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Petri nets with data management and
creation
(Rosa-Velardo and de Frutos-Escrig, 2008, 2011)

coverability
» decidable by classical
algorithm (Abdulla et al., 2000)

» dual view using sets
(Lazi¢ and S., 2015)

complexity vPN coverability is complete for
(Fy.2-complete)
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» a and a are complementary addressing places for
tokens

» ¢ holds both the active and inactive tokens



COVERABILITY PROBLEM
verification of safety properties “nothing bad happens”
ordering of configurations by multiset embedding
[ug,...,un] C [vy,...,vp]

iff 3f:{1,...,n} —{1,...,p}injective,
V1<i<n,u < vy
Example:

()ENE)EE)E)

input a vPN, a source configuration src, and a
“bad” configuration tgt

question 3dm,tgt C m and src —* m?
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FAST-GROWING COMPLEXITY

(S., 2016)

def
Fou2=Upeg. . DTime(

Ua<ww Fs = MULTIPLY-RECURSIVE

ww
1« Fx =PRIMITIVE-RECURSIVE

F3 = Tower
ELEMENTARY

» Ackermann: “Ackermannian in” x — 2x
A1()E2x  Arp2(x) FAL (1) Aw(X) EA1(x)
» double Ackermann: “Ackermannian in” Ay (x)

A w1 (x) = ):u+k(1) Aw.2(x) e Awxt1(x)
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MAIN REsSuULT

THEOREM
Coverability in vPNs is F,.,-complete.

74

lower bound extends Lipton’s “object-oriented”
programming in Petri nets

» improves on the Fy, lower bound of
Schnoebelen (2010) for reset Petri nets

» basic block: Ackermann counters using
Schnoebelen’s construction

» pushed to double Ackermann: composition
and iteration operations

upper bound analyses a dual view of the backward
coverability algorithm
» improves on the F,o upper bound of
Rosa-Velardo (2014) for unordered data nets
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v-PETRI NETS ARE WELL-STRUCTURED

(FINKEL AND ScHNOEBELEN, 2001; ABpuLLA et al., 2000)

1.

(NP)®,0)is a (wgo), which entails
finite bad sequences any sequence mg, M1, Mmp,... with
Vi<j, my £ my, is finite

finite basis property any upwards-closed subset U has a
finite basis B such that U =1B

ascending chain property all the ascending chains
Ug CU; S U, C--- of upwards-closed subsets
are finite

:if my © mj and my; — mp, then there exists
mb, mp C mb and mj — mb
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“CrassicaL” BAckwARD COVERABILITY
(ABDULLA et al., 2000)
compute U, = J, Uy
where

U & {m/ | Im D tgt,m’ —»<F

m}
initially Ug & Ttgt

step Uyy1 < Preg(Uy ) U Uy
where
Pre5(S) € {m|3seS,m— s}

representation of upwards-closed subsets U through
their minimal elements thanks to finite basis
property

termination guaranteed by ascending chain property
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compute D, =, Dx
where
Diy={m'|vym3 tgt,m’ffgk/m}

initially Do & (INP)®\ (1tgt)
step Dyyq € Prey(Dy) N Dy
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DuaL BAckwWARD COVERABILITY

(Lazic AND S., 2015)
compute Dy =), Dx
where

Dy ={m'|vym 3 tgt,m’frgk/m}
initially Do & (INP)®\ (1tgt)

step Dya1 o Prey(Dy) N Dy
where
Prey(S) € {m|Vs,m —»s = s S}

representation of downwards-closed subsets D through
finite representations of their
(next slide)

termination guaranteed by descending chain property
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» Downward closure
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» Ideal I
downwards-closed, non-empty
and directed:
Vx,yel,Jzx<zandy <z

» Examples
» lx € Id1(X) for any x in X
» IN € IdI(IN)
» D® €1d1(X®) forany D C X
downwards-closed
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(BonNET, 1975; FINkeL AND GOoUBAULT-LARRECQ, 2009)

» Downward closure

ISE{xeX|IseS.x<s)

» Ideal I
downwards-closed, hon-empty I
and directed

» Canonical Decompositions
if D C X is downwards-closed,
thenD=LU---Ul,
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EFFECTIVE IDEAL REPRESENTATIONS

(FinkeL AND GouBAULT-LARRECQ, 2009; GouBauLT-LARRECQ et al., 2016)

» extended markings:
IdI(NP) ={Ju|u e N}
where NP & (N U {w})?
» extended configurations:

1d1((N")®) ={}(B,S) | B € (N})®,S C; INF )

> wheremC (B,S)iff 3m’ € S®, mCB&om/’

» (B,S)is iff S is an antichain and
Vu € Support(B),Vwe S, ugv
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DuaL BAckWARD COVERABILITY: EXAMPLE

po©—2>|]—>©p1 tgt =(0,5)

D4 = \L(114) U\L(313) UJ,(S,Z) U\L(7, 1) Ul,((U,O)



DuaL BAckWARD COVERABILITY: EXAMPLE

po©—2>|:|—>©p1 tgt = (0,5)

Ds = ¢(1,4) U¢(313) U¢(512) U\L(7» 1) Ui(gfo) =D.
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CONTROLLED SEQUENCES
» consider a I|.]| : X = IN with
vn, Xen E{x € X| ||x|| < n} finite:

lu| £ max u(p) foru e N?,
pePlu(p)<w

IB, S| de; max |B| [ull,|lv]]) for L(B,S) € IdI((IN")®)

ucSupport(B),ve

IDII max [[Bs,Sif for D =|(By,S1) U+ U |(By,S)
» consider a g:IN — IN strictly monotone
and an nelN

» asequence Xp,X1,... of elements of X is
(g,n)-controlled if ¥i,||xi]| < g'(n)

strongly (g,n)-controlled if ||xg|| < n and
Vi, [Ixia ]l < g(Ixill)



LENGTH FUNCTION THEOREMS (1/3)

(FicuEIrRA et al., 2011; S. AND SCHNOEBELEN, 2012)

FACT (LENGTH FUNCTION THEOREM FOR BAD SEQUENCES
inIND))

Letn > 0. Any (g,n)-controlled bad sequence eg,ej,...,e;
of extended markings in (N}, <) has length at most
“Ackermannian in” g(max(n,|P|)).
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LENGTH FUNCTION THEOREMS (2/3)

(Lazic AND S., 2015)

» consider a descending chain Dg2 D12 --- 2Dy

» extract ateachstepO0O<k<{a Ix from the
canonical decomposition of Dy, s.t. Iy € Dy 1

> of proper ideals Ig,11,...,11_1

» in particular, for descending chains [Sg 2 /S1 2 - 2S¢
of antichains

COROLLARY (LENGTH FUNCTION THEOREM FOR
HoARE-DESCENDING CHAINS over INT,)

Letn > 0. Any (g,n)-controlled descending chain

1S0 21451 2 --- 2S¢ of antichains of (N}, <) has length
at most “Ackermannian in” g(max(n,|P|)).



LENGTH FUNCTION THEOREMS (3/3)

» a descending chainDg2D12--- 2Dy over (NP)® s
if VO <k <{—1,VIxy1 =} (Byr1, Skr1)
proper ideal from the canonical decomposition of Dy 1,
dI = (By, Sx) proper ideal from the canonical
decomposition of Dy s.t. | Sx11 C [ S¢

THEOREM (LENGTH FUNCTION THEOREM FOR
STAR-MONOTONE DESCENDING CHAINS OVER (INF)®)

Letn > 0. Any strongly (g,m)-controlled star-monotone
descending chain Dg 2 D1 2 --- 2 Dy of configurations in
(NP))® has length at most “double Ackermannian in”
g(max(n,[P[)).



WRAPPING UP

LEMMA (STRONG CONTROL FOR VPNs)

The descending chain computed by the backward

algorithm for a vPN N and target tgt is strongly
def

(g,n)-controlled for g(x) £ x +|N| andn £ | tgt].
LEMMA (VPN DESCENDING CHAINS ARE STAR-MONOTONE)

The descending chains computed by the backward
coverability algorithm for vPNs are star-monotone.

THeEOREM (UPPER BOUND)
The coverability problem for vPNs is in F,.>.
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CoNCcLUDING REMARKS

» first “natural” decision problem complete for F,.>

» ideals and downwards-closed sets as tools

>

here, backward analysis (Lazi¢ and S., 2015)

forward analysis (Finkel and Goubault-Larrecq, 2009, 2012)
reachability in Petri nets (Leroux and S., 2015)

formal languages (Zetzsche, 2015; Hague et al., 2016)
invariant inference (Padon et al., 2016)

piecewise testable separability (Goubault-Larrecq and S.,
2016)
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complexity of coverability ordered data nets (Lazié et al., 2008)

ww® -complete (Haddad et al., 2012)

7 ordered data Petri nets (Lazi¢ et al., 2008)
_ F @ -complete (Haddad et al., 2012)
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Fw <?< Fww (Rosa-Velardo, 2014)

unordered data Petri nets (Lazi¢ et al., 2008)
F3 <?< Fww (Lazi¢ et al., 2008, Rosa-Velardo, 2014)
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Fw -complete
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Figueira et al., 2011)
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ExpSpace-complete (Lipton, 1976; Rackoff, 1978)
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complexity of coverability ordered data nets (Lazié et al., 2008)

ww® -complete (Haddad et al., 2012)

7 ordered data Petri nets (Lazi¢ et al., 2008)
_ F @ -complete (Haddad et al., 2012)
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unordered data nets (Lazic¢ et al., 2008)
F ,w -complete (Rosa-Velardo, 2014)

-
v-Petri nets (Rosa-Velardo and de Frutos-Escrig, 2008)”
F ,.o-complete (this talk)

unordered data Petri nets (Lazi¢ et al., 2008)
F3 <7« (Lazi¢ et al., 2008, this talk)

+data

Fw.2

affine nets (Finkel et al., 2004)
Fw -complete
(Schnoebelen, 2010;
Figueira et al., 2011)

+data

Petri nets
ExpSpace-complete (Lipton, 1976; Rackoff, 1978)



PoLyabpic v-PeTRrI NETS

(RosA-VELARDO AND MARTOS-SALGADO, 2012)

» hold tuples of tokens in places
» equivalent to the full t-calculus

» model of dynamic database systems with existential
positive guards

» undecidable coverability
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