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Name mobility

in CCS communication is statically defined
(channels cannot be transmitted / received)

what if channels are treated as ordinary values?

can we extend CCS to communicate communication means?



Name mobility




Name mobility

(A\ab | B | S)\as\bs ((A| B)\ab | S)\as\bs




pi-calculus: syntax

= Ty send yon x
r(y)  receive on x and store in y
T internal action
= nil iInactive process
. action prefix
r =ylp matching (like, if x=y then p)
p+p nondeterministic choice
p|p parallel composition
(y)p restriction (like p\vy , also written (vy)p)

Iy replication (like p|p|p| - - )



pi-calculus: syntax

the only binders are input prefix and name restriction
z(y)-p (y)p

the notion of free and bound names are defined as usual
fn(p) bn(p)

the notion of capture avoiding substitution is defined as usual
pl* /]

processes are taken up-to alpha-renaming of bound names
z(y).p = x(2).(p["/y]) if 2 & fn(p)
(y)p = (2)(0[*/y]) if 2 & tn(p)
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pi-calculus: notation

mn
write Zpi instead of p1 +--- + p,
i=1

n
write sz- instead of p1\ T |pn
i=1

write (a)p instead of (a1) - (a,)p

input guarded replication: !z(y).p

8



pi-calculus: conventions

we omit trailing nil
(y)zy.ym.nil as (y)Ty.ym

vacuous messages written as CCS prefixes

T|x.p+x.q

mismatch not necessary (if the number of cases is finite)

z#ylp as Y [z=ylp
J71
polyadic communication (can be encoded)
E<Zla°”7zn>°p x(ylaayn)q

T(Z).p z(Y).q



Examples

(ab)as ab. abm A’/do something else

\ send mon ab
send ab on as

create a new (private) channel ab

S =las(z) . bso—

\

omit nil
receive on as and forward to on bs

A
B = bs(y).y(w). B'—— 44 something else

\ \receive ony
receive y on bs (as) (bs) (A | S | B)



Example

(as)(bs)(bs(y) . y(w).B" | Yfas(z)] bsx | (ab).%m.A')
~ >~  _—

scope extrusion

T

(as) (bs) ([bs(x) | y(w) . B’ ab [bsabl|  abm. A" )| S)
'\V\//

scope extrusion

T

Y
(as)(bs)( (ab)([ab(w)]- B nil | [abml A )| 5)
\ /

dynamic topology of communication



r-calculus
operational semantics



pi-calculus: LTS

ongoing interaction
with the environment
(with other processes)

87

P —q
a process _— T the process
N 1ts current state after the
state Interaction

small-step semantics

13



pi-calculus labels

What is a label a?

o = T/“ free names
Ty/‘

z(y) bound name

o o .\/




Action prefix

Act)

po
m™.p — D

note: (y).p 5 p

z(y).p = x(2).(p[*/y]) if z € fn(p)

2(y).p 2 p[7/,] if = & fn(p)

we call fresh such z
Z is just a placeholder, not an actual value

we define some sort of symbolic semantics for input
(the continuation needs an actual name to evolve)

|5



Matching & Choice

LN
Match) b d

[xzx]pﬁq

example: login(y) .|y = pwd|p

example: confirm(y).(|ly = ok|p+ [y = nolq)



Parallel

%
parl) 1 " 1 bn(a) N fn(ps) =0

P1 |p2 = d1 \Pz

a,
ParR) P2 7 42 bn(a) Nfn(p1) =0

P1 |P2 = P1|Clz

/ fresh

() .72 | wu) 25 5z | w(u)

not fresh! o
/ / not taken in input!
U

_ r(w) __
z(y) - vz Twtm——2z] w(u)



Communication

z(y) z(y)

LN ; Tz
ComL) D1 21 D2 AL q2 ComR)pl qQ1 P2 — Q2
p1lp2 — q1](q21%/4]) p1lpe — Q117 /yllqe




Restriction

Res) p—4 y & fn(a) U bn(a)

(y)p — (y)q
p g Y F£ T
PG 2 & f((y)p)

/

a new kind of label:

bound output we temporarlly remove the restriction

a = T




Scope extrusion

P1—>q1 P2 — Q2 P1L—>q1 P2 — Q42

Closel) — CloseR) -
D1 \pz — (Z)(Q1|Q2) D1 |P2 — (Z)(QHQQ)

we restore the restriction

20



Replication

p|lp = q
' (87
Ip = q

Rep)

alternatively (to avoid infinite branching):

plp = q
Rep) o
Ip — qllp

alternatively (if only input guarded replication is allowed):
p—q

Ip = q!p

Rep)

req (

Y)
> pllreq(y).p

21

lreq(y).p



pi-calculus: semantics

%
Act) p- Match) p d SumlL) b1 %2 SumR)...
T.p — P [xzx]p%q pP1T+p2—(q
' @
pllp — ¢
R, P
D — 4 ParlL) = bn(ar) N fn(pz) =0 ParR)...
%
. N q P1 |p2 d1 \pz
Res) S y ¢ fn(a) U bn(a)
(v)p — (y)q _ 2(y)
P1 —>q1 P2 7 g2
ComL) - ComR)...
Ty p1lp2 — q1](q2[%/4))
o pP—(q y#£ T
pen) —_ 2 & fn((y)p)
2 1/y P1 M q1 P2 ﬂ 42

Closel) CloseR)...
P1 |p2 (2)(q1lq92)

22



Process constants

. A(y) invocation




Constants vs replication

Al (551) é P1 D o= e
A = T . A(y) invocation

An (En) = Pn

Introduce one dedicated channel a; for each constant A;

D = H!ai(%)-@ (requires polyadic communication)
1=1

where ﬁé p[al/Ala oy /A, ]

then run (a)(q |D) instead of ¢

24



Example

A(z) = z(y).B(y) B(y) = (2)yz.A(z)

D2 H!ai(%’i)-@ where p = p[® /4., ...,.% /4 ]
1=1

D = la(x).x(y).by | b(y).(2)yz.az

then run (a)(q |D) instead of ¢ q = Al{x) | B{x)

(a,b)(@x | bz | D) = (a,b)(z(y).by | bx | D)
5 (a,b)(z(y).by | (2)zz.az | D)
5 (a,b,z1)(bz1 | @21 | D)

25



k Exercise

what’s wrong with the following encoding of matching?

x=ylp as T|yp

there can be interferences!
other processes can steal the message on x

other processes can send messages on y

26



r-calculus
bisimulation
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Strong early ground bis
RCPxP
=3¢. g > ¢ Ap'R{

= Jq’. qﬁq’/\p’Rq’

- Elq/ q Cl?(y)> q/ /\p/Rq/

P S P = Vz. 3¢ g o), ¢ NP'[*/y] R [*/,]
y & fn(q) \ - -

and vice versa for every possible input

28



Strong early ground bis

RCPxP

p—p

bn(a)Nfn(q) =0 = 3¢ ¢ = ¢ Ap'R{
a # x(y)

:v(y)> p/ / x(y)\ / /72 Iz
= Vz. dq". q r ¢ NPy Ry

y & fn(q) \

and vice versa for every possible input

29



Strong early ground bis

RCPxP
pﬂp/ / 8 / / /
bn(a) Nfn(q) =0 = 3¢.-9—q¢ ANp Ry
a # x(y)

pRqg=

x(y)\ /

D > D / x(y)\ / /72 /T2
Y & f(q) éﬂq-q ¢ APy RG]

and vice versa early quantification

30



Strong late ground bis

RCPxP
pﬁp/ / & / / /
bn(a)Nfn(g) =0 = 3¢ q¢—q Ap Rg
a # x(y)

pRqg=

w(y)\ /

D > D / w(y)\ / /T2 /T2
Y fn(q) = 044 NVz|p' /R4,

~

and vice versa late quantification

31



Early vs late

early for every input Bob can choose a different move

V. 3q . - -

late Bob must choose one move, valid for every input

3. V. -

32



Early/late bisimilarities

early bisimilarity
p ~g q iff 3 a strong early ground bisimulation R with pR ¢

late bisimilarity

p ~, q Iff 3 a strong late ground bisimulation R with p R ¢q

33



Early vs late

P = x(y). 7+ x(y) Q=P+x(y).ly=ar
Pi(i)—w‘;nil QﬂT;ﬂﬂ
P 2%, il Q %, nil
z fresh Q ), z =alT
early game 2 fresh

Alice picks ) =), z = al|T

for z = a Bo
for z # a Bo

o picks P ——+x(z) T Bob wins

) picks P 2 nil

P~g Q

34



Early vs late

P = x(y). 1+ x(y) Q=P+x(y).ly=alr
Pi(i)—M';nil QﬂT;ﬂil
p 2%, nil Q =%, nil
z fresh Q ), z = alT
late game 2 fresh
Alice picks Q) =), z = alT
if Bob picks P i(i)% T Alice wins when z # a
if Bob picks P M nil Alice wins when z = a
Alice wins

P Q

35



Early vs late: properties

P~ Q=P~g(Q
Pr~p Q2 P~ Q

(see previous example)

~g (resp. ~p) is a strong early (resp. late) ground bisimulation
~ g and ~ are equivalences but not congruences

(not preserved by input prefix)

p~gqif
p~ qif

- po ~pg qo for every su

- po ~1, qo for every su

pstitution o

pstitution o

~p and >~ are congruences

(the largest congruences included in each bisimilarity)

36



Ear'ly & late: proper’rles

p + nil ~ p|nil ~
P+Q—Q+P pM—ﬂp
pt(g+r)=({@+q) +r pl(q|r) = (plg)|r

p+p=p
(z)nil ~ nil r=x|p>~p
(z)(y)p = (y)(z)p
(z)(z)p =~ (z)p
(z)(p+q) = (z)p + (x)q

p|(z)q if = & fn(p) Ip =~ p|lp

37



Weak semantics

weak transitions: p = ¢ defined as expected
weak bisimulations: Bob replies with weak moves

weak bisimilarities: ~r and =, defined as expected
~p and = are weak bisimulations
~ g and = are equivalences but not congruences

(not preserved by input prefix and choice)

weak observational congruences:

p =g qiff Vo. po ~g qoand Vr. p+r=gq—+r

p =g, q iff Vo.po ~r goand Vr.p+1r =~ q+r
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