M= (55),R, AP,0, B, D) is the mv-Kripke Structure
2 Case ¢

3 a € AP return ||a||pq > |la|| A 1s in symbolic representation
4 —¢1 return ~ Check (@) > symbolic complementation
5: 01V @9 return Checkpg(o1) L Checkaq(o2) > symbolic join operation
6 EX ¢y return Check EX(Check(é1)) > CheckEX(||¢|) = preX(||o])
7 EG¢y return FxPoint(T, foneck (1) (Z)) > fle(Z) = ||o1]| M| EX Z]|
8 El¢y U] retufn FaPoiniy L, fC-'heCkM(951).(7}19011\?,\4(@2)(Z)) > fH@lH«.H@zH(Z) = |2/l L (lov | [ EX Z]))

9: End Case
10: end procedure

procedure FXPOINT(x, f)
o = f(a)
while = £ =" do The running time of the mv-CTL symbolic

r=1x

I:
2
3
: ¥ = f(x) model checking algorithm is:
6
7
8:

O(lolxISIxIMIxt,)

return
end procedure

& Penn




Direct mv-CTL Model Checking (3)

Derived operators

6 A == TTellUs T = lléll Nz 1]
|AX || := pre®(|o]) = TEX ]
|AFg| = [A[TUs|
|EF|| = |E[TUd)|
|AGs| = TEF—a| o
lAlpuy)| = TECet-an—d[nsTEG—]  Derived fixpoint
|E[6BY)| = TAoUd] properties
|A[6By]| = TE-HUd]] AFgl| = pZ|é||Up |AX Z|
EF¢| = uZlé|Us|EXZ|
AGH| = vZ.|o| Np |AX Z|
AlprUds]|| = pZ. 2] Us (||o1]] NB [|AX Z
Alp1 Bl = vZ.é2|| Ne (||41] Us |AX Z
Elp1Bo)|| = vZ|ga2l|NE (|é1]| U |IEX Z

& Penn




Direct mv-CTL Model Checking (4)

We want to model check the specification:
| EG al|a

We use the fixpoint:
IEGall = vZ|lall Np | EX Z|

ol o s Zy olsesiss) [[EX Zo| plSosisd z, o (sy)
{}O{sz} {}Q{} {}O{} {}Q{sz}
sy} {) {) {s}
EX z,|| o 1} Z, ~ {3
0 O{so,sl,sz} 0 Q{s@sz}
{} {s,)

Sy

& Penn




Direct mv-CTL Model Checking (D)

Remarks:

Fairness conditions
e Preserve values of fair paths, set unfair paths to L
e Let fairness conditions {c} then

¢ (vseS).(lc; [ (s)e{T,1})

e A computation is fair if every computation comprising it is fair

+ i.e. when we consider composition of different viewpoints
E.G oy = vZ. o[k Mpiz1n EX E[9 U 9nZncy]ly

EX o = EX(pA(ELT=L)
ELoUy] = E[oU(y A (EG T2 L)) ¢

Generation of proof like counter-examples and
withesses

& Penn




mv-Model Checking in Practice (1)

Reduction methods: just use existing model checkers
e nuSMV, SPIN, CADP, EVALUATOR etc

* Direct Methods:
e x-Check: mv-CTL model checker based on symbolic methods

+ An example to compare the two approaches:

e Case study: the SMV elevator example

¢+ Single Button Collective Control

¢ 1 modified module Button per floor (outside elevator)

¢ 1 module Lift (var: floor, door, direction, 1 button per floor)
e Comparison using the same model checker x-Check

e Pentium ITI, 850MHz, 256 MB RAM, Linux
& Penn




mv-Model Checking in Practice (2)

. /N . . . .
1 |button=T button=T I 1 | button=T I
L#| pressed=T pressed=T pressed =F >
I |reset=F reset =T reset="T !
Y ¥y I S_] I
button = F button =T I I
pressed =F [——pressed = F I < > I
reset = F reset = F | I
) [} 54 T | | |
button = F | , Y button=F | , Y button =F I
, ypressed =T | >pressed =T [ > pressed = F >
| o|reset=F I | o|reset =T | I | reset =T I
Y hY i)
(a) | 9 V | | 6 | 1 & |
N\ __ J \___ A s __d___
/N
button = F button =T button =M button =M button = M
pressed = F » pressed =F |——|pressed =T = pressed =T = pressed = F >
e resi:t F s} reseT 13 Sj’, reset = F S_i reset=T 57,5 reset =T
(b)
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mv-Model Checking in Practice (3)

1. “If the door closes, it will eventually open”:
AG(1lift.door = closed — AF lift.door = open)

2. “Pressing a landing button guarantees that the lift will arrive at that landing and open its doors™;
AG(landingBut2.button — A['(lift.floor = 2 A lift.door = open))

3. “If a button inside the lift is pressed, the lift will eventually arrive at the corresponding floor™:
AG(1lift.1iftBut2.button — AF(lift.floor = 2 A lift.door = open))

4. “The lift may stop at floor 2 for landing calls when traveling downwards™:
—AG((—1ift.floor = 2 A —1lift.liftBut2.button A lift.direction = down)

— lift.door = closed)

5. “Whenever a button indicator is on, a button is being pressed”

AG(1ift.1iftBut2.pressed — 1ift.1iftBut2.button)

CTL
Property Bruns & Godefroid [2000]
Model Number | Result | Pessimistic | Optimistic Total Best XChek
3-floor 1. 1 0.756 s 0.774 s 1.53 s 0.774 s | 0.306s
2. T 0.273 s 0.182 s 0.455s | 0.273s | 0.114 s
3. T 0.249 s 0.173 s 0.422s | 0.249s | 0.119s
4, T 0.608 s 0.634 s 1.242s | 0.608s | 0.299s
5. M 0.087 s 0.155 s 0.242s | 0.242s | 0.105s
Size of trans. 2130 2153 954
relation
4-floor 1 1 4.638 s 4.594 s 9.232s | 4594 s | 2.29s
2 T 0.936 s 0.942 s 1.878s | 0.936s | 0.463 s
3 T 0.869 s 1.044 s 1.913s | 0.869s | 0494 s
4 T 3.767 s 3.698 s 7.465s | 3.767s | 2.122s
5. M 0.047 s 0.502 s 0.549s | 0.549s | 0.298 s
Size of trans. 5249 5307 2367
relation

Fﬂ.!ﬁ“;f-::f1:)61].]:1 Figures courtesy of M. Chechik et. Al.




Conclusions

Both reduction and direct approaches to multi-valued
model checking have their own advantages

» The additional expressive power of the mv-models
permits the formal verification of problems that could
not be handled before

- One concern: Hard to transfer these methods to
industry

e one has to be well versed to many-valued logics
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Future Directions

Reduction to CTL* using designated values
e Built proof system

mv-CTL symbolic model checker
Introduce types for the atomic propositions
Extend to mv-LTL model checking

Use property patterns

[
o
o
e Investigate more realistic applications
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