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Basic Definitions
Definition 1 (Bipartite Graph)
Bipartite Graph is a graph of which nodes can be divided into

two disjoint sets such that can not exists edge between two
elements of the same set.

Definition 2 (Petri net)
Petri net is a tuple (N, Mp), where
e the underlying graph N = (P, T, R, v) is a directed,

weighted, bipartite graph consisting of two kinds of nodes,
called places and transitions.

P is the (finite) set of places,

T is the (finite) set of transitions, (PUT # 0, PNT =0)

R C (P x T)U(T x P) gives the edges,

v: R — N gives the weights of the edges.

o My : P — Ny is the initial marking (the initial state).
Places may contain a discrete number of marks called
tokens.
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Basic Definitions
(Some Notations)

The initial marking of a Petri net (containing n places)
can be considered as an n-tuple

Mo = (Mo(p1), Mo(p2), --, Mo(pn))-

*p::= R(=1)(p) is the preset of place p (the set of
transitions connected to p)

p*::= R(p) is the postset of place p (the set of transitions
p is connected to)

*t:= R(=1(t) and t*::= R(t) are similarly the preset and
postset of transition t
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Basic Definitions

Definition 3 (Firing rule)
Let N = (P, T,R,v) be a Petri net with some marking M.
1. A transition t € T is enabled if Vp € *t: M(p) > v(p, t).

2. During one execution step one of the enabled transitions
will fire.

3. The firing of an enabled transition t produces a new
marking M’ (the successor marking), where
Vp e P: M (p)= M(p)+ v(t,p) — v(p,t)
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Basic Definitions

t is a source transition if *t = (),

t is a sink transition if t* = (),

(p,t) is a self-loop if p € °t A p € t°,

a Petri net is pure if it has no self-loops,

a Petri net is ordinary if all of its arc weights are 1's
(VreR:v(r)=1).
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Graphical representation

Petri Nets have clear graphical representation, where
e places are denoted by cirles,
e transitions are denoted by squeres,

e and marking is denoted by flecks or numbers.
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Examples

Example 1 (Synthesis of water)

Hz20
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Example 2 (Vending Machine)

little_choc

Examples

big_choc
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Example 3 (Dining Philosophers)

Examples
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Finite capacity net

Definition 4
A Petri net (N, My) is a finite capacity net if each place p has
an associated capacity k(p), the upper bound for marking of p

(M(p)).
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Finite capacity net

Definition 5 (Strict firing rule)
Let N = (P, T,R,v) be a finite capacity net with some
marking M.
1'. A transition t € T is enabled if Vp € *t: M(p) > v(p, t)
and Vp €t*: M'(p) < k(p), where
M'(p) = M(p) + v(t,p) — v(p, ).
2. During one execution step one of the enabled transitions
will fire.
3. The firing of an enabled transition t produces a new

marking M’ (the successor marking), where
Vp € P: M'(p) = M(p) + v(t,p) — v(p, )
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Finite capacity net

Definition 6 (Weak firing rule)
Let N = (P, T,R,v) be a finite capacity net with some
marking M.
1. A transition t € T is enabled if Vp € *t: M(p) > v(p, t).
2. During one execution step one of the enabled transitions
will fire.

3'. The firing of an enabled transition t produces a new
marking M" (the successor marking), where

Vp € P: M"(p) = min(k(p), M(p) + v(t,p) — v(p, 1))
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Finite capacity net

Definition 7 (Complementary place transformation)

Let N = (P, T,R,v) be a finite capacity net with some
marking M.

1. Vp € P: k(p) < oo we create a complementary place p/,
where M'o(p') = k(p) — Mo(p),
2. Vte T:
e if there exists an edge (p,t) € R, we create a new edge
(t,p’) so that v(t,p") = v(p, t) will hold,
e if there exists an edge (t,p) € R, we create a new edge
(p', t) so that v(p',t) = v(t, p) will hold.
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Finite capacity net

Example 4 (Complementary place transformation)
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Finite capacity net

Definition 8 (Enabled firing sequences)

Let N = (P, T,R,v) be a Petri net with some marking M.

Mo [ti> My signs that t; is enabled in (N, My) and the firing of
t1 produces marking M.

The firing sequence ¢ = ty, ty, ..., t, is enabled in (N, My), if
there exist markings My, My, ..., M,, such that

Mo [t1>M1 [t2>M2, ce, My [t,,>Mn.

(Short notation: My [s>M,.)
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Finite capacity net

Theorem 5 (Finite capacity elimination)

Let (N, Mg) be a pure finite capacity net and (N', M{y) the
result of the complementary place transformation applied to
(N, My). If the strict firing rule is applied to (N, Mp) and the
original one (defined in Definition 3) to (N', M{) the set of the
enabled firing sequences will be the same (the two nets will be
equivalent in this manner).

As a conclusion of the previous theorem we only need consider
infinite capacity nets with original firing rule.
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Behavioral properties

Two types of properties can be studied:

e depend on initial marking (marking dependent /
behavioral properties)

e independent of the initial marking (structural properties)

Now we will discuss only the marking dependent properties!
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Reachability/1

Definition 9

A marking M, is reachable from My (in short: Mgy [s>M,), if
there exists a sequence of firings (s = t1, ta, .., tp) that
transforms My to M,,.

Long version: My [t1>M; [to>Mo. .M, 1 [t,>M,

Notations:

o L(N, M) : the set of all possible firing sequence from My
in a net (N, M)

e R(N, Mpy) : the set of all possible markings reachable from
Mp in a net (N, Mp)

If Nis given: L(Mp), R(Mo)
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Reachability/2

Generally: R(N, M) = {M'|3s € L(N, M) : M [¢c>M'}

Reachability problem: M, € R(Mp) for a given marking M,?

Note 1
The reachability problem is decidable.

Note 2
However the equality problem is undecidable.
L(N, Mo) = L(N', My) for any two Petri nets N and N’



Analysis of
Distributed
Systems

Maté Tejfel

Lecture 2

Boundedness

Definition 10 (k-bounded Petri nets)

A Petri net is k-bounded, if
VM € R(N,Mp) :Vpe P: M(p) < k. (keN)

There is no marking reachable from My, which has more than
k tokens in one place.

Definition 11 (Safe Petri nets)
A Petri net is safe, if it is 1-bounded.

Places can be used as buffers and registers for storing
intermediate data. Boundedness, safeness means: overflow can
not happen, no matter what firing sequence is taken.
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Notation: #(s, t) : the number of occurrences of t in s.

Definition 12 (Liveness)
A transition t in a Petri net N with the initial marking My is
said to be:
e Lo-live (dead): Vs € L(N, M) : t ¢,
Li-live (potentially fireable): 3¢ € L(N, Mp) : t € g,
Lr-live: Vk € N : 3¢ € L(N, M) : #(s,t) > k,
Lz-live: 3¢ € L(N, M) : #(s, t) = o0,
La-live: if t € T is Li-live for YM € R(My) marking.
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Liveness /2

Definition 13 (L,-live)
A Petri net (N, My) is Li-live if Vt € T : t is Li-live

Definition 14 (Strict liveness)
Strictly Ly live: Ly live, but not Ly 1-live

Note 3
L4=>L3=>L2=>L1,
Ly & Ly
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Reversibility and Home state

Definition 15 (Reversibility)
A (N,My) Petri net is reversible if YM € R(Mp) : My € R(M).

In a reversible net one can always get back to the initial
marking or state.

Generalization: not just My, but any reachable marking can be
examined

Definition 16 (Home state)
M' is a Home state, if VM € R(Mp) : M' € R(M).
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Coverability

Definition 17 (Coverability)

A marking M in a Petri net (N, My) is coverable, if
IM* € R(Mo) : Vp € P M'(p) > M(p).

Coverability and Li-liveness are closely related!

Note 4 (Liveness and coverability)
Let M be the minimum marking, which enables transition t:
e t is dead (Lo-live) < M is not coverable

e tislqi-live & M is coverable
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Definition 18 (Persistence)

(N,My) is persistent, if Vt1,t2 € T :, if both t; and to is
enabled, then firing one of them will not disable the other.

In short: A transition in a persistent net, once it is enabled, will
stay enabled until it fires.
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events

e defined between two transitions (1) or two sets of
transitions (2)

Definition 19 (Synchronic distance (1))
In case of (N, Mp) : t1,tr € T
dip = max [#(s, t1) — #(s, t2)|

§€L(N,M),M€R(M0)

Definition 20 (Synchronic distance (2))
In case of (N, My) : E1,E C T

d = E- E
E1,E> eL(NI\%aI\)/I(eR ’#(Cy 1) #(9 2)’
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Definition 21 (Bounded-fair or B-fair)

Lecture 2 1. Two transitions t; and ty are in a bounded-fair relation if
the maximum number of times that either one can fire
while the other is not firing is bounded
GK eN :dij<K).

2. A Petri net (N, My) is a bounded-fair net if
Vt‘,',tj € T:ElKGN:d,"j< K.

Definition 22 (Unconditionally fair)

3. In case of ¥s € L(N, M) : VM € R(My) : a firing
sequence is unconditionally fair, if Vt; € T : #(c, tj) = oo
or ¢ is finite.

4. A Petri net (N, My) is unconditionally fair, if
VM € R(Mp) : ¥Ys € L(N, M) : s is unconditionally fair.
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Theorem 6
(2)= (4)

Every B-fair net is an unconditionally-fair net.

Theorem 7
A Petri net is bounded and fulfills (4) = (2) is fulfilled too.

Every bounded unconditionally-fair net is a B-fair net.




Fairness/3

Example 1
(4) but not (2) —— (2) and (4)
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Reduction rules for analysis

Motivation:
e Analysis of large systems can be tedious

e Reduce to a simple one, while properties are preserved

Theorem 8 (Behavioral preserving)

Let (N, My) and (N', My) be the Petri nets before and after
one of the succeeding six simple transformations.

(N', My) is live, safe or bounded < (N, My) is live, safe or
bounded
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Fusion of series transitions
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P1

T4

Te

a7\ /O

Tg T10

of parallel transitions

T T2
D\ m

y

T4

:I T5.6

[

g

T7

Ta
M2
T9
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Example 6

Elimination of self-loop places
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Coverability /reachability tree

Given (N, Mp) Petri net
e from My we can reach as many "new” markings as the
number of the enabled transitions
e from each marking we can again reach more markings

e result: tree representation of the markings

Definition 23

The reachability / coverability tree of an (N, My) Petri net is a
graph, where the nodes are labeled with markings and the
edges are labeled with firing transitions.

Note 5

The tree will grow inifinitely large if the net is unbounded. A
special w symbol is introduced as "inifinity” to keep the tree
finite.
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Construction (reachability tree)

1. The initial marking My is the root, and labeled as " new"

2. While "new" markings exists, do the following:

2.1 Select a "new” marking (M).
2.2 If M is on the path from the root to M, than label it as
"old” and start with another "new" marking.
2.3 If no transitions are enabled at M, then tag it as
"dead-end"”.
2.4 While there are enabled transitions at M, do the following
for each enabled "t" transition:
2.4.1 Fire t, which transforms M marking to M’ marking.
2.4.2 If AM"" marking on the path from the root to M, such
that Vp : M'(p) > M"(p) and M’ #£ M" then replace
M’ (p) by w for Vp: M'(p) > M"(p).
2.4.3 Introduce M’ as a node, connect it with an edge to M
and label the edge with "t". Tag the M’ as "new".
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Example 8

Coverability tree/1

MO=(1,0,0)
/ X
MI=(0.0.1) M3=(1, w0
7 &
Md=({0,w,1) Mb=(1.,0)
old"
t2
Y
M3=(0,e,1)

"old"
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Mi=(1.0.0)
Ml=(1.0.00) M2=(0, 1, @)
"old" / \
M2=(0,1.) MI1=(1.0.0)

"o1d" "old"
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Coverability /reachability tree

Theorem 9
G is the coverability tree of the (N, My) Petri net

e the Petri net is bounded < there is now in G.

e the Petri net is safe (1-bounded) < only 0,1 appears in
the nodes of G.

e t dead (Lo-live) < A edge labeled with t in G.

Theorem 10
M e R(My) = 3IM' in G : M’ covers M.

Note 6
By merging the identical nodes (markings), we can transform
the coverability tree into a coverability graph.
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Theorem 12
p*= 0 A t live = p not safe
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t*= () = p not safe
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Theorem 14
t*= (0 A p safe = t not live

R
e

N
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Theorem 15
If (N, Mp) is live and safe = Vx € PU T :x*# () #°* x

Theorem 16
Connected, live and safe Petri nets = strongly connected.

Note 7
The previous theorem is not reversible!
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Example for non-reversibility

Example 10

The first net hasn't got any live initial markings, while the
second hasn’t got any safe and not empty initial markings.
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Introduction, reminder

We define subclasses of Petri nets by adding some restrictions
on their structure.

Reminder:
e we work with ordinary (edge weights are 1) Petri nets.
o *t={p|(p,t) € F} = the set of t's input places.
o t*={p|(t,p) € F} = the set of t's output places.
e *p={t|(t,p) € F} = the set of p's input transitions.
o p*={t|(p,t) € F} = the set of p's output transitions.
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Classification, subclasses/1

Definition 24 (State Machine (SM))
VteR:|®t|=|t*"|=1

Each transition t has exactly one input place and exactly one
output place.

Definition 25 (Marked Graph (MG))
VpeP:|*p|=|p*|=1

Each place p has exactly one input transition and exactly one
output transition.

Note 8 (About MGs)

e conflict free Petri net & MG
e MG = persistent

e Persistent, safe Petri net is transformable to MG
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Classification, subclasses/?2

Definition 26 (Free Choice (FC))
VpeP:|p*|<1Vve(p®)=p

Equivalent definition:

Vpi,p2 € P:pinps #0=|p;| = |p3| =1

Every edge from a place is either a unique outgoing edge or a
unique incoming edge to a transition.

Definition 27 (Extended Free Choice (EFC))
Vp1,p2 € P:pt N ps #0=p}=ps

Definition 28 (Asymmetric Choice (AC))
Vpi,p2€ P:ptnps#0=p} CpsVpsCp
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Key structures - Overview

31 p2
p1 t
pi
5M, not MG p2 t2
tz p3 AC, not EFC
pi tz pl 1
1
2 2
MG, notsM o = P

EFC, not FC

PN, not AC
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SM : no syncronization
MG : no conflict
FC : no confusion

AC : allow asymetric confusion, but disallow symmetric
confusion

Lecture 4

Note 9

In case of FC, EFC : dp € (*t1 N *t2) = AM marking such that
only t1 or only ty enabled. Thus we have "free-choice” about
which transition to fire. An EFC can be converted to it's FC

equivalent.
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Source, Sink, Siphon, Trap

Definition 29 (Source place (transition))

A place p (transition t) is a source place (source transition) if
p=0(t=0)

Definition 30 (Sink place (transition))

A place p (transition t) is a sink place (sink transition) if
p*=0(t"=0)

Definition 31 (Siphon (deadlock))

S is a set of places, S is siphon if *°SC S*®

If a siphon place is unmarked, then it remains so.

Definition 32 (Trap)
S is a set of places, S is trap if §®* C*S
If a trap place is marked, then it remains so.
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State Machine - Liveness, safeness

Definition 33 (State machine - reminder)
VieT:|%t|=|t"]=1
Theorem 17

A (N, My) SM is live < N strongly connected, and My has at
least one token.

Theorem 18
A (N, My) SM is safe < My has at most one token.

Theorem 19
A live (N, My) SM is safe < My has exactly one token, and N
is strongly connected.
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Marked Graph/1

Definition 34 (Marked graph - reminder)
VpeP:|*p|=|p*|=1

Theorem 20
For a MG, the token count in a directed circuit is invariant

under any firing, i.e., VM € R(Mp) : VC : Mp(C) = M(C),
where C is the set of nodes of the directed circuit.

By the previous theorem:
If a transition t is Lo-live (dead) in a strongly connected MG =
there is a tokenless directed circuit, which contains t.

Theorem 21
Strongly connected MG (N, My) is live < My places at least
one token on each directed circuit in N.
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Marked Graph/2

Theorem 22 (Mini-max)

The maximum number of tokens that an edge can have in a
MG (N, My) is equal to the minimum number of tokens placed
by My on a directed circuit containing this edge.

Theorem 23
A live MG (N, M) is safe < every edge (place) belongs to a
directed circuit C with Mo(C)=1.

Theorem 24
There exists a live and safe marking in MG (N, My) < N is
strongly connected.
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Feedback Arc Set (FAS)/1

Definition 35
A subset of edges E' in a directed graph G = (V,E) is a
feedback arc set if G' = (V,E — E') is acyclic.

Definition 36
FAS is minimal if no proper subset of the FAS is a FAS.

Definition 37
FAS is minimum if no other FAS contains a smaller number of
edges.

Note 10
A FAS is not necessarily unambiguous.
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Feedback Arc Set (FAS)/2

Theorem 25
A subset of marked edges of a live MG's is a FAS.

Conversely, if each edge in a FAS of a directed graph is marked,
we have a live MG.

Theorem 26
A strongly connected live MG is safe < YM € R(My) : the set
of marked edges is a minimal FAS.

Note 11
A minimum FAS does not necessary yield a safe marking.
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Liveness, safeness in FC nets

Theorem 27 (FC's liveness)

An FC (N, My) is live < every siphon in N contains a marked
trap.

Theorem 28 (Live FC's safeness)

A live FC (N, My) is safe < N is covered by strongly-connected
SM components each of which has exactly one token at M.

Theorem 29
Let (N, My) be a live and safe FC. Then, N is covered by
strongly-connected MG components. IM € R(My) : V(N;, M;)

component is a live and safe MG, where M; is M restricted to
N;.
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SM/MG component

Definition 38 (SM-component (MG-component))

An SM-component (MG-component) Ny of a net N is defined
as a subnet generated by places (transitions) in Ny having the
following two properties:

e Vt(p) € Ny has at most one incoming edge and at most
one outgoing edge

e a subnet generated by places (transitions) is the net
consisting of these places (transitions), all of their input

and output transitions (places), and their connecting
edges.

Note 12

A live and safe FC can be viewed as an interconnection of live
and safe SMs (MGs).
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Liveness, safeness in AC nets

Theorem 30 (AC's liveness)

An AC (N, M) is live = every siphon in N contains a marked
trap.

Theorem 31 (AC's liveness (2))
An AC (N, My) is live < place-live.

Definition 39 (Place-liveness)
YM; € R(Mo),¥p € N : IM € R(M;) : M(p) > 0.
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Introduction to CP-nets

An ordinary Petri net (PT-net) has no types and no modules:
e Only one kind of tokens and the net is flat.

With Coloured Petri Nets (CP-nets) it is possible to use data
types and complex data manipulation:
e Each token has attached a data value called the token
colour.
e The token colours can be investigated and modified by the
occurring transitions.
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Coloured Petri Nets

Declarations:
e Types, functions, operations and variables.

Each place has the following inscriptions:
e Name (for identification).
e Colour set (specifying the type of tokens which may reside
on the place).
e Initial marking (multi-set of token colours).

Each transition has the following inscriptions:
e Name (for identification).
e Guard (boolean expression containing some of the
variables).

Each arc has the following inscriptions:
e Arc expression (containing some of the variables). When
the arc expression is evaluated it yields a multi-set of
token colours.
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Enabling and occurrence

A binding assigns a colour (i.e., a value) to each variable of a
transition.
A binding element is a pair (t, b) where t is a transition while b
is a binding for the variables of t.
Example: (T2, < x =p,i =2>).
A binding element is enabled if and only if:
e There are enough tokens (of the correct colours on each
input-place).
e The guard evaluates to true.
When a binding element is enabled it may occur:
e A multi-set of tokens is removed from each input-place.
e A multi-set of tokens is added to each output-place.

A binding element may occur concurrently to other binding
elements < each binding element can get its "own share”.
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p=>2e
|q=>1'¢

Lecture 5

E (s
@ 3e
Binding: P®®2‘(P‘U)
<x=p. i=0>

1

case x of (xi | 1 (PO
p=>2e 2
lg=>"Te

1

/o wlte
O

Enabled binding

New Marking

case x of
p=>2e
lg==>1e
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case x of
p=>2e
lg=>1e
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£ @

(@ 3e

Binding: (7 @2(p0)
<x=q, i=2> -

case x of
p=>2e
lg=>"Te
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Binding:
<x=p, [=2>

Concurrency

Binding: @ (p.2)+17(p.d)+17(9.3)
<x=q, i=3>
i 2)+1°(q.3
case x of (X") (p F1@s)
p=>2e T2
lq=>1%e 127 .
) / (x.) 1°(p,2)+17(q.3)
(373
E (8) P
3)3e
D14
case x of
p=>2e
lg=>Te

@ 1 (p21+1(a.3)
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N ({3\1\( 241 (pAYH(q.3)
Binding: @1 0 ]
<x=p, i=2> P @

[
case x of iy TP2)
p=>2e T2
lg=>1%e :

1

e / (x,i%1'(P2)
292

(33 Je
SN 40 N N
Binding: (2) (P21 (p.4)+17(q.3)
<x=p, i=4> F @
case x of (i) TP
p=>2e

lg=>1e

|_\..1 A
/4 wp] Y
£ @)2__/.\26 .

@)‘3'(9

Conflict
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Formal definition of CP-nets

Definition 40 (Coloured Petri Net)
is a tuple CPN = (£, P, T,A, N, C, G, E, ) satisfying the
following requirements:

(a)
(b)
(c) T is a finite set of transitions.
(d)

Y is a finite set of non-empty types, called colour sets.

P is a finite set of places.

A is a finite set of arcs such that:
PNT=PNA=TNA=0

(e) N is a node function. (N::A— P x TUT x P)
(f) Cis a colour function. (C :: P — X)
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Formal definition of CP-nets/2

(g) G is a guard function. It is defined from T into expressions
such that:
Vt e T :[Type(G(t)) = Bool N Type(Var(G(t))) C X]

(h) E is an arch expression function. It is defined from A into
expressions such that: Va € A:
[Type(E(a)) = C(p(a))ms A Type(Var(E(a))) € %]
where p(a) is the place of N(a).

(i) Iis an initialization function. It is defined from P into
closed expressions such that:

Vp e P:[Type(l(p)) = C(p)ums]

Note 13

Mms means multi-set.
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Formal definition of behaviour

Definition 41 (Step)

A step is a multi-set of binding elements.

Definition 42 (Enabled step)

A step Y is enabled in a marking M < the following property
is satisfied:
VpeP: > E(p,t)(b) < M(p)
(t,p)eY
Definition 43
When a step Y is enabled in a marking My it may occur by
changing to marking M»:
VpeP: /\/Ig(p) =
(Mi(p) — > E(p,t)(b))+ > E(t,p)(b)

(t,b)eY (t,b)eY
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Definition 44 (Directly reachable)

M is directly reachable from My by the step Y':
Lecture 5 Ml [Y> M2

Definition 45 (Occurrence sequence)

is a sequence of markings and steps:
My [Y1>M2 [Y2>M2..Mn [Yn>Mn+1
Definition 46 (Reachable)

M1 is reachable from M;:
Vi e [1..n] 2 3Yr M; [Y,'>M,‘+1
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Introduction to Labelled Petri nets

We assume a set Lab of actions to be given.

Definition 47 (relabelling)

p is a relabelling relation: p C (mult(Lab)) x Lab such that
(0, ) € p if and only if p = {(0, )}

Special relabellings:
e constant: p, = {(0, &)} where a € Lab

e transformational:
prar = {({a},a)|a € Lab'} : Lab' C Lab
e identity: piy = {({a}, a)|a € Lab}
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Definition 48 (Labelled Petri net)

Y =(S, T,W,\ M), where S is a set of places, T is a set of
transitions, W describes the edges, X is a labelling function and
M gives the marking.

SNT =90,

W:(SxT)U(T xS))— N,

Vs e S5: A(s) € {e,i,x},

Vt e T : Xt) is a relabelling,

M:S x No
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Definition 49 (Action counter - Bag function)

i A— No. Mg(A) = {u|p: A— Ng }. The bag function
gives the number of occurrence for an element (of the bag).

Example 11
If i is the {aabccc} bag, then p(a) = 2, pu(b) =1, u(c) = 3.

Definition 50 (Pair definer function)
N A— A:a 3, bijection, ” =1, defines pairs over A.

Note 14
Notation: A is given as a set of actions and "\ is given as pair
definer function over A.

() = ().



Analysis of
Distributed
Systems

Maté Tejfel

Lecture 6

Y h(a) = Xu(a) * h(a),
U(p1, p2) = maxo(pr, pu2),
N(p1, p2) = mino(uq, p2),

p1 + p2 =+ o (p1, u2),
u1 — pp = difference or 0,

Semantics
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Y=(5,T,W,\,M). Givens e S. If
A(s) = {e}, then s is an entry place,

A(s) = {x}, then s is an exit place,
A(s) ={

*Y= {s € S|\(s) = {e}} entry places
= {s € S|\(s) = {x}} exit places
Y= {s € S|A\(i) = {i}} internal places

i}, then s is an internal place.

Notations



Example - A labelled Petri Net

Yo = (So, To, Wo, Ao, Mo)

So = {0, 51,52, 53}

To = {to, t1, t2}

Wo = ((TSUST)x{1HU(((S§x T)\STU(T xS)\ TS) x{0})
Ao = {(507 e)? (51? i)> (52?X)> (537 e): (to,a), (t1,,3), (t270‘)}

Mo = {(507 1)7 (5170)7 (5270)’ (53’ 1)}

where

TS = {(to,sl), (t1,52), (t2,$3)} and
ST = {(So, to), (51, tl), (53, tg)}



Previous example again
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Definition 51 (Step)

Y =(S, T,W,\ M) A finite multiset of transitions
U € mult(t), called a step is enabled by ¥

ifVs e S: M(s) > Zicy(U(t) x W(s,t))

Note 15
Notation: M[U> or X [U>

This means that every place has enough marking to perform
every transition in a simultaneous way.
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Definition 52 (Step execution - semantics)
Vs €S : M(s) = M(s) + ZecpU(t) x (W(t,s) — W(s,t))

Note 16
Notation: M[U>M' or ¥ [U>©, where

©= (5T, W\ M)
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Definition 53 (Step sequence)
of X is a possibly empty sequence of step, p = Uy...Uy, such
that 3%;.. X satisfying X = Yo andV € [L..k] : X;,_1 [U>X;.
Note 17
Notation:

o X [p>zk

e >, is derivable from ¥

e and its marking My, , reachable from Ms
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Properties

Definition 54 (T-restricted)

Y = (S, T,W,\ M) labelled Petri net is T-restricted, if

Vte T:*t£D A t°#0,

namely there is not any transition which has empty preset or
postset.

(In what follows, every analysed net is supposed to satisfy this
property.)

Definition 55 (ex-restricted)
Y = (S, T,W,\ M) labelled Petri net is ex-restricted, if
YLD AN T,

namely there exists at least one entry and one exit place.
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Properties

Definition 56 (e-directed)

Y =(S,T,W,\ M) labelled Petri net is e-directed, if
Vse*y: Vte T: W(t,s)=0,

namely entry places have not incoming arcs.
Definition 57 (x-directed)

Y = (S, T,W,\ M) labelled Petri net is x-directed, if
VseX® Vte T: W(s,t)=0,

namely exit places have not outgoing arcs.

Definition 58 (ex-directed)
A labelled Petri net is ex-directed, if e-directed and x-directed.
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Definition 59
Let Y = (S, T,W,\, M) be a labelled Petri net.

. [ 1 ifse‘x
Vs€S5: Mex(s) = { 0 otherwise
{ 1 ifsex®

Vs€S: Mse(s) = 0 otherwise

Definition 60 (ex-exclusive)

Y =(S, T,W,\ M) labelled Petri net is ex-exclusive, if for
every marking M reachable from My, Mes or Mse :
MﬂM.z:@orMﬁl\/lz.:(/).

Namely it is not possible to mark simultaneously an entry and
an exit place.
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Definition 61 (ex-asymmetric)

Let be ¥ = (S, T, W, ,\, M) a labelled Petri net. Ate€ T
transition is ex-asymmetric, if ("t N *X# Q) A (*t N Z°#£0)
or (t* N*X#0) A (t* NX*#0D).

Note 18

Let be ¥ = (S, T,W,\, M) a labelled Petri net. If there exists
at € T transition which is ex-asymmetric, then ¥ is
ex-restricted but it is not ex-directed. And if t is executable,
then ¥ is not ex-exclusive.
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inds ={(t,u) e Tx T |(*tUt®) N (*vUu®) =0}

Lecture 7

Note 19
IfF =(S, T,W,\ M) is safe (1-bounded), then any two
transitions occurring in the same step are independent.

Definition 63 (Notations)

Let be X = (S, T,W,\,M). We can use the following
notations.

X = (S, T,W,\0)

Y = (S, T, W, Mey)

Y=(S5T,W,\ Ms.)
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Definition 64 (Petri box)

Y labelled Petri net is a Petri box, if it is ex-restricted,
ex-directed and T-restricted.

Definition 65 (plain box)

Y = (S, T,W,\ M) Petri box is a plain box if for every t € T
transition \(t) is a constant relabelling.

Definition 66 (clean marking)

M marking is clean if it is neither a proper super-multiset of
Mes nor of Mse. Namely, if Mes C M, then Mes = M and if
Mse C M, then Mse = M.
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Definition 67 (static box)

Y = (S, T,W,\ M) plain Petri box is a static box if My = ()
and every marking reachable from Mey and Mse. is safe and
clean.

Definition 68 (dinamic box)

Y = (S, T,W,\ M) plain Petri box is a dinamic box if it is
marked (Ms # (0)) and every marking reachable from Mes, My
and M is safe and clean.

Note 20

If X and © are Petri boxes, X is a static box and © is derivable
from ¥, then © is a dinamic box. (Accordingly ¥ is a dinamic
box too.)
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Lecture 7 Y = (S, T,W,\ M) dinamic Petri box is entry box if
M = Mes.

Definition 70 (exit box)
Y = (S, T,W,\ M) dinamic Petri box is exit box if M = Ms..

Definition 71 (Notations)

Box?® is the set of static boxes,
Box? is the set of dinamic boxes,
Box€ is the set of entry boxes,
Box* is the set of exit boxes.
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Theorem 32
Let ¥ = (S, T,W,\, M) be a dinamic Petri box and U be a
step enabled by Y.
o If© = (52, To, Wa, \o, M) is a Petri box, derivable from
Y, then © is a dinamic box.
e U is a set of mutually independent transitions. Namely
U x U C inds U idT, where idx = {(x, x)|x € X}.

e Every arcs connected to transitions in U are unitary,
namely W(U x S)u W(S x U) € {0,1}.
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e If © is derivable from X, then © is marked since X is
marked and T — restricted (namely there is not sink
transition in X). Every marking reachable from M.g, Mg
and M, is safe and clean since they are reachable from
Mes, Mse or M (M, is reachable from M, Meg = Mey)
and M@o = M}:o.

e Every marking reachable from M is safe, that is
Vte U:Vse (*tUt®): M(s) <1. This means if there
are two transitions in U, which are not independent, then
U can not be enabled.

Lecture 7

e The proof follows from the proof of the previous item.
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Definition 72 (operator box)

Q= (S, T,W,\, M) Petri box is an operator box if for every
t € T transition \(t) is a transformational relabelling.

Definition 73 (complex marking)

Let be Q2 an operator box. A complex marking of Q is a pair
M = (M, Q), where M is a normal marking of Q and Q is a
final multiset of activated transitions of 2.

Note 21
A normal marking M of an operator box can be represented as
a complex marking (M., ().

Note 22

Complex markings are useful for operator boxes, since a
transition of an operator box can represent complex program
part (even infinite loop) so their execution can take measurable
time.
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Definition 74 (step — using complex markings)
Let be M = (M, Q) a complex marking. A step U is enabled
in M if it is enabled in M. Notation: M[U>.

Definition 75 (complete step execution)

Let be U an enabled step in M = (M, Q) complex marking.

The complete execution of U produces the complex marking

M = (M Q), Where

VseS: M(s )+ > U(t t,s) — W(s,t)).
teU

Notation: M[U> M’
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Definition 76 (step activization)

Let be U an enabled step in M = (M, Q) complex marking.
The complete execution of U produces the complex marking
M =(M,Q + U) Where

VseS: M(s ) =D U(t)x« W(s,t).

teU
Notation: M[UT > M’

Definition 77 (step completion)

Let be U C Q an activated step in M = (M, Q) complex
marking. The completion of U produces the complex marking
M =M, Q- U) Where

VseS: M(s (s)+ ) U(t)« W(t,s).

teU
Notation: M[U~ > M’
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Definition 78 (direct reachability)

M = (M, Q") complex marking is directly reachable from

M = (M, Q), if there exists finite multisets of transitions U, V
and Y suchthat Y CQ, Q' =Q+V —-Y,VseS§:

M(s) > Y (U(t) + V(1)) * W(s,t) and

Lecture 8

teU+V
M'(s)=M(s) + > (U(t)+ Y(t)*W(t,s)
teU+Y
= ) (U(t) + V(1) * W(s, t)
teU+Vv

Notation: M[U : VT : Y~ > M’
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Definition 79 (properties — using complex markings)
M = (M, Q) complex marking is safe, k-bounded and clean, if
correspondingly M is safe, k-bounded and clean.

Definition 80 (Q2-tuple)
Let be Q = (S, T,W,\, M) an operator box. ¥ : T — Box
function is an Q-tuple.

Definition 81 (notations)

Let be Q = (S, T, W, A\, M) an operator box and ¥ an Q-tuple.
Vv e T : let ¥, denote X(v).

If T is finite we can assume their exists a fixed ordering

T ={wv1,...,vp}. In this case we can use notation

Y= {Ty,.. Ty}t or T ={%1,... T,
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Note 23

Let be Q = (S, T,W,\, M) an operator box with complex
marking M = (M, Q). The operation defined by Q applicable
for a ¥ Q-tuple if for every v € T : ¥, is marked if and only if
veRQ.

Definition 82 (interface change — Q-tuple)

Let be Q = (S, T, W, A\, M) an operator box and ¥ an Q-tuple.
Interface change of ¥ according to ) executes an interface
change for every ¥, from ¥ according to the \(v) relabelling
of the corresponding v € T transition.

Definition 83 (notation)

Let be po, = {(0,)} a constant relabelling. We can use the
following notation: p, = «
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Definition 84 (interface change — plain box)

Let be £, = (S, T,W,\, M) a plain box and A\, a

transformational relabelling. Interface change of ¥, according

to relabelling \, results the plain box X!, = (S, T, W', X', M),

where Vs € S : N (s) = X(s) and T', W and Vt' € T’ \(t)

are created in the following way.

For all set of transitions U € P(T) : if the bag

Un = ( +U{)\(t)}) is in the domain of \, a new t' is created
teU ——

to T' (as a composition of transitions from set U) in the
following way.

o N(t') = {(0, A (Un))}
e VseS: Wi(st)= t—l—U W(s,t)

e Vse S W(t,s)= —|—U W(t,s)
te
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Example

Consider the following plain box and the transformational

relabelling p = {({a},7), ({a, a}, a), ({a, B}, B)}.

=0 {0, a} {0, 5} t1

i {0, a} i
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According to definition 84 we can create the following table.

sets of transitions
0
{0}
{t1}
{t2}
{t0, t1}
{t0, t2}
{t1,t2}
{t1, t2}

bags of labels
0

{a}

{s}

{a}
{a, B}
{a,a}
{a, B}

{a,a, B}

p

I =2

I L ™

transition in the result

t0
tl
t2
t3
t4

It shows that the plain box created by the interface change will
contain 5 various transitions, illustrating five various
compositions of the sets of transitions where the domain of
function p contains the corresponding bag of labels.
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pl e pl e
]
Lecture 8 2
0 = 0.5y v 0.5
{0,~}
pZ

pd x
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Definition 85 (transition refinement)
Let be Q = (S, T, W, \, M) an operator box and ¥ an Q-tuple.

Let be X = {Zl, 2o,.. .,Zn} and
Y1 = (51, T1, Wi, A1, My),

Y, = (Sn, Tny Wh, An, M) correspondingly.

Transition refinement of ¥ according to ) creates the plain box
Yo =(5sq, Tsq, W5y, As,, M5, ) by composing
¥1,Y0,...,2, in the following way.

i€[1,n]
o YVt € TZQ : )\zﬂ(t) = )\,’(t) ifteT;
° iQ = U Z,
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e Vs e iQ :
° )\ZQ(S) = i,
Lecture 9 ¢ Vt < TXQ :
[ Wi(t,s) ifte Tjands € S;
° WZQ(t7S)_{O iftc Tjands€Si,j#i
[ Wi(s,t) ifte T;ands € S;
'Wzn(syf)*{o ifte Tyands€ S, j#i

° SZQ = iQ U g;w

o 57°% and Vs € S§%% 1 Aso(s), My (s) and the connected
arcs are created by applying the following method
according to every p; € S.
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Let be p a place from S. Transition refinement of ¥ according
to p creates new places ¥ ;" (with corresponding marking,
relabelling and connected arcs) in the following way.

Let us suppose *p={vj,,..., v } and p*={vj,..., v}

= {comp({s,-l, ey Sis Sy Sin 1) |
Siy GZ(V,'J', <oy Sip EZ(V;,()',
i €°X(Viy)s- - -5 Sjm €°X(v),) }, where
comp({Siy,---,Si,Sj»---+Sjn}) is @ new place with properties
o Asx,(comp({si, ..., SisSps---+Sin})) = A(p)

® MZQ(COmp({Sq, oo 7Sik7 sj17 ctt sjm}))

— (3 M(s) + (55 M(s,))
f=1 g=1
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o YVt € TZQ :
let be | € [1,n] where t € T,

® W):Q(COmp({S,'l, <oy Siky Sjra e sjm})’ t)
k m
= (fZlX(if = 1) * Wi(s;,, 1)) + ( le(/g = 1) * Wi(s, t))
— a=
® W):Q(tv Comp({shv <oy iy Sjpy e e 75Jm}))

—( z i = 1) 5 Wit ) + (35 X0 = )« Wit ;)
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Consider the following operator box £ and the Q-tuple
Y ={%1, 1o, 23}

Lecture 9
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According to definition 85 if we calculate the transition
refinement of ¥ according to Q first we can copy all the
transitions and internal places of X1,Y, and X3 into the new
plain box (with the corresponding relabellings and markings).

=34

B0

i
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Then the described composition method have to be applied
according to every place of .

Py preset corresponding plain box  exit places

postset corresponding plain box entry places
vl >4 sl1
v2 P 521,522

The new composed places are s11_21 and s11_22.

=11_21 =11_22




Analysis of . . .
prasis of P1  preset corresponding plain box  exit places

SyiaTme vl 1 s12
M&té Tejfel v2 22 s23
postset corresponding plain box entry places
v3 23 s31
Lecture 9 The new composed place is s12_23_31.

s11 21 1122




Doy P,  preset corresponding plain box  exit places
Systems V3 23 532, 533

Maté Tejfel

postset corresponding plain box entry places

new composed places are s32 and s33. (In this case we
practicaly just copy the two old places into the new plain box.)

Lecture 9

s11 21 1122
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Definition 86 (net refinement)

Let be Q = (S, T, W, \, M) an operator box and

Y ={X1,X,..., X5} an Q-tuple. The net refinement of ¥
according to €2 in the first step calculates the interface change
of ¥ according to 1. And then it calculates the transition
refinement of Q-tuple ¥’ = {¥|, X}, ..., ¥/} according to Q,
where ¥, Y5, ... X are the results of the first step.

Note 24

Operator boxes can be defined for describing the construction
of well-know program structures (sequence, branch, loop,
parallel structure) and transformations (renaming,
synchronization). This makes it possible to calculate the petri
net representation of a complex program by defining the
representation of the basic elements (for example the actions)
and applying the corresponding operator boxes for the program
constructs.
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Labelled Transition Systems

Definition 87 (Labelled Transition System)
A Labelled Transition System is a triple (C, A, —), where

C is a set of configurations (states),
A is a set of actions, and
— Is a transition relation (— C C x Ax C)

Notations

c3c <cacd>en

VacA: 3 ={(c,d)| <c,ac >c—}
c—>c:JacA:cS
c3:3eC:cd /¢

ch AdeCic—

—* C C x A* x C is the transitive closure of —
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Labelled Transition Systems

An example.
Ais an arbitrary set.
Definition of C is inductive:

e nil € C,

e ape C,ifaeApeC,

e p+qgeC, ifp,geC,

e C is the smallest set satisfying the previous 3 rules.
Definition of — is also inductive:

e ap > p whereac A, pe C,

2 ’

. ﬁ , where ac A, p,q,p' € C,
a ’

o 7;:_3:)[), , where ac€ A, p,q,p' € C,

e — is the smallest set satisfying the previous 3 rules.
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Labelled Transition Systems

Semantics
e Operational semantics

e consider the meaning of program steps
e useful for implementation

e Denotational semantics

e consider the program as a whole
e from parts to complete (useful for program synthesis)

e Axiomatic semantics

e basic properties of the program
e useful for verification



Analysis of
Distributed
Systems

Maté Tejfe

Lecture 10

LTS operational semantics

Consider the process with its environment.
e (pe)e CxC
a ’ a o

p—> p, e e

plle > p'lle’

* plle:

Definition 88

The process p corresponds to an environment e (p sat e),
if and only if Vp',e' € C: plle 2 p'lle’ and p'|le' />
) . .

e'=nil

(In every case the environment is reduceable into nil.)

Definition 89 (Equivalence in operational semantics)
Two processes p and q are equivalent according to the
operational semantics (p equ, q), if and only if

Vee C:psate< q sat e
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Definition 90
T: P — P(A%)
- 7(nil) =€
-VYac€Ape P:7(ap)=ar(p),
where aT = {at|t € T} (T C A¥)

every sequence which can be produced by 'p’ with an
additional ‘a’ in the beginning

-Vp,ge P:7(p+q)=7(p)U(q)

Definition 91 (Equivalence in denotational semantics)

Two processes p and q are equivalent according to the
denotational semantics (p equy q), if and only if 7(p) = 7(q)
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Relationship between different
semantics

Theorem 33
The operational and the denotational semantics of LTS are not

equivalent, 3p,q € P : (p equ, q) # (p equq q)

Proof.

Jp.q € P: (pequ q) # (pequ, q) :

(a(p + q) equq ap + aq), but =(a(p + q) equ, ap + aq),

(where a € A, p,q € P)

(a(p+ q) equq ap + aq):
- 7(a(p+q)) = ar(p+q) = a(7(p)UT(q)) = ar(p) Uat(q)
- 7(ap + aq) = 7(ap) U T(aq) = ar(p) U at(q)
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Relationship between different
semantics

—(a(p + q) equ, ap + aq) :
- let p = ap1, and g = bgi (where p1,q1 € P, b€ A, and
a#b),
- let e = aanil,
- a(p+q)sat e: (a(apy + bg1) || aanil) >
(apy + bai || anil) 2 (p1 || nil)
- =(ap+ aq sat ) : aap; + abq || aanil > baqy || anil +
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Jp.q € P:(pequ, q) # (pequq q) :

- pequ, (p+ nil)
- p#nil = —(pequq (p+nil)):
- 7(p+nil)=71(p) UT(nil) = 7(p) Ue
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Definition 92

7 P — P(A*)
- 7'(nil) =€
-Vae A pe P:1'(ap) =ar'(p)Ue,
-Vp,ge P (p+q)=1(p)UT(q)

Note 25
7'(p) is prefix closed.




Analysis of
Distributed
Systems

Lecture 10

LTS denotational semantics
(alternative version)

Definition 93 (Equivalence in denotational semantics
(alternative version))

Two processes p and q are equivalent according to the modified
denotational semantics (p equ’y q), if and only if 7/(p) = 7/(q)

Theorem 34
Vp,q € P:(pequ, q) = (p equ’y q) :
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LTS axiomatic semantics

Al p+(qg+r)=(p+aq)+r
A2 p+q=q+p

A3 p+p=p

A4 p+nil=p

A5 a(p+q) =ap+ aq

Definition 94 (Equivalence in axiomatic semantics)
Two processes p and q are equivalent according to the
axiomatic semantics (p equ, q), if and only if p is
transformable to q using axioms AI-A5.
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Theorem 35
Vp,q € P:(p equ, q) < (p equ’y q) :

Definition 95 (Weak equivalence in axiomatic semantics)

Two processes p and q are weak equivalent according to the
axiomatic semantics (p equ-w, q), if and only if p is
transformable to q using axioms A1-A4.

Theorem 36
Vp,q € P:(p equ-w, q) = (p equ, q) :

Note 26
Va,b,c € A: abnil + acnil equ, (abnil 4+ acnil) + a(bnil + cnil),
but —(abnil + acnil equ-w, (abnil + acnil) + a(bnil + cnil))
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Syntax of CSP

Definition 96 (Syntax of CSP)

Let Com be the set of the communication events.
Let Id be the set of process identifiers.

The set of CSP processes

PROC ={p | p € Rec N FV(p) =0}, where
FV (expr) is the set of free variables of expr,

Rec is the minimal set satisfying the following:

e STOP € Rec (deadlock or endpoint),
e DIV € Rec (divergence),

e a — P € Rec (prefix), where

e ac Com and
e P € Rec,
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et e (x1 = Pi|x2 = Ps|...|xn = Ppn) € Rec (choice) ,where
e nc N,
® X1,Xp,...,X, € Com,
o X1 £ Xo F - £ Xp (X1, X2, - - ., Xy are distinct events) and
° Pl,Pz,...,Pn € Rec,

P11 Q (nondeterministic or), where
e P.Q € Rec

POQ (general choice), where
e P.Q € Rec

P||@Q (concurrency), where
e P,Q € Rec
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Syntax of CSP

rec X.P (recursion), where
e Xeld
e P e Rec
X € Rec (variable), where
e Xeld
f(P) € Rec (renaming), where
o f:aP — Com
e P c Rec
P\ C € Rec (concealment), where
e CC Com
e P& Rec
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Alphabet of a CSP process

aP is the alphabet of process P

e the process is equiped with the physical capabilities to
engage in these events.

Note 27

e STOP, is the process which is equipped with the physical
capabilities to engage in the events of A, but it never
exercises those capabilities,

o STOP4 # STOPg if A # B,
e a(a— P)=aP, (acaP),



Analysis of
Distributed
Systems

Maté Tejfel

Lecture 11

Alphabet of a CSP process

ala; = Pilaz = Pa| ... lap — Pp) = aPy = -+ = aPy,
({a1,a2,...,an} C aPy),

a(P||Q) = aPUaQ,

a(f(P)) = f(aP) (where f : aP — A),
a(PMQ)=aP=aQ,

a(POQ) = aP = aQ,

a(P\ C)=(aP)\ C.
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Menu

Note 28

e The choice is not an operator on processes, the following
are incorrect:
e (PIQ)
e (x— Plx = Q),
* (x—= Ply = QIR),
* (x—=Ply—Q)lz—R))

Definition 97 (Menu)

x: B — P(x), where BC COM andVx € B : P(x) € PROC is
a generalization of choice. First it offers a choice of any event
e in B, and then behaves like P(e).
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Note 29
e x:B—P(x)=y:B— P(y)
e x:{} > P=STOP,p
e x:{a}>P=a—>P

e x:B— P(x)= (a1 — Pilaa = P2|...|lan — Pn),
if B={a1,az,...,an}
and P(a1) = P1, P(a2) = P», ..., P(an) = Pn
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Recursion

P = recX.F(X) ~ P = F(P)

Example
e CLOCK = tick - CLOCK, aCLOCK = {tick}

CLOCK
= tick - CLOCK
= tick — tick - CLOCK
= tick — tick — tick - CLOCK
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Recursion

X = F(X), aX = Ais well defined if the equation has a
unique solution with alphabet A.
uX : A.F(X) denotes this solution.

Note 30
o uX:AF(X)=pY :AF(Y)
o CLOCK = pX : {tick}.tick — X
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Lecture 11 e P=(up— up — right - STOP
|right — right — up — up — left — STOP),

aP = {up, right, left, down}

Stop

Start
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Examples

e VMS = coin — choc - VMS, «aVMS = {coin, choc}
e RUNs=x:A— RUNy, aRUNag=A

e P=ILEVELg
LEVELy = (around — LEVELg|up — LEVEL;)
LEVEL; = (up — LEVEL;.1|down — LEVEL;_1), where
ieN

aP = {around, up, down}
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Examples

Mutual recursion.

TV = (setBBC — BBC ’ setpyTv — MTV)

BBC = (watchingggc — BBC | turnyg — TV | setpyry —
MTV)

MTV = (WatchingMTV — MTV ’ turnyg — TV | setpec —
BBC)

aTV = {Setggc, setpmrTv, WatchingBBC, WatchingMTV, tUrnoff}
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Axiomatic semantics (menu and
recursion)

Definition 98 (Guarded process)
A process P is guarded if it begins with a prefix.

Ax.1.

Ax.2.

Let be P =x:A— P(x)and P =y : B — Q(y)

Pri = Pry if, and only if aPry = aPr,, A= B and

Vx € A: P(x) = Q(x).

If F(X) is a guarded expression containing the process
name X, and A is the alphabet of X, then X = F(X) has

a unique solution with alphabet A.
(X=F(X) < X=unY :AF(Y))



Application of Ax.1.

o STOP # (a— P)
STOP=(x:{}—=P) # (x:{a} = P)=(a— P)
e(a—P)#(b—> Q) ifa#b
(a—=P)=(x:{a} = P) #(x:{b} = Q)=(b— Q)
({a} # {b})
e (a—=Pb—Q)=(b— Qla— P)
Let be R(a) = P and R(b) = Q
(a— Plb— Q)= (x:{a,b} - R(x))=(b— Qla— P)
e(a—>P)=(a—> Q) — P=Q
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Application of Ax.2.

o uX:AF(X)=F(uX:AF(X)), (if F(X) is guarded),
e Let be VM; = coin — VM, and VM, = choc — VM,
VM; = VMS
VM; = coin — VM> = coin — choc — VM,
VM, = uX : {coin, choc}.coin — choc — X = VMS

e uX.coin — (choc — X | toffee — X)
= pX.coin — (toffee — X | choc — X)

((choc — X | toffee — X) = (toffee — X | choc — X))
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Ax.3. P||Q = Q||P.
Ax4. PII(QIIR) = (PIIQ)IIR.
Ax.5. P||STOPup = STOP.p.
Ax.6. P||RUNp = P.
AxT. (e = P) [ (¢ = @) = (c = (PI|Q)).
Ax8. (c—= P) || (d - Q) = STOP,
if c#dand c,d € (aPNaQ).




Axiomatic semantics (concurrency)

(@a=P)[l(c=Q) = a—= (P (c=Q)),
if a€ (aP\ aQ)and c € (aPNaQ).

(e=P)[(b=Q) = b= ((c=>P) [l Q)
if ce (aPNaQ)and be (aQ\ aP).

. (@a=P) || (b= Q)
= (b= ((a=>P) [ Q) |a—= (P (b~ Q)),
if ac (aP\aQ)and b€ (aQ )\ aP).

C(x: A= P(X)) || (v : B—= Qy))
= z:(ANB) = (P(2) || Q(2)),
if aP = aQ.
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Lecture 12 AX13 Let be P = X A — R(X) and Q =y B — T(y)
(AC aP, BCaQ)

Pl|Q = z:C— (P(2) |l Q(2)), where
C = (ANB) U (A\aQ) U (B\ aP)

R(z) ifze A
/ —
Plz) = { P otherwise

_ T(2) ifze B
o Q otherwise

Q'(2)
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e NOISYVM
= coin — clink — choc — clunk — NOISYVM,
(aNOISYVM = {coin, choc, clink, clunk, toffee})

CUST
= coin — (toffee — CUST | curse — choc — CUST),
(aCUST = {coin, choc, curse, toffee})

NOISYVM || CUST

= pX : {coin, choc, clink, clunk, toffee, curse}.coin —
( clink — curse — choc — clunk — X

| curse — clink — choc — clunk — X)
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e P = up— down— P, (aP = {up,down})
Q = (left — right — Q | right — left — Q),
(aQ = {left, right})
P H Q = R12, where
Ry = (Up — R | left — Ri1 | right — R13)

Lecture 12

Ry = (dOWﬂ — R ‘ left — R»q ‘ right — R23)
Ri1 = (Up — Ry | right — R12)

Ry = (down — Ry1 | right — R22)

Riz = (Up — Ro3 ’ left — ng)

Ry; = (down — Ry3 | left — R22)




Examples
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e P=a—c— P, (aP={a,c})
RQ=c—=>b—=Q, (a«Q=1{b,c})
Lecture 12 P H Q: (a—>C—>P) H (C_>b_>Q)

a—(c—=>Pllc—=b—=Q)
a—»c—(Pllb—Q)

Pllb—-Q = (a—c—P)|(b—Q)

(a=b=((c=P) Q) | b= (Pl Q)
(@a—=b—=(c=Pllc>b—Q)
| b= (a—=c— (P b= Q)))
(a—=b—c—(P||b—=Q)

| bsa—c— (Pl b= Q))
=upuX:{a,bcl(a—=b—-c—>X|b—=a—c—X)

PI|Q=a—>c— (uX:{abct(a—=b—c—X
| b—a—c— X))
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Axiomatic semantics (renaming)

Let be f(A) = {f(x) | x € A},
where A C Com and f : Com — Com. Let be f~1 is the
inverse of f.

STOPa) = STOPf(a).

f(
 f(x:B— P(x)) =y : (f(B)) = P(f1(y)).
(PR ) FIPIIF(Q).
f(
f(

§X s AF(X)) = Y : F(A).F(F1(Y)).

g(P)) = fog(P),
where f o g is the composition of f and g.
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PI(QNR) = (PIQ
C(PNQ)IIR = (PIR
S f(POQ) = f(P) N f(Q).

Axiomatic semantics
(nondeterministic or)

. PAP=P.
. PNQ=QnNP.

S (POQ)NMR=PNI(QNR).
x=>(PNQR)=x—-P)N(x = Q)
. x:B = (P(x) 1 Q(x))

= (x:B—= P(x)) M (x: B— Q(x)).
(PIIR).

) M
) 1 (QIIR).
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Axiomatic semantics
(general choice)

. POP = P.
POQ = QOP.
(POQDOR = PO(QONR).

. POSTOP = P.
. (x:A=P(x)) O (y: B— Qy))

= z:(AUB) — R(2),

P(z) ifze A\ B
where R(z) = { Q(z) ifze B\ A
P

z) N Q(z2) fze ANB

S POQMOR) = (POQ) N (POR).
. PO(QROR) = (PIQR)O(PMR).



Axiomatic semantics
(concealment)

. P\{} = P.
. (P\B)\C = P\ (BUC).
S (PRNQR)\NC = (P\CO)N(Q\ C).
. (STOPA)\ C = STOPa\c.
x—=(P\C) ifx¢g C
'(’HP)\C:{(P\C) if x € C
(PN C = (PN O) [ (Q\ Q)
ifaPNaQnC = {}.
. f(P\ C)="f(P)\ f(C).
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RSN Ax.41. (x: B— P(x))\C = x:B = (P(x)\ 0),
if BN C={}.
Ax42. (x: B—= P(x))\ C = xl'_lB(P(X) \ C),
if BC C, and Bis finite and not empty.
Ax42. (x: B — P(x))\ C
—on (QD (x:(B\C)—>(P(x)\C))),
where @ = 1 (P(x)\ C),

. x:BnC
if CN B is finite and not empty.

Note 31
There is no general axiom for (P || Q)\ C and for (P O Q)\ C.
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Definition 99 (Trace of a process)

A trace t of a process P is a finite sequence of events in which
the process has engaged up to some moment in time.

Lecture 13 (t € (aP)*)

Auxiliary functions.
Let be s, t and u traces. (s,t,u € Com™)

e s/\t — concatenation of s and t.
e t" — n times concatenation of t.
o t0=<>,
° t”+1 — t/\tn
e t 1 A — restriction to A (A C Com).
o <>TA=<>,
c (S"OTA = (sTANETA),

.« <x>TA= < x> ifxec A
<> ifx € A
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tg — head of t,

e (<x>"s)=x.
e t' —tail of t,
o (<x>"s) =s.

Lecture 13

e s <t — prefix,
e s<t = (Fu:(s'u)=1t).
e s in t — infix,

e sint = (Ju,v:(u's"v)=t).
#t — length of t.

t | x — the number of occurencies of x in t,

o t|x=2#(t1{x}).
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Denotational semantics of
processes

Definition 100 (Equivalence in denotational semantics.)

Two CSP process P and Q are equivalent according to the
denotational semantics, if traces(P) = traces(Q) (they have
the same traces), where the formal definition of function traces
is the following.

Definition 101 (Traces of a process)
1. traces(STOP) =<>,

2. traces(x : B — P(x))
={t|t=<>V (to eBAt e traces(P(to)))},

3. If F(X) is guarded, then
traces(uX : A.F(X)) = U traces(F"(STOP,)),
where n20
e FO(X)=X,
o FHI(X) = F(F(X),
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Denotational semantics of
processes

4. traces(P || Q)
={t | (t 1T aP) € traces(P) N (tT aQ) € traces(Q)
Ate(aPUaQ)},
o If aP = aQ, then traces(P || Q) = traces(P) N traces(Q),

5. traces(f(P)) = {f*(s) | s € traces(P)},

where f € aP — Com,
f* e (aP)* — Com*,
*(<>) =<>,
(< x>)=<f(x) >,
f*(s"t) = F*(s)"F*(t),
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Denotational semantics of
processes

6. traces(P M Q) = traces(P) U traces(Q),
7. traces(P O Q) = traces(P) U traces(Q),
8. traces(P\ C) ={t T (aP\ C) | t € traces(P)},
if Vs € traces(P) : —diverges(P/s, C),
where diverges(P, C)
= (Vn € N: (3t € traces(P)NC* : #t > n)),
and P/s is a process which behaves the same as P
behaves from the time after it has engaged in all the
actions recorded in s, if s is not a trace of P,
(P / s) is not defined,
traces(P/s) = {t | s"t € traces(P)}, if s € traces(P).
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Examples of traces

Note 32
Forall CSP process P:

<>¢€ traces(P)

st € traces(P) = s € traces(P)

traces(P) C (aP)*

e PMQ and P [0 Q cannot be distinguished by their traces.

Examples
e traces(a — P) ={<>} U {<a>"t|t € traces(P)}.
e traces(coin — choc — STOP)
= {<>, < coin >, < choc >}.
e traces(a— P | b— Q)
={<>} U {<a>"t|te traces(P)}
U{<b>"t|tEe traces(Q)}.
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Examples of traces

o traces(RUN,) = A*,
o RUNg=uX :A(y:A— X),
namely here (F(X)=y: A— X)
e According to the 3. item of definition of function traces it
is enough to see:
Vn € N: traces(F"(STOPa)) = {s | s € A* A #s < n}.
Using induction:

n=0

n=k+1

traces(F°(STOP4)) = traces(STOP4) = {<>} =
{s|seA* A#s <0},

traces(F*1(STOP,))

= traces(F(F*(STOP4)))

traces(y : A — FX(STOP,))

{t|t=<>V (to € ANt € traces(F*(STOPa)))}
{tlt=<>V (e Art e{s|sec A" A#s<k})}
{tlt=<>V (e ANt e A" N#t' < k)}

{t|te AN#t < k+1}



Analysis of
Distributed
Systems

Maté Tejfel

Lecture 13

Specifications

Definition 102 (Specification)

A specification S of a process P is a requirement for the traces
of P. (S:(aP)* — {TRUE, FALSE}.)

Definition 103 (Satisfaction)
P satisfies S, (P sat S) if Vtr € traces(P) : S(tr).

Note 33

Let be S a specification. If there exists any process which
satisfies S, then S(<>) has to hold, so STOP satisfies S.
Namely we can specify only safety properties. (We can not
specify progress properties.)
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P sat TRUE,
(VneN: Psat S,) = P sat (Vne N:S,),
(PsatS AN S=T)=—PsatT,
(Vx € B: (P(x) sat Sy)

= (x: B — P(x)) sat ((tr =<>)V (tro €
B A Sy (tr'))),
5. F(X) is guarded

A(STOP, sat S)

AVX € PROC,aX = A: ((X sat S) = (F(X) sat S))

= uX : AF(X) sat S,

Lecture 13

N
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o ~

o]

Properties of satisfaction

. (PsatS) AN (Qsat T)

= P || Q sat (S(tr T aP) A T(tr 1 aP)),
. P sat S = f(P) sat S(f~1(tr)),
. (Psat$S) N (Qsat T)

= PN Qsat (SVT),

. (PsatS) AN (Qsat T)
= POQsat (SVT).
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e STOP sat (tr =<>),

e Psat S
= (c—>d—P
sat (tr < <c,d>)V(<c,d>< trAS((tr))),
e Psat S NQsat T
= (c—=>P|d— Q)
sat (tr = <>
V(tro = c A S(tr'))
V(trg = d A T(tr')),

Lecture 13
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e Let be VMS = uX : {coin, choc}.coin — choc — X
(F(X) = coin — choc — X), and
VMSSPEC = (0 < ((tr J coin) — (tr | choc)) <1)

VMS sat VMSSPEC,
because
1. (tr =<>) = VMSSPEC
= STOP sat (tr =<>) = STOP sat VMSSPEC

2. Suppose X sat (0 < ((tr | coin) — (tr | choc)) < 1)
= F(X) sat ((tr < < coin, choc >)
V ((< coin, choc > < tr)
A (0 < ((tr” | coin)—(tr" | choc)) < 1))

2.a (<> coin) — (<>] choc) = 0,
(< coin > coin) — (< coin >| choc) = 1,
(< coin, choc > coin) — (< coin, choc >| choc) =0
= Vt < < coin,choc >: (0 < ((t ] coin) — (t | choc)) < 1)
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2.b Suppose for trace u VMSSPEC(u) holds.
(< coin, choc >" u | coin) — (< coin, choc >" u | choc)
= ((u{ coin) + 1) — ((u | choc) + 1)
= ((u | coin) — (u | choc))
= VMSSPEC(< coin, choc >" u) holds.
o (2.) A (2.b)= F(X) sat VMSSPEC.

e (1) A (2) = VMS sat VMSSPEC.
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@ Lecture 14 - Communication in CSP

Agenda
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Communication events

Using channels.
e Special actions: c.v

e ¢ is the name of the channel,
e v is the value of the message.

e channel(c.v) =c¢
e message(c.v) = v
e ac(P)={v|cveaP}

e potential messages on channel c.
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Communication events

e Sending a value v on channel c:
e clv—sP=cv—P

e Receving a value from channel ¢ into variable x:
o c?x = P(x) =y :{y | channel(y) = ¢} — P(message(y))

Example 12

COPY = uX.(in?7y — outly — X)
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Definition 104 (Communication rules)
1. (clv = P c¢?x = Q(x)) = c.v— (P || Q(v))

Lecture 14

2. (clv =Pl c?x = Q(x)\C=(P|l Q(v))\C,
where C = {y | channel(y) = c}

Example 13
INPUT = pX.(in'42 — X)

INPUT||COPY = uX.(in.42 — out!42 — X)

(INPUT||COPY)\ {y | channel(y) = in}
= puX.(out!d42 — X)
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e Simulating a variable
VAR = in?x — VAR

VAR, = (in?7y — VAR,
| out!lx — VAR\)

e Simulating a dataflow multiplexer

MUX = (in1?x — outlx — MUX
| in2?x — out!x — MUX)
e Simulating a dataflow branch

FORK = in?x —(out;!x — FORK
| outa!x — FORK)

Examples
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e Simulating a buffer
BUFFER = P~

P.~ = (empty — P>
‘ in?X — P<X>)

P<X>/\XS = (OUt!X — PXS

| in?y — P<x>/\xs/\<y>)

e Simulating a stack
STACK = P~
P.~ = (empty — P>
‘ in?X — P<X>)
Poysnxs = (out!x — Pys
| in?y — P<y>A<x>Axs)

Examples
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Specifications

Notations

e tr | ¢ = message*(tr T ac)

e Simplification: ¢c; < ¢y inplaceof tr L c; <tr] o

n
ca<a=(a<a A #c < #ca+n)
0
o (<O <E=cq =0

n m m-+n

e (a<a)A(@<a) = (a < )

n
° (C1§C2):>HFIEN01C1§C2
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e MUX sat )
(3r € Com* : out <r A r € interleaves(iny, iny))

e FORK sat .

(3r € Com* : r<in A r € interleaves(outy, out>))

e BUFFER sat out < in
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in ‘ P> 0Q |0U|

P> Q is the pipes of P and Q
e a(P > Q) = ain(P) U aout(Q)
e aout(P) = ain(Q)
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Communication rules of Pipes

Definition 105 (Communication rules of Pipes)

LP>Q@>R=P>Q) >R
2. (outlv — P) > (in?x — Q(x)) = (P> Q(v))

3. (outlv = P) > (out'w — Q(x))
= outlw — ((out!lv — P) > Q(v))

4. (in?7y — P(y)) > (in?7x — Q(x))
=in?y — (P(y) > (in?7x — Q(x)))
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Communication rules of Pipes

. (in?7x — P(x)) > (out'w — Q)

=in?x — (P> (out'w — Q))
| out!w — ((in?x — P(x)) > Q)

. (in?x = P(x)) > R > (outlw — Q)

=in?x = (P> R > (out'w — Q))
| outlw — ((in?x — P(x)) > R > Q)

. If R is a chain of pipes all starting with sending data to

channel out:
R > (out'w — Q) = outlw — (R > Q)

. If R is a chain of pipes all starting with waiting data from

channel in:
(in?x — P(x)) > R =in?x — (P(x) > R)
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Examples

e P = (in?x — out!x? — P)

2
(P> P) sat (out < power_four*(in))
Where power_four(y) = y*

e P = (in?x — outl(x,x +4) — P)
Q = (in?7y — outl(y; x y2) — Q)

2
(P> Q) sat (out < fv*(in))
,where fv(z) = 72 1L 4z
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