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Disciplina: Modelos para Sistemas
Comunicantes

Abstracéo
Foco naquilo que é essencial
Detalhes ndo proeminentes no contexto: descartados

Niveis de Abstracao
Nivel 1

Nivel 2

Nivel 3

Linguagens de Programacao

66000000
00000001
00000003
00000007
60000008
6000000C
6000000F
00000011
bo00001x
00000016
00000019
00000018
60000010
6000001F
00000022
50000025
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lea eax, [edxredx] public void onClick (Widget sender) |
w0 e, o pP e
ez Label sertese(Heia Sorti
S e
sub cl, al Label, setText("“}:
eooals 5
M oaa i
et
movzy - eaw, a1 DT ———
BootPanel. pet ("diw2® | . sdd|Label ) s
)

Linguagens de Programacao

Qual é a mais poderosa?

50060000 push [75 public void omfodulelosdi) |
90000001 hou b, esp Fimal Buteon buttsn - mew Burton[*€1ick me’ |2
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00000016 shr eax, 8 etse
00000019 suc1,al Label.secTent(**);
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0000001 agg a1, cl ™
0000001F shr ol 5
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Qual é a mais poderosa?
R: Resolvem a mesma classe de
problemas
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Redes Petri

Apropriado para modelagem de sistemas com :
» Concorréncia
» Comunicacao
» Compartilhamento de recursos
s

Place/Transition nets (PT-nets)
» Componentes: Lugares, Transi¢8es, Arcos, Tokens
(marcacéo)
» Auséncia de tipos de dados e mecanismos de
modularidade

Redes de Petri Coloridas (CPN)

Redes de Petri + Linguagem de Programacéo
Redes de Petri com:

» Tipos de Dados

» Modularidade

High-level Petri Net e Hierarchical Petri Net

Modelos sucintos e estruturados para determinadas
situagdes

Token “carrega” um dado de um determinado tipo

Redes de Petri Coloridas (CPN)

Coloured por razdes histoéricas:
» Colour set = Tipo
> Token Colour = Token Value

Possuem mesmo poder de expressividade de PT-nets
» Uma pode ser traduzida na outra

» Sem ganho tedrico

Adocéao da linguagem funcional ML (para a CPN
considerada)

Técnicas de analise: grafo de alcancabilidade, invariantes, etc.

Exemplo
Pacotes
01010101 -1
olo11111 - 2 S ... i (SRR
11110000 -3 @ © :!
11112111 - 4 L—J
Transmissor Receptor

Receptor precisa juntar os dados recebidos

Protocolo stop-and-wait (i) transmite um pacote por vez;
(ii) Aguarda reconhecimento de recebimento

Assumir uma rede segura

Baseado em ACPN-2010 por Lars Kristensen
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Exemplo

Sender

Network

Receiver

Baseado em ACPN-2010 por Lars Kristensen

NOXDATA

Exemplo

Network

Sender

Receiver

NOXDATA

(n.d) v\
Arc expression

Declaragéo de
variaveis:

var n: NO;
var d: DATA,

Defini¢ao de Colour Sets (Tipos):
colset NO = int;
colset DATA = string;

colset NOXDATA = product NO * DATA;

Exemplo

Sender

[C(@ CoL)++
I'(2,OUR")++
(3 ED")++

L@, “P!

(5 RI)++
(6, ’NET")

ET)++

TA

0.
Y

Necessidade de bin
dos arcos para
habilitar

Network

Receiver

NOXDATA

Exemplo

NOXDATA

0o

(@ CoL)++
(2, OUR)++
(3 ED")++
(4, “PET")y++
(5, "R+
(6, ’NET")

O
NO NO

Sender Network

Receiver

Binding Element
(SendPacket,<n=1,d="col">)
Avaliacao de Arc Expressions
n->1

(n,d) -> (1,"col”)

NOXDATA

(n.g)
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Exemplo

1
1/31ED "o+
1(4PET )
1(5IRI
1(6NET)

NOXDATA
(nd

(2 OUR")++
(3 ED")++
(4, “PET")++
(5, "R+
[L'(6"NET")

Binding Element
(TransmitPacket,<n=1,d="col">)

NOXDATA

Exemplo —
@ OURy++ Binding Element
1°(3,"ED")++ (ReceivePacket,<n=1,d="col">)
IL(4, “PET")++
(5, "R+
[°(6."NET")

NOXDATA NOXDATA

(nd

oe (n.d)

Transmit
Packet
(n.g)

Recel
Packet
Transmit
Ack

o NO NO
Sender Network Receiver Sender Network Receiver
Exemplo Exemplo

[C(2 OUR")++ [C(2 OUR")++

[1'(3,"ED")++ [1'(3,"ED")++

1\24, “’F'I)ET“)H Binding Element 1\24, “’F'I)ET“)H

[L°(5,"RI"++ [L°(5,"RI")++

h'(6,NET") (Trans| h°(6"NET")

NOXDATA
(nd

Sender

Network Receiver

NOXDATA NOXDATA

(nd

(n.g)

NO
Sender Network Receiver
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Exemplo

(2 OUR")++
(3 ED")++
(4, “PET")++
(5 R+
(6, ’NET")

st A
NOXOATA NOOATA

(n.g)

Binding Element
(SendPacket,<n=2,"OUR">)

ne1

NO NO
Sender Network Receiver

Exemplo

1°(1,'COL " J++
Yo

NOXDATA T ~ NOXDATA

(n.d)

(n.g)

Transmit
Ack

(SendPacket,<n=2,"OUR">)
(TransmitPacket,<n=2,"OUR">)
(ReceivePacket,<n=2,"OUR">)
(TransmitAck,<n=3>)
(ReceiveAck,<n=3)

NO
Sender Network

Exemplo

“(1,/COL)++
(2"OUR")++
fL°(3ED")++
(4, "PET")++
(5, RI)++
L'(6,"NET")

NOXDATA

(n.d)

Transmit
Packet

(n.g)

NO o
Sender Network Receiver

‘ Depois de 30Steps

Multiset (Multiconjunto)

Assumindo S = {s1,s2,s3,...}, um multisetm é uma
funcdo m:S - O . Pode ser representado como:
¥ nsM(s) s=m(sl)'sl ++ m(s2)'s2++m(s3)'s3++...

Ex: S={a,b,c,e} g:;::z
Y osM(s)'s=2'a ++ 2'b++5'c++2'e m(s)=— 5 s
2ifs=e

0 caso contrario
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Addition (element-wise)

= o ST _ Néo hierarqui
(<D> . E - :;Iﬂ CPN — N3o hierarquica

Scalar multiplication (element-wise)

3 *

Definition 4.2. A non-hierarchical Coloured Petri Net is a nine-tuple
CPN = (P.T.A.XZ.V.C.G.E.I), where:

. I. P is a finite set of places.
Comparison (element-wise)

2. T is a finite set of tra ns T such that PN T = 0.

3. ACPxTUT = Pis a set of directed arcs.

= true 4. X is a finite set of non-empty colour sets

5. Vis a finite set of typed variables such that Type[v] £ £ for all variables v €
5. C: P — 2 is a colour sef function (hat assigns a colour sel 1o cach place.
G : T — EXPRy is a guard function that assigns a guard to each transition 7 suck

@ _ that Type[G(t)] = Bool
|E| - % - 7 . E : A — EXPRy is an arc expression function that assigns an arc expression 1o
m2

cach are @ such that Type|E(a)] = C(p)ys. where p is the place connected to the
arc a.

. [ : P— EXPRy is an initialisation function that assigns an initialisation expres
sion to cach place p such that Tipe[l(p)] = C(p)ais-

Size (number of elements)

e

o

Subtraction (only if m2 = m1)

o

m2 -m1

CPN - Nao hierarquica CPN - Nao hierarquica

Definition 4.4. A binding element (¢,b) € BE is enabled in a marking M if and only
Definition 4.3. For a Coloured Petri Net CPN = (P, T,A,X,V,C,G,E,I), we define if the following two properties are satisfied:
the following concepts:

1. G(r)(b).

1. A marking is a function M that maps each place p € P into a multiset of tokens 2.Yp € P:E(p,t){b) <= M(p).

M(p) € C(p)wms. When (1,b) is enabled in M, i leadi rking M’
2. The initial marking My is defined by Mo(p) = I(p)() for all p € P. en (1, ) is enabled in M, it may oceur, leading to the marking M’ defined by:
3. The variables of a transition ¢ are denoted Var(t) C V and consist of the free LVpeP: M(p) = (M Elp.1)(b B

i 23 - = - E(p, + t,p)(b).

variables appearing in the guard of 7 and in the arc expressions of arcs connected 2 (p)=M(p) (p,1)(6)) ++ E1,p) (b)

tof. . . . rr3 .
4. A binding of a transition 7 is a function b that maps each variable v € Var(t) into Definition 4.5. A step Y € BEys is enabled in a marking M if and only if the fol-

a value b(v) € Type[v]. The set of all bindings for a transition ¢ is denoted B(r). lowing two properties are satisfied:
5. A binding element is a pair (¢,b) such that r € T and b € B(t). The set of all

1Y(1,b) €Y 2 G(1) (b).
binding elements BE(r) for a transition ¢ is defined by BE(r) = {(s,b) | b € B(¢)}.

B 2 . (b)) <=
The set of all binding elements in a CPN model is denoted BE. 2.¥peP: m%f(l”)\”/ <=M(p).
6. A step Y € BEys is a non-empty, finite multiset of binding elements. (nb)e
When Y is enabled in M. it may occur, leading to the marking ' defined by:

3.YpeP M (p) = (M(p) — 13 E(p.1)(b) ++ 13 E(t.p)(b).
(rb)ey (b)Y
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CPN - Nao hierarquica

Definition 4.4. A binding element (¢,b) € BE is enabled in a marking M if and only
if the following two properties are satisfied:

1. G(r)(b).
2.VpeP:E(p,t)(b) <=M(p).

When (¢,b) is enabled in M, it may occur, leading to the marking M’ defined by:
3.Vp e P: M'(p) = (M(p) —— E(p,t){b)) ++ E(z,p){b).

Definition 4.5. A step Y € BEys is enabled in a marking M if and only if the fol-

lowing two properties are satisfied:
LY(t.b) €Y : G(r)(b).

29peP: XS E(pr)b) <=M(p).
(1.b)ey

| Interleaving sera assumido!

When Y is enabled in M. it may occur, leading to the marking ' defined by:

3YpeP M (p) = (M(p) — 13 E(p1) (b)) ++ 13 E(t.p)(b).

(th)ey

(tb)ey

Exemplo 2
Pacotes
01010101 -1
01011111 - 2 L s Rede T B
11110000 -3 g !
11112111 - 4 u
Transmissor Receptor

Rede néo confiavel (ex: perdas)

Transmissor pode retransmitir pacotes e guarda o pacote
enviado correntemente

Receptor aguarda o préximo pacote esperado

Baseado em ACPN-2010 por Lars Kristensen

Exemplo 2

|v.J AllPackets = 1'(1,"COL") ++ 1'(2,"

11(3,"8D ") ++ 1°(
11(5,"RI ") ++ 1'(6,"NET");

NOXDATA

()

NODATA

if success
NO thentn
else empty

Transmit | else emety
Packet

if success.
then 1'(n.8)

Baseado em ACPN-2010 por Lars Kristensen

Exemplo 2
fL(1,"COL")++ val AllPackets = 1'(1,"COL") ++ 1'(2,"OUR") ++
~(9 " 1'(3,"ED ") ++ 1'(4,"PET") ++
20U b g m R

(4, “PET"y++

NOXDATA

()
if success.
then 1'(n.8)

Transmit | else emety
Packet

NODATA

Transmit
Ack

Binding Element
(SendPacket,<n=1,d="COL">)
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Exemplo 2

(4, “PET"y++
(5, RI++
(6. 'NET") e

@@

NOXDATA

()

then 1'(n.8)
else empty

@ cory++ a1 AllPackets = 10(1,7COLT) *% 10(2,700R) %
~(9 " 1'(3,"ED ") ++ 1'(4,"PET") ++
Tocr s TNE T D)

TA

Exemplo 2

(@ CoL)++
(2, OUR)++
13 ED")++
(4, “PET")y++
(5, RI)++
(6, NET")

val AllPackets = 1'(1,"COL") ++ 1'(2,"
11(3,"ED ") ++ 1'(4,"BET") ++
11(5,"RI ") ++ 1'(6,"NET");

T

DATA

= @

NOXDATA

if success.
then 1'(n.8)
else empty

/

Transmit

ek
on gaiana fon gaiana
cee daia cee daia
NS trentn % NS trentn o
— cseem
Binding Element Binding EI t =
(SendPacket,<n=1,d="COL">) S'” '('j‘g Emli” 1 d='COL">
(TransmitPackage,<n=1,d="COL">,success=true) (Ren ) a; e;( T; ! d-"COIz" k=1 data="">
(TransmitPackage,<n=1,d="COL" success=false>) (ReceivePacket,<n=1,d= k=1,data="">)
Exemplo 2 Exemplo 2
(@ CoL)++ VAl AllFackets = 17(1,7COL") 4% 11(2,"0UR") % "L CoL)++ Val AllPackets = 11(1,7COL") ++ 1°(2,"
(9 ” 1'(3,"ED ") ++ 1'(4,"PET") ++ (D ¢ 1'(3,"ED ") ++ 1'(4,"
e ouRys cEEERE e ouRys cEEERE
(4, “PET")y++ ‘coL! - (4, “PET")++
ONR A CEDFR Nl
NoATA AGINETE) onn NoATA L@ RED) onn
(nd) (nd) ¢
then 1) then 1)
else empty Transmit | ©lse empty
Faciet
on gaiana on gaiana
cee daia cee daia

Binding Elements
(SendPacket,<n=1,d="COL">)
(TransmitAck,<n=2, success=true>
TransmitAck,<n=2, success=false>)

else empty

Binding Elements
(SendPacket,<n=1,d="COL">)
(ReceivePack,<n=2, k=1>)
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Exemplo 2 Exemplo 2 — Conflito e Concorréncia
(@ CoL)++ VAl Allackets = 17(1,7COL") +% 11(2,"0UR") % (1,"CoL)++ Val AllPackets = 11(1,7COL") +% 1'(2,"
Moy | e s e Moy | naE n e v |
®. L4 "PET)++ cov L4, “PET")++ e
v 1°(5,"RI"++ ) L°(5,"RI"++ N
NOOATA (G N “onr “oara
(nd)
it succoss
then 1) then 1)
else empty else empty.
then data® then data®
oo data oo data
q q
W v %o O tnenin Pt
else empi —
Binding Elements Binding Element
(SendPacket,<n=2,d="OUR">) (SendPacket,<n=1,d="COL">)
(TransmitPackage,<n=1,d="COL">,sucess=true)
(TransmitPackage,<n=1,d="COL",sucess=false>)
Exemplo 2 - Conflito e Concorréncia Exemplo 2 - Conflito e Concorréncia
(@ CoL)++ VAl AllFackets = 17(1,7COL") 4% 11(2,"0UR") % (@1,"CoL)++ Val AllPackets = 11(1,7COL") ++ 1°(2,"
Moy | ET i Moy | R B
(4, “PET")++ (4, “PET")++
®. h(sRrye+ (5 RIN++
"/ 1°(6,’NET") S S
NOXDATA TA o NOXDATA DATA
0o

then 1'(n.8)
else empty

success (1, cor)
@

Binding Element
T (SendPacket,<n=1,d="COL">)
Binding Element (T ge,< "COL”, ) Yo
(SendPacket,<n=1,d="COL">) TransmitPackage,<I 'COL",sucess=false>
(TransmitPackage,<n=1,d="COL",sucess=true>)
(TransmitPackage,<n=1,d="COL",sucess=false>
(ReceivePacket, ,<n=1,d="COL",data="",k=1)

TransmitAck, ,<n=2, sucess=true>)
TransmitAck, ,<n=2, sucess=false>)
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Espaco de Estados

Os espaco de estados de uma CPN é um grafo dirigido SS
= (Ngs, Ags) com os arcos rotulados a partir de BE, no

qual

1. Ngs=R(M,) é o conjunto de nés

2. ASS = {(M,(t,b),M") DNgg X BE X Ngg |M —~M?}é0

conjunto de arcos

3. SSé finito e somente se Ngg e Agg so finitos

Espaco de Estados

NODES «— {Mp}

ARCS — 0

end if
end for
end while

UNPROCESSED « {Mj}

while UNPROCESSED # 0 do
Select a marking M in UNPROCESSED
UNPROCESSED «+ UNPROCESSED —{M}

(1.0)

for all binding elements (z,b) such that M — do

(1,6}

Calculate M such that M —5M’

ARCS — ARCS U {(M, (r,b),M")}

if M’ ¢ NODES then
NODES « NODES U {M'}
UNPROCESSED « UNPROCESSED U {M’}

Espaco de Estados

1°(1,"COL")++
17(2,"0UR")++
++

INTxDATA
DATA

str

if sucess
then 1" (n,p)
Y,

Transmit [else empt
Packet

INTXDATA

(n,p)

ff sucess
then empty

else 1°()
0

T ifn=k

INT
KINITif sucess then ket ek
n then el then k+1
clse else k
n N7 ifsucess
ender INT theni'n Receiver

Network
else empty

Simple Protocol

then str p

b->1 Top' Transmit_Packet 1: {n=1,p="COL",sucess=false}|

i0:

1°(

3
2:=
3t

Top'Buffer 1: 17 ()

Top'Send 1: 17(1,"COL")++
17(2,"0OUR" )++

17 (4,"PET")++
17(5,"RI")++
17(8,"NET")
Top'NextSend 1: 171
Top'D 1: empty
Top'a 1: 27 (1,°€OL")
Top'Received 1: 17"
Top'NextRec 1: 171
Top'B 1: empty
Top'C 1: empty

Top'Buffer 1: 17 ()

Top'Send 1: 17 (1,"COL")++
oy

1°(6,"
Top'MextSend 1: 171
Top'D 1: empty

Top'A 1: 17(1,"COL")
Top'Received 1: 17 "CoOL"
Top'MextRec 1: 172
Top'B 1: empty

Top'C 1: 172

1:1->2 Top'Send_Packet 1: {p="COL",n=1}|

it
1 Top'Buffer 1: 37 ()
101 Top'Send 1: 17(1,"COL")++

1°(2,"0UR")++
17(3,"ED")++
17(4,"PET")++

17 (5, "RI")++

17 (6,"NET")
Top'NextSend 1: 17 1
Top'D 1: empty
Top'a 1. empty
Top'Received 1: 17"
Top'NextRec 1: 171
Top'B 1: empty
Top'C 1: empty

10
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Espaco de Estados

STRING

ifln="Paong") then "Ping"
else "Pong"

Send
Package
Receiver)

Prepare
Package
Server

Espaco de Estados

Espaco de Estados

11:11->12 Top'send_Package_Receiver 1: {n="Ping"}|

12:12-51 Top'Receive_Package 1: {n="Ping"
2 LR B ] £ }h1—>27wu‘ureuarejackage 1; {n="Ping"}

8:8->9 Top'Send_Package 1: {i

g’}

7:7->8 Top'Prepare_Package 1: {n="Pang"

6:6->7 Top'Receive_Package 1: {n="Pang"}|

Invariantes

Conceito similar em PTN, aplica-se para CPN

Definition 7.1: Let AcZbeatypeandlet W = {Wpjpep be a set of linear
functions such that Wp e [C(p)ws—Aws] for all peP.

(i)  Wisaplace flow iff:
W(tb)eBE: Y, Wp(E(p,1)<b>) = 3 Wy(E(t,p)<b>).
pep

peP

(ii) W determines a place invariant iff:

YMe [Mod: Y, Wp(M(p)) = X Wp(Mo(p)).
peP peP

Theorem 7.2: W is a place flow < W determines a place invariant.
= is satisfied for all CP-nets.
« is only satisfied when the CP-net does not have dead binding elements.

11
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Invariantes

Mes(s) @ (s.r)
'S

Update Receive
a
Message

Send Messages|

e’ Mes(s) \°

i MES o
{ Active @ Passive) @
MES €

e’ Mes(s) /e
i

Receive all Send an
Acknowledg- Acknowledg-
ments ment

Mes(s) (s,r]
Acknowledged

MES
Baseado em ACPN-2010 por Lars Kristensen

Invariantes

(d(1),d(2))++

Sent

(sir)
MES
Recaive
a

"] Message

ey
&
et
¥
+

Receivedl
Acknowledg-
ments

Send an
Acknowledg-
ment

CEdknowledg=t>

Mes(s) MES (8)

Baseado em ACPN-2010 por Lars Kristensen

Invariantes

Mes(s) @ (s.r)
'S

Update Receive
a
Message

Send Messages|

¥

e/ Mesls) \°

i MES 0
{ Active @ Passive) @
DBM MES A E

e Mes(s) /e

O |
Receive all
ments Plpgm  Inactivet+Waiting+Performing = DBM
Unused-+Sent+Received+Acknowledged = MES

Plyies
Plz  Active+Passive = E
Mes(s) Plpeg  Performing = Rec(Received)
ACl| iy, Mes(Waiting) = Sent+ Received+ Acknowledged

Plxc  Active = lgn(Waiting)

Baseado em ACPIvzoav por cwio mnowiioon

Invariantes

Invariantes de transi¢des obtidos de forma similar

Pesos associados a transi¢coes

Transition flow: conjunto de ocorréncias que nédo tem efeito
total (marcacdao inicial e final sdo as mesmas)

A ferramenta mais representativa ndo tem suporte a
invariantes

12
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Redes de Petri Coloridas Hierarquicas (CPN)

Boas praticas na construcéo de programas: Médulos
» Reusabilidade
» Mais abstracdo
» Legibilidade

» Diminiuic&o de erros
e

Construcédo de uma CPN através de submodelos

Submodelos podem ser parametrizados e podem
referenciar outros submodelos

Adocédo de uma transi¢éo que representa a chamada ao
submodelo

Redes de Petri Coloridas Hierarquicas (CPN)

Submodelo possui interface via lugares
» Lugares de entrada (IN)
» Lugares de saida (OUT)
» Lugares de entrada/saida (I/0)

Ex: CPN com a rede néo confiavel

Considerar 3 submodelos:
» Transmissor
» Rede
» Receptor

Redes de Petri Coloridas Hierarquicas (CPN)

“Modellin®)++

INTXDATA

© (70 Nets## )4t
(B, #H#HHRHE")

Redes de Petri Coloridas Hierarquicas (CPN)

if success then 1° (n,0)
T alse empty DA

(n.p) [Transmic
=) | Packet %

if success then 17n
else empty INT
@ [ T\'a\'\sl\’\\\i n T

Ackno

INT

13
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Redes de Petri Coloridas Hierarquicas (CPN)

Redes de Petri Coloridas Hierarquicas (CPN)

INT=DATA INT=DATA

ceived 1l 1]

Redes de Petri Coloridas Hierarquicas (CPN)

Sender Protocol Receiver
¢ Network
ST Receiver
Network

Redes de Petri Coloridas Hierarquicas (CPN)

Fusion sets
» Submodelos compartilhando um mesmo lugar

» O lugar é o mesmo para as instancias
» Similar ao conceito de variaveis globais

» Adocao precisa ser cuidadosa

14
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Redes de Petri Coloridas Hierarquicas (CPN) Redes de Petri Coloridas Hierarquicas (CPN)

Definition 6.2. A hierarchical Coloured Petri Net is a four-tuple CPNy = (S,SM,
PS,FS) where:

Definition 6.1. A Coloured Petri Net Module is a four-tuple CPNy = (CPN, Toyp, 1. S is a finite set of modules. Each module is a Coloured Petri Net Module s =
Pport, PT), where: ((P*,T%,A%, 25 V*,C,G*\ E* "), T Pyory, PT?). It is required that (P UT*1) N
(P2UTS2) =0 forall 51,52 € S such that 51 # s5.
1.CPN = (P,T,A,X,V,C,G,E,]I) is a non-hierarchical Coloured Petri Net.
2. Tayp € T is a set of substitution trans 2.8M : Tyyp — S is a submodule function that assigns a submodule to each sub-
3. Poont c Pis a set of port places. stitution transition. It is required that the module hierarchy (see Definition 6.3) is
4. PT : Pyor — {IN,OUT, I/O} is a port type function that assigns a port type to acyclic. . X . X
each port place 3. PS is a port-socket relation function that assigns a port-socket relation
O PS(1) C Psoek(r) % fﬁ’,‘f\(') to each substitution transition 7. It is required that

ST(p) =PT(p'), C(p) =C(p), and I(p)() = I(p')() for all (p,p’) € PS(¢) and
all £ € Tagp.
4. FS C 2" is a set of non-empty fusion sets such that C(p) = C(p') and I(p)() =
1(p')() for all p,p’ € fs and all fs € FS.
o

socket places Paoc(t)of a substitution transition 1PT : Py — {IN,OUT, IO} is a port type function
socket type function ST (t) that maps each socket place of 7 into its type

Redes de Petri Coloridas Hierarquicas (CPN) e Ao el solonda emponzece
(TCPN)
Uma CPN hierarquica pode ser sempre transformada em Importancia do tempo para avaliagéo de
um CPN néo hierarquica desempenho/dependabilidade de sistemas
Na teoria, ndo adiciona maior poder de expressividade ao Modelagem de sistemas de tempo real
modelo
Conceitos
CPN hierarquica e n&o hierarquica séo equivalentes > Tempos associados as marcagdes(tokens)
» Adocéo de um relégio global (global clock)
» O timestamp associado & marcacéo indica quando a mesma
Da mesmaforma CPN o PTN esté pronta para uso
» Lugares em CPN substituido por Lugares em PTN com a » O disparo de uma transicéo é imediato
quantidade de cores no colour set » Timed multiset e timed colour sets
> Transi¢es em PTN com as possibilidades de bindings » Timestamp O TIME (conjunto dos inteiros n&o negativos)
satisfazendo as guardas das transicdes em CPN
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Exemplo

if success

Exemplo

(1,"COL")++

if success

if n=k =k
then data”d then data”d
else data else data
NO NO
k k
then k+1 then k+1
Transmit il Transmit A il
Ack —— .
e lﬁlo o —— Definigéo de Colour Sets (Tipos):
else empty colset NO = int timed;
colset DATA = string timed;
Sender Network Receiver sender! colset NOXDATA = product NO * DATA timed
Timed Protocol colset BOOL = bool;
Exemplo Exemplo
f°1,coL)@0+++ [L°(1,"COL")@0+++
(2, OUR")@0+++ (2, OUR")@0+++
1'(3/ED")@0+++ 1'(3/ED")@0+++
e e
NODATA o 1 (5,"RIN@0+++ NODATA @ 11°(5,"RIN@0+++
(6"NET)@0 (6, ’NET)@0
(n,d)@+wait f uccese (n,d)@-+wait if success
if n=k if n=k
then data”d then data”d
else data else data
@+DEL() NOxDATA
Aplica-se atodas
marcagdes geradas
No o117 No pela transigao @+17
k k
then k+1 then k+1
Transmit e ek Transmit ek
n if success. Ack n if success. Ack
@+7 NOthen 1'n —@rpEL() NO or7 NOthen 1'n "~ GrDEL() No

else empty
Binding Element
(SendPacket,<n=1,d=*col">)
Pode ocorrer no tempo 0

Receiver

else empty
Binding Element
(SendPacket,<n=1,d=“col">)
Pode ocorrer no tempo 0

Sender

Global Clock=0

Receiver

16
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Exemplo

Sender

Global Clock=0

[C(L"COL)@109+++
(2, OUR")@0+++
1'(3ED")@0+++
(4, “PET")@0+++
(5 RIN@0+++
(6, NET)@0

if success
then 17 (n,d) it n=k

then k+1
Transmit (O)e else k
n i success Ack
NOthen 1'n ™ G1DEL()
clse empty

Timestamp das marcacgdes geradas
Global Clock + Inscri¢do da Transicéo + Inscri¢do do
arco de saida

Exemplo

[C(Z"COL)@109+++
(2, OUR")@0+++
1'(3/ED")@0+++
(4, “PET")@0+++
(5 "RIN@0+++
(6, ’NET)@0

if success
then 1 (nd)

BindingElements

(SendPacket,<n=1,d="col">)
(TransmitPacket,<n=1,d="col”,success=true>)
(TransmitPacket.<n=1.d="col”,success=false>)

Escolhe-se o binding que pode ocorrer mais cedo

Exemplo

Sender

Global Clock=9

(1 "COL)@109+++
(2, OUR")@0+++
1'(3/ED")@0+++
(4, “PET")@0+++
(5, RI@0+++

(6, ’NET)@0

DATA
(n,d)@-+wait i sufl(1,’COL) @47
then'T"(nd data | i n=k
v @) (nd) then data~d
XB) - else data

then k+1
Transmit
n i success Ack
NOthen 1'n ™ G1DEL() No
clse empty
Network Receiver

Timed Protocol

Exemplo

(n

(1 "COL)@109+++
(2, OUR")@0+++
1'(3/ED")@0+++
(4, “PET")@0+++
L5 RI@0+++
(6, ’NET)@0

DATA

fsufl (1,"COL") @47
b o

Transmit | else empty
Packet

@+DEL()

,d)@-+wait

(n,d)

NOXDATA

Sender|

Binding Elements
(SendPacket,<n=1,d="col">)
(ReceivePacket,<n=1,d="col",k=1,data="">)

Escolhe-se o binding que pode ocorrer mais cedo

Global Clocl

Timed Protocol

17
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Exemplo

[C(L"COL)@109+++
(2, OUR")@0+++
1'(3ED")@0+++
(4, “PET")@0+++
(5 "RIN@0+++
(6, NET)@0

(nd)@+wait if success

Binding Elements

EXGmp'C (SendPacket,<n=1,d=“col">)
(TransmitAck,<n=2,success=true>)
(TransmitAck.<n=2.success=false>)

Escolhe-se o binding que pode ocorrer mais cedo

T

NOXDATA

RI@0+++ frcoU@s4]

(6NET")@0

(nd)@+wait if success

=k
then datand then datand
clse data clse data
NO NO if n=k
then k+i  [8+17
e k slse k
2@64 k 2@64 if n=k
then k+1 then k+1
Transmit W Transmit e else k
n if success. Ack L n if success. Ack n L
@7 NOthen 1'n ™ G1DEL() % @7 NOthen 1'n ™ G1DEL() o
clse empty clse empty
Network Receiver Sender Network Receiver
Global Clock=47
Timed Protocol Timed Protocol
Exemplo Exemplo
(1, "CoL)@109+++ (1, "CoL)@109+++
(2, OUR")@0+++ (2, OUR")@0+++
h°(3ED")@0+++ h°(3ED")@0+++
[°(4, “PET")@0+++ = — [L°(4, “PET")@0+++
NOXDATA o |1(5 "RI") @0+++ [L"COL" @64 NOXDATA o |1+(5 "RI")@0+++ [L"COL" @64
@ I'(6"NET)@0 " @ [L1°(6,’'NET")@0 "
(nd)@+wait if success . (nd)@+wait if success .
then datand then datand
clse data clse data

NO
@+17
i«
then k+1
Transmit (O)e else k
n i success Ack
@+7 NOthen 1'n ™ G1DEL() No
clse empty
Network

Receiver

Timed Protocol

"
then k+1

Transmit Ne

[ A |

i success Ack

n
@+7 NOthen 1'n ™ G1DEL() No
che empty

BindingElements
(SendPacket,<n=1,d="COL">) | Recsiver

Sender

Global Clock=64

(ReceiveAck,<n=2,k=1>)

18
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Exemplo

[C(L"COL)@109+++
(2, OUR")@0+++
1'(3ED")@0+++
(4, “PET")@0+++
(5 "RIN@0+++
(6, NET)@0

(nd)@+wait if success

NOXDATA

i«
then k+1
Transmit N
n i success Ack
@7 NOthen 1'n ™ G1DEL() No
clse empty

Network Receiver

Exemplo

[C(Z"COL)@109+++
(2, OUR")@0+++
1'(3/ED")@0+++
(4, “PET")@0+++

NOXDATA o 1 (5,"RI")@0+++
Gend§ 1L'(6,"NET")@0

(nd)@+wait if success

"
then k+1
Transmit (O)e else k
n i success Ack
@7 NOthen 1'n ™ G1DEL() No

clse empty

‘ BindingElements

nd) @) (nd)
&)

i«
then k+1
Transmit e
n if success | _Ack n 4
@7 NOthen 1'n ™ G1DEL() No
clse empty
Sender Network Receiver

Timed Protocol

(Sendbacket enc2,d=OUR') [teter
Global Clock=97
Timed Protocol Timed Protocol
Exemplo Exemplo (Retransmisséo)
[1°(1,"COL")@109+++ [1°(1,"COL")@109+++
[1'(2,"OUR") @213 +++ [1(2,"OUR")@0+++
[1(3,"ED")@0+++ [1(3,"ED")@0+++
[°(4, “PET")@0 = = f’(4, “PET")@0 ™ o
T oA o [ o
[1(6,"NET")@0 @ [1(6,"NET")@0
(nd)| | (n,d)@+wai (n,d)@+wait
+ \tfhzx:v(;es(;d) . + if success

"
then k+1
Transmit (O)e else k
n i success Ack
@7 NOthen 1'n ™ G1DEL() No

clse empty

Sender Network

Global Clock=64

Receiver

Timed Protocol
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Exemplo (Dead Marking)

(1 CoL)@218+++
[1’(2,"OUR")@2095+++
[L'(3,"ED")@2664+++
[1°(4, “PET")@2906+++
NOXDATA 7 11 (5 "RI")@3257+++
= 11°(6,"NET")@3499

[L"COLOURED PETRI NET"@3357

(n,d)@-+wait

NOXDATA

Transmit
n if success Ack

NO then 1'n @+DEL() NO
else empty ’

Sender Network Receiver

Timed Protocol

Redes de Petri Coloridas Temporizadas
(TCPN)

my=12@405 ++ 2'2@409 +++ 1'2@411+++4'3@410

Assumir um binding element e global clock = 409. Ira
remover um token com a cor 2

Remove-se um dos 2'2@409 (removacao do maior
possivel)

Permite que a marcagéo alcangada usando semantica de
passos possa ser alcangada com interleaving em um
order arbitraria

Redes de Petri Coloridas Temporizadas
(TCPN)

TCPN podem ter marcagdes com ou sem timestamps

Marcacdes sem timestamps sempre estéo prontas para
participarem de binding elements

Binding elements precisam ser colour enabled e ready
= Colour enabled = Marcacéo

= Ready = tempo (timestamps da marcagao precisa ser
menor ou igual ao valor atual do global clock)

Redes de Petri Coloridas Temporizadas
(TCPN)

Caso nao existam binding elements a serem executados, 0
simulador avanga o global clock para o o préximo tempo
mais cedo no qual binding elements possam executar

Cada marcagéo existe em um intervalo de tempo fechado
que pode ser um ponto

Similarmente, conflitos e concorréncia podem acontecer
com os bhinding elements no contexto temporizado

TCPN -> CPN (basta remover as inscricdes envolvendo
tempo). A sequéncia de ocorréncias de uma TCPN é um
subconjunto da CPN sem tempo. Tempo adiciona novas
restricoes
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Exemplo

[C(@ co)@o+++
(2, OUR")@0+++
1'(3ED")@0+++

(4, “PET")@0+++

NOxDATA [L°(5,"RI"N@0+++

1L°(6,"NET")@0 @

Lyh::c:r'(; 9 data | |if n=k
, (n,d) then data~d
4 else data

NOXDATA

@+DEL()

then k+1
Transmit o\ else k
n ifsuccess | Ak n
@+7 NOthen 1'n ™ @1DEL() No
else empty
Sender Network

Receiver

Timed Protocol

Exemplo

[C(@ cor)@o+++
(2, OUR")@0+++
1'(3/ED")@0+++

(4, “PET")@0+++

TA @ [L(5,"RIN@0+++
Gend? 1(6"NET")@0
¢ { Adianta o tempo que pode pegar o token

Ise empty (n,d) then datand

Send | (ng
Packet |

NOXDATA
+0

@+peL() NODATA

then k+1
Transmit o\ else k
n ifsuccess | Ak n
@+7 NOthen 1'n ™ @1DEL() No
else empty
Sender Network

Receiver

Timed Protocol

Exemplo

(1, "CoL)@109+++
[L°(2,"OUR")+++
[L°(3,"ED")+++

(4, “PET")+++

NOXDATA ® [L°(5,"RI")+++

1'(6,"NET")
DATA

(n,d)@-+wait

(n,d)@+wait

data | i n=k
(nd) then datad

[
‘ else data

"+ NOXDATA

then k+1
Transmit o\ else k
n ifsuccess | Ak n
@+7 NOthen 1'n ™ @1DEL() No
else empty
Sender Network

Receiver

Timed Protocol

Exemplo

(1, COL)@118+++
[1’(2,"OUR")+++
[L°(3,"ED")+++

(4, “PET")+++

NOXDATA @ [1°(5,"RI")+++

[L’(6,"NET"
CGend? hi2(6,NET")
(n,d)@+wait l DATA

data | |if n=|
(nd) then datad
: clse data

if n=k
then k+1
Transmit o\ else k
n if success Ack n
@+7 NOthen 1'n " @iDEL() No
else empty
Sender Network

Receiver

Timed Protocol
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Exemplo

(1, COL)@118+++
[1’(2,"OUR")+++

(3 ED")+++

(4, “PET")+++

NOXDATA ® (5, "RI"+++
L°(6,"NET") @

=k
then data~d
else data

NOXDATA

@+DEL()

Receive
Packet

K
k1 Jori7

Transmit

n if success Ack n
@+7 NOthen1'n BTDEL) NO
else empty
Sender Network Receiver

Timed Protocol

Espaco de estados de TCPN

Espaco de estado similar, acrescentando:
» timestamps dos tokens
» O valor do global clock

Duas marcag8es temporizadas podem ser diferentes
mesmo que a correspondente marcagao sem tempo
sejam iguais

O espaco de estados temporizado pode ser infinito,
mesmo que o correspondente espago de estados sem
tempo seja finito

O espaco de estados pode ser maior que 0 espaco sem
temno

Espaco de estados de TCPN

"COL)@0+++]
AlPackets

Espaco de estados de TCPN

DataReceived: 1'""@0
Limit: 3°()
NOXDATA DATA
oo Time: 9
NextSend: 171 SPY] NextSend: 1'1
(na) a: 1 (1 CoL" @9 NextRec: 1' 160
NextRec: 1160 DataReceived: 1'"@0)
DotaReceived: 1'""@0 T umit: 3°()
Limit: 2°
2 TPL-:5C @
@+9 @+delay NOXDATA [TP1-:7¢
if n=k TP1+:56 [TP1+:7!
then datand
n then empty else data
else 17() Time: 9 [Time: O [Time: & 5P1
K NextSend: 11 NextSend: 1" 1 NextSend: 171
P B 1°(1,"COL)@34 5: 1 (1,-CoL) 059 B 1°(1,"CoL")@8a
ook DataReceived: 1'"@0 ived: 1" @0 1o
then k+1 Limit: 2°() lumit: 2 ( Limit: 2°()
e
if n=ic AP 773
then k1
else k
7 10 s
Time: 34 [fime: 59 Time: 105
NextSend: 1°1 NextSend: 1°1 NextSend: 1'1 NextSend: 11
MextRec: 1 2@51 NextRec: 1' 26876 NextRec: 1' 2@101 A: 17(1,"COL") @116
1'"coL@st 1'"coL' @76 1'"COL"@101 NextRec: 1°1@0
c: 1 2051 c: 1 2m76 1 2mion DataReceived: 1' @0
it 2'() Umit: 2'() limit2°() Limk: 2'()
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Espaco de estados de TCPN

Adocéao de time equivalence method na CPN tools

Um estado sem o valor absoluto de tempo pode ser
adotado pra representar outros estados equivalentes

Construcdo de um condensed state space.

Condensed state space é finito, caso o espaco de estados
da CPN sem tempo também seja finito.

Todas a propriedades verificada no espago de estado
completo também sao verificadas no condensed state
space

Timed Multiset (Multiconjunto Temporizado)

Definition 11.1. Let S be a non-empty set and let T be the set of time values. A
timed multiset over S is a function fm : § x T — N that maps each element (s.f) €
S5 T into a non-negative integer m(s,1) € N. It is required that the sum

tm(s) = Zlm(.\'.t)

is finite for all s € S. The non-negative integer fm(s) is the number of appearances
(or coefficient) of s in #m. The timestamp list for an element s is a list

mls] =[t.n...., Tn(s))

satisfying # <ty for all 1 < i < rm(s). It contains the time values ¢ for which
m(s,t) > 0 and a time value ¢ appears fm(s,) times in the list. Membership and
size are defined as follows, where tm is a timed multiset:

L.Vs€S:setme tm(s) >0.
2. |tm| =X sesim(s).

A timed multiset #m is infinite if [fm| = es. Otherwise nn is finite. The set of all
timed multisets over S is denoted S7ys. The empty multiset over S is denoted O7ys
and is defined by @rys(s,1) = 0 for all (s,7) €S x T.

o

Timed Multiset (Multiconjunto Temporizado)

tmg=1"(1,"COUL”)@2030 +++ 1'(2,"OUR")@2015 +++
2'(2,OUR")@ 2005 +++ 1°(2,"OUR")@1994

1if(s,t) = ((1,”COL"),2030)
1if(s,t) = ((2,"OUR"),2015)

tmg(s,t)= 2 if(s,t) = ((2,"OUR"),2005)
1if(s,t) = ((2,"OUR"),1994)
0 caso contrario

tmg(2,"OUR")=4
tmg[(2,’OUR")] = [1994,2005,2005,2015]

Formalizagcdo TCPN

Definition 11.2. For timed multisets over a set S and time values T, comparison,
subtraction, and addition of time on timestamp lists are defined as follows, where

141 1 122 2
mls] = [t,00, . lys)]s o [s] =[] 0,00, Loy () ]» and afs] = [6.43,.., fon ()]
are timestamp lists of an element s € S:

L. tiny [s] <py tmals] < tmy (s) < tmo(s) and th =2 forall 1 <i < tmy(s)
2. Fort € T such that 7 > 7y, rm[s] —r1 is the timestamp list

o imls| —11 = [(1,12,03, s lim 1 Fit1a s tn(s)] Where i is the largest index for
whichs; <r.

3. When rm [s] < ) 12 [5], tma[s] =[r) tmy s] is the timestamp list defined by
o tmafs] — oy [s] = (12,3, 1,2,,,1“,' *Tﬁ])*ﬂz])'“*TI,I,,HW).

4. For t € T, tm[s] 4, is the timestamp list defined by

o imls] = [ H10H1 gy 1
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Formalizagcdo TCPN

Definition 11.3. For timed multisets over a set § and time values T, addition, com-
parison, subtraction, and addition of time are defined as follows, where fm, ;.
and tm3 are timed multisets:

CV(s,1) € SX T (tmy +++ 1) (s.1) = iy (s.1) + tma(s,1).

2. tmy K= tmy & ¥s € St tmy[s] <pp) tmas].

3. When tm <= tmy, tmy ——— tm is the timed multiset defined by
e Vs St (tmy———tmy)(s) =tma(s) —tmy (s);
o Vs €S (tmy ———tmy)[s] = tmp[s] —ry imy [3].

~

. Fort € T, tmy, is the timed multiset defined by

o Vs€S:my(s)=tm(s) and tmy,[s] = mmls] ;.

Timed Multiset (Multiconjunto Temporizado)

tMee=1"(2,"OUR")@2010
tmg=1"(1,"COUL")@2030 +++ 1'(2,"OUR")@2015 +++
2'(2,"OUR")@ 2005 +++ 1'(2,"OUR")@1994

tmgp((2,"OUR"))=1

tmg((2,"OUR"))=4

tmgp[(2,"OUR")] = [2010]

tmg[(2,"OUR”)] = [1994,2005,2005,2015]
1if(s,t) = (1,"COL")
3if(s,t) = (2,"OUR")
0 caso contrario

(tmg--- tmgp)[(2,"OUR")]=[1994,2005,2015]

(tmg--- tMgp)(S)=

Mg tMgp=1'(1,"OUR")@2030 +++ 1'(2,"OUR")@2015 +++
1'(2,'OUR")@2005 +++ 1'(2,"OUR")@1994

Formalizagcdo TCPN

Definition 11.4. A timed non-hierarchical Coloured Petri Net is a nine-tuple

CPNr = (PT,A,2,V,C,G,E,I) where:

1. P is a finite st of places.

T is a finite set of transitions such that PN7T = @,

. ACPXTUT X Pis aset of directed arcs.

. Z is a finite set of non-empty colour sets. Each colour set is either untimed or
timed.

.V is a finite set of typed variables such that Type)v] € X for all variables v € V.

. C: P— X is acolour set function that assigns a colour set to each place. A place
p is timed if C(p) is timed, otherwise p is untimed.

. G: T — EXPRy is a guard function that assigns a guard to each transition ¢ such
that Type[G(2)] = Bool.

8. E: A — EXPRy is an arc expression function that assigns an arc expression to

each arc a such that

e

o w

=

o Type[E(a)] = C(p)us if p is untimed;
o TypelE(a)] = C(p)mus if p is timed.
Here, p is the place connected to the arc a.

. 1:P— EXPRy is an initialisation function that assigns an initialisation expres-
sion to each place p such that

©

© Typell(p)] = C(p)us it p is untimed;
o Typell(p)] = C(p)rus if p is timed.

Formalizagcdo TCPN

Definition 11.5. For a timed Coloured Petri Net CPN7 = (P,T,A,X,V.C,G,
we define the following concepts:

tokens such that

e M(p) € C(p)us if p is untimed;
® M(p) € C(p)rus if p is timed.

2. A timed marking is a pair (M,7*), where M is a marking and r* € T is the
of the global clock.

3. The initial timed marking is the pair (Mo,0), where M, is defined by My
I(p)() forall p e P.

1. A marking is a function M that maps each place p € P into a multiset M(p) of

E.I),

value

(p)=

24



Formalizagcdo TCPN

Definition 11.6. A step ¥ € BEys is enabled at time ¢’ in a timed marking (M,1*)
if and only if the following properties are satisfied:
1.Y(t,6) €Y : G(t)(b).
2. 153 E(p,1){b) <= M(p) for all untimed places p  P.
(r.b)ey
S (E(pot) (b)) <= M(p) for all timed places p € P.
(r.b)ey
Nt
. ¢ is the smallest time value for which there exists a step satisfying conditions

w

PN

When Y is enabled in (M,*) at time ¢/, it may occur at time ¢/, leading to the timed
marking (M’,1') defined by:

6.M'(p) = (M(p) —— 13, E(p.1)(0)++ >, E(t,p)(b)
(r.b)ey (rb)ey
for all untimed places p € P.
7. M (p) = (M(p) —— o2, E(pt)(B)ar) -+ 35, Elt,p)B)sr
(t.b)ey (b)Y
for all timed places p € P.

28/05/2012
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