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Agenda

Introduction to a higher-order pi-calculus
A theory of equivalence

Example proofs



Higher-Order Concurrency

| -calculus:

Concurrent processes thatend, receive, restrict the
scope of, andbserve names

P:.=1 V :=X
[P N
hC P
cX P
In. P
If v=vthen PelseP



Higher-Order Concurrency

pp-!:
Concurrent processes thadend, receive, restrict the
scope of, and observe names

send, receive, andrun suspended processes

P:.=1 V=X
[P N
NG P P
c?X. P
In. P
If V=Vthen PelseP
run V



Process 1




Process 1
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Process 2




Process 2




Process 3




Process 3
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Reasoning

When do two processes havine same behavior?
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Reasoning

When do two processes havine same behavior?

We pickreduction-closed barbed congruence as
the semantic equivalence
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Reasoning

When do two processes havine same behavior?

We pickreduction-closed barbed congruence as
the semantic equivalence

Actual proofs of equivalence require the
development of atheory

The theory encodes exactly the distinguishing powel
of the semantic equivalence
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Example 1: Ping
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Example 1: Ping

pP7xX It. It
gl("th.!). ' gl("th.!).
(0 (7. runX (O (t?. runv)




Example 1: Ping

The
scope oft Is
unclear

p?X It. It
gl t.1). ' gl t1.1).
(0 (7. runX (O (t?. runv)




Example 1: Ping

E = G G

Di#erent but
equivalent values
might be sent

p?X It. It
gl t.1). ' gl t1.1).
(0 (7. runX (O (t?. runv)




Example 1: Ping

InPnite
Possibilities

pP7xX It.
gl("th!).

(0 . runx (O (t?. runv)




Example 2

c?(X, Y.
c!("run X |runY).!

c?(X, Y. It.
c!(" th.run X).!

|) (t?2.run)




Example 2

2 2 (U, c! #runU [runV
C;:?((':rzln X [run Y).. c!("run U [run V).! |

1.

c?(X, Y. 't. 1. c#1 runU
c!(" th.run X).! c!(" tl.run U).!

) (t?.run’Y) | ) (t?.run V)

) (t?.run V)



Example 3

c?(X, Y. . cl#runU+ runV
c!(" run X+ runY)!

c!(" run U+ run V)!

Internal
choice

1.

c?(X, Y. 't. 1.
c!(" t!. run X). c!(" t!. run U)! ) (t?. run V)

1) (t?. runY) | ) (t?. run V)
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Agenda

Introduction to a higher-order pi-calculus
A theory of equivalence

Example proofs
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Agenda

Introduction to a higher-order pi-calculus

A theory of equivalence

DePnition of a Labelled Transition System

Theory of weak bisimilarity

Example proofs
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Features

Finitely branching LTS withsymbolic inputs,
knowledge environments , and new way of
handling extrusion

Weak bisimilarity isound and complete w.r.t. the
semantic equivalence

Weak bisimilarity i1s characterised by a
propositional HML

Easy proofs of equivalence and inequivalence

Scalesto other HO concurrent languages and
semantic equivalences
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LTS: Conbgurations

Keep track of th&xnowledge of the observer

Names known to the observer
Suspended processessent by the process
Abstractions of processes sent by the observer

= {1V,
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LTS: Conbgurations

Keep track of th&xnowledge of the observer
Names known to the observer
Suspended processessent by the process
Abstractions of processes sent by the observer

= {1V,

Keep track of th&xnowledge of the process:
Names private to the process and to suspended

processes ir$

The processitself
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LTS: Conbgurations

Keep track of th&xnowledge of the observer
Names known to the observer
Suspended processessent by the process
Abstractions of processes sent by the observer

= MMV, ")

Keep track of th&xnowledge of the process:

Names private to the process and to suspended
processes ir$

The processitself names
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LTS: Communication

Higher-order inputs aresymbolic:

c! nameq! )

al!l , cX.P"E 1all ${"1, P{"/X }"
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LTS: Communication

Higher-order inputs aresymbolic:

c! nameq! )
latll , c?2X.P" % 1al ${"}, P{"/X }"

Finite branching
(modulo fresh name
generation)
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LTS: Communication

Higher-order outputs arendexed in " :

¢! nameq! ) I "I'dom(! )

"Gl AV.P S "all %! &Y}, P
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LTS: Communication

Higher-order outputs arendexed in " :

¢! nameq! ) I "I'dom(! )

"all L AV.PT @) W &YW}, P

private
namesbind In

V,P

31



LTS: Communication

First-order inputs/outputskeep track of names:

¢! namey! )
atll, cx.P" %" 1all ${n}, P{n/x }"

c! namegq! ) {b = {a\{ n}
al! , cn.P""€" 1b!! ${n}, P"

32



LTS: Communication

1 {a), P g Py
1 {a), QT 1t Qy
lall Py | Q"% lall, Py Q"

INFENRE SRS TN
r{ay, Q E 1t QL

lall P Q"% lall, Py | QufV/#}"
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LTS: Running HO Value

Running processes produced by the observer
(abstract constants)
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LTS: Running HO Value

Running processes sent from the process to the
observer (concrete constants)

1 (1)=V
"all Pt gl P run V"
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LTS: Extrusior

Restrictions are lifted to the level of the
conbguration:.

lal! ,lb.P"!" lab!l 6 P"
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LTS: Extrusior

Restrictions are lifted to the level of the

conbguration:.

lal! ,tb.p" 1’ !! , P"
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LTS: Extrusior

Restrictions are lifted to the level of the
conbguration:.

lal! ,tb.p" 1’ !! , P"

b binds In
$,P
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LTS: Extrusior

Restrictions are lifted to the level of the
conbguration:.

lal! 1h.P'!I" labll P"
The labels on the actions of the LTS amstants

al! 1 {c, 'n.cin.0"% !an!!l1{c,cn.0" E" 1al 1 {cn}, 0"



Process 1
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Process 1

1{p}, p?X.appX"




Process 2
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Process 2

{p,q,p?X.!(gX.0)" > {p,!}, ! (q".0)" b

{p,!,"

1=}, (g .0) [run ! "

{p,!, " U}, #gh o))



Process 2

C@,])=Hp,!, """, ...

C(i,j) f*' c(i+1,j)

C@,j) "™ "C(,j +1)
C(i,j +1) """ C(i,j)

LY #(gl.0) |

J

run! "

‘ gl ,,run !y, run”
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Reasoning: Weak Bisimilarit

Def: Ris a weak bisimulation 1#

CGRGO anCC1!%C2

1 GO stGO° GO andeR GO

and vice-versa.
IS the largest weak bisimulation.

Def: P! P' % ({m,P)! (n},P")
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Equivalences

Prop: [Compositional Reasoning]
P! P C[P]! C[P]

Prop: [Hiding Names]

vall 1 {n}, P"" va'll ‘'t {n}, P"
=# va,n!! ,P"" va,n!l "’ P"
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Soundness and Completene:

Thm: [Soundness & Completeness 1]

Weak bisimilarity coincides witparallel reduction-
closed barbed congruence

(") =(=pext)
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Soundness and Completene:

Thm: [Soundness & Completeness 1]

Weak bisimilarity coincides witparallel reduction-
closed barbed congruence

(") =(=pext)

Thm: [Soundness & Completeness 2]

Weak bisimilarity coincides witkull reduction-closed
barbed congruence

(1) =(=cxt)
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Soundness and Completene:

Thm: [Soundness & Completeness 1]

Weak bisimilarity coincides witparallel reduction-
closed barbed congruence

(") =(=pext)

Thm: [Soundness & Completeness 2]

Weak bisimilarity coincides witkull reduction-closed
barbed congruence

(1) =(=cxt)

Cor. Parallel contexts are enough.
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First-Order Processes

known

Std. LTS

pPp-# Our LTS fo-#

: Thm Thm :

+ cxt ~ - fo
Thm

|

" pcxt

~fo
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Hennessy-Milner Logic

Propositional HML, similar to that of CCS:

Fo=AF|  Fi|!"F

L= c?n|cinfrun™ |run #

CF AF if CEF
Cf . F iff "i#1l.CfF

C+¥9% iff &.C='" CandCEF
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Hennessy-Milner Logic

Propositional HML, similar to that of CCS:

Fo=AF|  Fi|!"F

= c?n|cin|run” |

Although LTS

C+ AF iff CEF diﬁerer}t than
Ct , F iff "i#l.C¥F that of CCS
C+t 9% iff &.C= CandCEF
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Hennessy-Milner Logic

Thm: Weak bisimilarity is characterised by the HM

Pl Q i ("FPEFIil QEF)
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Hennessy-Milner Logic

Thm: Weak bisimilarity is characterised by the HM

Pl Q i ("FPEFIil QEF)

First-order
veripbcation Is
applicable
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Hennessy-Milner Logic

Thm: Weak bisimilarity is characterised by the HM

Pl Q i ("FPEFIil QEF)

Easy proofs of

Inequivalence
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Agenda

Introduction to a higher-order pi-calculus
A theory of equivalence

Example proofs
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Example 1: Ping

{p},p?X.q!X. 0"
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Example 1: Ping

C, &, Cs(0)
Ca(i) ™5 Ca(i + 1)
Ca(i +1) ™ Cs(i)
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Example 1: Ping

Turi !, rurl

C, 2, C5(0)
Cs(i) ™ Ca(i + 1)
Ca(i +1) ™ Cs(i)
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Example 1: Ping

Turi !, rurl

C, 2, C5(0)
Ca(i) ™5 Ca(i + 1)
Ca(i +1) ™ Cs(i)

p?xX It.
gl("th.1).

(0 2. runx

Turi !, rurl

~ ) q! ~

C5, ™ C3(0)

Ci() ¥ CL + 1)
Cii+1) ¥ Cy()
Cy(i) 1" C4(3)

60



Example 2

c?(X, Y. 9

c?(X, Y. It.
c!(" th.run X).!

|) (t?2.run)




Example 3

c?(X, Y.
c!(" run X+ runY)!

c?(X, Y. It.
c!(" tl. run X).

|) (t?2. runY)
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Example 3

c?K, Y.
c!(" run Xt runY)!
def

F = I1c? 4, 01" e " Trun " " (Trun ! 1"ttt # [run! 5] ff )

c?X, Y. 't.
c!(" tl. run X}).

|) (t?. runY)
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Related Work

Translation~of HO& to fo-& using triggers
[SangiorgiO93]

LTS semantics V\Lhere triggers are special proces
[Je#rey&RathkeOO05]

Environmental Bisimulations
[Sangiorgi,Kobayashi,SumiiO07]
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Conclusion

pp-&: a higher-order concurrent language

Finitely branching LTS withsymbolic inputs, knowledge
environments and a new handling of extrusion

Weak bisimilarity isound and complete w.r.t. the
semantic equivalence

Weak bisimilarity i1s characterised bypeaopositional
Hennessy-Milner Logic

Enables the use of existing brst-order veribcation tools
Easy proofs of equivalence and inequivalence

The theoryscalesto other HO concurrent languages anc
semantic equivalences

@ RINITY COLLEGE DUBLIN 65



thanks!




