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Abstract

This paper introduces new-HOPLA | a concise but powerful language for higher-
order nondeterministic processes with name generation. Its origins as a metalan-
guage for domain theory are sketched but for the most part the paper concentrates
on its operational semantics. The language is typed, the type of a process describing
the shape of the computation paths it can perform. Its transition semantics, bisim-
ulation, congruence properties and expressive power are explored. Encodings are
given of well-known process algebras, including 7-calculus, Higher-Order m-calculus
and Mobile Ambients.

1 The origins of new-HOPLA

This work is part of a general programme (reported in [8]), to develop a domain theory
which scales up to the intricate languages, models and reasoning techniques used in
distributed computation. This ambition led to a concentration on path based models,
and initially on presheaf models because they can even encompass causal dependency
models like event structures; so ‘domains’ is being understood more broadly than usual,
to include presheaf categories.

The general methodology has been to develop domain theories with a rich enough
life of their own to suggest powerful metalanguages. The point to emphasise is that in
this way informative domain theories can have a pro-active role; they can yield new met-
alanguages, by their nature very expressive, accompanied by novel ways to deconstruct
existing notions into more primitive ones, as well as new analysis techniques. A feature of
presheaf models has been very useful: in key cases there is often a strong correspondence
between elements of the presheaf denotation and derivations in an operational semantics.
In the cases of HOPLA and new-HOPLA the presheaf models have led not only the core
operations of the language, and a suitable syntax, but also to their operational semantics.

This paper reports on new-HOPLA, a compact but expressive language for higher-
order nondeterministic processes with name generation. It extends the language HOPLA



of Nygaard and Winskel [7] with name generation, and like its predecessor has its ori-
gins in a domain theory for concurrency. Specifically it arose out of the metalanguage
implicitly being used in giving a presheaf semantics to the m-calculus [2]. But a sketch
of its mathematical origins and denotational semantics does not require that heavy an
investment, and can be based on path sets rather than presheaves.!

The key features of new-HOPLA hinge on its types and these can be understood
independently of their origin as objects, and constructions on objects, in a category of
domains—to be sketched shortly within the simple domain theory of path sets. A type
P specifies the computations possible with respect to a given current set of names; if a
process has type P, then any computation path it performs with the current set of names
s will be an element of P(s).

A central type constructor is that of prefix type !P; at a current set of names s, a
process of this type !P, if it is to do anything, is constrained to first doing a prototypical
action ! before resuming as a process of type P. (Actions within sum or tensor types will
come to be tagged by injections and so of a less anonymous character.)

In the category of domains, domains can be tensored together, a special case of which
gives us types of the form N ® P, a kind of dynamic sum which at current names s
comprises paths of P(s) tagged by a current name which serves as an injection function.
There is also a more standard sum Y;c;P; of an indexed family of types P; where i € [;
this time paths are tagged by indices from the fixed set I rather than the dynamic set of
names.

The remaining type constructions are the formation of recursive types, and three
forms of function space. One is a ‘linear function space’ N — P, the type of processes
which given a name return a process of type P. Another is a ‘continuous function space’
P — Q, the type of processes which given a process of type P return a process of type
Q. There is also a type 0P associated directly with new-name generation. A process of
type 0P takes any new name (i.e. a name not in the current set of names) as input and
returns a process of type P. Name generation is represented by new name abstraction,
to be thought of as picking a new name (any new name will do as well as any other), and
resuming as a process in which that new name is current.

This summarises the rather economical core of new-HOPLA. Very little in the way
of standard process algebra operations are built in—mnothing beyond a prefix operation
and nondeterministic sum. By being based on more fundamental primitives than usual,
the language of new-HOPLA is remarkably expressive. As additional motivation we now
turn to how these primitives arise from a mathematical model refining the intuitions we
have just presented.

A domain theory If for the moment we ignore name generation, a suitable category of
domains is that of Lin. Its objects, path orders, are preorders IP consisting of computation
paths with the order p < /p’ expressing how a path p extends to a path p’. A path order
P determines a domain P, that of its path sets, left-closed sets w.r.t. <p, ordered by
inclusion. (Such a domain is a prime-algebraic complete lattice, in which the complete
primes are precisely those path sets generated by individual paths.) The arrows of Lin,

'Path sets arise by ‘flattening’ presheaves, which can be viewed as characteristic functions to truth
values given in the category of sets, as sets of realisers, to simpler characteristic functions based on truth
values 0 <1 [8].



linear maps, from P to QQ are join-preserving functions from P to @ The category
Lin is monoidal-closed with a tensor given by the product P x Q of path orders and a
corresponding function space by P™” x Q—it is easy to see that join-preserving functions
from PP to Q correspond to path sets of P x Q. In fact Lin has enough structure to form
a model of Girard’s classical linear logic [4]. To exhibit its exponential ! we first define
the category Cts to consist, like Lin, of path orders as objects but now with arrows
the Scott-continuous functions between the domains of path sets. The inclusion functor
Lin — Cts has a left adjoint ! : Cts — Lin which takes a path order P to a path order
consisting of finite subsets of P with order

P<pP ifVpePI cP. p<pyp

—s0 P can be thought of as consisting of compound paths associated with several runs.

The higher-order process language HOPLA is built around constructions in the cat-
egory Lin. Types of HOPLA, which may be recursively defined, denote objects of Lin,
path orders circumscribing the computation paths possible. As such all types support
operations of nondeterministic sum and recursive definitions, both given by unions. Sum
types are provided by coproducts, and products, of Lin, both given by the disjoint jux-
taposition of path orders; they provide injection and projection operations. There is a
type of functions from IP to Q given by (!P)*” x @Q, the function space of Cts; this gives
the operation of application and lambda abstraction. To this the adjunction yields a
primitive prefix operation, a continuous map P — !IP, given by the unit at PP; it is accom-
panied by a destructor, a prefix-match operation, obtained from the adjunction’s natural
isomorphism. For further details, encodings of traditional process calculi in HOPLA and
a full abstraction result, the reader is referred to [7, 9].

A domain theory for name generation We are interested in extending HOPLA
to allow name generation. We get our inspiration from the domain theory. As usual a
domain theory for name generation is obtained by moving to a category in which standard
domains are indexed functorially by the current set of names. The category Z consists
of finite sets of names related by injective functions. The functor category Lin” has
as objects functors P : 7 — Lin, so path orders P(s), indexed by finite sets of names s,
standing for the computation paths possible with that current set of names; its arrows are
natural transformations o = (@s)sez : P — Q, with components in Lin. One important
object in Lin? is the object of names N providing the current set of names, so N(s) = s
regarded as a discrete order, at name set s. Types of new-HOPLA will denote objects of
Lin”.

The category has coproducts and products, both given by disjoint juxtaposition at
each component. These provide a sum type ¥;c;/P; from a family of types (P;)ie;. It
has injections producing a term i:t of type X;c;/P; from a term t of type P;, for i € I.
Projections produce a term 7;t of type P; from a term ¢ of the sum type.

There is a tensor got pointwise from the tensor of Lin. Given P and Q in Lin® we
define P ® Q in Lin” so that (P ® Q)(s) = P(s) x Q(s) at s € Z. We will only use a
special case of this construction to form tensor types N® P, so (N® P)(s) = s x P(s) at
s € Z. These are a form of ‘dynamic sum’, referred to earlier, in which the components
and the corresponding injections grow with the availability of new names. There are term



constructors producing a term n -t of type N® P from a term ¢ of type P and a name n.
There are projections m,t forming a term of type P from a term t of tensor type.

At any stage s, the current set of names, a new name can be generated and used in
a term in place of a variable over names. This leads to the central idea of new-name
abstractions of type 6P where dP(s) = P(s U {%}) at name set s. As observed by
Stark [13] the construction JPP can be viewed as a space of functions from N to P but with
the proviso that the input name is fresh. A new-name abstraction is written newa.t and
has type dP, where t is a term of type P. New-name application is written ¢[n], where ¢

has type 0P, and requires that the name n is fresh w.r.t. the names of ¢.
! !
The adjunction Lin ~L_ Cts induces an adjunction Lin? ~L_ Cts? where the

left adjoint is got by extending the original functor ! : Cts — Lin in a pointwise fashion.
The unit of the adjunction provides a family of maps from P to P in Cts®. As with
HOPLA, these yield a prefix operation !t of type !IP for a term t of type P. A type of
the form !P is called a prefix type; its computation paths at any current name set first
involve performing a prototypical action, also called ‘!".

To support higher-order processes we need function spaces P —o QQ such that

Lin?(R,P — Q) = Lin’(R®P,Q)

natural in R and Q. Such function spaces do not exist in general—the difficulty is in
getting a path order P —o Q(s) at each name set s. However a function space does exist
in the case where both P and Q satisfy certain ‘type axioms’ inherited through all the
type operations and, in addition, Pf preserves complete primes for each map f:s — s
in Z.2 This suggests limiting the syntax of types to special function spaces N — Q and
IP — Q, the function space in Cts?. The function spaces are associated with operations
of application and lambda abstraction.

Related work and contribution The above domain theoretic constructions provide
the basis of new-HOPLA. It resembles, and indeed has been inspired by, the metalan-
guages for domain theories with name generation used implicitly in earlier work [3, 13, 2],
as well as the language of FreshML [11]. The language new-HOPLA is distinguished
through the path-based domain theories to which it is fitted and, as we will see, in itself
forming a process language with an operational semantics.

2 The language

Types The type of names is denoted by N. The types of processes are defined by the
grammar below.

P 2= 0| NQP|IP|éP|N-P|P—Q | Sie/P | pPr...Po(Pr...P) | P

2The type axioms, for Q : Z — Lin, comprise: For every map f : s — s in Z, the function
Qf preserves finiteness and non-empty meets; preservation of non-empty meets ensures that whenever
y C Qf(x) for some z, then there is a minimum zy = min(Qf,y) for which y C Qf(zo). For every
pullback hy : sg — s1,ho : 89 — s2 of g1 : 81 — 83,92 : So — s3inZ and x1 € @5\1, if min(Qga2, Qg1 (z1))
exists, then it is required that min(Qhq, 1) exists and Qha(min(Qhy,z1)) = min(Qga, Qg1 (z1)).



The sum type X;c/P; where I is a finite set, is most often written 7:P + - -+ + ;:P.
The symbol P is drawn from a set of type variables used in defining recursive types;
closed type expressions are interpreted as path orders. The type p; Py ... Pp.(Py...Py)
is interpreted as the j-component, for 1 < j < k, of the ‘least’ solution to the defining
equations Py = Py, ..., P, = [P, where the expressions [Py ... [P, may contain the P;’s.

Terms and actions We assume a countably infinite set of name constants, ranged
over by a,b,... and a countably infinite set of name variables, ranged over by «, 3, ...
Names, either constants or variables, are ranged over by m,n,.... We assume an infinite,
countable, set of process variables, ranged over by x,y, ...

Every type is associated with actions processes of that type may do. The actions are
defined by the grammar below:

p,q, T = x}!p’n-p’i:p’newa.p n—p ur—>p’p[n].

As we will see shortly, well-typed actions are constructed so that they involve exactly one
prototypical action ! and exactly one ‘resumption variable’ x. Whenever a term performs
the action, the variable of the action matches the resumption of the term: the typings
of an action thus relates the type of a term with the type of its resumption. According
to the transition rules a process of prefix type !IP may do actions of the form !p, while
a process of tensor or sum type may do actions of the form n - p or i:p respectively. A
process of type dIP does actions of the form newa.p meaning that at the generation of a
new name, a say, as input the action pla/«] is performed. Actions of function type n +— p
or u — p express the dependency of the action on the input of a name n or process u
respectively. The final clause is necessary in building up actions because we sometimes
need to apply a resumption variable to a new name.
The terms are defined by the grammar below:

t,u,v = 0 It inactive process and prototypical action
n-t Tt tensor and projection
Ax.t tu process abstraction and application
Aa.t tn name abstraction and application
newo.t t[n] new name abstraction and application
recx.t T recursive definition and process variables
1t m;t injection and projection
Yiert; Yaent sum and sum over names
[t > p(z) = u pattern matching

In new-HOPLA actions are used as patterns in terms [t > p(x) = u] where we explicitly
note the resumption variable x. If the term ¢ can perform the action p the resumption of
t is passed on to u via the variable x.

We assume an understanding of the free name variables (the binders of name variables
are Aa.—, newa.—, and Y,en—) and of the free process variables (the binders of process
variables are Az.—, and [t > p(z) = —]) of a term. The support of a term, denoted n(t),
is the set of the its free names, that is, the set of its name constants and of its free name
variables.

We say that a name n is fresh for a term t if n & n(t).
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2.1 Transition rules

The behaviour of terms is defined by a transition relation of the form

skt 28y

where s is a finite set of name constants such that n(t) C s. The transition above should
be read as ‘with current names s the term ¢ can perform the action p and resume as t.
We generally note the action’s resumption variable in the transitions; this simplifies the
transition rules in which the resumption variable must be explicitly manipulated.

So the transition relation is given at stages indexed by the set of current names s. The
body of an abstraction over names Aa.t can only be instantiated with a name in s, and
an abstraction over processes Ax.t can only be instantiated with a process whose support
is contained in s. As the transition relation is indexed by the current set of names, it is
possible to generate new names at run-time. Indeed, the transition rule for new-name
abstraction newa.t extends the set s of current names with a new name a € s; this name
a is then passed to t via the variable a. The transition rules must respect the typings of
actions and terms given in the next section. Formally:

Definition 2.1 (Transition relation) For closed terms t such that s =t : P and path

patterns such that s;;x:Q |- p : P the rules reported in Table 1 define a relation P;s

t & u, called the transition relation.

To help familiarise the reader with the transition semantics, we present some derivations.

— The operational semantics validates (3-equivalence:

Q; s+ tu/x] AN Q; s+ tla/al AN
P Q:sk pt ——PY, N Q: sk At ——"9, p
Q; s (Az.t)u AL Q; st (Aa.t)a O

These derivations illustrate how (-equivalence is validated by the transition relation in
the sense that a term (Az.t)u (resp. (Aa.t)a) has the same transition capabilities as the
term t[u/x] (resp. tfa/al): for example, a term (Az.t)u performs an action p and resumes
as t' iff the term t[u/x] performs the same action p resuming as ¢—the ‘only if’ part
follows by the uniqueness of the derivations.

— The action of the tensor and sum type:

P;sl—tﬂt' Pi;sktﬂt'
N@P:ska-t —7YW,p S P s it W
P;s b my(a-t) O P;; s b m;(i:t) O

By uniqueness of the derivations, a term ¢ has the same transition capabilites as the terms
ma(a - t) and m;(i:t).



Piskt 25¢ acs NP skt —2 ¢

!IP’;SI—!th N®P;sl—a-t&t’ P;s b mat Loy
p (2) / p (2) p (z)
Piskt; ——t P;sktla/a] ——u a€s P: s+ tlrecy.t/y] —— u
P; s = Yiert; AN P; s = Ygent LAY P; s F recy.t R
P;skt Mﬁ’ YierlPi skt mt’ Q; s F tlu/x] AR v stu:P
YierlPis s it M)t’ P s bt ﬂ)t/ P— Q:sh A\t u—p ()
PoQskt 2%y Psktla/a] 220 acs NoPskt 2@
Q; st tu ﬂw) N—>P;S|_/\Oé.tm>v P: stk ta ﬂw}

newa.pla’[a]/z] (z')

pla/a] (z)
_—

P;s U {a} F tla/a] ula/a] 0P, skt
OP; s F newa.t nevo s elfe &) oo P; s U {a} I t[a] lefe] @) ulal
p @) p q (z')
Piskt ——=t Q;stult//z] ——wv

Q;sk [t > plx) = u &v

In the rule for new name abstraction, the conditions a ¢ n(p) and a ¢ n(u) must hold.

Table 1: new-HOPLA: transition rules

— New name abstraction and 3-equivalence:

Q;s U {a} F tla/a] _Hla/elw) | t'[a/a]

newa.a—ply'[a]/y] (v')

0Q:; s F newar.t wa.t’

pla/a] (y)
_—

Q; s U {a} F (newa.t)[a (newa.t')[a)

Again by uniqueness of the derivation, (newa.t)[a] and t[a/a] have the same transition
capabilities for a fresh name a.

— Matching the prefiz action:

lz (z
IP;s 1t 2@y Q; s - ult/x] AN
Q; st [t > lz(x) = o ALY,

The derivation above illustrates the simplest case of pattern matching. The term being
tested !t emits the prototypical action ! and continues as t. Then the computation path
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lz is matched against the path pattern !x; matching is successful and the continuation
t is bound to z in w, which then executes. Pattern matching allows for the testing of
arbitrary actions, even if a little care is needed when new names are involved.

— Matching and new name abstraction:

1z’ (x')

IP;s U {a} F tfa/a] — t[a/q]

newa.!z[a] (z
O'P; s F newa. !t _rewetolo]@ et Q; s F ulnewa.t/z] P
Q; s F [newalt > newa.lz]a](r) = u] RO u'

The resumption of a term of type 0P after a transition is always a new name abstraction,
and the new name generated in testing a pattern (above it is a) is local to the test.

2.2 Typing judgements

Consider a term ¢t = t'[a]. As we have discussed in the previous section, the square
brackets denote new-name application: any name instantiating o should be fresh for
the term ¢. Consider now the context C[—] = Aa.—. In the term C[t] = Aa.(¢'[a]),
the variable « is abstracted via a lambda abstraction, and may be instantiated with
any current name. In particular it may be instantiated with names that belong to the
support of ¢', thus breaking the hypothesis that ¢ has been applied to a fresh name. The
same problem arises with contexts of the form C[—] = X,ey—. Moreover, if the process
variable z is free in ¢, a context like C'[—] = Az.— might instantiate = with an arbitrary
term u. As the name instantiating o might belong to the support of u, nothing ensures
it is still fresh for the term t[u/z].

The type system must sometimes ensure that name variables are instantiated by
fresh names. To impose this restriction, the typing context contains not only typing
assumptions about name and process variables, such as a:N and z:IP, but also freshness
assumptions (or distinctions) about them, written (o, 3) or («,x). Here the intended
meaning of («, ) is that, in any environment, the names instantiating the variables «
and  must be distinct. A freshness assumption like («, z), where x is a process variable,
records that in any environment the name instantiating a must be fresh for the term
instantiating x.

Using this auxiliary information, the type system assumes that it is safe to abstract a
variable, using lambda abstraction or sum over names, only if no freshness assumptions
have been made on it.

The type system of new-HOPLA terms can be specified using judgements of the form:

AT dEHTt:P
where
e A=oa1:N,... ap:Nis a collection of name variables;
o I' =u:Py,..., 2P, is a partial function from of process variables, together with

their types;



ATy d; ;xR IFp P

A
A:Tdy ;xR IF!lz o IR A;F;d;;x:Rll—a-p:N@Pae

aN AT d;;zRIFp: P ATy d; s eRIFp: P

A
AT (d\ «);; 2":0R IF newa.pla’[a]/x] : 0P A;Tid;;2RIFa—p P €

A:T:dFu:Q ATy d; ;R IFp: P ATydy;oRIFp Py jel

AT:d ;e RFur—sp: Q— P A;Tsds s R IF (fip) - 3ie Py
= = = /
AT dy s eR It Py [pP . P/P) A;Dyd;;xRIFEp: P ?Cglé
A;F;d;;x:RH—t:ujP:ﬁ AsTdssoRIEp: P dcCd

Table 2: new-HOPLA: typing rules for actions

e dis a set of pairs (a,x) € AT, and (a, §) € A X A, keeping track of the freshness
assumptions.

Notation: We write d\ « for the set of freshness assumptions obtained from d by deleting
all pairs containing «. The order in which variables appear in a distinction is irrelevant;
we will write («, 3) € d as a shorthand for (a,3) € d or (8,a) € d. When we write
' UT” we allow the environments to overlap; the variables need not be disjoint provided
the environments are consistent.

Actions are typed along the same lines, even if type judgements explicitly report the
resumption variable:

ATy d; ;xR IFEp P

The meaning of the environment A;I';d is exactly the same as above. The variable x is
the resumption variable of the pattern p, and its type is R.

The type system of new-HOPLA is reported in Table 2 and Table 3.

The rule responsible for generating freshness assumptions is the rule for new-name
application. If the term ¢ has been typed in the environment A;T';d and « is a new name
variable (that is, a ¢ A), then the term ¢[a] is well-typed under the hypothesis that any
name instantiating the variable « is distinct from all the names in terms instantiating the
variables that can appear in ¢. This is achieved adding the set of freshness assumptions
{a} x (' U A) to d (when convenient, as here, we will confuse an environment with its
domain).

The rule for pattern matching also modifies the freshness assumptions. The opera-
tional rule of pattern matching substitutes a subterm of ¢, whose names are contained in
A’, for x. Accordingly, the typing rule initially checks that no name in A’ belongs to the
set of the variables supposed fresh for . Our attention is then drawn to the term u[t’'/z],
where t' is a subterm of ¢. A name variable o € A supposed fresh from x when typing u,
must now be supposed fresh from all the free variables of ¢'. This justifies the freshness
assumptions {{a} x (A UT) | (o, ) € d}.



/
ATidre:p A4

rcr’
A;T;d=0:P A;xP TdbEx: P AsThd HE P, =,
dCd
aN, A T;dHt: P ¢ d aN, A T;d=t: P ¢ d
A;F;dl—EaeNt:Pa A;F;dl—Aa.t:NHIP’a
A;x:QTdEHT:P AP, T;dEt: P
r&d r&d
AT:dF )Xzt . Q—P A;T:dF rece.t : P
a:N A T;dHt: P A;T:dEt: 0P

A;T; (d\ «) F newat : 6P aNJA;T;dU ({a} x (TUA)) Fit[a]: P

AT:dFt:N—P AT:dFt:P—-Q AT;dru:P

A
A T:dFHta: P @€ ATdEFtu:Q
ATdEHt P Viel ATy dEHt Py ATy dbEt: e P AT dEHt: P
ATy d b Yt - P AT d b= ait 2 X Py ATy d it Py A;Tydb=1t: P
AT;dEt: P . AlidiEt:NeP A;T;dFt:P;[uP.P/P
o Q@ =
AT;dFa-t: NP AT dbEmat - P A;Tyd bt p PP

AT d HE: P AT d;;eRIEp P AR IdEu:Q
AUATUT;dE [t > plo) = u] : Q
where d = (d\ z) Ud U {{a} x (A UT") | (a, ) € d}

An{al (a,x)ed} =0

Table 3: new-HOPLA: typing rules for processes

The rest of the type system follows along the lines of type systems for the simply
typed A-calculus.

The type system assumes that terms do not contain name constants. This is to avoid
the complications in a type system coping with both name variables and constants at
the same time. We write s - ¢ : P when there is a judgement A;();d F ot’ : P and a
substitution o for A respecting the distinctions d such that ¢ is ot’. In particular, st : P
iff there is a canonical judgement A; 0; {(«, 8) | @ # S} F ¢’ : P, in which the substitution
o is a bijection between name variables and names and t is ot’. Similarly for patterns.

We can now prove that the operational rules are type correct.

Lemma 2.2 (Substitution Lemma)
1. Suppose that A";T";d =t : Q and A;z:Q,T;d;;y:R I p = P, where T UT is
consistent and A'N{a | (o, x) € d} = 0. Then,

AUAT UL d;;y:RIFplt/z] : P
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where d = (d\ z) Ud' U {{a} x (A UTI")| (o, ) € d}.

2. Suppose that A";T";d Ht: Q and A;x:Q,T;d F u : P, where I’ UT” is consistent
and AN {a | (a,z) € d} = 0. Then,

AUATUT;dF uft/z] : P
where d = (d\ ) Ud' U {{a} x (A UT") | (o, ) € d}.
Lemma 2.3 (Contraction Rules) The rules below can be derived (also for patterns):

a:N, BN A, T;dE=p: P
a:N, A; T dlov/ 8] = pla/ Bl

A yQ, zQ, I'db-p: P
Ay:Q,Tsdly/z] - ply/z] : P

Theorem 2.4 (Transitions preserve types) If s -t : P and s;;x:R IF p : P and

Pistt "t then skt R

—(0.0) ¢d

Some simple results follow. They can be proved by routine inductions on derivations
of transition.

Lemma 2.5 Ifn(t) Cs and P;s ¢ —— ', then n(t') C s.

Lemma 2.6 IfP;stt =t/ then n(t)Un(p) Un(t') Ft — ¢'.

Lemma 2.7 (Injective renaming) If P;s ¢ Lot and f s — § is injective, then
P.s F ft 2 ft.

Lemma 2.8 (Converse of injective renaming) Let f : s — s injective. If P;s
ft 2o/, then there exists p,u and g : 8" — n(p’,u’) \ ran(f) bijective, with s" N's =10,
such that Py s, s" bt — u and p' = (f+9)p and v = (f + g)u.

/

Observe that if s’ - ft L, W then ft can chose nondeterministically some names

in (s'\ s) before performing p’ (because of the semantics of the sum over names). This
motivates the need for s” in the Lemma above. As a consequence, bisimulation techniques
based on injective renaming cannot be applied to new-HOPLA.

3 Equivalences

After introducing some notations regarding relations, we explore the bisimulation equiv-
alence that arises from the transition semantics.

A relation R between typing judgements is said to respect types if, whenever R
relates £y F t; : Py and Ey F ty : Py, we have By = FE5 and P; = P,. We are mostly
interested in relations between closed terms, and we write s - ¢ R u : P to denote

(skt:P,skq:P)eR.

Definition 3.1 (Bisimilarity) A type-respecting relation on closed terms, R, is a bisim-
ulation if

11



1. sFtRu:PandP;s Ht AN t' for s O s imply that there exists a term u' such
(z)

that P; s’ F u 2w and ' =t Ry : R;

2. sFtRu:PandP;s'+u G u' for ' O s imply that there exists a term t' such

that P;s' =t ﬂt’ and s =t Ru' : R;

where R is the type of the resumption variable x in p. Let bisimilarity, denoted ~, be the

largest bisimulation.

We say that two closed terms ¢ and ¢ are bisimilar if s ¢ ~ ¢ : P for some s and P.
In the definition of bisimulation, the universal quantification on sets of names s’ is
required, otherwise we would relate

{a} F Aa.[a!0 > alz = 10] : N® !0 and {a} FAa.!l0:N® 10
while the two terms above behave differently in a world where a is not the only current
name.

Using an extension of Howe’s method [6] as adapted by Gordon and Pitts to a typed
setting [5, 10], we show that bisimilarity is preserved by well typed contexts.

Theorem 3.2 Bisimilarity ~ is an equivalence relation and a congruence.

Proposition 3.3 For closed, well-formed, terms we have

st (Azt)u ~tu/z] - P sk (Aat)a ~tla/a) : P
skEAx.(te) ~t:P—Q st Aa.(ta) ~t: N—P
sk )\I(Zze[tl) ~ Eze[()\fbtl) P — Q sk /\a(EZejtl) ~ Ezel()\oztl) N—P
stk (Zzeﬂfz)u ~ Zzel(tzu) P st (Zielti)a ~ Ziel(tia) P
skEmg(f-t)~t:P skmg(a-t) ~0:P
skt~ Yaena - (mat) NP
S " 5 . (Ezeltz) ~ Eie[ﬁ . tz . ]P) S " Wﬁ(zielti) ~ Ez‘elﬂ-ﬂti . ]P)
st[lu>le =t ~tu/z]: P sk [Bieru; >l =t ~ Bieru; > le =t P

Proposition 3.4 Bisimilarity validates B-reduction on new-name abstraction:

sU{a} F (newa.t)[a] ~ tla/a] : P .
Corollary 3.5 If s F newa.t ~ newa.u : 5P then s U {a} & tla/a] ~ ula/a] : P for all
aén(t,u).
Proposition 3.6 (3-equivalence on new names) Lett be a term with « free, that is
Ao;0; A dEt:P. Let 0 : s — A be a bijection. Then

sU{a} F (newa.t)[a] ~ tla/a] : P .
Corollary 3.7 If s F newa.t ~ newa.u : 0P, then s U {a} F tla/a] ~ ula/a] : P.

Corollary 3.8 Let t and u be terms such that A,a:N;0; A, d -t : P, let o : s — A
be a bijection, and let a,a’ be names not in s. If s U {a} & tla/a] ~ u[a/a] : P then
sU{d'} Ftld/a] ~uld/a] : P.

Proof By Proposition 3.5 s F newa.t ~ newa.u : P. The result follows by Corol-
lary 3.7. U

12



4 Examples

In this section, we illustrate how new-HOPLA can be used to give semantics to well-known
process algebras. We define a ‘fully abstract’ encoding of m-calculus that preserves and
reflects both the reduction relation and strong bisimilarity. We also report an encoding
of Higher-Order m-calculus and of Mobile Ambients.

We introduce an useful product type P & Q, which is not primitive in new-HOPLA. It
is definable as 1:P 4 2:QQ. The projections are given by fst(t) = m;(t) and snd(t) = m(t),
while pairing is defined as (¢,u) = 1:t + 2:u. For actions (p,—) = L:ip, (—,q) = 2:q. It
is then easy to verify that s - fst(t,u) ~ ¢t : P, that s - snd(t,u) ~ u : Q, and that
stk (fst(t,u),snd(t,u)) ~ (t,u) : P& Q, for all s D n(t) Un(u).

4.1 m-calculus

We denote name constants with a,b, ..., and name variables with «, (3, ...; the letters
n,m, ... range over both name constants and name variables. The terms of the language
are constructed according the following grammar:

PQ == 0| P|Q| (wa)P | am.P | n(e).P .

The late labelled transition system (denoted iq) and the definition of strong late bisim-
ulation (denoted ~;) are standard [12], and for reference are reported in Appendix A.3.
We can specify a type P as

P = 7P + cutNON®!P + bout:N®!(6P) + inpN® (N — P) .

The terms of 7-calculus can be expressed in new-HOPLA as the following terms of type
P:
[o] =0 [nm.P] = out:n - m - [ P] [n(B3).P] = inp:n - (AB.[P])

[(va)P] = Res (newa.[P]) [P Q] =[P] || [€]
Here, Res : 6P — P and || : P&P — P (we use infix notation for convenience) and are
abbrevations for the following recursively defined processes:

Res t = [t > newa.m:!(z[a])) = T:!Res x]
+ YgenZqyen[t > newa.out:F -y - (x[a]) = out:f - 7y - | Res x]
+ Xgen[t > newacout:f - a - l(x[ar]) = bout: 3 - 1z]
+ Xgen[t > newa.bout:3 - I(x[a]) = bout: 3 - Inewry - Res (newn.x[n|[y])]
+ Egen[t > newa.inp:f - l(z[a]) = inp: - I\y. Res (newn.z[n](7))]
t | u = [t>7mlze=7l(z || u)
+ EgenZyen[t > out:(B -y lz) = [u>inp:( - ly) = Nz || yv)]]
+ Ygen[t > bout:([ - 1z) = [u > inp:(f - ly) = T:IRes (newn.(z[n] || yn))]]
+ EgenZyen[t >out:f -y lx = out:f-y -z || )
+ Xgen[t > bout:3 - lx = bout: 3 - lnewn.(z[n] || )]
+ Xgen[t > inp:f -1z = inp: B - IAn.(x(n) || w)]
+ symmetric cases
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where 7 is chosen such that 7 & n(u). Informally, the restriction map Res : P — P
pushes restrictions inside processes as far as possible. The five summands corresponds to
the five equations below:

(va)T.P ~ 7.(va) P
(va)mn.P ~; mn.(va)P if a # m,n (va)ma.P ~;m(a).P if a #m
(va)m(B).P ~ m(B).(va)P if a #m (va)mB.P ~; mB.(va)P if a #m

where () is an abbreviation to express bound-output, that is, (va)ma. The map Res
implicitly also ensures that (ra)P ~; 0 if none of the above cases applies. The parallel
composition map || captures the (late) expansion law of mw-calculus. There is a strong
correspondence between actions performed by a closed m-calculus process and the actions
of its encoding.

Theorem 4.1 Let P a closed m-calculus process. If P —, P’ is derivable in m-calculus,
then n([P]) + [P] LN [P']. Conwversely, if n([P]) + [P] L tin new-HOPLA,
then P <=, P' for some P', and n(t) -t ~ [P'] : P.

The encoding also preserves and reflects late strong bisimulation.

Theorem 4.2 Let P and @ be two closed w-calculus processes. If P ~; Q) then n(P) U
n(Q) F [P] ~ [Q] : P. Conversely, if n([P]) Un([Q]) F [P] ~ [Q] : P, then P ~; Q.

Early semantics Along the same lines, new-HOPLA can encode the early semantics
of m-calculus. The type of the input action assigned to w-calculus terms captures the
difference between the two semantics. In the late semantics a process performing an input
action has type inp:N® (N — P): the type of the continuation (N — P) ensures that the
continuation is actually an abstraction that will be instantiated with the received name
when interaction takes place. In the early semantics, the type of a process performing an
input action is changed into inp:N ® N — !P. Performing an input action now involves
picking up a name before executing the prototypical action, and in the continuation
(whose type is P) the formal variable has been instantiated with the received name.
Details can be found in [15].

Polyadic m-calculus A natural and convenient extension to m-calculus is to admit pro-
cesses that pass tuples of names: polyadicity is a good testing ground for the expressivity
of our language.

We can specify a type for polyadic m-calculus processes as:

P = 7P + outN®C + inpN®!F
C = :N®C + 1.6C + 2:IP
F = 3N—F + 4P
Recursive types are used to encode tuples of (possibly new) names in concretions, and
sequences of name abstractions in abstractions.
Just as with the m-calculus, it is possible to write a restriction map Res : 0P — PP that
pushes restrictions inside processes as far as possible, and a parallel map that captures

the expansion law. The resulting semantics coincides with the standard late semantics of
polyadic m-calculus. Details can be found in [15].
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4.2 Higher-Order m-calculus

The language we consider can be found in [12], with one main difference: rather than
introducing a unit value, we allow processes in addition to abstractions to be communi-
cated. For brevity, we gloss over typing issues. The syntax of terms and values is defined
below.

P,Q = VeW |n(x).P |a(V)P|PlQ| x| (wa)P |0
VW == P | (z).P

The reduction semantics for the language is standard [12]; we only recall the axioms that
define the reduction relation:

(x).PeV — P[V/x] n(V).P|n(z).Q — P|Q[V/x].
Types for HOm are given recursively by
P=7IP + outN®!C + inpN@!(F — P) C = 0:F&P+ 1:0C F=2P+3F —-P.

Concretions of the form (v&)(V) P correspond to terms of type C; recursion on types is
used to encode the tuple of restricted names &. The function [—], translates values into
the following terms of type F:

[P], = 2:[P] [(x).P], = 3:\x.[P]
while the function [—] translates processes into terms of type P:

[VeW] = m:l(ms[V]) (m[Wlot+ms[W]o) [P Q=[P || [Q] [z]=« [0]=0
[n(x).P] = inp:n-!(Az.[P]) [n(V)] = out:n-!([V]., [P]) [(va)P] = Res newa.[P] .

The restriction map Res : 6P — P filters the actions that a process emits, blocking
actions that refer to the name that is being restricted. Output actions cause names to
be extruded: the third summand records these names in the appropriate concretion.

Res t = [t > newa.T:lz[a] = T:|Res z]
+  Ygen[t > newa.inp:(5 - lz[a]) = inp:(8 - I\y. Res (newy.z[y](y)))]
+  Xgen[t > newacout:(f - 1z[a]) = out:(F - 13:x)]

Parallel composition is a family of mutually dependent operations also including compo-
nents such as ||; of type C&F — P to say how values compose in parallel with concretions
etc. All these components can be tupled together in a product and parallel composition
defined as a simultaneous recursive definition:

— Processes in parallel with processes:

t ] u = Zgen[t >out:f-lz = [u>inp:f-ly= 71z || v)]
b Spcnlu> inpif -ty = gt Lo 9)]
+ Ygenfu > out:B - ly = out:B- 1t ||c y)]
+ [u>7ly=7It || y)
+ symmetric cases

15



— Concretions in parallel with values

c|li f = snd(me) || (msf)(ma(fst(moc)) +ms(fst(moc))) + Res (newa.(((me)lal) |li f))

— Concretions in parallel with processes

c |le t = 0:(fst(moc), snd(moc) || t) + L:(newa.((me)[a] || t))

— Values in parallel with processes

flla t = Ax(((msf)z) || w)

The remaining cases are given symmetrically. The proposed encoding agrees with the
reduction semantics of HOn. The resulting bisimulation is analogous to the so called
higher-order bisimulation [1, 14], and as such it is strictly finer than observational equiv-
alence. It is an open problem whether it is possible to provide an encoding of HO7 that
preserves and reflects the natural observational equivalence.

4.3 Mobile Ambients

We sketch an encoding of the mobility core of the Ambient Calculus, extending the
encoding of Mobile Ambients with public names into HOPLA given in [7].

Again, we denote name constants with a,b, ..., name variables with «, 3, ..., and
we let n,m, ... range over both name constants and name variables. The terms of the
language are constructed according the following grammar:

P == 0| n[P]| P|P| (va)P | inn.P | out_n.P | openn.P .

With respect to the HOPLA encoding, the syntax has been enriched with the restriction
operator.

Types reflect the actions that ambient processes can perform, and can be given re-
cursively by:

P = 7P+ inN®IP + out:N® P + open:N® IP
+ mvin:N ® IC 4+ mvout:N ® !C
+open:N® IP + mvin:N® IF

C = 0:P&P + 1:6C

F = P—>P

The injections in, out, and open correspond to the basic capabilities a process can exercise,
while their action on the enclosing ambients is registered by the components mvin and
mvout. The injections open and mvin record the receptive interactions that an ambient can
(implicitly) have with the environment. Again, recursive types are used in concretions
to record the sequence of names that must be extruded. In the HOPLA encoding, the
type of concretions was C = P&P: it has been changed to reflect that mobility can cause
extrusion of names, along the lines of our treatment of HOx.3

3Note a minor notational change: the meaning of actions-coactions mvin, mvin and open,open has
been swapped with respect to the encoding of MA into HOPLA.
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The translation of terms is inherited from the HOPLA paper, with the addition of
the rule for the restriction operator.

[o] =0 [inn.P] =inn-![P]
[n[P]] = Amb(n,[P]) Jout_n.P] = out n - ![P]
[P Q] =1rF] [ [Q] [openn. P = open n- I[P

[(va)P] = Res (newa.[P])

The restriction map Res : 6P — P filters the actions that a process emit, and blocks
actions that refer to the name that is restricted. In fact, in Pure Mobile Ambients, the
only scope extrusions are caused by mobility, and not by pre-actions.

Res : P—P
Res t = [t > newa.T:z[a] = T:Res x)]
Ygen[t > newain:(5 - 1z[a]) = in:(5 - | Res x)]
Ygen[t > newa.out:(f - 1z[a]) = out:(f - | Res )]
Ygen[t > newa.open:(f - 1z[a]) = open:(( - | Res x)]
Ygen[t > newa.mvin:(f - lz]a]) = mvin:(5 - 11:x)
Ygen[t > newa.mvout:(5 - lz]a]) = mvout:(F - I1:x)
Ygen[t > newa.open:([ - lz[a]) = open:( - | Res x)]
+ Xgen[t > newa.mvin:(F - lzja]) = mvin:(5 - ! \y. Res (newy.z[v](y)))]

+ + + + +

Parallel composition is a family of operations, one of which is a binary operation
between processes, ||pgp: P&P — P. The family is defined in a simultaneous recursive
definition below.

e Processes in parallel with processes:

t || u = Xgen[t >open: f-lz = [u>open: f-ly=T7:l(z || y)]]
+ Ygen[t > mvin: f-1f = [u>mvin: B-le=711(c || f)]]
+ [t>7mle=71lz || u)
+ Zgen[t > B le = inf- Nz || u)
+ Ygen[t > out:B - lx = out:f- Iz || u)]
+ Xgen[t > open:F - lx = open:G-(x || u)]
+ Ygen[t > mvin:f -1z = mvin:G - Nz || w)]
+  Ygen[t > mvout: - lz = mvout: B - l(z || u)]
+ Xgen[t >open:f -l = open:G - (x || u)]
+ Ygen[t > mvin:f - lz = mvm: G- (2 || )]

_|_

symmetric cases.
All summands except the first two correspond to congruence rules.

e Concretions in parallel with abstractions:

¢ |li f=snd(me) || f(fst(moc)) + Res (newa.(((mc)[ed) i f))
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e Concretions in parallel with processes:

¢ |le t=0:(fst(moc), snd(moc) || t) + L:(newa.((mic)|a] || t))

e Abstractions in parallel with processes:
flla t=2Az.((fz) [| u)

Remaining cases are given symmetrically.
Finally, ambient creation can be defined recursively in new-HOPLA as an operation
Amb : N&P — P:

Amb(m,t) = [t>7:le = 7:1Amb(m, z)]
Ygen[t > in:B -l = mvin:3 - 1(Amb (m, x),0)
Ygen[t > out:5 - 1z = mvout: 3 - [(Amb (m, ), 0)

+ +

[t > mvout:m - lc = T:| Extr(m, c)]
+ open:m - It +mvimm - !I\y. Amb (m,t || y)

where the map Eztr : N&C — P extrudes names across ambient’s boundary after an
mvout action:

Extr(m,c) = fst(moc) || Amb(m, snd(moc)) + Res (newa.(Extr(m, (mc)a]))) .

The denotations of ambients are determined by their capabilities: an ambient m]t]
can perform the internal (7) actions of ¢, enter a brother ambient (mvin n) if called upon
to do so by an in n action of ¢, exit its parent ambient (mvout n) if called upon to do so
by an out n action of ¢, be exited if ¢ so requests through an mvout m action, be opened
(open m), or be entered by an ambient (mvin m); other pre-actions are restricted away.
The tree-containment structure of ambients is captured in the chain of spen m’s that they
can perform.

The semantics given above agrees with the reduction semantics of Mobile Ambients,
possibly up to structural congruence. It is easy to prove that if the encodings of two
processes are bisimilar in new-HOPLA | then they are strong reduction barbed congruent.
We do not know if the converse is true (it is false if we add recursive definition of processes
to the fragment of MA we consider). Yet, in MA, strong reduction barbed congruence is
an extremely discriminating relation and its interest is very limited.
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Proofs

A.1 Proofs from Section 2

Proof of Lemma 2.2, page 10 By rule induction.

Inaction. Suppose A;2:Q,T;d =0 : P. As 0[t/x] = 0, we derive AU A ;T UT";d I

0[t/x] : P by the rule for inactive process.

Variable. Suppose A;x:Q,T;d + y : P. If y # x then y[t/z] = y and we derive

AUATUT;dF y[t/x] : P by the rule for identity. If y = x, then y[t/z] =t and P = Q:
we derive and AU A;TUT";d b y[t/x] : P from A;T';d' + ¢ : Q by weakening.
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Weakening. Suppose that A”; x:Q,I"”;d" - u : P has been derived from A;;d - u: P
for A” D A T” D TI,d" O d. As I UI" is consistent, then I' UT" is consistent as well.
If 2:Q € T, then by the induction hypothesis we have A U A;T UT";d - uft/z] : P
where d = (d\ z) Ud' U {{a} x (A UT") | (a,z) € d}. By weakening we conclude
A"UAT"UT (d\ ) Ud U{{a} x (A UT") | (a,x) € d"} Fult/z] - P. If :Q €T,
then x ¢ fv(u) and u[t/z] = u. The result follows from A;I';d F u : P by weakening.

Tensor. Suppose that A; x:Q;d F « - u : P has been derived from A;z:Q;d - u : P for
a € A. By the induction hypothesis we have AU AT UT";d - o - ult/z] : P. As a € A,
a € AU A’ as well, and we conclude by the rule for tensor.

Name projection. Analogous to tensor.

Name abstraction. Suppose that A;z:Q,I";d - Aa.u : N — P has been derived from
a:N;A; 2:Q,T;d - u : P with a € d. By the induction hypothesis we get (a:N, A)UA";T'U
I";d - uft/x] : P. As substitution is capture-avoiding, a:N ¢ A’ and (N, A) U A’ =
a:N, (AU A’). Tt remains to show that a ¢ d. But o € d’ because a ¢ A’, and o & d
because of the hypothesis. Thus, we can conclude by the rule for name abstraction.

Name application. Suppose that A; 2:Q, I'; d - ua : P has been derived from A; z:Q, I'; d -
u: N — P, with o € A. By the induction hypothesis we get AU A;T UT";d F ult/x] :
N—-P Asa€ A, ae€ (AUA). Asut/z]a = ualt/x], by the rule for name application
we get AU A, T UTY;d - ualt/x] : P, as required.

New name abstraction. Suppose that A;z:Q,T';(d \ o) F newa.u : 0P has been
derived from a:N, A;2:Q,I";d - w : P with o ¢ d. By the induction hypothesis we get
(N, A) U AT UT";d - uft/x] : P. As substitution is capture-avoiding, a:N ¢ A’, and
(N, A)U A" = a:N, (AU A’). Tt also holds d\ a = ((d\ ) Ud U {(a,2) | z €
I'Mand (o, z) € d} U{(c, ) | €A and (o, z) €d})\a=((d\a)\2)Ud U{(a,2) |
zeI"and (a,z) € (d\ o)} U{(e,3) | B € A and (a,z) € (d\ )}. Then we can
conclude by the rule for new name abstraction.

New name application. Suppose that a:N, A; x:Q, I'; dU ({a} x ((x:Q,T)UA)) F ula] :
P has been derived A;2:Q,I';d - u : 0P. We want to show that a:N, (AU A); T UT";d -
u[a][t/x] : P where d is the set of distinctions:

((dU({a}x ((z:Q T)UA)\z)ud' U{{ B} x (A'UT) | (8, 2) € (dU({a}x((z:Q,T)UA)))} .

By the induction hypothesis we get AUA"; TUTY; (d\z)Ud' U{{B} x (A'UL") | (B,z) € d} -
ult/x] : OP. As (o, x) € (dU({a} x ((x:Q,T')UA))), the hypothesis guarantee that o ¢ A’.
By the rule for new name application we derive a:N, (AU A"); T UT";dy F ut/z][a] : P,
where the set of distinctions d; is

(d\x) Ud U{{B} x (A UT") | (B.2) € d} U ({a} x (TUA)) .

Now, ult/x][a] = u[e][t/]. Alittle care is needed to show that d; is equal to d. The set
d can be rewritten as

(d\z)U(({o} x (:Q ) UA))\z)Ud
U{s} x (A'uT) [ (B,2) € d} U{{B} x (A'UT") [ (B,7) € ({a} x ((z:Q,T) U A))}

and in turn as

(d\z)U({a} x (TUA)UdU{{B} x (AU | (8,2) € dfU({a} x (AUT))
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and this is equal to dy, as required.

Process abstraction. Suppose that A;z:Q,I';d F Ay.u : R — P has been derived
from A;y:R,z:Q,I';d F w : P with y € d. By the induction hypothesis we get A U
A (yR,T) UT";d F uft/x] : P. As substitution is capture-avoiding, y:R ¢ I", and
(z:Q,TYUT = 2:Q, (T UT). It remains to show that = ¢ d. But o € d’ because z ¢ I”,
and x ¢ d because of the hypothesis. Thus, we can conclude by the rule for process
abstraction.

Process application. Suppose that A; 2:Q, I';d - u : P has been derived from A; z:Q,I'; d -
u:R —Pand A;2:Q,T;d - v : R. By the induction hypothesis we get AUA;TUT;d F
uft/r] R —Pand AUA;TUT;dF olt/x] : R. As ult/z]v[t/z] = uv[t/z], by the rule
for process application we get AU A'; T UT";d - uv[t/z] : P, as required.

Recursion. Analogous to process abstraction.

Sum. Suppose that A; x:Q,I';d - X;cru; : P has been derived from A; z:Q, I';d F u; : P
for all i € I. By the induction hypothesis we get AUA’"; TUT";d - u,[t/x] : P for all i € 1.
As Yicr(ult/x]) = Sicrus[t/x], by the rule for sum we get AUA"; TUTY; dSic; F it /z] - P,
as required.

Injection, projection, lifting, recursive type. Straightforward use of the induction
hypothesis, along the lines of the case of tensor.

Pattern matching. A little care is required to avoid getting confused by the type
environments and the sets of distinctions. We detail the case in which the variable x
belongs both to the type environment of the matched term, and to the type environment
of the continuation. The other cases are simpler.

Suppose that

BUB; (2:Q,A) U (2:Q,A");dF [w>p(y) = v]: P
has been derived from
Biz:Q A Fw:R B:x:Q,A: 0 ;ySFp: R B;yS,z:Q,A; 0 Fv:P

where
d=(6\y)UdU{{B} x (B'U (A, 2:Q)) | (8,y) € 0}
and
B'n{p| By et =10. (1)
With respect to the hypothesis of the Lemma, A = BU B’ and z:Q,T" = (2:Q,A) U
(x:Q, A"). Also remember that A’;T";d' - t:Q and
An{p|(Bz)edt=0. (2)

_ We want to show that BUB'UASAUAN UTd F [w > p(y) = v][t/a] : P where
T=(d\ ) Ud U{B x (A, T") | (3,2) € d}.
By the induction hypothesis we have:

B UAS AU dy Fwft/z] : R B'UAS A UTY dys;y:SEplt/z] R

where

d = (\2)Ud U{{B} x (AUT)]| (B,2) €Y.
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We also have:
BUA"; (y:S,A)UT";dy Folt/x] : P
where
dy = (O\@)Ud U{{B} x (A'UT) | (3,2) € 5} .

We show now that (B'U A")N{y | (7,y) € do} = (. For that, we rewrite the set
{7 | (7,y) € da} can be rewritten as the union of the sets .S; defined as

Si={rl(ny)e@N\a)}  Se={y[(vy) ed}
Ss={7](v,y) € {8} x (AUT") [ (B,2) € }} .
Now, B'NS; = () because of hypothesis (1), and A’N.S; = () because of (2). This implies
(AU B)NS; = 0. The sets Sy and S5 are empty because y is a bound variable and

without loss of generality we can suppose y ¢ I".
Then, we can apply the pattern matching typing rule to obtain

B UAUB;AUT'UA;dg - [w[t/z] > p[t/z](y) = v[t/z]] : P
where

ds = (de \y) Udy U{{B} x (BPUA'UA"UT") | (B,y) € da} .
By definition of substitution [w[t/z] > p[t/z](y) = v[t/z]] = [w > p(y) = v][t/z]. Tt
remains to prove that d3 = d. With a lot of patience, we see that

d=(d\x)Ud U{{} x (A'UI") | (8,2) € d}

= (((0\y) L' U{{B} x (B'U (A, z:Q)) | (B,y) € 0}) \ z) Ud'U
{8y x (A'0I) [ (B,2) € G\ )} U{{B} x (A'UT") | (8, 2) € &'}V
{8} x (AUT) [ (B,2) € {y x (B'U (A", z:Q)) | (7, 9) € 6}}

=(@\y\z)U(d\2)U{Bx (B UA)|(B,y) €d}UdU
{8} x (AUl") [ (B,2) € (6\y) U{{B} x (A UT") | (B,2) € &}V
{{B} x (A"UT") | (B,y) € 6}

= \y\z)U((d\r)udu
{8} x (A UT") [ (B,z) € G\ y)}U{{B} x (AUL") | (B,2) € &'}V
{8} x (B'UA"UAUL) | (8,y) € 0}

In the last expression, the set {{#} x (A" UT") | (B,2) € (§ \ y)} can be rewritten as
{{B} x (A UT") | (B,z) € (0\y)} With more patience, we calculate:

ds = (dy \ y) Udy U {{B)} x (BUA UAUT) | (5,y) € do}

(0N z)ud U{{B} x (A'UT") | (B,2) € 6}) \y) U (6" \ ) Ud'U
{6} x (A'UT) [ (B,7) € 6"}
{8} x (BPUAUAUTY) | (B,y) € (6\ 2)}U
{6y x (BPUAUA'UTY) | (8,y) € d'}
{8} x (BPUAUA'UT) [ (B,y) € {y x (AUT") | (v,2) € 6}}
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As (d'\ y) C d, and since y is a bound variable an without loss of generality we can
suppose y ¢ IV (and in turn y ¢ d'), we have

dz3=(0\z\y)U(d\x)uduU

{8} x (A'UT) [ (B,7) € 63 U{{BY} x (AUTY) | (B,2) € 5"}V
{8y x (BUAUA'UTY) | (B,y) € 6\ )} -

We conclude that d = ds because they are union of the same subsets.

Typing rules for patterns follow along the same lines (they are easier). The induction

is now complete. 0
Proof of Theorem 2.4, page 11 By rule induction on the derivation of P;s F
P (z)

lz (x)

Prefizing. Suppose that |P;s - 1t ———— t. Then s F !t : P and so by the typing
rules, s -t : P as wanted.
—p (z)

Process abstraction. Suppose that P — Q; \y.t t' with s;; xR Fu— p:
P — Q. By typing of patterns, we have s - u : P and s;;2:R - p : Q. The induction
hypothesis then yields s - ¢’ : R as wanted. Note that the substitution tu/x] is well-
formed because A;y:Q; At : P follows from s = A\y.t : P — Q, for a bijection o : s — A.

Process application. Suppose that Q;s - tu AN t' has been derived from P —

Q:skt i) t" with s;;2:R F p(z) : Q. By the premise and the typing rules, we
have st : P — Q and s - u : P, such that s;;2:RF u— p: P — Q. The induction
hypothesis then yields s - ¢ : R as wanted.

New name abstraction. Suppose that 0P; s F newa.t newa-plelel/ ) newa.t’ has

been derived from P; s U {a} F t[a/a] el @) t'la/a] with s;; 2":0R F newa.pla’[a]/x]
OP. By the typing rules, we get A, a:N;P; A, d+t: P, for o: s+ {a} — A+ {a}. This
implies s U {a} - tfa/a] : P. Again, by typing rules we get A, a:N;0; A, d;;z:RF-p: P
and then s U {a};;z:R + pla/a] : P. By the induction hypothesis we have s U {a} F
t'l[a/a] : R. This implies that A, a:N;P; A, - ' : R and we get s F newa.t’ : R by the
typing rules, as wanted.

New name application. Suppose that P;s U {a} + t[d] lefe] ) t'[a] has been
derived from 0P;s F ¢ neveplelel/s () ', with s U {a};;x:R + pla/a] : P. By the
typing rules we get s ¢ : 0P. Also, as the pattern is well-typed, A, a:N;(; A, o;; x:R
p : P must hold for ¢ : s + {a} — A+ {a}. By the typing rules we get s;;2":0R F
newa.p[z'[a]/x] : 6P. By the induction hypothesis, s F ¢’ : dR, and by the typing rules
we conclude s U {a} F '[a] : R.

Pattern matching. Suppose that Q;s F [t > p(y) = u] @, u’ has been derived

from P; s ¢t ﬂt’ and Q; s - ult'/y] ﬂu’ with s;;y:Skp:Pand s;;2:RE¢q: Q.

By the induction hypothesis applied to the first premise, we get s = ¢’ : S. Thus, as
A;xR;AF u:Q for o : s — A, the substitution u[t'/z] is well-formed. By the induction
hypothesis applied to the second premise, we get s u' : R, as wanted.

The remaining cases are handled similarly. 0
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A.2 Proofs from Section 3

To prove that bisimilarity is a congruence relation we need some auxiliary lemmas and
definitions.

Lemma A.1 [fskt~uwu:P, then for all 8 O s it holds s' -t ~u : P.
Proof Suppose skt~ wu:Pand s Os. We want to show that s’ ¢ ~ u : P. For that
let s” O s’ and suppose s” ¢ Lo¥ Asskt~u:Pands” D s, there exists a term

u' such that s” - u —— «' and s" F ¢/ ~ «/, as required. The symmetric case is handled
similarly. O

Lemma A.2 Bisimilarity is an equivalence relation.

Proof It is easy to see that bisimilarity is reflexive and symmetric. For transitivity,
suppose s Ft ~wu :Pand s u ~ v :P. We want to show that s - ~ v : P. Let
s’ D s and suppose 8’ ¢ — t'. As s t ~ u : P, there exists a term u’ such that
shu o and s Ft ~u ;P In turn, as s F u ~ v : P, there exists a term v" such

that s’ v — o' and &' o/ ~ v’ : P. The result follows by coinduction. O

Definition A.3 (Closure) A (A;T;d)-closure is a triple (s, p, [i/Z]), where
1. s is a set of names;

2. p:A— sis amap such that p(a) # p(B) whenever (o, 3) € d, and p(a) & n(u;)
whenever (o, u;) € d (that is, p substitutes name constants in s for name variables
in A and respects distinctions);

3. [u/Z] is a substitution assigning closed terms to the process variables in I" such that
sk T(x;) for alli.

Closures are ranged over by =. Given a type judgement A;I';d -t : P and a (A;T;d)-
closure = = (s, p, [u/Z]), we write t[Z] for the term pt[i/Z] and sz for s. Remark that
s b ptli/x] : P is a valid type judgement.

Definition A.4 (Open extension) If R relates closed terms, we write R° for its open
extension, relating A;T;d =t : P and A;T;d Fw: P if sz F t[Z] RulZ] : P holds for all
(A;T'; d)-closures =.

We write R, for the restriction of a type-respecting relation to closed terms. For a
type-respecting relation R we write R also for the relation induced on actions, given
inductively by

/
AlDd;;xREpRg: P ?Cglé
A’;F’;d’;;x:Rl—qu:PdEd, E;zREIzR 1z IR
A;Tdy;xREpRqg:P ae A E;zREpRq:P; jel

A;Tydy;xREa-pRa-q: N®P E;zREjipR jiq: SieP;
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Al d;czREpRqg:P ae A AldFuRv:P A d;;xREpRq:Q
Alidy ;e REFa—pRar—q: P Alidy ;e REFu—pRo—q: P

a: N A d;zREpRq:P
AT (dN\ a); ;2 :0R F newa.plr’[a]/z] R newa.qz![a]/x] : 0P

The open extension of ~ is closed under weakening:

Lemma A.5 If A;I';d -t ~° u : P, then for all A O ATV DO I')d DO d we have
AT d Eit~°u: P
Proof Follows from the definition of open extension and from Lemma A.1. O

Some terminology: a type respecting relation is said operator respecting if it is pre-
served by all the operators of the language. A congruence is an operator respecting
relation that is also an equivalence.

Following Howe, we define an auxiliary relation, called the precongruence candidate,
that, by construction, contains ~° and is operator preserving. In what follows, we omit
the N type in the environment of name variables, and we occasionally use E as a concise
abbreviation for a typing environment A;I';d. Also, when no ambiguity arises, we use
commas to denote the disjoint union of sets.

Definition A.6 (The precongruence candidate) The precongruence candidate, ~,
15 the smallest type-respecting relation closed under the rules reported in Figure 1.

We need several technical lemmas. The lemma below is fundamental to show that in
a derivation of s - newa.t ~. u : §P the choice of the name a used to derive s U {a} F
tla/a] ~. v : P is irrelevant, as far as it is fresh.

Lemma A.7 If there is a derivation of A, o;T;d, ({a} x (AUT)) Ft ~wu: P, then there
is a derivation of the same height of A, 3;T;d, ({8} x (A, T)) F t[B/a] ~ u[B/a] : P.

We then prove that the precongruence candidate is closed under substitutions.

Lemma A.8

Lof AT, vQudFu~u - Pand AT d Et <t Quith AN {y | (v,2) €d} =0,
then AUA; TUT; d = ult/z] ~ W[t /x] : P, where d = (d\ z) Ud' U{{B} x (4",T") |
(8,2) € d};

2. if A asTid - u ~u 2P, and N = {v | (a,7y) € d}, then for all name variables
B € (A\N) it holds A;T;d[B/a) - ulB/a] ~ ' [B/a] : P.
Proof Both parts are proved by induction on the depth of the derivation respectively
of ;T z:Pydb-u~wu :Pand A, a;T;d - u~u' : P.

To illustrate the proof, we focus on part 1, and we detail the case when the last rule of
the derivation is new-name abstraction. Suppose that the conclusion of the derivation is
A; T, 2:Q; d F newau ~ ' : §P. This must have been derived from A, 5;T', :Q; d, ({8} x
(AU (I 2:Q))) F ulB/a] ~ v[B/a] : P and A; T, 2:Q;d F newa.v ~° ' : P for some
term v and for some fresh name (. As « is bound in newa.u, we assume without loss of
generality that o ¢ A’. More interestingly, as a consequence of Lemma A.7, we can also
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/ - — —.
ATidbt A w: P ?glfl Ettiw:P,uPB/P] EFO0~w:P Ebaz~°w:P
ATHd Rt R w: P, S EFtiw:pyP:B  EF0Aw:P EFzcw:P

EFt~t P ERW~°w: P AT, ePyd-t~t P A;T;d b recxt! ~°w: P
Erltlw: 1P A;Tyd b recet ~w: P

ErFtRt:P Etbn-t' ~°w: NP EFHtAtY : NP Ermt ~°w:P
Ern-tfw: NP Ermtrw:P

AT ePidHtRt:Q A;DvdE et ~w:P—Q
AldE et ~w:P—Q
EHtRt:P—-Q EFrusu:P Ertu ~°w:P
FrFtu~rw:P

Aja;TdHt <t P AT;dF X at ~Yw:N—-P ErFtit:N->P EFta~w:P
AldE dat~w:N—P Frta~w: P

A, B;T5d, ({8} x (A, D) Ht[B/a] ~¥[B/a] : P A;T;dE newa.t’ ~° w: 6P
A; T dF newat ~ w: 0P
ATydEt~t 0P Ao TdU ({af x (A D) el ~w: P
A ;T dU ({a} x (A1) Fila] ~w:P

El_t’gt/]P)Z El_’iit/NOU}IEZ'PZ' El—t&t’:Ziel]P’i El—mt’wow:R
Erat~w: XP; Ermtcw: P

Vi EFti~t, P EEYeti~w:P AalidEt~t P AldEYeent’' ~°w: P
EF Yt ~w:P A;T;dE Xaent ~w : P

AT d Ft At P AT, aRdFuru :Q AUATUIdF[t' > plr) = u]~w:Q
AUATUTd Rt > ple) = ul R w:Q

In the last rule, d stands for (d\ z) Ud' U {{a} x (4, T") | (o, z) € d}. Also, the pattern

p is supposed to be well-type, with resumption type R.
In the rule for new-name abstraction, we assume A, a;;d' Ft: P, with d =d' \ a. In

particular, this implies that o & A.

Figure 1: The precongruence candidate
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suppose 3 € A’. By the induction hypothesis we get (A, B)UA"; TUT"; dy F u[B/a][t/z] ~
v[B/a][t'/x] : P, where di = ((d, {8} x (AU (I, x:Q)))) \x) Ud U{{a} x (A UT") |
(o, ) € (d, (B x (AU(T,2:Q))))}. The set of distinctions d’ can be rearranged so that it
is of the form dy = dy, ({#} x (AUA' UT'UT)) for a set of distinctions ds. Then we have
(AUA), B, T UL dy F ult/x][B/a] ~ v[t'/x][3/a] : P. Since ~° is defined as the open
extension of ~, and because of Lemma A.5, it holds AUA"; T UTLY; dy - (newa.v)[t/z] ~°
u'[t'/x] : 0P and hence A;T;d F newa.(v[t/z]) ~° W'[t'/x] : 6P, where d = dy \ . We
conclude AU AT UTY;d F (newa.u)[t/z] ~ u'[t' /x] : OP. O

Part 2 of Lemma A.8 (closure under name substitutions) allows us to prove some
basic properties of the precongruence candidate. The proof of these properties involves
the closure under name substitution to deal with the rule of new-name abstraction: we
will detail one case to illustrate the proof strategy.

Lemma A.9 Some properties of the precongruence candidate:

1. ~ s reflexive;
2. ~ 18 operator respecting;
3. ~° C ’:";

4. if EFt~ru:Pand EFu~°v:Pthen EFt~uv:P.
Proof

1. follows from reflexivity of ~° (by induction on the structure of the term t).

2. follows from the definition of ~, from the definition of operator respecting re-
lation, and from reflexivity of ~°. The case of new-name abstraction deserves
to be detailed. Suppose A,a;1;d F t ~ u : P. We want to conclude that
AT (d\ a) F newat ~ newaw : 0P. As A,o;T5d =t ~ w: P, by Lemma A.5
we have A, o, 5;15d, ({8} x (AUT)) Ft ~ w:P. Then, by Lemma A.8 we have
A, B;T(d, ({8} x (AUT))[3/a] F t[B/a] & ulBfa] : B. Now, (dU ({8} x (AU
D))[B/a] = (d\a)U ({8} x (AUT)). As ~° is reflexive, A;T; (d\ ) F newa.u ~°
newa.u : 0P. Hence A;T'; (d\ ) - newa.t ~ newa.u : §P follows from the definition
of ~.

3. follows from the reflexivity of ~ and the definition of ~.

4. induction on the derivation of £ + t ~ wu, using the fact that ~ (and ~°) is
transitive. U

Lemma A.10 [fstt ~.u:P, then for all s O s we have s’ =t ~. u : P.

Proof Consequence of the weakening rule in the definition of the precongruence candi-
date. O
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Proposition A.11 Since ~ is an equivalence relation, the transitive closure ~* of ~ is
symmetric, and therefore so is ~.".

In the next lemma, we heavily rely on the correspondence between the type judgement
s F t : P and the judgement A;(); A F ot : P for A a set of fresh name variables and
o :s — A a bijection between s and A.

Lemma A.12 <, is a simulation.

Proof We prove that ~, is a simulation by induction on the derivations of the opera-
tional semantics. Actually, we prove a stronger property:

if sk tA, u:Pand s Ft - ¢ for some s D s, then for all p’ with

si:eREp R p P, there exists a term u’ such that s’ F u L W and
sSSE A .

Since ~ is reflexive, s’;;x:R F p <~ p : P for all actions, and so ~. is a simulation if
the above holds. This stronger induction hypothesis is needed in the case of process
application.

Most of the cases are proved in the same way. Consider E -t :Pand s+ C(t) ~. u: Q
for some term constructor C', possibly involving binding. From the definition of ~ we
obtain the existence of a term v with EF¢ ~ v :Pand s F C(v) ~ u: Q. Under the

AN t" with s D s and with ¢ any action such that s';;x:R

p ~ q : Q, we show that there is a transition s’ - C(v) 9 with 8 - ¢ ~ev' R

Having showed this, in all cases we conclude as follows: since s = C'(v) ~ u : Q, there

is a transition s’ F & v with 8 F v ~ 4. Hence s -t ~, v : R follows from

s Ht ~.v : R by Lemma A.9.4. To avoid repetition, this latter part will be left out
below.

Cases sum, process application, and pattern matching differ from the above pattern
because the constructor C' takes more than one term: apart from this, their proof follows
the aforementioned pattern.

assumption s = C(t)

(z
Prototypical action (prefixing). Suppose s 1t ~.u : P, and s’ F It 2@, t for s’ O s.
Since s !t ~, u : P there exists a term v such that st <, v:Pand sk !lv ~u:!P.

(z
By Corollary A.10 we have s’ -t ~. v : P. We get a transition s’ - lv 1@, v from the
operational rules.

a-p(x)
_

Tensor. Suppose s - a-t ~, u : N® P and that s F a -t t' because

s'Ht RGN t' for some s’ D s. Let g be any action such that s';;z:RF p <~ ¢ : P. This

implies §';;:RFa-p~a-q: N®P. Since sFa-t ~, u:N®IP there exists a term v
such that st ~,v:Pand sFa-v~u:N®P. By the induction hypothesis we get

s'Hw ﬂv’withs’l—t’r@cv’:R,andhences’l—a'v L(z)w/.

Projection over names. Suppose s F m,t ~. u : P and that s’ - 7.t ﬂ t’ because

skt AN t' for some s’ O s. Let ¢ be any action such that s';;xz:R - p < g : P.
This implies s';;2:RFa-p~a-q: N®P. Since s - 7t ~. u : P there exists a term v
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such that st ~, v: N®P and s - m,v ~ u : P. By the induction hypothesis we get

s'Fw o), v with s =t/ 2, ¢ : R, and hence s’ F 7, 4@, v,

Sum. Suppose s F Yiert; ~. u : P and that ' F X,c/t; AN t' is derived from

st AN t', for some s’ D s. Let ¢ be any action such that ';;z:R F p ~ ¢ : P. Since

s E Xiert; ~. u: P, there is a family of terms {v;};c; such that s - ¢; ~. v; : P for each

i €I, and s F X;cv; ~ u : P. By the induction hypothesis we get s’ - v; @, v with

X q(x)
s'1 ~. v : R, and hence s' F Ejejv; —— 0.

Sum over names. Suppose s F Xoent ~. u : P and that ' - 3 ent ﬂ t' is derived
from §' b tla/a] P2y where a € ¢, for some s’ O s. Let ¢ be any action such that
s oREpA g:P. Since s F Yaent ~. u : P, there exists a term v such that A, a;0; A -
ot ~ ov : P for a bijection 0 : s — A, and s - X,env ~ u : P. Using weakening
and Lemma A.8.2, we obtain s’ - t[a/a] ~. v[a/a]. By the induction hypothesis we get

s' - vla/a] L with 2. v : R, and hence s’ F Ygenv D,

Recursion. Suppose s F recy.t ~. u : P and that s F recy.t RGN t' is derived

from s+ t[recy.t/y] AN t'. Let ¢ be any action with ¢';;2:R F p ~ ¢ : P. Since

s F recy.t ~, u : P there exists a term v such that A;y:P; A+ ot ~ ov : Q for a bijection
oc:s— A and s - recyv ~ u : P — Q. As ~ is operator respecting, we have s F
recy.t ~. recy.v : P, and using Lemma A.8.1 we obtain s F t[recy.t/y| ~. v[recy.v/y] : P.

By the induction hypothesis we get s' - v[recy.v/y] LN v with ¢ H¢ <, 0" : R, and

q(z)
hence also s’ - recy.v —— v'.

Process abstraction. Suppose s F Ay.t ~.u : P — Q and that s’ - \y.t _r) tis

derived from s F t[w; /y] AN t’. Let wy — ¢ be any action with ¢;;z:R F wy — p ~

we — q : P — Q. This implies s’ - wy ~, wy : P. Since s - Ay.t ~. u : P — Q there
exists a term v such that A;y:P;A b ot X ov: Qforo:s — A, and s - Ay.v ~ u :
P — Q. Using weakening and Lemma A.8.1 we have s’ F t[w/y] ~. v[ws/y] : Q. By the

induction hypothesis we get s’ b v[ws/y] LGN v with ¢ ¢ <, ¢ : R, and hence also

s'F Ay w2 d®)

Process application. Suppose s b tits ~. u : Q and that s’ F t1ts L t' is derived

tor—
from s' - t; )| t' for some s’ D s. Let g be any action such that §/;;z:REp < ¢ : Q.

Since s F tity ~. u : Q there exists terms v; and vy such that s -t ~, v; : P — Q
and s F tyg ~. vy : Pand s F vjvs ~ u : Q. By the induction hypothesis we get

, veg(z) , P , varg(z) .
s Fvy ——— v with ¢ ' ~. ¢ : R, and hence s’ - vjvo ———— v'. Notice

how the stronger induction hypothesis allows us to choose the label vy — ¢ rather than
U — p, so that we could obtain a transition from vyvs.

Name abstraction. Suppose s F Aa.t ~. u: N — Q and that s - \a.t ) ' is

derived from s’ F t[a/a] AN t'. Let a — ¢ be any action with s';;z:RFa+— p~a—

qg: N — Q. Since s - Aa.t <, u: N — Q there exists a term v such that A, «;0; A
ot ~ ogv : Q for a bijection 0 : s — A, and s F Aa.v ~ u : N — Q. Using weakening
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and Lemma A.8.2 we have s’ - tla/a] ~. v[a/a] : Q. By the induction hypothesis we get
- a—q(z)

s'Fvla/al D with & ¢ ~. v R, and hence also s’ F Aa.v
Name application. Suppose s F ta ~, u : Q and that s’ - ta —>p(m) t' is derived from

st i t' for some s’ O s. Let g be any action such that §';;x:R Fp ~ ¢ : Q. Since

st ta~,u:Q there exists a term v such that st ~.v: N — Q and s - va ~ u : Q.

By the induction hypothesis we get s’ - v 220D with 8 F ~. v' 1 R, and hence

v’

a—q(x)
s'Fwva v,

i:p(x)

Ingjection. Suppose s F it ~. u : Y;e/P; and that s' F it t' because s’ F

t —>p(m) t' for some s’ O s. Let ¢ be any action such that s';;xz:R F p <~ ¢ : P;. This

implies s';;x:R F i:p <~ diq : XerP;. Since s F it <p u ;3P there exists a term v
such that s -t ~, v :P; and s F @20 ~ u : X;c;P;. By the induction hypothesis we get

st ﬂv’withs’l—t’r@cv’:R,andhences’l—a'v ﬂwz}’.

Projection. Suppose s + mt ~. u : P; and that s’ + mt ﬂ t' because s F

O 4 for some s D s. Let g be any action such that s';;x:R = p < ¢ : P;. This

implies §';; R F i:p ~ i:q : XijerP;. Since s F mit ~, u : P; there exists a term v such
that s ¢t ~, v : Yie/P; and s F mv ~ u : P;. By the induction hypothesis we get

s'Fw ﬂ v with ¢’ ¢/ <, v : R, and hence s’ F mv ﬂ v,

New-name abstraction. Suppose s b newa.t ~. u : dP. Suppose also that s +

neway —oPE) vt is derived from & U {a} F tla/q] _lefel®) | t'[a/al

for some s’ D s. Let ¢ be any action such that A’ a;0; A", d;;2 : R+ op R oq :
P for a bijection o : s/ — A’. This implies s’ U {a};;2:R F pla/a] <~ qla/a] : P
and §;;2":0R F newa.p ~ newa.q : 6P. Since s F newa.t ~, u : 0P there exists a
term v such that s U {a} F tla/a] <. v[a/a] : P and s F newa.w ~ u : 6P. As

s U{a} F tla/a] _Plojelm) t'l[a/a], by the induction hypothesis we have s’ U {a} F
v[a/a] _dlajell) | v'[a/a] with s’ U {a} F t'[a/a] <. v'[a/a] : P. By the operational rules
s'F newa.v rewer gl /#) newa.v'. As ~ is reflexive, we can deduce s’ - newa.t’ ~.
newa.v' : 0P from s’ U {a} F ¥'[a/a] <. v'[a/a] : P, as desired.

New name application. Suppose s U {a} F tla] ~. u : P. Suppose also that s’ U
{a} F t[d] /)@ |y [a] is derived from s" F ¢ t', for some s D s.
Let ¢ be any action such that A',a;0; A", d;;2 : R F op <~ oq : P for a bijection o :
s’ — A’. This implies §';;2' : R F newa.p[z'[a]/z] ~ newa.q[z'[a]/x] : §P, and also
s' U {a};;z : R pla/a) ~ qla/a] : P. Since s U {a} F t[a] <. u : P there exists
a term v such that s = ¢ < v : §P and s U {a} + v[a] ~ u : P. By the induction
hypothesis we have s’ - v newadllo)/] v with ¢ + t/ v : OR. As ~ is operator

respecting (Lemma A.9.2), we obtain s’ U {a} F ¥'[a] <. v'[a] : P. We get a transition

s' U {a} - v[a] el oy [a] by the operational rules.

newa.plz’|a]/z](z")

Pattern matching. Suppose s = [t; > p(z) = to] ~. u: Q and that s’ F [t; > p(x) =
to] EACOIN t3 is derived from s’ F ¢, #al, t) and ' o[t /] EACOIN ts, for some s’ O s.
Let g and ¢’ be actions such that s';;z:REp <~ q:Pand s';;2":R' - p' <. ¢ : Q. Since
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st [t > p(z) = ta] ~. u:Q, there exist two terms v; and vy such that s -t ~. vy : P
and A;x:R; A, d - oty ~. ovy : Q for a bijection o : s — A, where s; U s, = s and
sNo({a | (a,z) € d}) = 0. Tt also holds s F [v; > p(z) = v3] ~ u : Q. By the

induction hypothesis we have s’ - v; ), vy with s = ¢ ~, v} : R. By weakening

and by Lemma A.8.1 we get s’ F toft)/x] ~. va]v)/x] : Q. Applying the induction

hypothesis in this case yields s' F vy[v]/x] 2=, vy with ¢ F t3 ~, v3, and hence
, q'(2')
s v > p(x) = vy] — vs.

The induction is complete. O

At last, we prove that bisimilarity ~ is a congruence.
Proof of Theorem 3.2, page 12 As shown in Lemma A.12, ~. is a simulation.
Then ~.* is a bisimulation by Property A.11, and so ~.* C ~. In particular ~. C ~. By
Lemma A.9.1 and Lemma A.8, it follows that ~ C ~° and so by Lemma A.9.3, ~ = ~°.
Hence, ~ is a congruence because it is an equivalence relation and by Lemma A.9.2 is
operator respecting. U

A remark on the definition of the precongruence candidate: the more standard rule

Ao Tidt Rt P A;T5 (d\ a) F newat’ ~° w : 0P
AT (d\ a) F newat ~ w : 6P

does not seem to capture the essence of new-name abstraction. In fact, this rule does not
allow to prove Lemma A.12 (at least not in a handy way).

Proof of Proposition 3.3, page 12 Let Z be the identical type respecting relation
over closed terms. In each postulated case s b= lhs ~ rhs : P, the relation S = { (s’ F
lhs :P,s'Frhs:P) | s O s} UZ is a bisimulation. O

Proof of Lemma 3.5, page 12 Let

R = { (sF newa.t: P, st newa.w: 0P) | sU{a}F tla/a] ~ulaja] : P} .

We show that R is a bisimulation. Suppose s’ F newa.t P pewant! for some

s’ O s. This must have been derived from s’ U {a} F t[a/a] _plejel ,

By bisimulation, we have s’ U {a} F u[a/qa] elel u'la/a) with s’ U {a} F t'[a/a] ~

t'[a/a] for some a.

W'[a/a] : P. By the operational rules, we have ' F newo.u ——— newe.u’, and by
definition of R we conclude s - newa.t’ ~ newa.u’ : jP. O

Proof of Proposition 3.6, page 12 Let

R ={ (sU{a} F (newa.t)[a] : P,s U {a} F tla/a] : P) |
A0 A, dHt:Pforo:s —p; A}

We show that R is a bisimulation. Consider s U {a} I (newa.t)[a] R tla/a] : P.

Suppose that s’ U {a} F (newa.t)[a] lefel®) (newa.t')[a] for some s’ O s. This
newa.a—plz'[a]/z](z') / .
newa.t’. In turn, this must

must have been derived from s’ - newa.t
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Actions: ¢ := mm | n(a) ! no ! T

PP agv) p 2, p
_ - _
AP P op) 2P wa)P S wa)P (wa)p 2, P
pi)lp/ pﬁ_m>lp/ Q %, pﬂlp/ Q %, 0

PIQ - PQ  PIQ =P |Qm/a]  P|Q —mH)(P|Q5/a]
Figure 2: m-calculus: the late labelled transition system

have derived from s’ U {a} F t[a/q] eel®) |y [a/a]. So we have a matching transition,

and s' U {a} I (newa.t')[a] R t'[a/a] : R follows from the construction of R, where R is
the type of the resumption variable in p.

Suppose now that s’ U {a} - t[a/a] _plajaf(@) |

newa.c—plz’[a]/z](x’)

pla/al(y)
ey

t'[a/a] for some s’ O s. By the opera-

tional rules we get s’ - newa.t newc.t’. In turn, by the operational

rules we get s U {a} F (newa.t)[d] (newa.t')[a]. So we have a matching tran-
sition, and ' U {a} F (newa.t')[a] R ¢'[a/a] : R follows from the construction of R. O

Proof of Corollary 3.7, page 12 By weakening, s U {a} F newa.t ~ newa.u : §P.
By congruence, s U {a} F (newa.t)[a] ~ new(a.u)[a] : P. By Proposition 3.6, we have
s U {a} F (newa.t)[a/a] ~ tla/a] : P and s U {a} F (newa.u)[a/a] ~ u[a/a] : P. The
result follows from transitivity of ~. O

Proof of Corollary 3.8, page 12 By Proposition 3.5 s - newa.t ~ newa.u : §P.
The result follows by Corollary 3.7. O

A.3 Proofs from Section 4

We first introduce a basic up-to proof technique.

Definition A.13 (Bisimulation up to bisimilarity) A symmetric type respecting re-
lation on closed terms, R, is a bisimulation up to bisimilarity if s -t R u : P and
Sttt for s’ D s imply that there exists a term u' such that s’ F u —— u' and

sSEt ~R~u P
Proposition A.14 If R is a bisstmulation up to bisimilarity, then R C ~.

Proof Let S = {(sFt:P,stu:P)|skt~R~u:P} The relation S is a
bisimulation (simple diagram chasing argument). U

For reference, the late labelled transition system is reported in Figure 2 (we omit the
symmetric rules).

Definition A.15 (Late strong bisimilarity) Late strong bisimilarity is the largest sym-
metric relation, ~;, such that whenever P ~; @,
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1. P ﬂq P’ implies there is Q' such that Q ﬂq Q' and P'lm/a] ~; Q'[m/a] for
every m;

. . . . l . . ¢
2. if £ is not an input action then P —; P" implies QQ —;~; Q.

It is well-known that late strong bisimilarity is preserved by all operators except
input prefix. In particular, both transitions and late strong bisimilarity are preserved by
injective renaming.

Lemma A.16 (Basic properties of [—])
1. tv(P) =1tv([P]);
2. n(P) =n([P);
3. [Plla/a] = [Pla/a]].
To prove Theorem 4.2, we introduce here a theorem stronger than Theorem 4.1.

Theorem A.17 Let P a closed m-calculus process. Then,

out:a-b-!

1. P 2 P if and only if n(P) + [P] [P

inp:a!

2a. P 25, P implies n(P) - [P] 22 (AB.[P]);

2b. n(P) F [P] el implies P &l P andt ~ (\G.[P']);

3a. P ﬂl P’ implies n(P) F [P] _boutal (newf.[P']);

bout:a!

3b. n(P)F [P] ———t implies P ﬂl P’ and t ~ (newf.[P']);
Ja. P 25, P’ implies n(P) F [P] —s~ [P'];
4b. n(P) - [P] T implies P ——; P’ and t ~ [P']
We introduce some notations useful in the proofs of the next two theorems:

e we write @, or simply @ for the set {aq,...,a,} where the a; are all distinct. We
write newd,,.t for neways. . ... newa,,.t. Also é"IP stands for ¢§...0P where the J is
replicated n times;

e most of the substitutions we use in the next two theorems are bijections involving
fresh name constants. So, whenever a is fresh for P, we write Pla/a] — P'[a/a] as
a shorthand for Pla/a] —— P} and P’ = P![a/a]. Same with terms and transitions

of new-HOPLA;
e we write — instead of —;.

We prove separately the two implications of Theorem 4.2.
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Theorem A.18 Let P and @ be two closed w-calculus processes. If P ~; ) then
n(P,Q) F [P] ~ [Q] : P.

Proof We actually prove a stronger theorem:
Let P and @ be two m-calculus processes such that fv(P) = fv(Q) = &@,.

1. If P ~; Q, then n(lhs,rhs) F newd,.[P] ~ newd,.[Q] : 6"P, and

2. if v € @ and for all m it holds P[m/vy] ~; Q[m/v], then n(lhs,rhs) +
new (@, \ 7)MN.[P] ~ new(d, \ 7)-M.[Q] : 6" HN — P).

Let

R ={ (stk newd,.[P] : ¢"P, s F newd,.[Q] : 0"P) | P ~; Q and fv(P) =1{v(Q) =4}
U{ (s F newd@p, Ay.[P] : 6"(N — P), s F newd@p,.\y.[Q] : 6"(N — P)) |

Vm.P[m/vy] ~; Qm/~] and fv(P) = fv(Q) =a U {y} }

where s D n(lhs,rhs). We prove that R is a bisimulation up to bisimulation; the result will
follows from the soundness of the up-to bisimulation proof technique (Proposition A.14).
First consider
s F newd,.[P] R newd,.[Q] : i"P

—

with P ~; @ and fv(P) = fv(Q) = d. We perform a case analysis on the actions
performed by newd,,.[P].

newa,,.7:!

e Suppose that s’ + newd,.[P] newd,.t for some s’ O s. This must

have been derived from s’ U @ - [P][@/d) LN tl@a/d). As [P]la/d) = [Pla/d]],
by Lemma A.17, there is a term P'[d@/d] such that P[@/a] — P'[d@/d] and s’ U
a b tla/d)l ~ [P']la/a] : P. Late strong bisimulation is preserved by injective
substitution, so Pld/d] ~; Q[d/d]. Then, by bisimulation there is @'[d/d] such
that Q[@/d] —— @'[@/a] and P'[d/d] ~; Q'[@/d]. By Lemma A.17, & U @ F
[Q]a/a) N ul@/d) and s U @ + wu[@/d] ~ [Q'][@/d] : P. By the opera-

S|
newday, . :!

tional rules we have s F newd,.[(] newd,.u. We must still show
s F newd,.t ~R~ newd,.u : §"P. By multiple applications of Lemma 3.5 we
derive s’ - newd.t ~ newd.[P'] : §"P from s’ U @ & t[@/d] ~ [P'][@/a] : P. We also
derive s' F newd.u ~ newd.[Q'] : 6"P from s’ U a - ula/d] ~ [Q'][a@/d] : P. Again,
late strong bisimulation is preserved by injective substitution, so P’'[d@/d] ~; Q'[d@/d]
implies P’ ~; Q. By construction of R, we finally have

s+ newd.t ~ newd.[P'] R newd.[Q'] ~ newd.u : 6"P .
as wanted.

e The case newd.out:a - b - ! is similar to the previous one.

newdy .bout:b-!

e Suppose that for some s DO s, s b newd,.[P] newd,.t. This

must have been derived from s’ U @ + [P][a/a] _boutiit tld/d), where i =
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a; if b = «;, and ¢ = b otherwise. By Lemma A.17, there is a term P’[d@/d]
such that P[ad/d] 0, P'l@/d] and s’ U @ + tla@/a] ~ (newy.[P'])[@/a] : oP.
Observe that v ¢ a. Now, by late strong bisimulation, there is Q'[@/d] such
that Q[a/a] —% [d/d] and P'[@/d] ~ Q'@/d]. By Lemma A.17, 8’ U @ F

bout:i-!

[Qlla/d] ———— wl@/d] and s’ U @ + ul@/d] ~ (newy.[Q'])[@/d] : 6P. By the

. N newdn.bout:b:! 5
operational rules we have s’ - newd,.[(] - newd,.u. We must con-

clude s’ F newd,.t ~R~ newd,.u : §"0P. Multiple applications of Lemma 3.5
allow us to derive s’ - newd.t ~ newd.new~y.[P'] : §"6P from s’ U @ F t[a/a] ~
(new~y.[P'])[@/d] : 6P. We also derive s’ F newd.u ~ newd.new~.[Q'] : 6™0P from
s'Uadt ula/ad) ~ (newy.[Q'])[@/a] : 6P. Since P’ ~; @', by construction of R, we
have

s'F newd.t ~ newd.newy.[P'] R newd.newy.[Q'] ~ newd.u : §"0P .

Ny .iNP:b-! 5 .
e Suppose that for some s’ D s, ' F newd,.[P] ewan P, newdy,.t. This must

have been derived from s’ U @ + [P][a/d] _est, tl@/d], where i = a; if b =
a;, and i = b otherwise. By Lemma A.17, there is a term P’[d@/d] such that

Pla/a] “, P'la/d] and s’ U a + t[@/a] ~ (My.[P'])[@/d] : N — P. Now, by late

strong bisimulation, there is Q'[@/d] such that Q[a/d] o, Q'[d@/d] and for all m,
inp:i-!

P'lajallm/v) ~ Q'la/d][m/~]. By Lemma A.17, s’ uUat [Q]l@/a] —— uld/d]
and ' U @ b ul[@/d] ~ (M. [Q])[@/a] : N — P. By the operational rules we

. 5 newdn,.inp:b-! 5
have the transition s’ F newd,.[)] ——————— newd,.u. We must conclude

s’ newd,.t ~R~ newd,.u : "N — P. By multiple applications of Lemma 3.5
we derive s’ F newd.t ~ newd@\y.[P'] : (N — P) from s’ U @  t[@/a] ~
(M.[P'])]@/d] : N — P. We also derive s’ - newd.u ~ newd.\y.[Q'] : "(N — P)

from s’ U @+ uld/d] ~ (Ay.[Q'])]@/d] : N — P. Since P' ~; Q)’, we have

s'+ newd.t ~ newd. \y.[P'] R newd.\y.[Q'] ~ newd.u : 6"(N — P) .

Consider now

s F newd, \y.[P] R newd,. \y.[Q] : 0"(N — P)
because for all m, P[m/~y] ~; @Q[m/v]. We perform a case analysis on the actions per-
formed by newd,, . \y.[P].

newd, .n—r:!

newd,.t for some s’ O s. This must

er—T:!

have been derived from s’ U @ - [P][d@/d] —— t[@/d], that in turn must have
been derived from s’ U @ + [P][a/d][e/7] , tla/a] for e € s’ U @. Observe that
e = a; if n = q; for some i, and e = n otherwise. By Lemma A.17, there is a term
P'[@/d] such that Pld/d][e/y] — P'[a/d] and s’ U @ & t[@/d] ~ [P'][a/d] : P.
As for all m it holds P[m/vy] ~; Q[m/~], by bisimulation there is @’'[@/d] such
that Q[a/d]e/y] — Q'[@/a] and P'[@/d] ~; Q'[@/d]. By Lemma A.17, ' U @ +

e Suppose that s’ - newd,, . \y.[P]
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[Q1a/dlle/] LN ul@/d] and s" U @ I—#u[c_i/d’] ~ [Q'][@/d] : P. By the operational

rules we have s F newd, \y.[Q)] —————— newd,.u. We must conclude s" -
newd,t ~R~ newd,u : d"P. By multiple applications of Lemma 3.5 we derive
s'F newd.t ~ newd.[P'] : §"P from s' U a - t[a/ad] ~ [P'][a@/d] : P. We also derive
s’ newd.u ~ newd.[Q'] : 6"P froms’ U @ - ul@/d] ~ [Q'][@/a] : P. Late strong
bisimulation is preserved by injective substitution, so P’[@/d] ~; Q'[d/d] implies
P’ ~; Q'. By construction of R, we finally have

s'F newd.t ~ newd.[P'] R newd.[Q'] ~ newd.u : 6"P .
as wanted.

The case newd.out:a - b - ! is similar to the previous one.

newd,.n—bout:b-! .
" newa,,.t for some s’ O s. This

must have been derived from s’ U @ F [P][@/d] _e—boutd, tl@/d], that in turn

must have been derived from s’ U @ - [P][a/d][e/~] _boutt, tla/a] for e € s’ U a.

Observe that e = a; if n = a; and e = n otherwise. Observe also that i = q;
if b = «; and i = b otherwise. By Lemma A.17, there is a term P’[@/d] such

that Pld/d][e/~] 9, P'l@/d) and s’ U @+ t[@/d] ~ (new(.[P'])[@/a] : 6P. As

for all m it holds P[m/v] ~ @[m/+], by bisimulation there is Q'[d/@] such that
Qla/dlle/r] ~L Q'fa/a] and P'la/d] ~ Q'd/d]. By Lemma A17, &' U G
[01la/al[e/7] 2, w[a/a) and &' U @ - uli@/d] ~ (newC.[Q)[@/d] : 5P. By

newan, .n—bout:b-!

Suppose that s’ F newd, .\v.[P]

the operational rules we have s’ b newd,.\y.[Q] newd,.u. We
must conclude s’ F newd,t ~R~ newd,u : §"0P. By multiple applications of
Lemma 3.5 we derive s' - newd.t ~ newd.new(.[P'] : §"6P from s’ U @+ t[@/a] ~
(new(.[P'])[a/d] : 0. We also derive s’ - newd.u ~ newd.new.[Q'] : 6"0P from
s'Uat uld/d) ~ (new.[Q])[a@/d] : 6P. Since P' ~; Q', by construction of R, we
finally have

s'F newd.t ~ newd.new(.[P'] R newd.new(.[Q'] ~ newd.u : §"0P .

newdn.n»—rinp:b-! ’ .
newao,,.t for some s’ O s. This
. —inp:i-!

must have been derived from s U @ + [P][d/d] BnLEEN tl@/d], that in turn

must have been derived from s’ U @ - [P][a@/d][e/~] el tla/a] for e € s’ U a.

Observe that e = a; if n = a; and e = n otherwise. Observe also that i = q;
if b = o and @ = b otherwise. By Lemma A.17, there is a term P’[d/d] such
that P@/dlle/y] —— P'[@/a) and &' U @ F t[@/a) ~ (\C[P]]a/a) : N — P.
As for all m it holds P[m/vy] ~; Q[m/~], by bisimulation there is @’'[@/d] such
that Q[a/d]e/~] X, Q'la@/d] and P'[a/d] ~; Q'|a/d]. By Lemma A.17, s’ U a -

inp:i-!

[Qll@/alle/y] —— ul@/d] and s’ U @+ ula@/a] ~ (M.[Q'])[@/d] : N — P. By

newd’n.n»—rinp:b-!

Suppose that ' - newd,.A\y.[P]

the operational rules we have s’ F newd,.\y.[Q] newdy,.u. We
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must conclude s’ = newd,,.t ~R~ newd,.u : "N — P. By multiple applications
of Lemma 3.5 we derive s’ - newd.t ~ newd.\(.[P'] : "(N — P) from s’ U @
tld/al ~ (M. [P'])]@/d] : N — P. We also derive s’ - newd.u ~ newd@.\(.[Q'] :
(N — P) from s’ U @ F ul@/a) ~ (M.[Q])[@/d] : N — P. Since P’ ~; @', by

construction of R, we finally have

s'F newd.t ~ newd@.A(.[P'] R newd@. \([Q'] ~ newd.u : "(N — P) .

This concludes the analysis. (l

Theorem A.19 Let P and Q two closed m-calculus processes. If n(P,Q) F [P] ~ [@] :
P, then P ~; Q.

Proof We prove a stronger theorem:

Let P and @ two m-calculus processes such that fv(P) = tv(Q) = &,. If
n(lhs,rhs) b newd, . [P] ~ newd,.[Q] : 6"P, then P ~; Q.

Let

R = {(P,Q) | n(lhs, rhs) & newd,.[P] ~ newd,.[Q] : 6"P and fv(P) = fv(Q) = a,,} .

. . . . L
We prove that R is a strong late bisimulation. Suppose P R @ and P — P’. We
perform a case analysis on /.

e Suppose that P —— P’. Since transition are preserved by bijective substitution,
we have P[d/d] — P'[@/d], for a set @ of names fresh for both for P and Q. By

Lemma A.17, n(lhs, rhs) U {a} + [P]la/d] LN tla/a], with n(lhs,rhs) U {a} +
tld/d] ~ [P'][@/d] : P. By the operational rules we get the transition n(lhs, rhs) +

newa.t:!

newd.[P] ————— newd.t, and by multiple applications of Lemma 3.5 we have
n(lhs, rhs) = newd.t ~ newd.[P'] : 6"P. By bisimulation, there is a transition

newda.t:!

n(lhs, rhs) F newd.[Q] ————— newd.u, with n(lhs, rhs) - newd.t ~ newd.u : OP.

This must have been derived from n(lhs, rhs) U {a} + [Q][a/d] N uld/d], and
by Corollary 3.7 we have n(lhs, rhs) U {@} & t[@/d] ~ ul@/d] : P. By Lemma A.17,
Qla/d] — Q'[@/a), with n(lhs, rhs) U {a@} - ul@/a] ~ [Q'][@/d] : P. In turn Q —
(', and by multiple applications of Lemma 3.5 we have n(lhs, rhs) F newd.u ~
newd.[Q'] : 0"P. As ~ is transitive, by construction of R we conclude P’ R @'.

e The case P —— is similar to the previous one.

e Suppose P LC)> P’. Since transition are preserved by bijective substitution, we

have P[a/d] 9, P'ld/d], for @« = fn(P), @ a set of names fresh for both for

P and Q, and e = a; if n = a; and e = n otherwise. Observe that ( ¢ a.
bout:e:!

By Lemma A.17, n(lhs, rhs) U {a} + [P][@/a] ——— t|@/d], with n(lhs, rhs) U
{a} Ftld/a] ~ (new(.[P'])]d@/d] : 6P. By the operational rules we get n(lhs, rhs) -

o newd.b n-! N . . .
newd.[P] _newd Dot newda.t, and by multiple applications of Lemma 3.5 we
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have n(lhs, rhs) - newd.t ~ newd.new(.[P'] : §"6P. By bisimulation, n(lhs, rhs) -

- i.bout:n.! - . - - .
newd.[Q] rewd o, newd.u, with n(lhs, rhs) F newd.t ~ newd.u : §"0P. This

must have been derived from n(lhs, rhs) U {a} + [Q][a/d] outie! uld/d], and

by Corollary 3.7 we have n(lhs, rhs) F t[@/a] ~ wu[@/d] : P. By Lemma A.17,

Qla/al 9, Q'la/d], with n(lhs, rhs) U {@} & u[@/d] ~ (new(.[Q'])[@/d] : 6P. In

turn @ O @', and by multiple applications of Lemma 3.5 we have n(lhs, rhs) +

newd.u ~ newd.new(.[Q'] : "0P. As ~ is transitive, by construction of R we

conclude P' R @'.

e Suppose P AT P'. Since transition are preserved by bijective substitution, we

have P[d/d] -, P'la/d], for a = fn(P), @ a set of names fresh for both for P
and @, and e = q; if n = «; and e = n otherwise. Observe that ( ¢ a. By

inp:e-!

Lemma A.17, n(lhs, rhs) U {@} + [P][a@/d] ——— t[a@/d], with n(lhs, rhs) U {a} F
tl@a/d] ~ (N(.[P'])[@/a) : N — P. By the operational rules we get n(lhs, rhs)

newd.inp:n-!
newd.[P] B L newd.t, and by multiple applications of Lemma 3.5 we

have n(lhs, rhs) b newd.t ~ newd.\(.[P'] : "N — P. By bisimulation, n(lhs, rhs) -

F.inp:n-!
newd.[Q] i AN newd.u, with n(lhs, rhs) - newd.t ~ newd.u : "N — P.

inp:e-!

This must have been derived from n(lhs, rhs) U {a} + [Q][@/d] ——— ul@/da],
and by Corollary 3.7 we have n(lhs, rhs) U {a} + newd.t ~ newd.u : "N —
P. By Lemma A.17, Q[d/d] “, Q'la/d], with n(lhs,rhs) U {a} + ula@/d] ~
(A [@]@/d] : N — P. In turn Q =, (', and by multiple applications of
Lemma 3.5 we have n(lhs, rhs) F newd.A(.P' ~ newd.\(.[Q'] : (N — P). It
remains to prove that for all m it holds P'[m/{] R Q'[m/(]. By transitivity of
~ we have n(lhs, rhs) b newd@.\(.[P'] ~ newd. \(.[Q'] : "N — P and by mul-
tiple applications of Corollary 3.7 we derive n(lhs, rhs) U {@} = (M.[P])[@/d] ~
(AC.[@']]a@/d] : N — P. We perform a case analysis on m.

— If m is a name constant, then by Lemma A.1l, (repeated applications of)
Corollary 3.8, and Proposition 3.3, there is a @ such that m Na’ = () and
(n(lhs, rhs) U {m}) U {a@'} + [P'][@'/&][m/¢] ~ [Q'][@/&][m/¢] : P. By multi-
ple applications of Lemma 3.5 we obtain n(lhs, rhs)U{m} F newd.[P'[m/(]] ~
newd.[Q'[m/C]] : "P and by construction of R we get P'[m/(] ~; Q'[m/(].

— Suppose that m is a name variable and m ¢ &@. By congruence, the equation
(n(lhs, rhs)) U {a@} = newm.((A.[P])m)[@/a] ~ newm.((N.[Q'])m)[@ /a] :
0P holds. By Proposition 3.3 and by by multiple applications of Lemma 3.5 we
obtain n(lhs, rhs) b newd.newm.[P'Im/(]] ~ newd.newm.[Q'[m/(]] : §™6P
and by construction of R we get P'[m/(] ~; Q'[m/(].

— Finally, suppose that m is a name variable and m = «;. By Proposition 3.3 we
have n(lhs, rhs) U {a@} = [P'][@/d][a:;/¢] ~ [Q]]@/d][a;/¢] : P. By multiple
applications of Lemma 3.5 we obtain n(lhs, rhs) U {m} F newd.[P'[c;/C]] ~
newd.[Q'[c;/(]] : 0"P and by construction of R we get P'[m/(] ~; Q'[m/(].

This concludes the analysis. O
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