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Abstracao

Foco naquilo que é essencial

Detalhes nao proeminentes no contexto: descartados

Niveis de Abstracéo

Nivel 1

Nivel 2

Nivel 3




Linguagens de Programacao

gaaaenoa
gafeaeet
gagopoan3
aaapaaa7
gagooaes
gagooaac
Aaaaaaar
gafeae1
gaoeae1y
aaaaaa16
gagoae19
gagpae1B
gageaeiDn
aaagaair
dagpaa22
gagpae25

push
mow
mouzx
pop
movzx
lea
add
shl
add
shr
sub
shr
add
shr
movzx
retn

ebp

ebp, esp

ecx, [ebp+arg_0]
ebp

dx, cl

eax, [edx+edx]
eax, edx

eax, 2

eax, edx

eax, 8

cl, al

cl, 1

al, cl

al, &

eax, al

public vodd enModialeLload]) |
final Butcobp burtcesn = mew Bucton[*Click me' )&
Fimal Lalsel lahiel = e Lahelil?

putfon,addfiickliztener [new ClicklinteEns=c|] |
public voisl onClick (Midget sendec) |
LE |Lalel, gercTeuc| |- aqeals(*" )}
Eabe ]l aecTerc("HEE 1o WarLaR® j:
plse
label, gecTestbi™ )
i
112

RoeocFanel. gad i "Mivl® j.sddibacoom]
Bpobbanel o ek | "abrw?® §omdd | Llahe]l ] ;

Qual & a mais poderosa?




Linguagens de Programacao
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public vodd enModialeLload]) |
final Butcobp burtcesn = mew Bucton[*Click me' )&
Fimal Lalsel lahiel = e Lahelil?

putfon,addfiickliztener [new ClicklinteEns=c|] |
publlic voisl oiClick (Midget sender) |
LE |Lalel, gercTeuc| |- aqeals(*" )}
Eabe ]l aecTerc("HEE 1o WarLaR® j:
plse
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B
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Bpobbanel o ek | "abrw?® §omdd | Llahe]l ] ;

Qual & a mais poderosa?

R: Resolvem a mesma classe de
problemas




Redes Petri

Apropriado para modelagem de sistemas com
» Concorréncia
» Comunicacao
» Compartilhamento de recursos
P

Place/Transition nets (PT-nets)
» Componentes: Lugares, Transicoes, Arcos, Tokens
(marcacao)
» Auséncia de tipos de dados e mecanismos de
modularidade



Redes de Petri Coloridas (CPN)

Redes de Petri + Linguagem de Programacao
Redes de Petri com:

» Tipos de Dados

» Modularidade

High-level Petri Net e Hierarchical Petri Net

Modelos sucintos e estruturados para determinadas
situacoes

Token “carrega” um dado de um determinado tipo



Redes de Petri Coloridas (CPN)

Coloured por razdes historicas:
» Colour set = Tipo
» Token Colour = Token Value

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

» Sem ganho tedrico

Adocao da linguagem funcional ML (para a CPN
considerada)

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



Exemplo

Pacotes
01010101 -1
(1)311&33(1) 3 :23 ............ Rede | reeeereceen ]
= e L':'G !
11112111 - 4 L'—J
Transmissor Receptor

Receptor precisa juntar os dados recebidos

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

Assumir uma rede confiavel

Baseado em ACPN-2010 por Lars Kristensen



Exemplo

Packets
Recelved

1(1,"COL * J++
1°(2,"OUR"}++
1'{3,"ED "j++
1'(4,"PET")++
1 % t_S,"RI |I}+_+
16, "NET"
NOxDATA
{n.d) ;
Send (n.d) ;\ in.d) > Transmit B
Packet J Packeat 3
NOxCIATA NDxE;}ATA
= .
e
£ N .-___HT‘\ Receive
L et Packet
L
" n+1
Recaive O Transmit
Ack r ) ¢ n Ack
ND
Sender Network Receiver

(n.d)

Baseado em ACPN-2010 por Lars Kristensen

NOXDATA,



Exemplo

159(1,"COL " p++

1°(2"OUR ‘JH — . . .

EIED — | Multiset (Multiconjunto)
FERIN. g

11|:EI"NET":I :I ':j:lbl_ﬂ'_/

NOxDA TA l

Send (n,d) {n.d)
Packet ’@ >

Transmit

Packet |

T NDKDATA

Recaive
Aok r "

Sender

Transmit
Ack

r»f/ﬂrF'-:n:;Icet-z.

NDxE;mm

Recelved

A  NOxDATA

(n,d) \

Feceive
Facket

Arc expression

n+1

Metwork

Receiver

Declaracao de
variaveis:

var n: NO;

var d: DATA;

colset NO = int;

colset DATA = string;
colset NOxDATA = product NO * DATA,;

Definicao de Colour Sets (Tipos):




Exemplo

HMOOL " Y+
JOUR"
YED ||}++

. To Send

1°(1,"COL")++
1'(2,"OUR")++
1'(3,"ED")++
1°(4, "PET")++
1°(5,"RI")++

1°(6,"NET”
NOXDATA ( i ) F /rjc}xmm
(n.d) | :
serd 108 ™\ 08 [Tranerm ?
e (D] T
(n,d)
NOXOATA NDxEE}ATA '
T 1.\ Necessidade de bind
Clenseni@@ [0 dos arcos para | Reosie: | J
NO habilitar
" n+1
Receive O Transmit
Ack & ' = Ack
ND
Sender MNetwork Receiver




Exemplo

19(1,"C0OL " p++
172" OUR"++
1'{3,"ED "j++
1°(4,'PET "}++
1°(5,"RI ")+
1°(6,"NET")

fff?gzgéx

o Sand

NOxXDATA
{n.d)

Send
Packet

1°(1,"COL")++
1°(2,"OUR")++
1°(3,”ED")++
1°(4, “PET")++
1°(5,"RI")++
1°(6,"NET")

Transmit
Packeat

(n.d) ’C\ in.d)
A P
/

MOxDATA

11

3 ( O ) ¢ Transmit
n " Ack
ND
er Metwork

NDxEE}ATA

A /rjc}xmm

(n.d)

Feceive
Facket

n+1

Receiver

Binding Element

n->1
(n,d) -> (1,”col”)

(SendPacket,<n=1,d="col">)
Avaliacdo de Arc Expressions




Exemplo

1°(2,"OUR")++

Binding Element

1°(1,"COL " J+ 1°(3,"ED")++ (TransmitPacket,<n=1,d="col”>)
IR0 s 1°(4, "PET)++
{°(4,PET )+ 1°(5,"RI")++
ql:lg"z:‘;}'? ﬂ:@ 1‘(6,"NET") rfl'—'-:u;ket-s.
T ‘. To Send RE—n:Elv'e-:L/
NOXDATA e
{n.d) S
1°(1,"COL")
merg | (n0) ],& (n.d)
Packet ‘J :
NOXDATA NOXDATA (n.d)
11
r"f-#_T_. -\--5\. Recej
( Nextsend Packet |
& NO
J n+1
Recaive O Transmit
Ack 4 B ( ')‘ = Ack
ND
Sender Network Receiver

A NOXDATA,




Exemplo

1°(2,"OUR")++
1°(1,"COL " J++ 13 "ED")++
GIED s 1°(4, "PET")++
PRI 1(5,RI")+
T
NOXDATA

{n.d)

Send

(n.d) ;\ (n.d)
Packet :}

Binding Element

(ReceivePacket,<n=1,d=“col”>)

MO
HT
14

Receaive O Transmit
Aok > ] - o
MO =
Sender Network :

Feceive
Packet

rf""-ilzket-;.
F{E'CE-I\-'Q-LJ
\hT NOXDATA
1‘(1’"COL11)
Transmit _ (n.d)
Packet
NOXDATA (nd)

n+1

Receiver




Exemplo

1,°COL" -+
(2,"OUR"++

(3,'ED ")+

(4
(

NOxXDATA

{n.d)

1°(2,”OUR")++
1°(3,"ED")++
1°(4, “PET")++
1°(5,"RI")++

1°(6,"NET”)

Recaive
Aok

Sender

Binding Element

(TransmitAck,<n=2>)

1°(1,"COL")

R EL

T = :
\\rfﬂzewe-:lf}/
A NOxDATA
Transmit B
Packet 3
NOXDATA (n.d)
Receive |/
Facket
i n+1
1 12
Transmit =
Ack A ¥
NO
Network ' Receiver



Exemplo

1°(2,”"OUR")++
1°(1,"COL * J++ 1°(3,”"ED")++
1"(210UR" 1°(4, “PET")++
1 La'"“:ﬁ "}++ N ” 1]
T L (5 RN+ 1°(1,"COL")
1'(6"NET") /?@ EERIST) { Feats
o Sand u«f—cmw-.lf,/
NOXDATA A~ NOxDATA
{n.d)
Send (n.d) N, (n.d) Transmit | (n.d) {n.d)
Packet ’E:j P Packet :
NOXDATA NOXDATA (n.d)
_'_,_I__ 1‘1 . . :
T Binding Element heive
\a__”_ :_Fl,f’ . cket
— NO (ReceiveAck,<n=2>) p—
" n+1
L2
Recaive : Transmit
e fe—{(0 Je—o "
ND NO
Sender i Network ' Receiver



Exemplo

NOxXDATA
{n.d)

(2, OUR)++
1°(1,"COL " J++ L (3,"ED")++
e L4 "PET s
1 (4,"PET"}++ 1 (5,"RI")++
R (e

Packet

(n.d) ’Gj\ (n.d)
/

NOxC

Transmit
Packeat

NDxE;}ATA

1°(1,”COL")

di-KELS

i 5 :
HE—n:Eh-'e-:L/
\“T NOXDATA

(n.d)

12

Binding Element

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

Transmit
Ack

Metwork

n+1

Receiver



Exemplo

1°01,"COL " y++

1°(2"CUR"++

1'(37ED o+

1'(4,"PET")++

'115,"?'“ "}1-4 it
NOxDATA =

{n.d)

Send
Packet

1°(3,"ED")++
1°(4, “PET")++
1‘(5,"RI")++
1'(6,"NET")

(n,d) @ {n.d) i

Transmit

Packet |

NDKQATA

NDxE;mm

PHets1N(2,"OUR") ++

1°(1,"COL")++

~ NOXDATA

(n.d)

C =N ool
E G
Recei : t
T fe—(0)e— " Steps
7 e o | (SendPacket,<n=2,"OUR">)
ender i MNetwork

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




Exemplo

JIGOL "
SOUR"
VED ")+

NOxXDATA
{n.d)

Transmit
Packeat

Recaive O Transmit
Ack m ' = Ack
ND
Sender Network

1°(1,"COL")++
g @et-s-\l‘(z,"OUR”)++

NN (3 EDY) ++
& @ PET)+

1°(5,"RI")++

1°(6,"NET")

Nﬂxqmm (n.d)

Feceive
Facket

n+1

Receiver

Depois de 30Steps




Multiset (Multiconjunto)

Assumindo S ={s1,s2,s3,...}, um multiset m € uma
funcdo m:S- [ . Pode ser representado como:
2 snsM(S) s=m(sl) sl ++ m(s2) s2++m(s3) s3++...

pm

Ex: S={a,b,c,e} g::z:g

2 osM(s)'s=2'a ++ 2'b++5'c++2’'e  m(s) == 5ifs=c
2ifs=e

O caso contrario

N ——



Addition (element-wise)

Scalar multiplication (element-wise)

m2
3 * IE{_I;I
Ce >

Comparison (element-wise)

true




CPN — Nao hierarquica W

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

. Pis a finite sel of places.
B
JACPxTUT x Pis a set of directed arcs.

1" 1s a hinite set of transitions T such that PN T = 0,

2 18 a linite set of non-empty colour sets.
V' is a finite sel of typed variables such that Type[v] £ X for all variables v £ V.

o+

=

s

.U 1 F— 2 18 a colour set function thal assigns a colour set to each place.
. G T — EXPRy is a guard function that assigns a guard to each transition 1 such|

. E : A — EXPRy is an arc expression function that assigns an arc expression 1o

AP — EXPRy is an initialisation function that assigns an initialisation expres-

that Type[G(1)] = Bool.

each arc a such that Type|E(a)] = C{p)ps. where p is the place connected 1o the
arc (.

sion 1o each place p such that Typell(p)] = C(pas.




CPN — Nao hierarquica

Definition 4.3. For a Coloured Petri Net CPN = (P, T,A,X,V,C,G,E,I), we define
the following concepts:

|. A marking is a function M that maps each place p € P into a multiset of tokens
M(p) € C(p)us.

2. The initial marking M, is defined by Mo(p) = I(p){) for all p € P.

3. The variables of a transition ¢ are denoted Var(t) C V and consist of the free
variables appearing in the guard of t and in the arc expressions of arcs connected
tot.

4. A binding of a transition ¢ is a function b that maps each variable v € Var(z) into
a value b(v) € Type|v]. The set of all bindings for a transition ¢ is denoted B(f).

5. A binding element is a pair (¢,b) such that t € T and b € B(t). The set of all
binding elements BE(t) for a transition ¢ is defined by BE(t) = {(z,b) | b € B(¢) }.
The set of all binding elements in a CPIN model is denoted BE.

6. A step Y € BEy;s is a non-empty, finite multiset of binding elements.



CPN — Nao hierarquica

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

1. G(£)(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.VpeP:M(p)=(M(p)— E(p,t){b)) ++ E(z, p)(b).

Definition 4.5. A step Y € BEys i1s enabled in a marking M if and only if the fol-
lowing two properties are satisfied:

1. Y(1.b) €Y : G(1)(D).

2.YpeP: LS E(p,t)(b) <= M(p).
(r.b)eY

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

3.WpeP:M(p)=(M(p)— :EZ E(p.t)b))++ T;SZ E(t,p)(b).
(r.ycY (t.b)e¥



CPN — Nao hierarquica

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

1. G(£)(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.VpeP:M(p)=(M(p)— E(p,t){b)) ++ E(z, p)(b).

Definition 4.5. A step Y € BEys i1s enabled in a marking M if and only if the fol-
lowing two properties are satisfied:

1. Y(1.b) €Y : G(1)(D).

2.YpeP: LS E(p,t)(b) <= M(p).
(r.b)eY

Interleaving sera assumido!

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

3.WpeP:M(p)=(M(p)— ::EZ E(p.t)b))++ :;Sz E(t,p)(b).
(tdsy {r.6)=Y



Exemplo 2

Pacotes
01010101 -1
01011111 - 2 . ............ Rede | reeeereceen
11110000 -3 @ !.ffb ]
11112111 - 4 L'—J
Transmissor Receptor

Rede nao confiavel (ex: perdas)
Transmissor pode retransmitir pacotes

Receptor aguarda o proximo pacote esperado
Baseado em ACPN-2010 por Lars Kristensen



Exemplo 2

val AllPackets = 1'(1,"COL") ++ 1'(2,"OUR") ++
1'(3,"ED ") ++ 1'(4,"PET") ++
1'(5,"RI ") ++ 1'(6,"NET"):

AllPackeis
Packets

To Sand

MNOxDATA
(n.d}
if sUccess
then 1 (n,d)
(n.d) (nd) Transmit | &/5& empty (n.d)
Packst
NOxDATA MNOxDATA
data if n=k
then data™d
else data
=1 L
fﬁl-—nl SEn h I.—.'-’.Fi-.—'.. PECAIVE
SR - a5 Packet
— NO NO = |f n=K
then k+1
" n
Racaies Tranamit
Ack n if sUCCESE ATk
NO then1n
else empty

Baseado em ACPN-2010 por Lars Kristensen



Exemplo 2

1°(1,"COL")++ val AllPackats = 1'(1,"COL") ++ 1'(2,"OUR") ++
1‘(2,"OUR”)++ 1Y(3,"ED ") ++ 1Y(4 "PET") ++
N ” 1) 1"{5;”RI ”} ++ 1‘{6,"NET”},‘
1°(3,”"ED")++
l::/-;_:_ x = 1 (5’"RI")++
To anc N ” b1}
| 1'(6,"NET”)
MNOxDATA
if sUccess /
then 1 (n,d)
Transmit else empty {n,d}
Packst e
NO=DATA NOxDATA
/data if n=k
f then data™d
‘ else data
il L 1 k
-y @ 1°1 1°1 @}’_\‘\—h Receive J
[ MexSsnd lextRec
\,_____ = 3 __H Packet
. NO NO T if n=k
then k+1
K n else k if n=k
then k+1
else k
Racaies Tranamit
Ack n @ if sUCCEES Ack
NG then1n
else empty

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




Exemplo 2

1°(1,"COL")++ val AllPackets = 1'(1,"COL") ++ 1'(2,"OUR") ++
(2 OUR )+ S o L )
1°(3,”"ED")++ . ‘ ‘
=)
To Sand N ” ” Recajwad
NOxDATA 1 (6, ’NET") HT DATA
. 1°(1,COL) /
if sUccess /
then 1°(n,d) !
Transmit | /88 empty (n.d) f
Packst e

NOxDATA

i
fcfata if n=k
f then data™d
‘ else data
2| 1 k
¢ Texsens UL L 11 @ pee 5P| Receive J
\-\-. axloaen i\ -\--—.'. i o . : F"al;‘kef
B T vl NS == if n=k
then k+1
k n else K if n=k
+ then k+1
else k
Racaies Tranamit
ck n @ if sUCCESE ATk n
NO thenin NO

Binding Element

(SendPacket,<n=1,d="COL">)
(TransmitPackage,<n=1,d="COL">,success=true)
(TransmitPackage,<n=1,d="COL",success=false>)




Exemplo 2

1°(1,"COL")++ val AllPackats = 1'(1,"COL") ++ 1'(2,"OUR") ++
1\(2 "OUR")++ 1'\{3{-|ED -:} i l-ul::dll.-.PET..} e

N ’n ” 1~{5r”RI ”} +& 1‘{6.-"HET”}:
1°(3,"ED")++

AllPackets
l‘/-dl-':_:u.':l\-".-- =1

To Sand

1°(4, “PET")++ 11"”’
1°(5,"RI")++ @’r e
1‘(6,"N ETH) Racajvar

NC=DATA

1°(1,”COL")

(n.d)

if sUccess

then 1'(n,d)

Transmit | Blse empty
Packst

NOxDATA NOxDATA

if n=k
then data™d
else data

if n=k
then k+1

Racaies Tranamit
Ack n if sUCCEES Ack

NG then1n NOY
else empty

Binding Element
(SendPacket,<n=1,d="COL">)
(ReceivePacket,<n=1,d="COL" ,k=1,data="">)




Exemplo 2

1°(1,"COL")++ val AllPackets = 1'(1,"COL") ++ 1'(2,"OUR") ++
1°(2,”"0UR")++ 1'(3,"ED ") ++ 1'(4,"PET") ++
N ” 1) 1"{5;”RI ”} ++ 1‘{6,"NET”},‘
1'(3,"ED")++
7 kN [L(5,"RI")++ Data
To Send S ” ” Racaimac
. " 1(6,"NET”) |
MNOxDATA DATA
(n.d) /
if BUCCESS /
then 1'(n,d) /
Transmit else empty {n,d} f
Packet e
NOxDATA NOxDATA f
fdata if n=k
f then data™d
‘ elze data
1 1°9 K
/’T_Iml'-:-w-u_@ 1°1 1°2 @t,,,:__ ] Receive | = J
2 S /~ —~_~4—— Packet
TT A NO i =% if n=k
then k+1
k| [ else k if n=k
+ then k+1
1 else k
Racasa Transmit =
Ack n if success ATk n —
NG thenin NO 12
lse empty

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




Exemplo 2

AllPackets
/E;l:':k'.—- =

To Sand

NC=DATA

1°(1,"COL")++
1°(2,"OUR")++
1°(3,”ED")++
1°(4, “PET")++
1°(5,"RI")++
1°(6,”NET”")

(n.d)

11

Binding Elements

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

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

val AllPackets = 1'(1,"COL") ++ 1'(2,"OUR") ++
") 44+ 1 (4,"PET") ++
"y 4+ 1'(6,"NET"):

1Y{3,"ED
IS "RT

if sUccess
then 1 (n,d)

else empty e {n,d) /
NOxDATA /

data

/

y

Recajve /

Packet

Transmit
Packst
N 1-1 H
1°2 @}’T o
NS == if n=k
then k+1

Tranamit
Ack

else empty

1"COL”

if n=k
then data™d
else data



Exemplo 2

AllPacketz
/E;l:':k'.—- =

To Sand

NC=DATA

(n.d)

- 12

1°(1,"COL")++
1°(2,"OUR")++
1°(3,”"ED")++
1°(4, "PET")++
1°(5,"RI")++
1°(6,"NET")

val AllPackets = 1'(1,"COL") ++ 1'(2,"OUR") ++

1Y{3,"ED
IS "RT

"y ++ 1'(4,"PET") ++
"y 4+ 1Y(6,"NET"):

NOxDATA

"-\-\_\_\_ e
K n
Racaea

Ack

1"COL”

if sUCCESSE /
then 1'(n,d)
Transmit else empty {n,d}
Packst
NOxDATA
/-/ data if n=k
f then data™d
‘ else data
< b K

12 - ~—P] Receive |

U Ai Packet

e = if n=k
then k+1

n @ if sUCCESS

Tranamit
ACk

MO then1'n

Binding Elements

(SendPacket,<n=2,d="OUR">)

else empty




Exemplo 2 — Conflito e Concorréncia

1°(1,"COL")++
1°(2,"OUR")++
1‘(3,"ED")++
1°(4, “PET")++

AllPacket= ’

-‘.|-'v.- 2 1‘(5,"R|")++
. II"-. To Send 1‘(6,"NET")
NOxDATA
{n.d} 1 (1,"COL")

NOxDATA

i@

val AllPackets = 1'(1,"COL") ++ 1'(2,"OUR") ++
1'(3,"ED ") ++ 1'(4,"PET") ++
1'(5,"RI ") ++ 1'(6,"NET"):

i
I
if sUccess /
then 1'(n,d) /
Transmit else empty {n,d} /
Packst f
MNOxDATA a/l
f data if n=k
f then data™d
‘ else data
g K

L
1‘1 _—_F— H']—" Recajve /
/- _d— Packet

Racaies
ck n if sUCCESS

R == if n=k
then k+1
else Kk if n=k
then k+1
else k
Tranamit
ACk n
NO

NO then1'n

Binding Element

(SendPacket,<n=1,d="COL">)
(TransmitPackage,<n=1,d="COL">,sucess=true)
(TransmitPackage,<n=1,d="COL",sucess=false>)




Exemplo 2 - Conflito e Concorréncia

AllPackets

. To Send
MNOxDATA

(n.d)

'ijT'l;:"r'_@ Ll

1°(1,"COL")++
1'(2,”OUR")++
1'(3,"ED")++
1°(4, "PET")++
1°(5,"RI")++

1°(6,”"NET")

1°(1,"COL")

Racaies
Ack n @ if sUCCESE

val AllPackets = 1'(1,"COL") ++ 1'(2,"OUR") ++

1Y{3,"ED ") ++ 1'(4,"PET") ++
IY{S,"RI ") ++ LY {6, ,"HET"):

Transmit
Packst

i 1 1
Racajvad
HT DATA
f
if success 1‘(1,"CO|_")
then 1 (n,d)
else empty {n,d) f
f data if n=k
then data™d
else data
3 &: Recajve /

Packet

if n=k

then k+1

else K if n=k
then k+1
else k

Tranamit
Ack

Binding Element
(SendPacket,<n=1,d="COL">)
(TransmitPackage,<n=1,d="COL”",sucess=true>)
(TransmitPackage,<n=1,d="COL”",sucess=false>
(ReceivePacket, ,<n=1,d="COL",data=""k=1)




Exemplo 2 - Conflito e Concorréncia

AllPackets

. To Send
MNOxDATA

(n.d)

'ijT'l;:"r'_@ Ll

1°(1,"COL")++
1'(2,”OUR")++
1'(3,"ED")++
1°(4, "PET")++
1°(5,"RI")++

1°(6,”"NET")

D™ (1,”COL")

NOxDATA

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

(TransmitPackage,<n=1,d="COL",sucess=true>)
(TransmitPackage,<n=1,d="COL",sucess=false>

)

(TransmitAck, ,<n=2, sucess=true>)
(TransmitAck, ,<n=2, sucess=false>)

val AllPackets = 1'(1,"CO

1Y{3,"ED
IS "RT

L") ++ 1'(2,"OUR") ++
") 44+ 1 (4,"PET") ++
"y 4+ 1'(6,"NET"):

1"COL”

f

I
if sUccess //
then 1'(n,d) /

Transmit | Blse empty {n.d) f
Packet f
MNOxDATA f/l
f data if n=k
f then data™d
‘ else data

¥ T K

Tranamit
Ack

- _F _ '“v]—} Receive /
R op——1  Packet

—— Vif n=k

then k+1

else K if n=k
then k+1
N else k
e 12
an
n
NO



Espaco de Estados

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

1. Ngs = R(M,) € o conjunto de nds

2. ASS = {(M,(t,p),M) O Ngg XBEXNgs|M —-M}eo0
conjunto de arcos

3. SS é finito e somente se N e Agg Sao finitos



Espaco de Estados

NODES « {M{]}
UNPROCESSED «— {Mj}
ARCS «— 0
while UNPROCESSED # 0 do
Select a marking M in UNPROCESSED

UNPROCESSED + UNPROCESSED —{M}

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

b
Calculate M’ such that M E—lM’

ARCS «— ARCS U {(M, (¢,b),M")}
if M’ Z NODES then
NODES « NODES U {M'}
UNPROCESSED + UNPROCESSED U {M'}
end if
end for
end while




Espaco de Estados

INTxDATA

1

INT

g ER L 0 ] Bl D
17(2,"OUR")++
3 Bt k] = b g e
1°(4,"PET")++
L5, 'NET") DATA
str
(n:p) if sucess
then 1" (n,p) if n=k
Send (n,p) .@ (n,p) > Transmit [glse empw.@ (n,p) then str™p
Packet Packet else str
INTxDATA INTxDATA
() If sucess
then empty
T welse ) 1 M b 4
Nextsend () ._I- Receive
el Packet
INT if n=k
FUMNIT ”: SLUCess then k+1 i _k
then empty clsc k e
n k clse 1" (3 then k+1
else k
Y
Receive Transmit
it @4 + &
Ack n if sucess Ack n
ender INT  then1'n T INT Recelver
else empty

Simple Protocol



10:
Top'Buffer 1: 1° ()
Top'Send 1: 1" (1,"COL")++
1 (2,)"0OUR")1++

1 (2"ED")++

1 (4,"PET" " 14++

1 (5,"RI")++

1° (6,"NET")

Top MextSend 1: 17 1
Top'D 1: empty

5 oy o R R s bends o 3 By
Top'Recaived 1: 1" "COL"
Top'MextRec 1: 17 2

Top'B 1: empty

i oo et s e

1:1->2 Top'Send_Packet 1: {p="COL",n=13}|

&

Top'Buffer 1: 1° () 2

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

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

1 (4,"PET" )+ + 1743 ER "I+ +

L5 BIE)44 2 L = o e HE E N
16 ' NET 1 (5,"RI")++
Top'NextSend 1: 17 1 I NET)

Top'D 1: empty EEE Top'NextSend 1: 17 1
Tep®: a2l EOL ] Top'D 1: empty
Top'Recaived 1: 17 """ Top'& 1. empty
Top'MextRec 1! 17 1 Top' Received 1: 17"

Top'B 1: empty Top'NextRec 1: 171

Top'C 1: empty Top'B 1: empty

Top'C 1: empty




Espaco de Estados

1'”Pungjf

Ilp'r_“_lll

FPrepare
Package

Recaive
Package

Wi

)

Recejve
N M N
->®-> F,Se”d —b@—b Package
ackage i
STHILLG STRIH&E” =l
if{n="Pong") then "Ping"
alse "Pong”
Send Frepare
Package Package
STRING Recajver STRING Server

STRING



Espaco de Estados

12 1
2 EAL 2
3
o

: i s
A B

§ B 5

g



Espaco de Estados

11:11->12 Top'send_Package Receiver 1! {|'|="P'|ng"}j

12:12->1 Top'Receive_Package 1! {”=“Pi”g”.}-‘i-1_}a Tor Prepare Padkage T (7=Pina’]]

2:2->3 Top'Send_Package 1! {n="Ping"}t

8:8->9 Top'Send_Package 1: {n="Pn:|n|;|"}|

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

6:6->7 Top'Receive_Package 1! {n="Pong"}H




Invariantes

Conceito similar em PTN, aplica-se para CPN

Definition 7.1: Let AcZ beatypeandlet W = {Wp|pep be a set of linear
functions such that Wp e [C(p)ws—Aws] for all peP.
(1) Wisa place flow ifT:
V(t.b)eBE: ) Wp(E(p.t)<b>) = > Wp(E(t,p)<b=).
peP p=P
(11) W determines a place invariant iff:

VMe I_Mu}i Z WP(M(F” = Z wp(Mn(P])-

peP p=P

Theorem 7.2: W is a place flow & W determines a place invariant,

= 1s satisfied for all CP-nets.
« 1s only satisfied when the CP-net does not have dead binding elements.

W=*l =0




Invariantes

Receive

a
Message

:_-_':- — Lr"::. .a-‘-" L= oy ;.-
i, Active ; @ { Passive)

= = " _'..-1 = =

DBM E MES 4 i £

Receive all Send an
Acknowledg- Acknowledg-

ments ment

MES
Baseado em ACPN-2010 por Lars Kristensen

DEM




Invariantes

17(d(1),d(2))++
1 (d{1),d(3))++
1 (d(1),d(4))++]
x |
1 By = FCsent = )
l:id[E],d[4]]++’ MES
1‘ EgEg%ﬂEéﬂﬂl Update Receive
(A dme e kawind T Y 3 <
1 (d(4) d(1)) 4+ | end Massages Message r
17 (d{4).d(2 (1)++
1" (d(4),d{ (23++ (s.r)
. (3)++
{
{Recaive arfarmin
MES LB M
(5,r]
¥
Recaivedll Send an
E Acknowledg- 2 N ) Acknowledg- *r__)
meants ment
t Acknowledge
Mes(s) vee (51)

Baseado em ACPN-2010 por Lars Kristensen



Invariantes W

(s.r)
Receive
a
s Message r
(s.r)
- mes 5 DM MES DEM
a % . Mes(s) '-'E (s,r)
S Receive all S J Send an L r
Acknowledg-
ments Plppm  Inactive+Waiting+Performing = DBM
Plyes  Unused+ Sent+ Received+ Acknowledged = MES
Plg Active+Passive = E
Mes(s) Plpgr  Performing = Rec(Received)
Acl R :
Plwa  Mes(Waiting) = Sent+ Received+ Acknowledged
Plac Active = Ign(Waiting)

Baseado em ACPI‘\I7LU.I.U PUI LAl U INIIVLLU Il IuoVl ]



Invariantes
Invariantes de transicoes obtidos de forma similar

Pesos associados a transicoes

Transition flow: conjunto de ocorréncias que nao tem efeito
total (marcacao inicial e final sao as mesmas)

A ferramenta mais representativa nao tem suporte a
Invariantes



Redes de Petri Coloridas Hierarquicas (CPN)

Boas praticas na construcédo de programas: Modulos
» Reusabilidade
» Mais abstracao
» Legibilidade

» Diminiuicao de erros
> ...

Construcao de uma CPN através de submodelos

Submodelos podem ser parametrizados e podem
referenciar outros submodelos

Adocao de uma transicao 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 (1/O)

Ex: CPN com a rede nao confiavel

Considerar 3 submodelos:
» Transmissor
> Rede
» Receptor



Redes de Petri Coloridas Hierarquicas (CPN)

1 -[1;""M|:|r:'lell-l'in"-'-]|++
1°(2,"g and &n")++
17 (2, alysis b")++
1°(4,"y Means ")++
INT=xDATA 17 (5,"af Colou")++
Send ¥ER 1 (6, red Petr’ j++
1T (7 Mets## "+ +
1°(B,"##8aaga888")
(rn,p)
INT®DATA
Send
Packet (n ‘*‘
Pl [Cut]
B
n n
1 ¥
@E{tSend B 1]
INT
Kl |n
h 4 INT

Receive
FTI .
Acknow, "




Redes de Petri Coloridas Hierarquicas (CPN)

INT=DATA

if success then 1 (n,p)

(n.pl
I () >

if success then 1°

else empty

-

alse empty
L INTXDATA
Transmit
Packet 9
n
INT

Transmit A
Acknow [ C

INT

I



Redes de Petri Coloridas Hierarquicas (CPN)

||||@ 1 1"IIII:

DATA

INTHDATA str| |if n=k

(n,p) andalso
(ol G p<>stop
then str™p
2lse str
I ¥

1 g
11| @ NextRecz %‘Zﬁ';?
N if n=k
then k+1
alse k if n=k
then k+1
glge |

|
INT



Redes de Petri Coloridas Hierarquicas (CPN)

INTxDATA INTxDATA

Received 21 17|



Redes de Petri Coloridas Hierarquicas (CPN)

Protocol Receiver
i |\Ietworx

Receiver

Sender

Sender
Network



Redes de Petri Coloridas Hierarquicas (CPN)

Fusion sets
» Submodelos compartilhando um mesmo lugar

» O lugar € 0o mesmo para as instancias
» Similar ao conceito de variaveis globais

» Adocao precisa ser cuidadosa



Redes de Petri Coloridas Hierarquicas (CPN)

Definition 6.1. A Coloured Petri Net Module is a four-tuple CPNy = (CPN, Tsyp,
Poort, PT ), where:

l.CPN = (P,T,A,2,V.C,G,E,I) is a non-hierarchical Coloured Petri Net.

2. Tsup € T 1s a set of substitution transitions.

3. Pyort € P is a set of port places.

4. PT : Pyot — {IN,OUT,1/O} is a port type function that assigns a port type to

each port place.
[



Redes de Petri Coloridas Hierarquicas (CPN)

Definition 6.2. A hierarchical Coloured Petri Net is a four-tuple CPNy = (§,5M,
PS,FS) where:

1. S is a finite set of modules. Each module is a Coloured Petri Net Module s =
(B, 0 B VL0, G 8P 1P, PT?). It is required that (P*1 UT*1 )N

(P2 UT"2) = 0 for all 51,52 € S such that 51 # s7.

2. SM : Tgyp — S 1s a submodule function that assigns a submodule to each sub-
stitution transition. It is required that the module hierarchy (see Definition 6.3) is
acyclic.

3. PS is a port-socket relation function that assigns a port-socket relation

PS(t) € Peogilt) % P::ftm to each substitution transition . It is required that

ST(p) =PT(p'), C(p) = C(p), and I(p)() = I(p')() for all (p,p’) € PS(t) and
all 1 € Tgyp.
4. FS C 27 is a set of non-empty fusion sets such that C(p) = C(p’) and I(p){) =

I(p")() forall p,p’ € fs and all fs € FS.
[

socket places Poo(f) of a substitution transition 1PT : Py — {IN.OUT.I/O} is a port type function
socket type function ST (t) that maps each socket place of ¢ into its type



Redes de Petri Coloridas Hierarquicas (CPN)

Uma CPN hierarquica pode ser sempre transformada em
um CPN nao hierarquica

Na teoria, nao adiciona maior poder de expressividade ao
modelo

CPN hierarquica e nao hierarquica sao equivalentes

Da mesma forma CPN « PTN

» Lugares em CPN substituido por Lugares em PTN com a
guantidade de cores no colour set

» Transicoes em PTN com as possibilidades de bindings
satisfazendo as guardas das transicoes em CPN



Redes de Petri Coloridas Temporizadas
(TCPN)

Importancia do tempo para avaliacao de
desempenho/dependabilidade de sistemas

Modelagem de sistemas de tempo real

Conceitos
» Tempos associados as marcacoes(tokens)
» Adocéao de um relogio global (global clock)

» O timestamp associado a marcacao indica quando a mesma
esta pronta para uso

» O disparo de uma transicéo € imediato
» Timed multiset e timed colour sets
» Timestamp U TIME (conjunto dos inteiros nao negativos)



Exemplo

NOxDATA

(n,d)

Send
Packet

1" (1,"COL")++
17 (2,"0UR") ++
1°(3,"ED")++
1" (4,"PET")++
1°(5,"RI")++
1" (6,"NET")

(n,d)@+wait

[r'r,cfg@ (n,d)

NOxDATA

@+9

i
DATA

Receive
—(0)s
Ack n if success
a+7 NO then 1" n
else empty
Sender

if success
then 1 (n,d) E;FE ng
- | t d en data
Transmit | ©5€ €MPTY )O {n, ] else data
Packet
@+DEL() MNOxDATA
1 k e
eceive
ma [
NO if n=k
then k+1 +17
else k
if n=k
then k+1
Transmit else k
Ack B A @‘
@+DEL()
Network Receiver

Timed Protocol



Exemplo

17 (1. "COL" Y4
17(2,"OUR")++
17 (3,"ED")++
1°(4,"PET"}++
1°(5,"RI"})++
NOxDATA 17 (6,"NET")
i
DATA
(nd)| |(n,d)@+wait —
if success data :
then 1 (n,d) |fhn=lé ~d
Send (n.d@ (n,d) p| Transmit else empty >® (n,a) EI::daatt:
Packet Packet
+0 MOxDATA @+DEL() MNOxDATA
1 kK L
Receive
- Packet
NO NO it n=k
then k+1 it
else k
if n=l
then k+1

Receive
Ack

F i o |Trar‘|5mil:| . ¥ o, T else I

a+7

Sender

Definicdo de Colour Sets (Tipos):

colset NO = int timed,

colset DATA = string timed,

colset NOxDATA = product NO * DATA timed
colset BOOL = bool;




Exemplo

NOxDATA

1°(1,"COL")@0+++
1°(2,"O0UR")@0+++
1°(3,"ED")@0+++
1'(4, “PET")@0+++
1°(5,"RI"@0+++

1""@0

1‘(6,"NET")@O o i
DATA
(nd)| |(n,d)@+wait o
if success dzites )
then 1" (n,d) if n=k N
{n,d@ (n,d) ._Trangmit else empty >® (n,d) ’;T:;;aatga d
Packet I Packet
@40 MOxDATA @+DEL() MNOxDATA
1'1@0
k h
S Receive
1 1@0 Packet
NO it n=k
then k+1 +17
else k
if n=l
then k+1
Receive Transmit else k
Ack . n @?succeas Ack " m ©‘
a7 NOthen1'n — @+DEL() LiE
else empty
Binding Element
Sender Receiver

Globhal Clock=0

(SendPacket,<n=1,d="col">)
Pode ocorrer no tempo O




Exemplo

NOxDATA

(n,d)

(n,d)@+wait

1°(1,"COL")@0+++
1(2,"O0UR")@0+++

1°(3,”ED")@0+++

1'(4, “PET")@0+++

1""@0

1°(5,"RI"Y@0+++

if success
then 1" (n,d)

1°(6,’NET")@0 @keceived "

DATA

data | |jf n=k

then data™~d

MNOxDATA @+DEL() NOxDATA

{n,d&o (n,d) Transmit | €lse empty (n,d)
Packet ‘ A | Packet @
n ﬂ

else data

h 4

Aplica-se atodas K
1'1@0 marcacdes geradas |y

Receive
Packet

if n=k

else k

Receive
Ack

pela transicao then k+1 |@+17

if n=k
then k+1
else k

Transmit
n if success Ack m

Globhal Clock=0

a+7

Sender

NO then 1" n @-+DEL() L
else empty '

Binding Element
(SendPacket,<n=1,d="col">)
Pode ocorrer no tempo O

Receiver



Exemplo

1°(1,"COL")@109+++
1°(2,"O0UR")@0+++
1°(3,"ED")@0+++
1'(4, “PET")@0+++
NDKD&TA 1‘(5,"R|")@0+++
Sendl 1°(6,’NET")@0 @keceived "

1""@0

DATA
(nd)| | (n,d)@+wait — E—
1 (1,"COL"@9 then 1" (n,d) aais if n=k N
Send | (n.d A (n,d) Transmit | €lse empty @ (n,d) ET:;;:;E g
Packet Packet
@+9 MOxDATA @+DEL() MNOxDATA
1'1@0
k h 4
S Receive
1'1@9 Packet
NO NO if n=k
then k+1 +17
else k
if n=k
then k+1
Receive Transmit else I
«—(Ds [ O
Ack n if success Ack n
a7 NOthen1'n — @+DEL() LiE

else empty

Timestamp das marcacdes geradas

Sender

Global Clock + Inscricao da Transicao + Inscricao do
Global Clock=0 arco de saida




Exemplo

NOxDATA

1°(1,"COL")@109+++
1(2,"O0UR")@0+++
1°(3,”ED")@0+++

1°(4, “PET")@0+++ 1™@0
1°(5,"RI"@0+++
1‘(6,"NET")@O o iii
DATA
)@ (1" ” if success
181 (1,/COL")@9 then 17 (n,d) data thnzlé e
(n,d (n,d) ‘Tranc—.mit else empty (n,d) en data™
i} Packet h@ else data
@-+9 NOxDATA @+DEL() NOxDATA
1'1@0
k Y
S Receive
g 1@9 Packet
MO if n=k
then k+1 |@+17
else k
ifn=le

Receive
Ack

Globhal Clock=0

a+7

Sender

BindingElements

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

Escolhe-se o0 binding que pode ocorrer mais cedo

™ o




Exemplo

1°(3,"ED")@0+++

1°(1,"COL")@109+++
1°(2,"O0UR")@0+++

1°(4, “PET")@0+++
MO=DATA 1‘(5,11R|n)@0+++ 1 @O
1‘(6,"NET")@O o i
DATA
(r'l d} i N ” ”
P |t rsufl(1COLY@47 |, |
then T (n,d) if n=k N
{n,d@ (n,d) Transmit | €lse empty % (n,d) ’;T:;;aatga d
Packet I P Packet
@+0 MNOxDATA @+DEL() MNOxDATA
1'1@9
NO
then k+1
Receive Transmit else k
Ack a n @#SLICCESS Ack " n ©‘
a7 NOthen1'n — @+DEL() L
else empty
Sender Network Receiver

Globhal Clock=9

Timed Protocol



Exemplo

1°(1,"COL")@109+++
1°(2,"O0UR")@0+++
1°(3,"ED")@0+++
1'(4, “PET")@0+++
1°(5,"RI"@0+++
1°(6,’"NET")@0

NOxDATA

(nd)| |(n,d)@+wait

1""@0

Qreceived> ™

DATA

if sudl (1,"COL")@47

data | |jf n=k

then data™~d
else data

then 1" (n.d)
(n,d (n,d) Transmit | €lse empty (n,d)
A g B
Packil Packet
@40 NOxDATA @+DEL() NOxDATA
1'1@9

Binding Elements

Receive

A | (SendPacket,<n=1,d="col">)
@+7 | (ReceivePacket,<n=1,d="col”,k=1,data="">)

sender| Escolhe-se o0 binding que pode ocorrer mais cedo

Globhal Clock=9

Timed Protocol




Exemplo

1°(1,"COL")@109+++
1°(2,"OUR")@0+++
1°(3,"ED")@0+++
1°(4, “PET")@0+++ - _
1°(5,"RI")@0+++ 1 "COL" @64

1‘(6,"NET")@O o iii

NOxDATA

DATA
(nd)| |(n,d)@+wait
if ':-LJL_CES'S st o
then 1" (n,d) if n=k
{n d (n,d) Transmit else empty (n,d) then data™d
go Packet PO else data
g MOxDATA @+DEL() MNOxDATA
1°2@64
Y
S Receive
1 1@9 Packet
NO if n=k
then k+1 +17
=|se k
1‘2@64 IF n:k

then k+1

Receive < @_‘ Transmit else k
Ack n if success Ack
@+7 NOthen1'n ~ @+DEL() L
else empty
Sender Network Receiver

Global Clock=47

Timed Protocol




Exemplc

NOxDATA

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

Escolhe-se o binding gue pode ocorrer mais cedo

.I.\_I‘, II_I,

1°(6,”"NET")@0

1°(5, "RI”)@0+++

1"COL"@64

Qreceived> ™

DATA
(nd)| |(n,d)@+wait o
if success dsita )
then 1" (n,d) J'th’"':‘é —
n,d (n,d + | else empty n,d €N datag
( go ) TranE.mH: PLy @ (n,d) e data
Packet
g MOxDATA @+DEL() MNOxDATA
1°2@64
Y
S Receive
1 1@9 Packet
Ifn=
then k+1 +17
. =|se k
1°2@64 if n=k
then k+1
Receive < @_‘ Transmit else k
Ack n if success Ack
@+7 NOthen1'n " @+DEL() 0
else empty
Sender Network Receiver

Global Clock=47

Timed Protocol



Exemplo

1°(1,"COL")@109+++
1(2,"O0UR")@0+++
1°(3,”ED")@0+++
1°(4, “PET")@0+++ r
1°(5."RI")@0+++ 1"COL"@64

1°(6,’NET")@0 @keceived "

NOxDATA

DATA
(nd)| |(n,d)@+wait
if ':-LJL_CES'S dsita )
then 1" (n,d) if n=k N
(” d (n,d) p| Transmit else empty (n,d) Lien caranid
Packet C L
g MOxDATA @+DEL() MNOxDATA
1°2@64
Y
S Receive
1 1@9 Packet
MNO if n=k
then k+1 +17
. else k
1 2@97 if n=k
1 then k+1
8. Transmit < ©‘ else k
Ack n if success Ack n
@+7 NOthen1'n " @+DEL() L
else empty
Sender MNetwork Receiver

Globhal Clock=64

Timed Protocol




Exemplo

NOxDATA

(n,d)

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

Globhal Clock=64

1"COL"@64

(SendPacket,<n=1,d="COL">)
(ReceiveAck,<n=2,k=1>)

1‘(6,"NET")@O o i
DATA
(n,d)@+wait o
if success st )
then 1 (n,d) if n=Kk R
(n.d (n,d) Transmit | €lse empty (n,d) then data~d
A e h@ else data
Packet I Packet
@+9 NOxDATA @+DEL() NOxDATA
1 2@64
k h 4
S Receive
1 1@9 Packet
NO -If r"|:|.{
then k+1 +17
S else k
L 2@97 if n=k
1 then k+1
8. Transmit < ©‘ else le
Ack n if success Ack M
@+7 NOthen 1'n ™ @i DEL() NO
else empty
BindingElements
Sender Receiver



Exemplo

1°(1,"COL")@109+++
1(2,"O0UR")@0+++
1°(3,”ED")@0+++
1°(4, “PET")@0+++ r
1°(5."RI")@0+++ 1"COL"@64

1°(6,’NET")@0 @keceived "

NOxDATA

DATA
(nd)| |(n,d)@+wait
if success dsita )
then 1" (n,d) if n=k N
(” d (n,d) p| Transmit else F—‘mli"t‘r“ (n,d) Lien caranid
Packet C L
g MOxDATA @+DEL() MNOxDATA
1°2@64
Y
S Receive
1 2@104 Packet
MNO if n=k
then k+1 +17
else k
if n=k
then k+1
Receive Transmit else k
Ack n if success Ack n
@+7 NOthen1'n " @+DEL() L
else empty
Sender MNetwork Receiver

Global Clock=97

Timed Protocol




Exemplo

NOxDATA

1°(1,"COL")@109+++
1°(2,"O0UR")@0+++
1°(3,"ED")@0+++
1'(4, “PET")@0+++
1°(5,"RI"@0+++

1"COL"@64

1‘(6,"NET")@O o i
DATA
(nd)| |(n,d)@+wait o
if success dsita )
then 1" (n,d) J'th’"':‘é —
{n,d&o (n,d) Transmit | €lse empty (n,d) -t
Packet I i P Packet @ Sisedata
@40 MOxDATA @+DEL() MNOxDATA
1'2@64
k Y
S Receive
1'2@104 Packet
NO If n=k
then k+1 +17
else k
if n=k
then k+1
Receive Transmit else k
D E
ack [* O'EE,L.CCESS Ack [® O"
@+7 NOthen1'n " @+DEL() L
else empty
BindingElements

Sender (SendPaCket,<n:2,d:“OUR”>) Receiver

Global Clock=97

Timed Protocol



Exemplo

1°(1,"COL")@109+++
1°(2,"0UR")@213+++
1°(3,”ED")@0+++

1°(4, “PET")@0+++ r
1°(5."RI")@0+++ 1"COL"@64

1°(6,’NET")@0 @keceived "

NOxDATA

DATA
(nd)| |(n,d)@+wait i success
1 ( 2,"0UR )@113 then 1° (n,d) data if n=k .
(n,d (n,d) Transmit | &lse F—‘”"Pt‘f (n,d) then data”d
Packet C Sisedata
@+0 MOxDATA @+DEL() MNOxDATA
1°2@64
Y
S Receive
1 2@113 Packet
MNO if n=k
then k+1 +17
else k
if n=k
then k+1
Receive Transmit else k
—(0)+ < (O
Ack n if success Ack n
@+7 NOthen1'n " @+DEL() L
else empty
Sender MNetwork Receiver

Globhal Clock=104

Timed Protocol




Exemplo (Retransmissao)

NOxDATA

(n,d)

1'(3,”ED”) @0+++

1°(1,"COL")@109+++
1°(2,"OUR”)@0+++

1°(4, "PET")@0+++

Globhal Clock=64

Timed Protocol

1°(5,"RI")@0+++ 1"COL"@64
1‘(6,"NET")@O 0 i
DATA
(n,d)@+wait o
if success st )
then 17 (n,d) if n=k R
(”rdgo (n,d) _|Transmit | else empty (n,d) tTen;:Iatt: d
Packet I & Pl Packet P@ else da
@+9 NOxDATA @+DEL() NOxDATA
1 2@64
ke h 4
N Receive
11@9 Packet
NO if n=k
then k+1 +17
S else k
12@150 if n=k
1 then k+1
8. Transmit < ©‘ aliile
Ack n if success Ack n
@+7 NOthen1'n ™ @+DEL() NO
else empty
Sender Metwaork Receiver



Exemplo (Dead Marking)

NOxDATA

1°(1,"COL"Y@218+++
1°(2,"0UR")@2095+++
1°(3,”ED")@2664+++
1'(4, “PET")@2906+++
1°(5,"RI"N@3257+++
1°(6,”"NET")@3499

1"COLOURED PETRI NET"@3357

Qreceived> ™

DATA
(nd)| |(n,d)@+wait o
if success dsita )
then 1" (n,d) if n=k N
{n,d&o (n,d) Transmit | €lse empty (n,d) tTe”;atga d
Packet I A ) Packet @ PR
@40 MOxDATA @+DEL() MNOxDATA
1" 7@3357
k h
S Receive
1 7@3414 Pt
NO MO if n=k
then k+1 +17
else k
if n=l
then k+1
Receive Transmit else k
Ack . n @?succeas Ack " m ©‘
@+7 NOthen1'n " @+DEL() L
else empty
Sender Network Receiver

Timed Protocol



Redes de Petri Coloridas Temporizadas
(TCPN)

m=1'2@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 (remocao do maior tempo
possivel)

Permite que a marcacao alcancada usando semantica de
Passos possa ser alcancada com interleaving em um
order arbitraria



Redes de Petri Coloridas Temporizadas
(TCPN)

TCPN podem ter marcacdes com ou sem timestamps

Marcacoes sem timestamps sempre estao prontas para
participarem de binding elements

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

» Ready =tempo (timestamps da marcacao 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 avanca o global clock para o o proximo tempo
mais cedo no qual binding elements possam executar

Cada marcacao existe em um intervalo de tempo fechado
gue pode ser um ponto

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

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



Exemplo

NOX

(n,d)@+wait

1°(1,"COL")@0+++
1°(2,"O0UR")@0+++
1°(3,"ED")@0+++
1'(4, “PET")@0+++
1°(5,"RI"@0+++

1°(6,”"NET")@0

(n,d)@+wait

Send [|(n, dﬁo (n,d)
Packet

NOxDATf-".

1""@0

{chived y
DATA

1'1@0
ok
Y
Receive
(s
Ack n if success
@+7 NO then 1'n
else empty
Sender

if success L
then 17 (n, Ha ]thn:i; B
z I d En adalta
o] Transmit | /=€ empt*,.e O (n,d) i
Packet
@+DEL() NOxDATA
1‘1@0
Y
Receive
Packet
if n=k
then k+1 LT
else k
if n=k
then k+1
Transmit else k
Ack €, 'GD”
@+DEL() NO
Network Receiver

Timed Protocol




Exemplo

NOX

1°(1,"COL")@0+++
1°(2,"O0UR")@0+++
1°(3,"ED")@0+++
1'(4, “PET")@0+++
1°(5,"RI"@0+++

1°(6,”"NET")@0

1""@0

&

)
el Adianta o tempo que pode pegar o token
LISl L II.” L2 I -th d t f’\d
(n,d (n,d) Tranimit else empty .@ (n,d) el:.:daat:
Packet Packet
NDxDF-.TF'. @+DEL() MNOxDATA
3 |n 1‘1@0
1
Receive
if n=
then k+1 LT
n k else k
if n=k
h 4 then k+1
Receive Transmit else k
(s “ O+
Ack n if success Ack n
@+7 NOthen 1'n ™ @1DEL() N
else empty
Sender Network Receiver

Timed Protocol




Exemplo

1°(1,"COL")@109+++
1°(2,”"O0UR")+++
1‘ 3,"ED" +++ N
‘( [13) ) b} 1 @o
1°(4, “PET")+++
NOxDATA @ 1°(5,"RI")+++
1'(6,"NET”) @‘@
) DATA
(nd)@+wait | |(n, d)@+wait —
o (1 "COL")@9 then 1" (n d?ata o=k
Send ‘% n Trangmit Else empt*,.e (n
Packet l@ Packet "O chie.data
NDxDATf-". @+DEL() NOxDATA
R 1‘1@0
1 Y
Receive
Nexé% 1‘1@9 Packet
MO if n=k
then k+1 17
n k else k
if n=k
Y then k+1
Receive Transmit else k
D C
Ack ‘. n O#SUCCESS Ack & n O‘
@-+7 NOthen 1°n @+ DEL() NO
else empty
Sender Network Receiver

Timed Protocol




Exemplo

1°(1,"COL")@118+++

1°(2,”"O0UR")+++
1°(3,"ED")+++

N [13) b} 1‘"" O
1°(4, “PET")+++ @
NOxDATA @ 1°(5,"RI")+++
CSend¥ 11°(6,"NET") @‘@
. ~7a % - DATA
(nd)@+wait | |(n d)@+waitll (1,"COL )@9"""'"1C
1’ (1 ”COL”)@18 hen 1" () data fosk
e {n,d Tranimlt else empty .‘O (n,d) ;:;daat’;a
Packet Packet
NOxDP.TA @+DEL() NOxDATA
Nl |n 1‘1@0
1 Y
Receive
Nex% 1 1@18 Packet
MO if n=k
then k+1 17
n k else k
if n=k
h 4 then k+1
Receive Transmit else k
s ) O«
Ack n if success Ack n
@-+7 NOthen 1°n @+ DEL() NO
else empty
Sender Network Receiver

Timed Protocol




Exemplo

NOX

1°(1,’COL")@118+++
1°(2,"OUR")+++
1'(3,”ED")+++

1°(4, “PET")+++
1°(5,"RI")+++
1'(6,"NET”)

1""@0

(n,d)@+walt

{n,d)@+wait

1°(1,"COL")@18

P

if success [1(1."COL"@80| .

then 1" (n,d (d, )@ if n=k R
Send | (nd (n,d) ITransmit | else empty 51% (n,d) tTenddatta d
Paciket A Pl Packet else data
A @+9 MOxDATA @-+DEL() NOxDATA
ik 1°1@0

1'1@18
ok
Y
Receive
()
Ack n if success
@+7 NO then 1'n
else empty

Sender

Receive
Packet

if n=k

MO
then k+1 [@+17
else k
if n=k
then k+1
Transmit elce 'k
Ak [ (O«
@+DEL() NO
Metwork Receiver

Timed Protocol




Espaco de estados de TCPN

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

Duas marcacoes temporizadas podem ser diferentes
mesmo que a correspondente marcacao sem tempo
sejam iguais

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

O espaco de estados pode ser maior gue 0 espaco sem
tempo



Espaco de estados de TCPN

1 (1,'COL )@0+++

AllPackets 1 (2. "OUR")@0+++ 1"
Packets 1'(3,"ED ")@0+++ Data
To Send 22|1' (4,"PET")@0+++ [1"@0] () Received
1°(5"RI ")@0+++ 1" 25++
1'75
(n.d) (r,d )@+ Wait
if success
then 17 (n,d)
Send {n,d) (n,d) Transmit
Packet Packet
@+9 NOxDATA @+delay NOxDATA
if n=k
if success then data™d
f then empty else data
else 17()
Receive |  /
lﬁl
(s @ @e B0 —ﬁ
I @+17
i s then k+1
I
k then empty Seek S
else 1°() R
then k+1
v else k
REEE;:\IE Tra;ﬁkmit 1 ®‘ _J
= n @ f success £
+7 NGO theml n @ +dala MO
@ else empty ' ¥
Celays -
17 25++
1t 50++
INT 1°75




Espaco de estados de TCPN

MextRec: 17 140
1 DataRecelved: 1" "™i@0
Limitz 37{}

Time: O
MNextSend: 171

A 17 (L "COL" i@
NextRec: 1 1@0
Datafeceived: 1" ""@0
Limit: 2° ()

Timea: 9

MextSend: 171
Br1'(1,"COL"}@34
MNextRec: 17 160
DataRecelved: 1'"™@0
Limit: 2" ()

Time: 34

MextSeand: 1°1

MextRec: 1'2@51
DataRecsived: 1 "COL"@51
C: 17251

Limit: 27 ()

Time: 0
NextSend: 171

Time: 9
MextSend: 171
MextRec: 17 1@&0
DataRecelved: 1" ""@0
Limit: 3° ()

Time: 9
NextSend: 171

Time: &

B: 1'(1,"COL"}@5%
MextRes: 1'1@0

MNextSandr 171
B:1°'(1,"COL")284
MextRec: 1 1@

DataRecéived: 1" @0 DataReceived: 1 ""@0
Limit: 2 () Limit: 2° ()
[RP] [BEd)
Time: 59 Timer 64

MNextSend: 1°1

MextRec; 1 2@76
DataReceived: 1" "COL @756
C:1'2@76

Limit: 2 ()

MextSend: 171

MNéxtRec: 17 2@i01
DataBecsived: 1" "COL"@I101
C: 1" 2@i01

Limit: 2°{)

Time: 108

Mextsend: 171

A 1L CoLmgils
MextRec: 1° 1@0
DataReceived: 1 ""@0
Limit: 2°0)




Espaco de estados de TCPN

Adocao de time equivalence method na CPN tools

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

Construcao de um condensed state space.

Condensed state space e finito, caso 0 espaco de estados
da CPN sem tempo também seja finito.

Todas a propriedades verificada no espaco de estado
completo também sé&o verificadas no condensed state
space



Timed Multiset (Multiconjunto Temporizado)

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

tmis) = Z tm(s.t)

is finite for all s € §. The non-negative integer tm(s) 1s the number of appearances
(or coefficient) of s in m, The timestamp list for an element s is a list

tm(s] = [ty,t2. . Iy

satisfying #; < f;4 for all 1 <7 < mn(s). It contains the time values ¢ for which
tm(s.t) = 0 and a time value ¢ appears fm(s,t) times in the list. Membership and
size are defined as follows, where tm is a timed multiset:

|.VseS:setm<tm(s) > 0.
2. [tm| = ¥ cxtm(s).

A timed multiset tm is infinite if [fm| = co. Otherwise tm is finite. The set of all
timed multisets over S is denoted S7ys. The empty multiset over S is denoted Orys
and is defined by Orpys(s.r) = 0 forall (s.r) € § x T.

]




Timed Multiset (Multiconjunto Temporizado)

th:l\(l,”COUL”)@ZOBO + 4+ 1\(2,”OUR”)@2015 St
2°(2,"0UR"M@"2005 +++ 1°(2,"OUR")@1994

s ——

1 if(s,t) = ((1,”"COL"),2030)
1 if(s,t) = ((2,"0O0UR™),2015)
tmg(s,t)=—<5 2 if(s,t) = ((2,"OUR"),2005)
1 if(s,t) = ((2,"0O0UR"),1994)
O caso contrario

\

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



Formalizacao TCPN

Definition 11.2. For timed multisets over a set § and time values T, comparison,
subtraction, and addition of time on timestamp lists are defined as fr:-llﬂws where

tm[s] = [ty 025c s tins)]s 11 [s] = [t 155+ ”” (s))» and tma[s] = [ o r;‘;mm]
are timestamp lists of an element s € §:

tm [s] <pry tma[s] < tmy(s) <tma(s) and tf > 17 forall | < i<ty (s)
2 For t € T such that 1 > 1|, tm/[s| —r1 is the timestamp list

o tmls| —rt = [t1,t2,85,. ..t tit]senns ton(s)) Where 1 is the largest index for

which t; < 1.
3. When tm [s| <iq| tma|s], 1ma[s| — ) tm [s] is the timestamp list defined by
o tmz[s] —zomyls] = (17,53, 1 (o] =T 1) — et Y —-r_-rim[_t_}).
4. Fort € T, tm|s|;; is the timestamp list defined by

o tm[s|yr= [+t 02+t ity Fi]




Formalizacao TCPN

Definition 11.3. For timed multisets over a set S and time values T, addition. com-
parison, subtraction, and addition of time are defined as follows, where tm, tm,,
and tm-» are tmed multisets:

CV(8,0) €S X T : (trmy ++tma)(s,t) = tmy(s.t) + tma(s,1).
Jtmy K=ty < Vs € Sitmy[s] <y tmals).
. When tm| <<= tma, tmy —— i 1s the timed multiset defined by

d Id =

o VseS§: (tmy——tm)(s)=tmas) —tmy(s);
o Vs €S§: (tmy——tmy)ls] = tmas] — g tmy[s].

4. Fort € T, tm; 1s the timed multiset defined by

o VseS:tmy(s)=1tm(s)and tm[s]| = tmls] ;.




Timed Multiset (Multiconjunto Temporizado)

tmgp=1"(2,”OUR")@2010

tmg=1"(1,"COUL"@2030 +++ 1'(2,"0OUR")@2015 +++
2‘(2,11OUR11)@‘2005 +4++ 1\(2,”OUR”)@1994

tmep((2,”OUR"))=1

tm((2,”OUR"))=5

tmee[(2,"OUR”)] = [2010]

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

1 if(s,t) = (1,"COL")
(tmg--- tMgp)(S)= 3 if(s,t) = (2,"OUR")

O caso contrario
(tmg--- tmp)[(2,”"OUR")]=[1994,2005,2015]

tMg--- tMep=1"(1,”"OUR")@2030 +++ 1'(2,"OUR")@2015 +++
1°(2,”OUR")@2005 +++ 1'(2,"OUR")@1994



Formalizacao TCPN

1.
2.
3.
4.

n

Definition 11.4. A timed non-hierarchical Coloured Petri Net is a nine-tuple
CPNr = (P,T,A,Z,V,C,G,E,I) where:

P is a finite set of places.

T is a finite set of transitions such that PN T = 0.

ACPxTUT x Pis aset of directed ares.

X 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] € Z for all variables v € V.
. C: P — X is a colour 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(t)] = Bool.

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

each arc a such that

o TypelE(a)] = C(p)us if p is untimed;
o Type[E(a)] = C(p)rus if p is timed.

Here, p is the place connected to the arc a.

.11 P— EXPRy is an initialisation function that assigns an initialisation expres-

sion to each place p such that

o Typell(p)] = C(p)us if p is untimed:;
e Type[l(p)] = C(p)us if p is timed.




Formalizacao TCPN

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

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

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

2. A timed marking is a pair (M.1"), where M is a marking and * € T is the value
of the global clock.

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




Formalizacao TCPN

Definition 11.6. A step Y € BEys is enabled at time ¢’ in a timed marking (M,#*)
if and only if the following properties are satisfied:

1.V(t,b) € Y : G(r)(D).

2. ;;,Z E(p,t){b) <= M(p) for all untimed places p € P.
(t.b)eY

3 e > (E(p,1)(b))+r <= M(p) for all timed places p € P.
(t.bYeY

ds 8 5 .

5. t" is the smallest time value for which there exists a step satisfying conditions
1-4.

When Y is enabled in (M,*) at time ¢’, it may occur at time ¢/, leading to the timed
marking (M’,t") defined by:

6. M'(p) = (M(p) — 152, E(p.0)(0))++ s>, E(t,p)(b)
(t,h)eY (r.b)eY
for all untimed places p € P.
7.M'(p) = (M(p) —— 35>, E(p.1){b)4r) ++ sy, E(t,p)(b)
(t.h)eY (1.b)eY
for all timed places p € P.




