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P, q

CCS syntax

;= nil iInactive process
x process variable (for recursion)
p-p action prefix
p\& restricted channel
p|9] channel relabelling
p+q nondeterministic choice (sum)
plq parallel composition
rec x. p recursion

(operators are listed in order of precedence)



Some notation

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

n
write sz- instead of pq|- - |pn
i=1

write p\{a1, ..., a, } instead of p\ai---\ay,

write u™.p instead of p.p....pu. p
H/—/

n



CCS op. semantics

pq g {a,al P q
P\a = g\a plg] 2 qlg)

Act) Res)

7
p.p—p

A A v
1 P1—>41 P2 — QG2 P2 — g2

q Com) - ParR) 7
q1|p2 p1lpe — q1lqe p1lpe — p1lge

p[rec x. p/a:] ﬁ q

recx.pﬁq

4

Rec)



CCS
Encoding imperative languages



Preliminaries: termination

A dedicated channel done:

a message is sent when the current command terminates

JAN
Done = done

done .
> nil

Done



Termination




Skip

skip

does nothing and sends done

7.Done

done

e — Done > nil




Variables

x ranging over V = {v1,..., v, }

a dedicated process for managing each variable
we can read its current value (channel xr; )

we can write any value (channel zw;)

XW £ z”: xw; . X;
i=1

X; = 77 X + XW

9



Variable declaration

var &

releases an uninitialised variable and terminates

XW\Done

xxxxxxx

Xl\w_/

wwwwwwwww
3311)2

|0



Assighment

I .— Uy

sends a message to change the state of the variable
and then terminates

xw,;.Done

done

WIL °
e —— Done > 11l




Sequential composition

C1, C2

suppose p1 models ¢q
po models ¢

p1|done.p2

unfortunate choice: does not scale
C1,C2,C3

p1|done.ps|done.ps

p3 can start after pq



Sequential?

done
\

\




Sequentiall




Sequential compositon

C1, C2

suppose p1 models ¢q ba(done) = d
po models ¢

P1 — P2 = (P1l@alld-p2)\d

now d is local to p; and ps

( ((P1@a,] | d1-p2)\d1)|@a,] | d2-p3)\d2

( ((p1]@a] | d-p2)\d)|@a] | d.p3)\d
(pl /\ p2) — P3

|5



Conditional

If x = v, then ¢q else c¢o

suppose p1 models ¢q
po models co

receives the state of the variable
and then chooses accordingly

LT;.P1 -+ Z.CET‘]'.]?Q
J 71



Conditional




Iteration

whilex = v; do c

suppose p models ¢

receives the state of the variable
and then chooses accordingly, possibly recurring

rec y. x7;.(p|ogl|d.y)\d + Z zr;.Done
J 71

Y £ ar;.(plgd]|d.Y)\d+ ) ar;.Done
J 71

Y 2ari(p! Y)+ | zrj.Done

jE

|18



Concurrency

C1|Co

suppose p1 models ¢q
po models co

p1[p2

unfortunate choice: done is possibly issued twice



Concurrent termination




Joint termination

p .
y it ypd2 yqdone
214'!"2 Y

|rd 1 ¥




Concurrency

C1|Co

SUppose p1 models ¢;
po models co

(P[! 4,11 p2[! 4,1] d1.d2.Done\ d;\ dy
the order is not important: both must be done to terminate
(Pe[! a] | P2[! ¢] | d.d.Dong\ d

(p1[! 41| p2[! a]| d*.Done\ d

22



Finally

all channels for communicating with variables
must be restricted at the top
to guarantee read/write requests are synchronised

P\{ XWq,Xr1,aaé

several optimisations are possible:

action prefix instead of linking for sequential composition
allows more expressive guards

remove silent transitions

iIntroduce constants for loops

implement expressions

23



Example: optimisation

X =1,y:=2

XW,.done YW, .done

( (xwq.done)[! 4] | d.yw,.done )\ d

XW1.YW,.done

24



Example: optimisation

If b(x) then c; else ¢,

| Xri.pp + | XIj.P2
b(vi) Ab(v; )



CCS
Playing with CAAL



Concurrency Workbench,
Aalborg Edition

exit2

»ED tau>
enter2 tad Yau q tau
A .
exit2 < tau
[ 85 D S >ED g o |
v tadk Uy tau tau
tau tau exit2 tau
»
A aug au tau u
tadh » tau A
[ 84 | m exi2 (53 | N 3
tau ¥ v [ 60 | y S >
enterg tau Tiau tau tau 4 v
tau
tau 2> (8 Uy y 4 . g >
a’ vl o1 | 8. 06 (se_
tau tau Vtau tall enterl > tau 7
\g tau & tau
Ym‘ tau tau : e tau 74 tau
tau tau Y exit1

72 © 2
< v tau tau mv tau tau- tau enter1 a tau Y e ym‘
<t

A .
au y exit1 Y

tau«y tau 70 magl
tau
p tau enter1
exit1 Y tau A
< < A »
m tau tau q m‘au enterl m
<4 tau exit1 tau

B-

http://caal.cs.aau.dk//

27



CAAL

CAAL is a web-based tool for
modeling, visualization and verification
of concurrent processes in CCS (and its timed extension)

developed for educational purposes
Edit (recursively defined) processes

Explore their LTS (collapse states up to equivalences)
Verify HML formulas satisfaction (model checking)

Verify equivalences between processes
(generate distinguishing formulas)

play bisimulation Game

28



Edit processes

CaaL

Project ~ Edit Explore Verify
Orchard

1

2

3

4

o)

6

7 Spec = walk.Spec;

Games ¥

Parse

ccs

About

TCCS

Man = 'shake. (redapple.walk.Man + greenapple.walk.Man);

Orchard = (AppleTree | Man) \ {shake, redapple, greenapple};

Syntax

20

AppleTree = shake. ('greenapple.AppleTree + 'redapple.AppleTree);

Verify HML

CaaL

Project ¥

Add Property

Status Time
©® 26ms
® 25ms
©® 25ms
® 25ms

Edit Explore Verify

Property
Orchard ~ Spec

Orchard F <tau>tt

Spec = <tau>tt

Orchard = Spec

& Equivalences

Games ~

Verify

o O O

Edit

4

LR S

About

Stop

Delete

i

Li}
o
i}

Syntax

Verify All

Options

8 O

29

Explore LTS

CaaL Project ~ Edit Explore Verify Games ~ About Syntax %] (w)
Man v
Options ~

Fullscreen
0 @ &
walk ’m
a 'shake
< greenapp..
=
Source Action Target
Man 'shake 5
I b . . I t . G
CaaL Project ~ Edit Explore Verify Games ¥ About Syntax %} (w)
Spec s Weak v Bisimulation s Orchard v Attacker ~ Defender Restart Fullscreen
5 @ 5 @
n‘ walk
tau
walk tau 7.
|4
| n
[ spec_ v
tau
You are playing defender in weak bisimulation game. Source Action Target
You have a winning strategy. Spec T Spec

Round 1
Current configuration: (Spec), Orchard)).
Attacker played (Orchard -tau->(1/on the right.

Pick a transition on the left.




CCS syntax in CAAL

| 0
aP aP I.P a.P ‘a.P tau.P
P+ Q P+Q
PIQ  PIQ
PY{ al, ..., an; P\{al,...,an}
P[®Y a1,...0"/ an]  P[b1/al,....bn/an]

Al P A=P;

30



HML syntax in CAAL

it it



CAAL
mutual exclusion protocols analysis

32



Peterson's mex algorithm

% Two processes P1, P2
% Two boolean variables b1, b2 (both initially false)
% when Pi wants to enter the critical section, then it sets bi to true
% An integer variable k, taking values in {1,2}
% (initial value Is arbitrary)
% the process Pk has priority over the other process
%
% Process P1 in pseudocode
while (true) {
% non critical section
bl =true; % P1 wants to enter the critical section

k=2; % P1 gives priority to the other process
while (b2 && k==2) skip ; % P1 waits its turn

% P1 enters the critical section

bl = false % P1 leaves the critical section

}

% Process P2 is analogous to P1

33



Peterson's mex in CCS

B1IW ! bliwf.B1f + blwt.B1t KW ! kwl. K1+ kw2.K2
Bif ! birf.B1f + B1W K1! krl.K1+ KW
Bit! birt.B1t+ B1W K21 kr2.K2+ KW

% Process P1 in pseudocode
while (true) { P1! blwtkw2.P1e

leave cycle
bl =true; % wants to ent _—
k=2 ;rue % gives pﬁrc])r:istyotoeillzer Pla! b2rf.P1k loop
while (b2 && k==2) skip ; % walts + b2rt. (krl P1b+ kr2 Pla)
% enters critical section
bl =false % leaves Plb! enterl.exitl.blwf.P1

}

% Process P2 is analogous to P1 \ /

just something to observe

(B1f|B2f|KW|P1|P2)\{ kw1, krl,kw2,kr2,..)

34



Peterson's mex in CCS

B1W! blwf.B1f+ blwt.B1lt KW I kwl.K1+ kw2.K2
B1f! blrf.B1f+ B1W K1! krl.K1+ KW
Bit! birt.B1t+ B1W K21 kr2.K2+ KW

% Process P1 in pseudocode

while {irue) P1! blwtkw2.Plé
bl =true; | % wants to enter - "o bustait
e e oPz | Plal b2rf.PIb+ kil Pit

}

% enters critical section

bl =Talse % leaves P1b! enterl.exitl.blwf.P1

% Process P2 is analogous to P1

SP! (B1f|B2f|[KW|P1|P2\{ kwl, krl, kw2, kr2,...)

35



Peterson's mex in CCS

P1! blwtkw2.Plc
Pla! b2rf.P1b+ krl.P1L

Plb! enterl.exitl.bliwf.P1

SP! (B1f|B2f|[KW|P1|P2\{ kw1, krl, kw2, kr2,...}
a formula for mutual exclusion? any label
F ! [exity]! ! [exit;]! F! ["](ad&)
FU[PICFD M ](aap
MEX ! F ! [" IMEX FLIF!Y IR [ 1(aap)

a recursively defined formula!

36



Peterson's mex in CCS

P1! blwtkw2.Plc
Pla! b2rf.P1b+ krl.P1L

Plb! enterl.exitl.bliwf.P1
SP! (B1f|B2f|[KW|P1|P2)\{ kw1, krl,h kw2, kr2, ...}

has P1 the possibility to enter?

G! lenter,"tt G!"#% (aa)
G!"#$ (G!"#$ (44}
EN | G!"#$ EN G!"#$ (G!"#$ (G!"#$ (44p)

a recursively defined formula!

37



Peterson's mex in CCS

P1! blwtkw2.Plc
Pla! b2rf.P1b+ krl.P1L

Plb! enterl.exitl.bliwf.P1
SP! (B1f|B2f|[KW|P1|P2)\{ kw1, krl,h kw2, kr2, ...}

has P1 the possibility to enter from any reachable state 7
EN | G!"#$ EN EN ! [ ](44)
" EN! ["](EN! [" (448
AEN ! EN! ["JAEN EN! ["J(EN! ["](EN ! [' ](44H)

(max

a recursively defined formula!

38



Peterson's mex in CCS

P1! blwtkw2.Plc
Pla! b2rf.P1b+ krl.P1L

Plb! enterl.exitl.bliwf.P1
SP! (B1f|B2f|[KW|P1|P2)\{ kwl,

deadlock freedom?

krl, kw2, kr2, ...}

H! I"# tt H! ["](aa)
HI[JH! [" ](aap
DF ! H! ["]DF HI[PIHP IR [ (@ap)

a recursively defined formula!

39



Peterson's mex in CCS

P1! blw' w2.Ple

Pla! b2rf.P1b+ krl.P1kL

Plb! enterl.exitl.bliwf.P1
SP! (B1f|B2f|[KW|P1|P2)\{ kw1, krl,h kw2, kr2, ...}

does P1 access every time it issues a request?

Al lexity"tt # [$]A

(min)

REQ,! [rea]A ! [" JREQ

a recursively defined formula!

40



Peterson's mex in CAAL

. 2
e
tau

tau m‘ tau tau ,w tau \ o
A
é‘ [@atert
24 ta tay m< tau

enter1 - 3 ‘

tau
m Yy “« : tau ag. B . mv
< ™ . exit1 7%{ f’;m » 4 exit2 A 24
enter1 tau ay- o tau b‘ tau tautau tau ymv “u 7“ Y-
Y dY tau

Y ﬂ'ﬂ tau - taLx ‘
m enter1 b m w tst:gu 2 4 A A exit2 tau tau «
tauk exit1 Ay A tarl V = m tau Y 2
4 tau ym tau : taug‘(fa"" tau - exit2 >G \4 : @g
n tau A au )
Am tau Yg o 27 tau )@ tau n tau—Y tau Ymv enter2 tau/ 'Y m
exit1 tau tau) tau ;h( exitau » > <
4 tau tau 5 ta4dal Vm Y e

> Yenter2 tau

tau
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Peterson's mex in CAAL

LTS up to strong bisimilarity

exit2

& Y o3
enter2 tau Yau < tau

A exit2 <
1@4 tau enter2 yg )“ u >m

tau1 tau tal
tau tau exit2 tau
g 77
4-vtau enter2 Y t;m tau A tau
tau » >
m‘ tau tau ta& . A tau m
exit2 »
© >
> v 6o | q 7 > Y
tau tau T, tau @Y tau tau

tau enterg tau “
tau > (D) 4 y 4 tau "

ol vl Cor (s B s e
tau tau Viau tall enter? 4 ) Pns

\g tau < tau
tau
tau Yﬂ‘ - < tau ' exitl ‘ a0 i tau
<« 63 4
< mv tau tau mY tau . m tau J
Y « au tau enter1 tau tau ,m
tau

= ¥ i A

tau
N tau enter1
- < exit1 Y_ tau A
tau tau (81 ) ©
» %au enter1
4 tau : tau
exit1 a

a-
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Peterson's mex in CAAL

LTS up to weak bisimilarity

exitl

enter1
[ 63

tau

tau

tau
enter1

A<

tau

tau
rm<

tau tau

’4
oo
tau
tau 4 )
y&B
tau tau
exitl
. A '4
enter1
tau tau

tau

exit2 )g<

ex

tau

tau

exit1
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m: tau

exit2
tau
enterz

[

tau
clilers

tau
tau
| 4

enter2
tau

tau



Peterson's mex in CAAL

LTS up to weak bisimilarity, after renaming
enter1/2 to enter and exit1/2 to exit

eeeee
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Peterson's mex

LTS

w (P

< tau
fau a autau.,, PR
(8

« P, T o
tau
tau
[ 2 LA
tau
tau

exit2
&3
tau

v A
15 e
v 3

tau tau
enter1
Y
tau
tau exit2
tau tau,
4
W s
v A taug’
tau (au‘

0
exit2 ;a

tau
tau

8., -
24 ¥_enter2 3y

»
a .

enter1
tak exit1

o A
exit1 tau vm
[ 20

4
t 8. TEI ener2
au
o 8,
A
[ 5]

;hz exitau

tau

LTS up to weak bisimilarity

>
tau
tau
[ 103 -
M \g
tau ) exit2
&
tau AS
enter2
enter2

>R«
w13

exitl
tau
tau

tau

L
tau,
tau

entert
enters
tau
tau

tau
tau
tau

tau

& tau
tau tau tau
tau
exit1
enterl 14
>
S o ) &
AaY
exit1
enter1
tau

~&3

in CAAL

LTS up to strong bisimilarity

it2
&3 s
. )
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exit2
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tau
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5
exit1 P
L, e
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exit2
tau

< tau
8

exit2

LTS up to weak bisimilarity,
enter and exit

tau

<
A

exit

enter tau
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Hyman's mex algorithm

% Two processes H1, H2
% Two boolean variables b1, b2 (both initially false)
% when Hi wants to enter the critical section, then it sets bi to true
% An integer variable k, taking values in {1,2}
% (initial value is arbitrary)
% the process Hk has priority over the other process
%
% Process H1 in pseudocode
while (true) {
% non critical section
bl = true ; % H1 wants to enter the critical section

while (k==2) { % while H2 has priority
while (b2) skip ; % H1 walits
k=1, % H1 sets priority to itself
}

% H1 enters the critical section
bl = false % H1 leaves the critical section

}

% Process H2 is analogous to H1
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Peterson's mex in CAAL

LTS up to weak bisimilarity, after renaming
enter1/2 to enter and exit1/2 to exit

eeeee

eeeee
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b0 prisoners puzzle

50 prisoners kept in separate cells got a chance to be released:
from time to time one of them will be carried in a special room and then back to cell.
(in no particular order, possibly multiple times consecutively, but fairly to avoid infinite walit)

The room is completely empty except for a switch that can turn the light on or off
(the light is not visible from outside).

At any time, if any of them claims rightfully that all the prisoners have already entered the
room at least once, then all prisoners will be released
(but if it proves wrong, then the chance ends and they will never be released).

The prisoners have the possibility to discuss in advance some protocol to follow
(not all prisoner must behave in the same way).

Can you find a winning strategy for the prisoners?
Can you formalise it in CCS (for 2 to 4 prisoners)?

V
@

- Easy case: it is known that the light in the room is initially off
- Hard case: the initial state of the light in the room is not known.
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