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Indeed (?)

It 1s not necessary for a user to know the formal
definition of CP-nets:

e The correct synfax 1s checked by the CPN editor,
1.e., the computer tool by which CP-nets are
constructed.

e The correct use of the semantics (1.e., the
enabling rule and the occurrence rule) 1s
guaranteed by the CPN simulator and the
CPN tools for formal verification.

Kurt Jensen
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It is all Petri Nets

High-level contra low-level nets

The relationship between CP-nets and
Place/Transition Nets (PT-nets) 1s analogous to
the relationship between high-level programming
languages and assembly code.

 In theory, the two levels have exactly the same
computational power.

 In practice, high-level languages have much
more modelling power — because they have better
structuring facilities, e.g., types and modules.
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Os problemas

Continuar dependendo muito da simulacao e da atingibilidade.
Menor apelo direto a intuicao.
Uso de outro tipo de estruturacao

Falta de um bom arcabouco de analise de propriedades
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The Resource Allocation
Problem

Declarations:
type U =withplq;
type | = int; 3'(q.0) if x=q N
type P = product U * [; then 17(x,i+1)
type E = with e; (x.i) else empty
var x : U;
vari:l; [X_=Q]
ifx=p Y
case x of | then 17 (x,i+1)
e p=>2e | else empty
lg=>1"e

if x=q then 1°e
else empty

if x=p then 1°e
else empty

case x of
p=>2%¢
lg=>1e
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[ Analyzing a CPN }

CP-nets may be large

A typical industrial application of CP-nets
contains:

e 10-200 pages.
e 50-1000 places and transitions.
e 10-200 colour sets.
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CPN Analysis

##* CPN Tools (Version 3.0.4, April 2011)

»Tool box
» Help
» Options

¥ DistributedDataBase OG.cpn

Step: 0
Time: 0

» Options

» History

¥ Declarations
»valn
» colset DBM
» colset PR
»fun diff
» colset MES
» colset E
»fun Mes
mvarsr

» Monitors
Top

Binder O
Top  StateSpaceQueries

c : Mes(s) (s.r)
17 (d(1),d(2))++] _I,—p.—®
17 (d(1),d(3))++
1" (d(2),d(1))++ Send | e [ Rec
17 (d(2),d(3))++ 3 - " Mes ; )
17(d(3),d(1))++
1°(d(3),d(2)) (5]
S,

r

\ .
. | L
StateSpaceQue @ ‘ ivel3} Received @I@

<

DEM MES DEM
(s,r)
3
S [ Rec s A r Send | r y,
| Ack Ack |

Mes(s) w (s.r)

MES
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Y b;c-l:a'r'ations
»valn /
» colset DEM
»colset PR —

Variables and Colorsets

»fun diff —— |
» colset MES
»colset E

» fun Mes
»varsr

Escola Politécnica da USP

\

MECATRONICA

The colorset MES i&(%rs‘é;bset of PR such

The colorset DBM is the set of DB
managers {d.} i=1..n.

able n denotes the number of

base Mg rset PR: DBM X DBM, and

denotes all possible communication

FREPORLRSRRRD VPR FNABISY YV, F),

is a boolean function that interpret a pair
(d;, dj) as Vifd; #d.
The function Mes : DBM = MES,; is
such that MES(d.)={1"(d,, dj), j=1..n|diff

that MES(d,)={(d,, d)) | diff(d, d)

N



The initial state

Reczive

Message

—

e
nactive )

?n—z

=)

(Fecsived

/=
=]

)

G

—

Send an
Acknowledg-
ment

j Mp(Inactive) = DBM

L __Meskl -(:.;.ai_no wledg;;j-:)a |ﬂ '

MES
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Mp(Performing) = My(Waiting) = @

Mp(Unused) = MES = {(s 1) EDBMxDBM | s = 1}
Mp(Sent) = Mo(Received) = Mo(Acknowledged) = O

Mp(Passive) = E =1"¢
Mp(Active) = O
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Conflict

®* CPN Tools (Version 3.0.4, April 2011)
»Tool box
»Help
» Options
¥ DistributedDataBase 0G.con
Step: O

In the initial state all managers are in the

er 0
| Top  StateSpaceQueries
» History

¥Declarations

EL , place Inactive, there is a black resource

5 1 Mes(s) e
b colset PR i;%ﬂ&%igggiii > Sent ) . . .
e | LA in the place Passive (meaning that the

»fun Mes 1°(d(3),d(2)) |

action is allowed to only one manager)
e and all messages are in Unused. Thus, it
is possible to fire Send Mes for any
=E o manager d,, 1<i<n, for a fixed value of n.
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Enabling condition

## CPN Tools (Version 3.0.4, April 2011),

i In the state MO only the transition Send
Mes (SM) is enabled, considering all the
arc expressions. Thus, if a binding is
selected from the conflicting situation,

for instance,

colset E 1 (d(3),d(1))++
fun Mes 1°(d(3),d(2)) |
ar

(SM, <s=d,>)

SM will occur, putting marks in Sent,
Active and Waiting.
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Binding definition

Definition 3.4: A binding of a transition t 1s a function b defined on
Var(t), such that:

(1) VveVar(t): b(v)EType(v).
(11) G(t)<b>.

By B(t) we denote the set of all bindings for t.

Escola Politécnica da USP MEATRONICA




#* CPN Tools (Version 3.0.4, April 2011)

»Tool box
» Help
» Options
¥ DistributedDataBase OG.cpn
Step: 0
Time: 0
» Options
» History
¥ Declarations
»valn
» colset DEM
» colset PR
» fun diff
» colset MES
» colset E
»fun Mes
Bvarsr
» Monitors
Top
StateSpaceQueries

The conflict in CPNTools

Binder 0

Top  StateSpaceQueries

None

17 d(1)++
1°d(2)++

—1d(3)
@ctive }
__

4 DEBEM

r

DBEM

:| Ack | | Ack -
Mes(s) @ (s.r)

MES

EEX

Escola Politécnica da USP

4
MECATRONICA




€+ CPN Tools (Version 3.0.4, April 2011)

»Tool box
» Help
» Options
¥ DistributedDataBase OG.cpn
Step: 0
Time: 0
» Options
» History
¥Declarations
»valn
» colset DEM
» colset PR
»fun diff
» colset MES
» colset E
»fun Mes

Setting the biding

Binder 0

Top StateSpaceQueries

“(d(1),d(2))++
“(d(1),d(3))++
“(d(2),d(1))++

“(d(3).,d(1))++

]
{

s

EEX

1
1
1
17 (d(2),d(3))++
1
1

“(d(3),d(2))
Bvarsr

» Monitors
Top
StateSpaceQueries

r

DEM

MES

None

4
MECATRONICA

Escola Politécnica da USP




#+* CPN Tools (Version 3.0.4, April 2011)

»Tool box
» Help
» Options
¥ DistributedDataBase OG.cpn
Step: 1
Time: 0
» Options
» History
¥ Declarations
»valn
» colset DBM
» colset PR
»fun diff
» colset MES
»colset E
»fun Mes
Bvarsr
» Monitors
Top
StateSpaceQueries

Firing SM

Firing SM lead to a new state M,

EBEX

Binder 0
Top  StateSpaceQueries

Mes(s) 17 (d(2),d(1))++]
. et Sent J2r 1" (d(2),d(3) |
1 (d(l),d(-))++‘ R ———— Sl
17 (d(1),d(3))++ Send | [ Rec
1))++ Ly
2) s = d(2)

17 (d(3),d(
1" (d(3).d(

Y ¥
1d(@)] —- ,
1@tmg Performing
DEM DEM

None
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The state M,

The state M, can be obtained from M, by following the flux of marking since it
respects the arc expressions, the biding, and the filters.

M, (Inactive)= M,(Inactive) —1'd, =DBM -1'd,

M, (Waiting)=1'd,

M, (Sent) = Mes(d,) =1°(d,, d,) + 1'(d,, d5)

M, (Unused) = My(Unused) — Mes(d,) = MES — Mes(d,)

M, (Active) =1'e

M, (Passive) = M,(Received) = M, (Performing) = M (Acknowledged) = ©
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#* CPN Tools (Version 3.0.4, April 2011)

»Tool box
» Help
» Options

¥ DistributedDataBase OG.cj

Step: 1
Time: 0

» Options

» History

¥ Declarations
»valn
» colset DEM
»colset PR
»fun diff
» colset MES
» colset E

ul s

The step

In the new state M, there is only one

: transition enabled which is Rec Mes (RM).

That means that the message sent by d,

T I e could be received by either managers d,
P e or d,. The firing of RM for each manager is

what is called concurrent events and make

a step denoted by the biding,

1°d(3) |

(RM, < s=d,, r=d,>and/or < s=d,, r=d;>)

For the selected example where n=3.

N
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Formal definition of step

Definition 3.6: A step Y is enabled in a marking M iff the following prop-
erty 1s satisfied:

VpeP: E E(p.t)<b> = M(p).
(tb) Y

We then say that (t,b) 1s enabled and we also say that t 1s enabled. The elements
of Y are concurrently enabled (when |Y|=1).

When a step Y 1s enabled 1n a marking M; it may occur, changing the marking
M; to another marking M, defined by:

VpeP: Ma(p) = Mi(p) - Y, E(p.Hh<b>) + Y E(t,p)<b>.
(th) €Y (thy Y

M; 1s directly reachable from M;j. This i1s written: M [Y> M.

4
A
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Firing the step

#+* CPN Tools (Version 3.0.4, April 2011)

»Tool box
» Help
» Options
¥ DistributedDataBase OG.cpn
Step: 3
Time: 0
» Options Binder O :
» Histary Top StateSpaceQueries
¥Declarations
»valn
» colset DEM ¥
» colset PR - Mes(s) »( Sent ) (5.0
»fun diff 1 (d(1),d(2))++ i X
» colset MES 17(d(1),d(3))++ MES » REC
17(d(3),d(1))++T" s -] Y
»calset E 1° (d(3).d(2)) r
»fun Mes e
Bvarsr e (s,r)
» Monitors 1 (d(2),d(1)++
Top . 1 b 4 DEM.all() o B [
: 1°d(2) 17(d(2),d(3))
S VI — ﬁ;@@é ctive Received'?'-—@;nm2 }
S S~ E T1VE ¥ DEM MES — DEM
1'e
—
\ s

None

1°d(1)+
1°d(3)

N

Escola Politécnica da USP MEATRONICA




Obtaining the new state

The state M, can be obtained from M, by following the flux of marking since it
respects the arc expressions, the biding, and the filters.

M,(Inactive)= M,(Inactive) = My(Inactive) —1'd,=DBM -1'd,
M,(Waiting)= M,(Waiting) = 1'd,

M,(Sent) = ©

M,(Unused) = M;(Unused) = My(Unused) — Mes(d,) = MES — Mes(d,)
M, (Active) = M (Active) =1'e
M,(Received) = 1'(d,, d;) + 1°(d,, d,)

#* CPN Tools (Version 3.0.4, April 2011)

M, (Performing) =1d, +1'd F
2 e r O r I ng - 2 + 3 lp
pf
. DistributedDatag. 0G
M, (P = M, (Ack ledged) = ®
2 aSSIVe - 2 C nOW e ge - Time: 0
» Options Binder 0
» History Top  StateSpaceQ
¥Declarations
»valn
» colset DBM 2
» colset PR
»fun diff } Eggg.gg;;++
X ++ Rec
e LA Lo —
»fun Mes r(dE)dE@) |
»varsr S
» Monitors -
Top 1 (g(:-)’),g(ll)++
StateSpaceQueries Recelvecli _é_‘i'(3)lrﬁrmmg 5 i%g
MES DBM

Escola Politécnica da USP MEC




Concurrency

The same situation of concurrency happens again in state M2 since either
manager d, or d; (or both) can choose to send an acknowledge back to d,.

@ CPN Tools (Version 3.0.4, April 2011) (=13}
»Tool box
» Help
» Options
¥ DistributedDataBase OG.cpn
Step: 3
Time: 0
» Options Binder O =
» History Top  StateSpaceQueries
¥ Declarations
»valn
» colset DEM

Mes(s) (s.r)
» colset PR -
»fun diff L (d(1),d(2))++‘ [ ’.%s
» calset MES 1°(d(1),d(3))++ Send Rec

1°(d(3),d(1))++T" s

»calset E )
»fun Mes 1" (d(3),d(2))
»varsr o
» Monit
e i) ' o L omso ¥ Ly
StateSpaceQueries v aitina)( Active @@ RECENQdT;@rrng J ig%g*
4 DBM

None
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The new step

#* CPN Tools (Version 3.0.4, April 2011)
»Tool box

S Only one transition, the Send Ack

¥ DistributedDataBase 0G.cpn
Step: 3

(SA) enabled and could be fired by

Bi
» Histaory To) tateSpaceQueries
¥Declarations

o | one of the managers, d, or d; once

L they finish upgrading the changes
made by d, Again the sending of
an acknowledge is independent for

each one of the managers.

Do

» colset MES

»colset E

»fun Mes

»varsr
»Monitors

Top

StateSpaceQueries

(d(3),d(2))

Escola Politécnica da USP MECATRONICA




##* CPN Tools (Version 3.0.4, April 2011)

»Tool box
» Help
» Options
¥ DistributedDataBase OG.cpn
Step: S
Time: 0
» Options
» History
¥ Declarations
»valn
» colset DEM
» colset PR
»fun diff
» colset MES
» colset E
»fun Mes
mvarsr
» Monitors
Top
StateSpaceQueries

The new state

Binder 0
Top  StateSpaceQueries

17(d(1),d(2))++
1°(d(1),d(3))++

1 (d(3),d(1))++ T3
1 (d(3),d(2) |

1d2)] X
1 "/'v’ai@
S—

@®

C.\—'
Inactive 2, @
A‘/

[~ DEM

1 d(1)++)
1°d(3)

MES

L 4

DEM

None

MES

Acknowledged) 2 =

| Ack I:

1 (d(2),d(1))++]
1°(d(2),d(3)) |
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The new state

The state M, can be obtained from M, by following the flux of marking since it

respects the arc expressions, the biding, and

M;(Inactive)= M,(Inactive)

M, (Waiting)= M, (Waiting)

M,(Sent) = @

M;(Unused) = M,(Unused)

M;(Active) = M,(Active) =1'e
M,(Received) = ©

M, (Performing) = ©

M, (Passive) = ©

M, (Acknowledged) =1°(d,, d,) + 1(d,, d3)
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Synchronization

In state M3 there is only one transition enabled which is Receive Ack (RA). In this
case the acknowledge of all associated managers must be combined in a
message to the sender. After receiving this message the sender comes back to a
passive state again.

e CPN Tools (Version 3.0.4, April 2011) (=13}

»Tool box
» Help
» Options
¥ DistributedDataBase 0G.cpn
Step: S
Time: 0
» Options Binder 0 .
» History Top StateSpaceQueries
¥ Declarations
»valn
» colset DEM
»colset PR
»fun diff 1 Eggggg;}++
g ++
b lnatE (@A)
»fun Mes 1(d(3).d(2) |

»varsr
» Monitors

Top

StateSpaceQueries e bl

17 d(1)++]
1°d(3) |

DEM

17 (d(2),d(1))++]
1°(d(2),d(3))

MES

None
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The new state

The state M, can be obtained from M; by following the flux of marking since it
respects the arc expressions, the biding, and the filters.

M,(Inactive)=1'd, +1'd, + 1'd; = DBM
M 4(Wa Itl n g) = (D e+ CPN Tools (Version 3.0.4, April 2011) (=13}
M,(Sent) = @ i

» Options
¥ DistributedDataBase OG.cpn

M,(Unused) = MES ]

Binder 0

. :gi’:;iigss Top  StateSpaceQueries
M4(Act| Ve) = m ¥ Declarations
»valn - o)
. — » colset DEM 17 (d(1),d(2))++] Mes(s T ,
M,(Received) = © S i I S
), b
. _ » colset MES 1: (d(2),d(3))++T s Y ; ; =
M,(Performing) = @ s Wl
M ( P ; 1 N N S
assive) =1'e : e :
4 SssteSpaceQue @ ssive @c@‘?— Pen’-:w@
M,(Acknowledged) = ® o
LN
“LAck <
Mes(s) @ B

None

N
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A cycle

It could be seen that starting in a situation where all managers are inactive, if
one of them makes a change and then send a message the final answer is the
that the remaining managers receive the message, perform the change and send
an acknowledge closing a cycle, that is, changing to the initial state. Thus,

MO |[SM> M1 |RM> M2 |SA> M3 |RA> MO

That will be symmetric for each manager and constitutes a transition invariant.
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Occurrence Graph

PN Tools (Version 3.0.4, April 2011)

»Tool box
»Help
» Options

Step: 0
Time: 0

» Options

» History

¥ Declarations
»valn
» colset DEM
» colset PR
»fun diff
» colset MES
»colset E
»fun Mes
»varsr

» Manitors
Top
StateSpaceQue

¥ DistributedDataBase OG.cpn

Binder 0
Top  StateSpaceQueries

= Mes(s)

17 (d(1),d(2))++ » Sent D)

17 (d(1),d(3))++ Th——

17 (d(2),d(1))++ s

17 (d(2),d(3))++

1°(d(3),d(1))++

1°(d(3),d(2))
1°d
1°d
1°d I

Inactive; 3;

DEM

None

Y
Escola Politécnica da USP MECATRONICA



Directed Graphs

Deflinition 6.1: A directed graph is a tuple DG = (V, A, N) such that:

(1) Visasetof nodes (or vertices).
(1) A s asetof arcs (or edges) such that:
e VNA=0.
(111) N 1s a node function. It is defined from A into Vx V.

DG i1s finite 1ff V and A are finite.
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O-graph

Definition 6.2: The full occurrence graph of a CP-net, also called the
O-graph, is the directed graph OG = (V, A, N) where:

1 V=[My.
a1) A ={(M;bMeEVxBExV |M;[b>M;}.
(i) Va=(M;,b.Mp) €A: N(a) = (M1, My).
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Generating an O-graph

Proposition 6.3: The following algorithm constructs the O-graph. The al-
gorithm halts iff the O-graph is finite. Otherwise the algorithm continues for-
ever, producing a larger and larger subgraph of the O-graph.

W =0
Node(My)
repeat
select a node MW
for all (b,Mj)&ENext(M;) do
begin
Node(M»)
Arc(M1.,b.M»)
end
remove Mj from W
until W = 0.
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Behavioral Properties

As pointed before, we could treat CPN as classical net in what concerns
the design and modeling process. Therefore, we should reinforce
property analysis as a method instead of trusting only in simulation and
reachability.

All main properties analyzed before in classic nets could also apply to
CPN.
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Boundness

Boundedness properties tell us how many tokens we may have at a par-
ticular place:

Definition 4.1: Let a place peP, a non-negative integer ne = and a
multi-set meC(p)ms be given.

(1) ni1san integer bound for p 1iff:
VMEMp>: |M(p)| =n.

(11) m1s a multi-set bound for p 1iff:
VME[Mp?> : M(p) < m.
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Applying boundness

Multi-set | Integer
Inactive DBM n
Waiting DBM 1
Performing DBM n—1
Unused MES nZ—n
Sent, Received, Acknowledged MES n-1
Passive, Active E 1




Home Space

Definition 4.2: Let a marking Me ' and a set of markings X C be
given:

(1) Misahome marking iff:
YM'E[Mp>: MM .

(11) X 1s a home space 1ff:
YVM'eMp>: X N[M> = 0.
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Liveness

Definition 4.3: Let a marking M&' ' and a set of binding elements X C BE
be given.

(1) M s dead iff no binding element 1s enabled, 1.e., iff:
VXeBE: -M[x)>.

(11) X 1s dead in M 1ff no element of X can become enabled, 1.e., iff:
YM'e[M> VxeX: -M'[x>.

(111) X 1s live 1ff there 1s no reachable marking in which X 1s dead, 1.e., 1ff:
YM'E[Mp> AIM"e[M'> dxeX: M"[x)>.

MECATRONICA




Fairness

Definition 4.4: Let X C BE be a set of binding elements and o be an infi-
nite occurrence sequence.

(1) X 1s impartial for o iff 1t has infinitely many occurrences, 1.e., iff:
OCx(o) = o0 .

(11) X 1s fair for o iff an infinite number of enablings implies an infinite
number of occurrences, 1.e., iff:
ENx(o) = = 0OCx(o) = .

(11) X 1s just for o iff a persistent enabling implies an occurrence, 1.€., iff:
Viz1l: [ENxi(o) =0 = dk=i: [ENxx(o) = 0 v OCxx(o) = 0]].

When X 1s impartial for all infinite occurrence sequences of the given CP-net
(starting in a reachable marking), we say that X 1s impartial. Analogous defini-
tions are made for fair and just.
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The method

We first construct a set of place invariants.

Then we check whether they are fulfilled.

 This 1s done by showing that each occurring
binding element respects the mvariants.

e The removed set of tokens must be 1dentical to
the added set of tokens — when the weights are
taken 1nto account.

Finally, we use the place invariants to prove
behavioural properties of the CP-net.

 This 1s done by a mathematical proof.
4

Ko
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Automating Invariant Analysis

Automatic calculation of all place invariants:
e This 1s possible, but it 1s a very complex task.

e Moreover, it 1s difficult to represent the results
on a useful form,1.e., a form which can be used
by the system designer.

Interactive calculation of place invaritans:

e The user proposes some of the weights.

* The fool calculates the remaining weights
— 1f possible.

Interactive calculation of place invariants 1s much
easier than a fully automatic calculation.

AN
Ko
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Invariant Discussion in CPN

e The user needs some 1ingenuity to construct
mvariants. This can be supported by computer
fools — 1nteractive process.

e The user also needs some 1ngenuity to use
mvariants. This can also be supported by
computer tools — mteractive process.

 Invariants can be used to verify a system
— without fixing the system parameters (such as
the number of sites in the data base system).

£ &
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Typical Problem Size

CP-nets may be large

A typical industrial application of CP-nets
contains:

* 10-200 pages.
e 50-1000 places and transitions.
e 10-200 colour sets.

This corresponds to thousands/millions of nodes n
a Place/Transition Net.

Most of the industrial applications would be totally
impossible without:

e Colours.
e Hierarchies.

e Computer tools.

A

MECATRONICA




Escola Politécnica da USP

Hierarchical CPNs

A hierarchical CP-net contains a number of
interrelated subnets— called pages.

Simple Protocol
INTXDATA INTXDATA
A B
Sender Network Receiver = - -
HS H_Sl E| DATA
Sender Network Receiver
D C
INTXINT INT
Sender Network Receiver
INTXDATA §
<Sen.d Y _-@eceiveh\'
3 DATA [ &
(n.p) ifn=k
if Ok(z,r) andalso
INTXDATA | | wTxDATA then 1'(n.p) INTXDATA INTXDATA poetp
Send | () @ Transmit [si=e ematy .. e (np) then st’p
Packet Packet oles atr
=]
n
1 k v
1 ¥ Int_0_10 T ]
(NextSend ( w% Receive
i 8 NT F Packet
RA &n*k 1
on K+
min{n1,n2) ne_0_10 N - eleak i ek
if Ok(s.r) ts m;nkn
- El then 1'n EI alsa k
Receive @ I°'°° STPY | Transmit — (:)
Acknow. [€TTme @ | Acknow.

1'(n2.2) INTXINT

INTXINT
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Hierarchy in PN

Hierarchy is not anything new and is actually
connected with any kind of net, including the
classical ones.

In design, hierarchy means to abstract the elements
which properties are not relevant in an analysis
phases.




Hierarchy in General
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Subnet substitution

Def. 36] Um sub - conjunto de elementos da estrutura de rede N = (P,T;F) € dito
limitado por lugar (place - bounded) ou aberto se d(Y) © P. Este sub - conjunto é dito
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Subnet substitution
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The New PN after subs.

Uma nova rede € formada, N' = (P',T';F") onde (se Y é limitada por transi¢do) :
P =P\Y

!

pd
= L€ C 11 NOVO CICINCIILO JUC




Proper Elements

Seja x, um elemento genérico (instanciavel por 7, ou por p, ). Este elemento €

/ © z

D e e somente se € limitado po ansicao (luga em somente doi:

Se os elementos abstratos sao proprios as propriedades da rede subjacente se
conservam a menos de um termo aditivo. (J. R. Silva, On The Property Analysis
of Abstract and Hierarchical Nets, to appear).
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The challenge

Hierarchy is a good abstraction feature. However,
the real challenge is to associate that with the
property analysis, so that the abstract net preserve
the same properties than the expanded one.

The proper requirement is a key issue for that.

o
h




Design and abstraction

Substitution transitions work 1n a similar way as
the refinement primitives found in many system
description languages —e.g., SADT diagrams.
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