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General principle

+ Consider:
= two process calculi Aand B
= a property c for A, and a property d for B

¢ If cis undecidable while d is decidable

= there exists no computable encoding
from A into B that maps cinto d

¢ When:

= A and B are variants of the same process calculus
= and c=d

an expressiveness gap is proved between them
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On the relationship between
process calculi and WSTS
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Example

¢ The case of CCS, and CCS, . [BGZ04]

P:=0| aP | P+P | PP | (vx)P

a =717 | x | =T

P:=...|P P:=...|recX.P| X

¢ In CCS, .. termination (of all
computations) is undecidable
while it is decidable for CCS,
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Some intuitions about the
decidability proof

¢ Processes of CCS, can be seen as trees:

al(ve)la.(vb)(bb) — (ve) (la.(vb)(b]b) | (vb)(b]B))
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Some intuitions about the
decidability proof

¢ Processes of CCS, can be seen as trees:

al(ve)la.(vb)(bb) — (ve) (la.(vb)(b]b) | (vb)(b]B))
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Some intuitions about the
decidability proof

¢ Processes of CCS, can be seen as trees:

al(ve)la.(vb)(bb) — (ve) (la.(vb)(b]b) | (vb)(b]B))
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Some intuitions about the

decidability proof

N

¢ Processes of CCS, can be seen as trees:

= intermediary nodes are labeled with T
or a restriction

= leaves are labeled with sequential
rocesses (top operator is neither

parallel nor restriction) T
= a sequential process is son of /\
its enclosing restriction (or T) @ (ve)

la. (D) (b])
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Some intuitions about the
decidability proof

# Consider now a process P

= its semantics can be seen as a transition
system on trees

I T
A (ve)
SRR UREE= RN ERp 2SS
- la.(vb)(b[D) (vb)
2N
bb
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Some intuitions about the
decidability proof

# Consider now a process P

= the possible labels of trees are finite
(finite names, finite sequential processes)

I T
A (ve)
SRR UREE= RN ERp 2SS
- la.(vb)(b[D) (vb)
2N
bb
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Some intuitions about the
decidability proof

# Consider now a process P

= all trees have a bounded depth
(possibly unbounded width)

I T
A (ve)
SRR UREE= RN ERp 2SS
- la.(vb)(b[D) (vb)
2N
bb
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Well Quasi Ordering

N

¢ The set of trees
= 0N a finite set of labels
= With bounded depth

has nice properties: it is a wgqgo for the
rooted tree embedding ordering [Higman52]

¢ Well Quasi Ordering (wgo):

= a reflexive and transitive relation (5,<) is a
wqo if given an infinite sequence Xy,X,... of
elements in S, there exist i<j s.t. x;=x;
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Rooted tree embedding

¢ Given two trees, the former can be
embedded in the latter by keeping
nodes at the same depth level

T
s

/
PN —/—/&()

‘ /\ -

la.(vb) (b]D) la.(vb)(blb)  a-(vb)(b]b)
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Well-Structured Transition
Systems

N

¢ (5,2,2)isa WSTS if
= (S,~2) is a finitely branching
transition system
= (5,2)isawqo
= Compatibility: v S
for every s,—>s, and s,;<t,
there exists t;>..2t, s.t. s,<t, | <
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Infinite computations in WSTS

N

¢ S, has an infinite computation iff
there exist s;<s; s.t. sp25,2...252...25;

= only if : follows from wqo
= /f : follows from compatibility
¢ WSTS are finitely branching:

= SO the existence of such s;and s; can be
detected via a breadth-first search

¢ Conclusion: termination is decidable in WSTS
(def: terminates iff no infinite computation)
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Another example: HO"  [DPzo9]

N

¢ Variant of HOCORE, an asynchronous
higher-order calculus (no restriction)
= A process can be passed as it was received
(without modifications)
P,Q:=alx1 |- || xzx || P) (withk >0, fv(P) = 0)
a(x). P
PllQ

x
0
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Processes as trees
a(b.c.d) | a(z).e.flx) — e.f(b.c.d)
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Processes as trees
a(b.c.d) | a(z).e.flx) — e.f(b.c.d)

1
N\
aq) a(x)
o
f 10
d X
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Processes as trees

a(b.c.dy | a(x).e.f(x) — e.f(b.c.d)
T T
N !
a() a(x) ‘
{EEERfEReT
i 10 b
d L C
d
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Processes as trees

a(b.c.d) | a(x).e.flx) — e.f(b.c.d)
T T
_/\ e  As processes
a()  al=) \ can only be
[‘? 6‘3 — T forwarded,
| _| tree depth
¢ O

|

b cannot grow
d x C indefinitely

d
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What about HOCORE?

N

¢ In HOCORE processes of unbunded
length can be reached

a() | la(x).ab.z) —" a.---.b) | la(z).a(b.x)

n

= Hence, it is not always guaranteed that the
corresponding trees have bounded depth
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Trees with unbounded depth

N

¢ Treee embedding is a wqo for trees
with unbounded depth  [Kruskal60]

A |

¢ Problem: this ordering breaks compatibility!
= one process could be embedded in a ‘different’ one
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Another example:
CCS2 and CCSte [BZ09]

# CCS without restriction extended with
operators for process interruption:

= From CSP: A
P = P Q— Q
PAQ -2 P'AQ PAQ -2

= From usual programming lang.: try-catch

throw

P = P’ « # throw P — P

try P catchQ — try P’ catch Q try P catchQ — Q
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EXpressiveness gap

" & In CCSt termination is undecidable

¢ It is decidable in CCS2 because tree

embedding preserves compatibility:
(P2|(P4AQ2))AQ1 <

P1 | (P2|P3|(P6|(P4AQ2) AQ3)[(P5AQ3))AQ1

g > P1

v v
P2,AQ1 > P2,P3,AQ1

\ e

P4,AQ2 P6,AQ3 P5,AQ3
\ ¢
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Conclusion

N

¢ WSTS revealed as an interesting meta-model
for capturing interesting (topological)
properties of process calculi

= €.g. in more recent works on wireless process
calculi we considered orderings on graphs
(induced subgraph ordering [Ding92] )

+ In many cases, WSTS allowed us to prove
decidability of termination in calculi where an
existential version of termination (at least one
computation terminates) is undecidable

= this holds for both CCS,, Hof, and CCS2
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Example: nondeterministic
RAM encoding in HOf

n

[(1,0,0)]m == P1 | H[[(i : 13)[m || loop. D1V || seto(0) || set1(0)
INSTRUCTIONS (i : I;)
[(0: INC(r;))Im = 'pi. (uj || set;(z). set;(x || INCs) || Pit1)
[(i : DECI(7j,s))]m = pi. T,

| 1. (loop || uj. loop. set;(x). set;{x || DEC;) || Pit1)
[ 'mi. setj(z). (x || set;{0) || ps))
where

INC; = loop || check;.loop DEC; = check;
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Example: nondeterministic
RAM encoding in CCSA

[[(Z, Cly..., Cn)]] — L
|l [ I)] || [(m:In)] | HZ§;1 ., loop | LOOP |
[ri=c] |...|[rn=cn] |mri.Jri=0] |...| Inr,.Jr,=0]
[(e: )] = !pi-(inci.loop | pix1) if I; = Succ(ry)
[G:L)] « pi( 7.(loop | dec;.loop.loop.pist) +
T.Z€r0;.ack.Ds ) if I; = DecJump(r;,s)
[rj=c¢] : (lincj.dec; |ch dec; ) A(zeroj.nr;.ack)

LOOP : loop.(I | L)
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