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Abstract For higher-order (process) languages, characterising contextual equivalence is
a long-standing issue. In the setting of a higher-order m-calculus with session types, we
develop characteristic bisimilarity, a typed bisimilarity which fully characterises contextual
equivalence. To our knowledge, ours is the first characterisation of its kind. Using simple
values inhabiting (session) types, our approach distinguishes from untyped methods for
characterising contextual equivalence in higher-order processes: we show that observing as
inputs only a precise finite set of higher-order values suffices to reason about higher-order
session processes. We demonstrate how characteristic bisimilarity can be used to justify
optimisations in session protocols with mobile code communication.

1 Introduction

Context In higher-order process calculi communicated values may contain processes.
Higher-order concurrency has received significant attention from untyped and typed per-
spectives; see, e.g., [13,15,20,26,30,33]. In this work, we consider HOx, a higher-order
process calculus with session communication: it combines functional constructs (abstrac-
tions/applications, as in the call-by-value A-calculus) and concurrent primitives (synchro-
nisation on shared names, communication on linear names, recursion). By amalgamating
functional and concurrent constructs, HOm may specify complex session protocols that
include both first-order communication (name passing) and higher-order processes (pro-
cess passing) and that can be type-checked using session types [9]. By enforcing shared and
linear usage policies, session types ensure that each communication channel in a process
specification conforms to its prescribed protocol. In session-based concurrency, distinguish-
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ing between shared and linear names is important, for computation conceptually involves
two distinct phases: the first one is non-deterministic and uses shared names, as it represents
the interaction of processes seeking compatible protocol partners; the second phase proceeds
deterministically along linear names, as it specifies the concurrent execution of the session
protocols established in the first phase.

Although models of higher-order concurrency with session communication have been
already developed (cf. works by Mostrous and Yoshida [25] and by Gay and Vasconce-
los [5]), their behavioural equivalences remain little understood. Clarifying the status of
these equivalences is essential to, e.g., justify non-trivial optimisations in protocols involv-
ing both name and process passing. An important aspect in the development of these typed
equivalences is that typed semantics are usually coarser than untyped semantics. Indeed,
since (session) types limit the contexts (environments) in which processes can interact, typed
equivalences admit stronger properties than their untyped counterpart.

The form of contextual equivalence typically used in concurrency is barbed congru-
ence [10,24]. A well-known behavioural equivalence for higher-order processes is context
bisimilarity [31]. This is a characterisation of barbed congruence that offers an adequate dis-
tinguishing power at the price of heavy universal quantifications in output clauses. Obtaining
alternative characterisations of context bisimilarity is thus a recurring, important problem
for higher-order calculi—see, e.g., [13,15,21,30,31,34]. In particular, Sangiorgi [30,31]
has given characterisations of context bisimilarity for higher-order processes; such char-
acterisations, however, do not scale to calculi with recursive types, which are essential
to express practical protocols in session-based concurrency. A characterisation that solves
this limitation was developed by Jeffrey and Rathke [13]; their solution, however, does
not consider linearity which, as explained above, is an important aspect in session-based
concurrency.

This work Building upon [13,30,31], our discovery is that linearity as induced by session
types plays a vital rdle in solving the open problem of characterising context bisimilarity
for higher-order mobile processes with session communication. Our approach is to exploit
the coarser semantics induced by session types to limit the behaviour of higher-order session
processes. Indeed, the use of session typed contexts (i.e., environments disciplined by session
types) leads to process semantics that admit stronger properties than untyped semantics.
Formally, we enforce this limitation in behaviour by defining a refined labelled transition
system (LTS) which effectively narrows down the spectrum of allowed process behaviours,
exploiting elementary processes inhabiting session types. We then introduce characteristic
bisimilarity: this new notion of typed bisimilarity is more tractable than context bisimilarity,
in that it relies on the refined LTS for input actions and, more importantly, does not appeal
to universal quantifications on output actions.

Our main result is that characteristic bisimilarity coincides with context bisimilarity.
Besides confirming the value of characteristic bisimilarity as a useful reasoning technique
for higher-order processes with sessions, this result is remarkable also from a technical
perspective, for associated completeness proofs do not require operators for name match-
ing, in contrast to Jeffrey and Rathke’s technique for higher-order processes with recursive
types [13].

Outline Next, we informally overview the key ideas of characteristic bisimilarity, our char-
acterisation of contextual equivalence. Then, Sect. 3 presents the session calculus HOz.
Section 4 gives the session type system for HOm and states type soundness. Section 5
develops characteristic bisimilarity and states our main result: characteristic bisimilarity
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and contextual equivalence coincide for well-typed HO7w processes (Theorem 2). Section 6
discusses related works, while Sect. 7 collects some concluding remarks.

This paper is a revised, extended version of the conference paper [16]. This presentation
includes full technical details—definitions and proofs, collected in Appendices 1 and 2.
In particular, we introduce higher-order bisimilarity (an auxiliary labelled bisimilarity) and
highlight its role in the proof of Theorem 2. We also elaborate further on the use case scenario
for characteristic bisimilarity given in [16] (the Hotel Booking scenario). Using an additional
example, given in Sect. 6, we compare our approach with Jeffrey and Rathke’s [13]. Moreover,
we offer extended discussions of related works.

2 Overview: characteristic bisimulations

We explain how we exploit session types to define characteristic bisimilarity. Key notions
are triggered and characteristic processes/values. We first informally introduce some basic
notation and terminology; formal definitions will be given in Sect. 3.

Preliminaries The syntax of HO7w considered in this paper is given below. We write n to
range over shared names a, b, ... and s, s’, ... to range over session (linear) names. Also,
u, w denotes a name or a name variable. Session names are sometimes called endpoints. We
consider a notion of duality on names, particularly relevant for session names: we shall write
s to denote the dual endpoint of s.

Values V, W 1= u names (shared and linear)
| Ax.P abstractions
Processes P, Q = ul{(V).P | u?(x).P output and input
| u<l.P | uwv{li: P;}ie; labelled choice
| X | uX.P recursion
| VW value application
| P|Q | wmP | O composition, restriction, inaction

Hence, the higher-order character of HOm comes from the fact that values exchanged in
synchronisations include abstractions.
The semantics of HOx can be given in terms of a labelled transition system (LTS), denoted
¢ . . . . .
P — P’, where ¢ denotes a transition label or the internal action 7. This way, for instance,
2V . . . fyn!(V
P Lall4N P’ denotes an input transition (a value V received along n) and P Lyl P’
denotes an output transition (a value V emitted along n, extruding names 771). Weak transitions,
. ¢ . Lo
written P = P’, abstract from internal actions in the usual way. Throughout the paper, we
write i, N’, ... to denote binary relations on (typed) processes.
HOm processes specify structured communications (protocols) as disciplined by session

types, denoted S, S, .. ., which we informally describe next:
S = WU, S | 2U); S output/input value of type U, continue as S
| ®{l;: Sitier | &{l; : Si}ie;r internal/external labelled choice of an S;
| utS |t recursive protocol
| end completed protocol

As we will see, type U denotes first-order values (i.e., shared and session names) but also
shared and linear functional types, denoted U — ¢ and U —o ¢, respectively, where ¢ is the
type for processes.
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Issues of context bisimilarity Context bisimilarity (denoted ~, cf. Definition 12) is an overly
demanding relation on higher-order processes. It is far from satisfactory due to two issues,
associated to demanding clauses for output and input actions. A first issue is the universal
quantification in the output clause of context bisimilarity. Suppose P ) Q, for some context
bisimulation 9. We have the following clause:

(*x) Whenever P ALTVLUR P’ there exist Q', W such that Q v mg;(W) Q' and,

for all R with £v(R) = {x}, wm)(P" | R{V/x) R (vim2)(Q" | R{W/x}).

Intuitively, process R above stands for any possible context to which the emitted value (V
and W) is supposed to go. (As usual, R{V/x} denotes the capture-avoiding substitution of
V for x in process R.) As explained in [31], considering all possible contexts R is key to
achieve an adequate distinguishing power.

The second issue is due to inputs, and follows from the fact that we work with an early
labelled transition system (LTS). Thus, an input prefix may observe infinitely many different
values.

To alleviate these issues, in characteristic bisimilarity (denoted ~C, cf. Definition 18) we
take two (related) steps:

(a) We replace (x) with a clause involving a context more tractable than R{V/x} (and
R{W/x}); and
(b) We refine inputs to avoid observing infinitely many actions on the same input prefix.

Trigger processes To address (a), we exploit session types. We first observe that, for any V,
process R{V/x} in (x) is context bisimilar to the process

P = s)((hz.22(x).R) s | s1(V).0)

In fact, through a name application and a synchronisation on session endpoint s we do have
P~ R{V/x}:

P 5 (vs)(s?2(x).R | 51{V).0)

= R{V/x} |0

where it is worth noticing that application and endpoint synchronisations are deterministic.
Now let us consider process Ty below, where 7 is a fresh name:

Ty = t2(x).(vs)(xs | sH{V).0) (1)
If Ty inputs value Az.z?(x).R then we have:

2Az.z27(x).R
Ty 0D RV}~ P

Processes such as Ty offer a value at a fresh name; this class of frigger processes already
suggests a tractable formulation of bisimilarity without the demanding output clause (x).
Process Ty in (1) requires a higher-order communication along ¢. As we explain below, we
can give an alternative trigger process; the key is using elementary inhabitants of session
types.
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Characteristic bisimulation for higher-order session processes 275

Characteristic processes and values To address (b), we limit the possible input values (such
as Az.z?(x).R above) by exploiting session types. The key concept is that of characteristic
process/value of a type, i.e., a simple process term that inhabits that type (Definition 13). To
illustrate the key idea underlying characteristic processes, consider the session type

S =2(S1—9); (S$H); end,

which abstracts a protocol that first inputs an abstraction (i.e., a function from values S to
processes), and then outputs a value of type S»>. Let P be the process u?(x).(u!(s2).0 | x s1),
where 51, 57 are fresh names. It can be shown that P inhabits session type S; for the purposes of
the behavioural theory developed in this paper, process P will serve as a kind of characteristic
(representative) process for S along name u.

Given a session type S and a name u, we write [S]* for the characteristic process of S
along u. Also, given a value type U (i.e., a type for channels or abstractions), we write [U )¢
to denote its characteristic value (cf. Definition 13). As we explain next, we use [U]¢ to
refine input transitions.

Refined input transitions To refine input transitions, we need to observe an additional value,
Ax. t2(y).(y x), called the trigger value (cf. Definition 14). This is necessary: it turns out that
a characteristic value alone as the observable input is not enough to define a sound bisimu-
lation (cf. Example 5). Intuitively, the trigger value is used to observe/simulate application
processes.

Based on the above discussion, we define an alternative LTS on typed processes, denoted

»—Z>. We use this refined LTS to define characteristic bisimulation (Definition 18), in which
the demanding clause (%) is replaced with a more tractable output clause based on character-
istic trigger processes (cf. (2) below). Key to this alternative LTS is the following (refined)
transition rule for input actions (cf. Definition 15) which, roughly speaking, given some fresh
t, only admits names m, trigger values Ax.?(y).(y x), and characteristic values [U]¢:

2 2
PV PA (VemvV =i 20).00) vV =[U)) = P LY pr

. . .. AV AV
Note the different notation for standard and refined transitions: u VS. rri>).

Characteristic triggers Following the same reasoning as (1), we can use an alternative trigger
process, called characteristic trigger process, to replace clause (x). Given a fresh name ¢ and
a value V of with type U, we have:

ef

e ViU E 1200).(05)(s?(3).[UT | 5UV).0) )

This formulation is justified, because given Ty as in (1), we may show that

12[?(U);end]c
—

Ty '~ 12(x).(vs)(s?2(y).[UY | s(V).0)

Thus, unlike process (1), the characteristic trigger process in (2) does not involve a higher-
order communication on ¢. In contrast to previous approaches [13,30] our characteristic
trigger processes do not use recursion or replication. This is key to preserve linearity of
session endpoints.

It is also noteworthy that HOzw lacks name matching, which is crucial in [13] to prove
completeness of bisimilarity. The lack of matching operators is compensated here with the
use of (session) types. Matching gives the observer the ability to test the equality of received
names. In contrast, in our theory a process trigger embeds a name into a characteristic process
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n,m == a,b | s,3 u,w = n | z,y,z VW = uw | Az.P
P,Q == ul(V).P | u?(z).P | u<lP | wuv{li:Pi}lier
| X [ wXP [ VW | PIQ | (wn)P | O

(a) Syntax.
Plo=P P | P=P| P Py (P| Ps)=(P1| P2) | Ps
pX.P = P{#X.P/X} (vn)0=0

Pl(rvn)Q=wn)(P|Q) (n ¢ fn(P)) P=QiftP=.,Q

(b) Structural Congruence.

[App] (\z.P)V — P{V/z} [Pass] n!(V).P|7?(z).Q — P | Q{V/xz}
jelI P— P
[Se] n<al;.Q |n>{l;: Pitier — Q| P; [Res] (vn)P — (vn)P’

pP— P P=Q —Q =P
ST T h [Cong] 7
P|lQ— P |Q P— P

[Par]

(¢) Reduction Semantics.

Fig. 1 HOu: syntax and semantics (structural congruence and reduction)

so as to observe its (typed) behaviour. Thus, equivalent processes deal with (possibly different)
names that have the same (typed) behaviour.

3 A higher-order session 7 -calculus

We introduce the higher-order session m -calculus (HOm) which, as hinted at above, includes
both name and abstraction passing, shared and session communication, as well as recursion;
it is essentially the language proposed in [25], where a behavioural theory is not developed.

3.1 Syntax
The syntax of HOx is defined in Fig. 1la. We use a, b, ¢, ... to range over shared names
and s, s, ... to range over session names. We use n, m, t, ... for session or shared names.

Intuitively, session names represent deterministic communication endpoints, while shared
names represent non-deterministic points. We define the dual operation over names n as
with 5 = s and @ = a. This way, e.g., session names s and 5 are two dual endpoints. Name
variables are denoted with x, y, z, ..., and recursive variables are denoted with X, Y, ....
Values V, W include name identifiers u, v, ... (first-order values) and abstractions Ax. P
(higher-order values), where P is a process P and x is a name parameter.

Process terms include usual w-calculus constructs for sending and receiving values V:
process u!(V).P denotes the output of V over name u, with continuation P, while process
u?(x).P denotes the input prefix on name u of a value that will substitute variable x in
the continuation P. Recursion is expressed by pX. P, which binds the recursive variable X
in process P. Process V W represents the application of abstraction V to value W. Typing
ensures that V is not a name. In the spirit of session-based 7 -calculi [9], we consider processes
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Characteristic bisimulation for higher-order session processes 271

u{lj : Pi}ic; and u < 1.P to define labelled choice: given a finite index set I, process
ur{l; : P;}ics offers a choice among processes with pairwise distinct labels; process u <il. P
selects label / on name u and then behaves as P. Constructs for inaction 0 and parallel
composition Py | P, are standard. Name restriction (v n) P is also as customary; we notice
that restriction for session names (v s) P simultaneously binds endpoints s and s in P.

We use £v(P) and £n(P) to denote the sets of free variables and names in P, respectively.
In a statement, we will say that a name is fresh if it is not among the names of the objects
(processes, actions, etc.) of the statement. We assume that V in u!(V).P does not include
free recursive variables X. If £v(P) = @, we call P closed.

3.2 Semantics

Figure 1c defines the operational semantics of HOx, given as a reduction relation that relies
on a structural congruence relation, denoted = (Fig. 1b): it includes a congruence that ensures
the consistent renaming of bound names, denoted =,. We assume the expected extension
of = to values V. Reduction is denoted —; some intuitions on the rules in Fig. 1 follow.
Rule [App] defines value application. Rule [Pass] defines an interaction/synchronization at n;
it can be on a shared name (with 77 = n) or a session endpoint. Rule [Sel] is the standard rule
for labelled choice/selection [9]: given a finite index set /, a process selects label /; on name
n over a pairwise distinct set of labels {/;};<; offered by a branching on the dual endpoint 7;
as a result, process P; is selected, and the remaining alternatives are discarded. Other rules
are standard. We write —>* for a multi-step reduction.

3.3 An example: the hotel booking scenario

To illustrate HO7r and its expressive power, let us consider a usecase scenario that adapts the
example given by Mostrous and Yoshida [25,26]. The scenario involves a Client process that
wants to book a hotel room. Client narrows the choice down to two hotels, and requires a
quote from the two in order to decide. The round-trip time (RTT) required for taking quotes
from the two hotels in not optimal, so the client sends mobile processes to both hotels to
automatically negotiate and book a room.

We now present two HOz implementations of this scenario. For convenience, we write
if e then (P; ; P») to denote a conditional process that executes P; or P, depending
on boolean expression e (encodable using labelled choice). The first implementation is as
follows:

Client; °E (v Ay, ho) (s11(Ax. Pey{1/y}) 21 (Ax. Py {12/3]).0 |
h1?2(x).hy?(y).if x <y then
(h1 <accept.hy <reject.0 ; h < reject.h, < accept.0))

accept : x <accept.x!(credit).0,
reject : x < reject.0

P,y “E xl(room).x?(quote).y!(quote).y - {

Process Client; sends two abstractions with body Py, one to each hotel, using sessions s
and s;. That is, Py, is the mobile code with free names x, y: while name x is meant to be
instantiated by the hotel as the negotiating endpoint, name y is used to interact with Client;.
Intuitively, process Pyy:

(1) sends the room requirements to the hotel;
(ii) receives a quote from the hotel;
(iii) sends the quote to Client;;
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Clienty \z. P Hotely Hotels Clientsy Az. O Hotely Hotels
Ly .
Az Pry Az. Q2
P P
Code; Codes Code; Codes
room room room room
quote quote quote quote
quote quote
quote quote
accept accept accept

r-q----- accept rolm o rolm oo
S it ettt Kbl credit credit

accept accept @ - @ -
Eb ! F----9 F----9 reject reject

Eb credit credit Lo|----- Lo|-—---
| .
1| reject .
P D reject
T reject | reject
————— > L----

Fig. 2 Sequence diagrams for Client; and Client,, as in Sect. 3.3

(iv) expects a choice from Client; whether to accept or reject the offer;
(v) if the choice is accept then it informs the hotel and performs the booking; otherwise,
if the choice is reject then it informs the hotel and ends the session.

Client; instantiates two copies of Py, as abstractions on session x. It uses two fresh endpoints
h1, hy to substitute channel y in Py,. This enables communication with the mobile code(s).
In fact, Client; uses the dual endpoints hy and Ky to receive the negotiation result from the
two remote instances of P and then inform the two processes for the final booking decision.

We present now a second implementation in which the two mobile processes reach an
agreement by interacting with each other (rather than with the client):

Clienty °= (vh)(s1!(hx. Q1{/y}).52!(0x. Q2(/3}).0)
01 def x!(room).x?(quote;).y!(quote,).y?(quote,).R,
[0)) def x!(room).x?(quote;).y?(quote,).y!(quote;).R,

R, if quote; < quote, then (x <accept.x!(credit).0 ; x < reject.0)

Processes Q1 and Q> negotiate a quote from the hotel in the same fashion as process Py,
in Client;. The key difference with respect to Py, is that y is used for interaction between
process Q1 and Q». Both processes send their quotes to each other and then internally follow
the same logic to reach to a decision. Process Client; then uses sessions s; and s, to send
the two instances of Q1 and Q> to the two hotels, using them as abstractions on name x. It
further substitutes the two endpoints of a fresh channel 7 to channels y respectively, in order
for the two instances to communicate with each other.

The different protocols implemented by Client; and Client; can be represented by the
sequence diagrams of Fig. 2. We will assign session types to these processes in Example 1.
Later on, in Sect. 5.9 we will show that Client; and Client, are behaviourally equivalent
using characteristic bisimilarity; see Proposition 3.

4 Types and typing

We define a session typing system for HOm and state its main properties. As we explain
below, our system distils the key features of [25,26].
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Characteristic bisimulation for higher-order session processes 279

4.1 Types

The syntax of types of HOx is given below:

(value) U:=C | L

(name) C =S5 1 (S | (L)

(abstractions) L 1= U—o | U—o

(session) S o= KUXS | 2U):S | &l Sitier | &{li @ Sitier
| wtS | t | end

Value types U include the first-order types C and the higher-order types L. Session types
are denoted with S and shared types with (S) and (L). We write ¢ to denote the process
type. The functional types U— ¢ and U —o ¢ denote shared and linear higher-order types,
respectively. Session types have the meaning already motivated in Sect. 2. The output type
I(U); S first sends a value of type U and then follows the type described by S. Dually, 2(U); S
denotes an input type. The selection type ®{l; : Si}ic; and the branching type &{l; : Si}icr
define labelled choice, implemented at the level of processes by internal and external choice
mechanisms, respectively. Type end is the termination type. We assume the recursive type
ut.S is guarded, i.e., the type variable t only appears under prefixes. This way, e.g., the type
pt.tis not allowed. The sets of free/bound variables of a session type S are defined as usual;
the sole binder is pt.S. Closed session types do not have free type variables.

Our type system is strictly included in that considered in [25,26], which admits asyn-
chronous communication and arbitrary nesting in functional types, i.e., their types are of the
form U— T (resp. U— T'), where T ranges over U and the process type ¢. In contrast, our
functional types are of the form U—o ¢ (resp. U— ©).

We rely on notions of duality and equivalence for types. Let us write S; ~ S, to denote
that S7 and S; are type-equivalent (see Definition 21 in the Appendix). This notion extends
to value types as expected; in the following, we write U; ~ U, to denote that U and U, are
type-equivalent. We write S dual S, if Sy is the dual of S,. Intuitively, duality converts !
into ? and @ into & (and vice-versa). More formally, following [4], we have a co-inductive
definition for type duality:

Definition 1 (Duality) Let ST be a set of closed session types. Two types S and S’ are
said to be dual if the pair (S, S’) is in the largest fixed point of the monotone function
F : P(ST x ST) — P(ST x ST) defined by:

FM) = {(end, end)}
U{(U1); S1, 2(U2); S2) | (81, S2) € R, Uy ~ Uz}
U{(2(U1); S1, {U2); 82) | (81, 82) e N, Uy ~ Us}
U{(®{li = Sitier. &{li = SjYier) | Viel.(S;,S) € R}
U{(&{l; = Sitier, ®{li = SjYier) | Vi€ l.(S:,S) € %}
U{(ut.S, 8" | (S{HtS/t), 8') e 0}
U{(S, ut.8) | (S, S'{1t-S7t)) e ;)

Standard arguments ensure that F' is monotone, thus the greatest fixed point of F' exists. We
write S; dual Sy if (51, S2) € 9.

@ Springer
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4.2 Typing environments and judgements

Typing environments are defined below:

I ==¢ | I'x:U=>o | T'u:(S) | ''u:(LYy | I'-X:A
A =0 | A-x:U—o0
Ax=0 | A-u:S

Typing environments I", A, and A satisfy different structural principles. Intuitively, the
exchange principle indicates that the ordering of type assignments does not matter. Weakening
says that type assignments need not be used. Finally, contraction says that type assignments
may be duplicated.

The environment I" maps variables and shared names to value types, and recursive vari-
ables to session environments; it admits weakening, contraction, and exchange principles.
While A maps variables to linear higher-order types, A maps session names to session types.
Both A and A are only subject to exchange. The domains of I, A and A are assumed pairwise
distinct.

Given I', we write I"\x to denote the environment obtained from I" by removing the
assignment x : U— ¢, for some U. This notation applies similarly to A and A; we write
A\ A’ (and A\ A”) with the expected meaning. Notation A - A means the disjoint union of
Ap and A,. We define typing judgements for values V and processes P:

I's Ay ARV U I's A;AFEP>o

While the judgement on the left says that under environments I”, A, and A value V has type
U; the judgement on the right says that under environments I, A, and A process P has
the process type ©. The type soundness result for HOz (Theorem 1) relies on two auxiliary
notions on session environments:

Definition 2 (Session environments: balanced/reduction) Let A be a session environment.

o A is balanced if whenevers : S1,5 : S» € A then S; dual S,.
o We define the reduction relation —> on session environments as:

A-s:WU); S1-5s:2U); 8 — A-s5:851-5: 5
A-s:®;: Sitier 5 &{li: Stier — A-s:Sk-5: 8, (kel)

We rely on a typing system that is similar to the one developed in [25,26]. The typing system
is defined in Fig. 3. Rules [SEss], [SH], [LVAR] are name and variable introduction rules. Rule
[PromM] allows a value with a linear type U—o ¢ to be used as U— ¢ if its linear environment
is empty. Rule [EPrRoM] allows to freely use a shared type variable in a linear way.

Abstraction values are typed with Rule [ABs]. The key type for an abstraction is the type for
the bound variable of the abstraction, i.e., for a bound variable with type C the corresponding
abstraction has type C—o ¢. The dual of abstraction typing is application typing, governed
by Rule [App]: we expect the type U of an application value W to match the type U—o ¢ or
U— ¢ of the application variable x.

In Rule [SEnD], the type U of the sent value V should appear as a prefix on the session type
(U); S of u. Rule [Rev] is its dual. We use a similar approach with session prefixes to type
interaction between shared names as defined in Rules [REQ] and [Acc], where the type of the
sent/received object (S and L, respectively) should match the type of the sent/received subject
((S) and (L), respectively). Rules [SEL] and [Bra] for selection and branching are standard:
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[SESS] [SH] [LVAR]
r;0;{u: S}FurS ' uw:U;0;0usU I'i{z:U—o};0F z>U—o0
[PROM] [EPROM] [ABS]
00 VeU—oo I'A-z:U—o;AFPpo A A FPoo 0 AU
r;00-VvVeU—o I'z:U—=0;A;AFPpo IMNx; A; Ai\Az F Az. PrU—o
[APP]

U=U-ooVU =0 AAIFVSU 0 AyF WU’
NN - AV WBO

[SEND]
F;Al;AlFPDO F;AQ;AQFVDU u:S €A Ay
I'; Ay - Ag; (A - A)\w) - w :KU); S Ful(V).Pro

[Rcv]
A1 A1 - u:SEPpo I Ag; Ag x> U
IMN\w; Ay - Ag; At\A2 - uw :?2(U); S Hu?(z).Peo

[REQ]
T;0;0 Fus(U) A A1FPro I;0: A, VU
F;A;Al ~A2 Fu!(V).P1><>

[Acc]
T00Fus(U)y  T;A5AFPoo A AsbkansU
MNz; A\ A2; A\ As F u?(z).P>o

[BRA] [SEL]
Viel TI';A;A-u:S;EPivo I'AA-u:S;EPro jel
F;A;A-u:&{li:Si}iej}—ub{li:Pi}i€[l><> F;A;A-u:@{li:Si}iej)—UQIj.PDO
[RESS] [RES]
I'’A;A-5:81-5: 528 Poo S1 dual So I'a:(S);A;AFPro
I'’A; AR (vs)Pro I'’A; AR (va)Pro
[PAR] [END]
A Ay EPivo 1=1,2 A AR Poo u é dom(I A A)
'y A1 -Ag; Ay - A B Py | P o A A uw:end- Pro
[REC]
I-X:A,0;AF Poo [RVAR] [NIL]
;A uX.Pro I' X :A;0;AF Xpo r;0;0-0p0

Fig. 3 Typing rules for HOx

both rules prefix the session type with the selection type ®{l; : Si}ic; and &{l; : Si}ier,
respectively.

A shared name creation a creates and restricts a in environment I” as defined in Rule
[Res]. Creation of a session name s creates and restricts two endpoints with dual types in
Rule [REsS]. Rule [PaRr], combines the environments A and A of the parallel components of
a parallel process. The disjointness of environments A and A is implied. Rule [Exp] adds
a name with type end in A. The recursion requires that the body process matches the type
of the recursive variable as in Rule [Rec]. The recursive variable is typed directly from the
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shared environment /" as in Rule [RVARr} Rule [NiL] says that the inactive process 0 is typed
with empty linear environments A and A.
We state the type soundness result for HOm processes.

Theorem 1 (Type soundness) Suppose I'; §; A = P > o with A balanced. Then P —> P’
implies I'; §; A" = P'>0and A = A or A —> A’ with A’ balanced.

Proof Following standard lines. See Appendix 1 for details. O

Example 1 (The hotel booking example, revisited) We give types to the client processes
of Sect. 3.3. Assume

S = {quote); &{accept : end, reject : end}
U = !{room); ?(quote); ®{accept :!(credit); end, reject : end}

While the typing for Ax. Py, is @;%;y : S b Ax. Pyy > U—o o, the typing for Client; is
@; @; 51 :H{U—00); end - 55 :H{U—o0); end  Client; > ¢.

The typings for Q1 and Q; are (J; (J; y :!{quote); ?(quote); end - Ax. Qi U—o (i =

1, 2) and the type for Clienty is @; @; s1 :{U—o¢); end - 57 :!I{U—09); end + Client; > ¢.

5 Characteristic bisimulation

We develop a theory for observational equivalence over session typed HOzw processes that
follows the principles laid in our previous works [18,19]. We introduce higher-order bisim-
ulation (Definition 17) and characteristic bisimulation (Definition 18), denoted ~* and &€,
respectively. We prove that they coincide with (reduction-closed) barbed congruence (denoted
=, cf. Definition 11), the form of contextual equivalence used in concurrency. This charac-
terisation result is given in Theorem 2.

We briefly summarise our strategy for obtaining Theorem 2. We begin by defining an
(early) labelled transition system (LTS) on untyped processes (Sect. 5.1). Then, using the
environmental transition semantics (Sect. 5.2), we define a typed LTS that formalises how
a typed process interacts with a typed observer. Later, we define reduction-closed, barbed
congruence and context bisimilarity, respectively (Sects. 5.3 and 5.4). Subsequently, we define
the refined LTS based on characteristic values (Sect. 5.5). Building upon this LTS, we define
higher-order and characteristic bisimilarities (Sect. 5.6). Then, we develop an auxiliary proof
technique based on deterministic transitions (Sect. 5.7). Our main result, the characterisation
of barbed congruence in terms of ~F and ~C is stated in Sect. 5.8. Finally, we revisit our
two implementations for the Hotel Booking Scenario (Sect. 3.3), using Theorem 2 to show
that they are behaviourally equivalent (Sect. 5.9).

5.1 Labelled transition system for processes

We define the interaction of processes with their environment using action labels ¢:
=1 | (wmn(V) | nV) | n®l | n&l

Label 7 defines internal actions. Action (v n)n!(V) denotes the sending of value V over
channel n with a possible empty set of restricted names m (we may write n!(V) when 7 is
empty). Dually, the action for value reception is n?(V'). Actions for select and branch on a
label [ are denoted n @[ and n &I, respectively. We write fn(¢) and bn(£) to denote the sets
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(ApP) (SND) (Rv) (SEL)
(BrA) (ALPHA) (RES)
jel P=.Q Q%P PLP  ngtn)
s> {l; : Pi}tier A——%S&lj P; PLP, (VTL)PL (l/n)P,
(NEW) (PARL)
p UMY o) € gn(V) PLP  ba()ntn(Q) =0
(vmy)p LTTIRY) | o PlQS P Q
(Tav) (REC)
PP Q2qQ =0 P{pX.P/x} L p!
P|Q = (vbn(f1) Ubn(62))(P' | Q) uX.pLp

Fig. 4 The untyped LTS for HOx processes. We omit Rule (PARR)

of free/bound names in ¢, respectively. Given £ # t, we say £ is a visible action; we write
subj(¢) to denote its subject. This way, we have: subj((vm)n!(V)) = subjn?(V)) =
subj(n @) = subjn &l) =n.

Dual actions occur on subjects that are dual between them and carry the same object;
thus, output is dual to input and selection is dual to branching.

Definition 3 (Dual actions) We define duality on actions as the least symmetric relation =<
on action labels that satisfies:

n®dl=xn&l (wm)n'{(V) < n2(V)

The (early) labelled transition system (LTS) fpr untyped processes is given in Fig. 4. We

write Py i> P, with the usual meaning. The rules are standard [18,19]; we comment on
some of them. A process with an output prefix can interact with the environment with an
output action that carries a value V (Rule (Snp)). Dually, in Rule (Rv) a receiver process can
observe an input of an arbitrary value V. Select and branch processes observe the select and
branch actions in Rules (SEL) and (Bra), respectively. Rule (REs) enables an observable action
from a process with an outermost restriction, provided that the restricted name does not occur
free in the action. If a restricted name occurs free in the carried value of an output action,
the process performs scope opening (Rule (NEw)). Rule (Rec) handles recursion unfolding.
Rule (Tau) states that two parallel processes which perform dual actions can synchronise by
an internal transition. Rules (Par; )/(PArRg) and (ALPHA) define standard treatments for actions
under parallel composition and «-renaming.

5.2 Environmental labelled transition system

Our typed LTS is obtained by coupling the untyped LTS given before with a labelled transition
relation on typing environments, given in Fig. 5. Building upon the reduction relation for
session environments in Definition 2, such a relation is defined on triples of environments by
extending the LTSs in [18,19]; it is denoted
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[SRV]
5 ¢ dom(A) ;A A FVsU

(A A5 20):8) Y0 (A AA - A s )

[SHRV]
;0,0 - av(U) L AVA VU

(45 8) Y (oA A A - AT

[SSND]
I 7 A;A-VeU I 0;4; Fm;>U;j 5 ¢ dom(A)
A/\(U]Aj)g(ASS) F/,@,A;FWJDUJ/ A/g/l

(v m)si(V)

(I A A -5 :(U); S) (- T A\ (A-s:S- UjA;)\A/)
[SHSND]

r-r'A;ArVveU  I0;A; Fmy>Uj r;0;0F a> (U)

Al\(U]A])gA F’,@,A;FWJDUJ/ Alg/l

(v m)al(V)

[N AL LAY

(I3 A; A) (I'- T AN\A (AU AD\A)

[SEL]
5 ¢ dom(A) jel

sPl;
(DA A s @{l : Sitier) 2 (DA A5 - 85)

[BRA] [TAU]
s¢dom(A) jel Ay — AV Ay = Ag
s&l; A T A
(F;A;A~s:&{liZTi}i€I)—J>(F§A;A-$:Sj) (I3 4; A1) = (1545 A2)

Fig. 5 Labelled transition system for typed environments

¢
(I, Ay, Ay — (I, Az, Ag)

Recall that I" admits weakening. Using this principle (not valid for A and A), we have
(I, Ay, Ay) > (I, Ay, Ay) whenever (I', Ay, Ay) — (I, Ay, Ay).

Input actions are defined by Rules [SRv] and [SHRvV]. In Rule [SRv] the type of value V and
the type of the object associated to the session type on s should coincide. The resulting
type tuple must contain the environments associated to V. The dual endpoint 5 cannot be
present in the session environment: if it were present the only possible communication would
be the interaction between the two endpoints (cf. Rule [Tau]). Following similar principles,
Rule [SHRvV] defines input actions for shared names.

Output actions are defined by Rules [SSnp] and [SHSND]. Rule [SSND] states the conditions
for observing action (v 72)s!(V) on a type tuple (I', A, A - s : ). The session environment
A - s : S should include the session environment of the sent value V (denoted A’ in the
rule), excluding the session environments of names m j in 7 which restrict the scope of value
V (denoted A; in the rule). Analogously, the linear variable environment A" of V should
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be included in A. The rule defines the scope extrusion of session names in 772; consequently,
environments associated to their dual endpoints (denoted A’j intherule) appear in the resulting
session environment. Similarly for shared names in 7 that are extruded. All free values used
for typing V (denoted A" and A’ in the rule) are subtracted from the resulting type tuple.
The prefix of session s is consumed by the action. Rule [SHSND] follows similar ideas for
output actions on shared names: the name must be typed with (U); conditions on value V
are identical to those on Rule [SSND].

Other actions Rules [SEL] and [Bra] describe actions for select and branch. Rule [Tau]
defines internal transitions: it reduces the session environment (cf. Definition 2) or keeps
it unchanged.

We illustrate Rule [SSND] by means of an example:

Example 2 Consider environment tuple (I'; &; s :1{(1{(S); end) — ¢); end - s’ : §) and
typed value V = Ax. x!(s’).m?(z).0 with

;0,8 8 -m:2end); end -V & (I{(S); end)—oo
Then, by Rule [SSND], we can derive:

(vm)s(V
—_—

(C; @5 s H((S); end)—oo); end - 5" : 5) > (I'; ¥; s : end-m :!{end); end)

Observe how the protocol along s is partially consumed; also, the resulting session environ-
ment is extended with 7z, the dual endpoint of the extruded name m.

Notation 4 Given avalue V of type U, we sometimes annotate the output action (v m)n!(V)
with the type of V as (v m)n!(V : U).

The typed LTS combines the LTSs in Figs. 4 and 5.

Definition 5 (Typed transition system) A typed transition relation is a typed relation
[; A F PL S Ay b Py where:

1. P; i) P> and
2 (10, A)) S (0,0, Ay) with T; 0 Ai - Prs o (i = 1,2).

. . .. [4 .. ¢
We write = for the reflexive and transitive closure of —, — for the transitions ———,

and =£> for =£> if £ # t otherwise =—.

A typed transition relation requires type judgements with an empty A, i.e., an empty
environment for linear higher-order types. Notice that for open process terms (i.e., with free
variables), we can always apply Rule [EProm] (cf. Fig. 3) and obtain an empty A. As it will be
clear below (cf. Definition 7), we will be working with closed process terms, i.e., processes
without free variables.

5.3 Reduction-closed, barbed congruence (=)

We now define typed relations and contextual equivalence (i.e., barbed congruence). To
define typed relations, we first define confluence over session environments A. Recall that
A captures session communication, which is deterministic. The notion of confluence allows
us to abstract away from alternative computation paths that may arise due to non-interfering
reductions of session names.
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Definition 6 (Session environment confluence) Two session environments A; and A, are
confluent, denoted A} = A, if there exists a A such that: i) A} —* A andii) Ay —* A
(here we write —>* for the multi-step reduction in Definition 2).

We illustrate confluence by means of an example:

Example 3 (Session environment confluence) Consider the (balanced) session environ-
ments:

Ay ={s1: Ty -5 :2(Us); end - 55 :I{Us); end}

Ay = {s1: T1 - 52 :{(Un); 2(U2); end - 53 :2(U1); |(U2); end)

Following Definition 2, we have that Ay — {s1 : 71 -5 : end-s; : end} and Ay — —>
{s1 : T1 - 57 : end - 57 : end}. Therefore, A; and A, are confluent. ]

Typed relations relate only closed processes whose session environments are balanced
and confluent:

Definition 7 (Typed relation) We say that a binary relation over typing judgements
I'; 0, A1 PiooNRT; 0, A Prso
is a typed relation whenever:

1. P; and P, are closed;
2. A and A, are balanced (cf. Definition 2); and
3. Ap = Aj (cf. Definition 6).

Notation 8 (Typed relations) We write
' A{EPIRAE Py

to denote the typed relation I'; §; Ay = Pi>oR I 0; Ay = Py 0.

Next we define barbs [24] with respect to types.
Definition 9 (Barbs) Let P be a closed process. We write

I. (@ Plpif P=@wm)(m(V).P,| P3)or P=(vm)(n<l.Py | P3), withn ¢ m.
(b) We write P |}, if P —>*,,.
2. Similarly, we write

(@ I'; AP L,if M0, AF Poowith P |, and 7t ¢ A.
(b) Wewrite I';0; AP |,if P—* P and I"; §; A’ = P’ |,.

A barb |, is an observable on an output (resp. select) prefix with subject n; a weak barb |,
is a barb after zero or more reduction steps. Typed barbs |, (resp. |},,) are observed on typed
processes I'; J; A = P <. When n is a session name we require that its dual endpoint 7 is
not present in the session environment A.

Notice that observing output barbs is enough to (indirectly) observe input actions. For
instance, the process P = n?(x).P’ has an input barb on n; by composing P with
n!(m).succ!().0 (with a fresh name succ) then one obtains a (weak) observation uniquely
associated to the input along n in P.

To define a congruence relation, we introduce the family C of contexts:
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Definition 10 (Context) Context C is defined over the syntax:
Ci=— | ul{(V).C | u?2(x).C | u!(xx.C).P | (wn)C | (x.Cu | uXC
| C|P | PIC | u<lC | usi{ly:Pr,---,1;:C -1, : Py}
Notation C[P] denotes the result of substituting the hole — in C with process P.
The first behavioural relation that we define is reduction-closed, barbed congruence [10].
Definition 11 (Reduction-closed, barbed congruence) Typed relation
I's AiEFPRAEQ
is a reduction-closed, barbed congruence whenever:

(1) (a) If P —> P’ then there exist A}, Q’, A}, such that 0 —* Q' and
F;A - PR Ay - Q)
(b) and the symmetric case;
2) (@ IfIr'; Ay/=P |,thenI"; Ay = Q Ui
(b) and the symmetric case;
(3) For all C, there exist A7, A} such that I'; A7 = C[P] % A7 = C[Q].

The largest such relation is denoted with =.

5.4 Context bisimilarity (=)

Following Sangiorgi [31], we now define the standard (weak) context bisimilarity.

Definition 12 (Context bisimilarity) A typed relation R is a context bisimulation if for all
I's Ay PR A - Qg

(v i)n(Vy

(1) Whenever I'; A} = Py —)> A’l F P, there exist Q;, Vs, A/Z such that I'; Ay
01 V"2 A% 1 0, and for all R with £v(R) = {x}:
Iy AV = (vin)(Py | R{VI/x) R AS = (vin)(Q2 | R{V2/x});

(2) Forall I'; Ay - Py £> A’l F P, such that £ is not an output, there exist Q», A’2 such

that I'; Ay = 0 :Z>A/2}_ Qrand I'; A) = PR AL = Qo; and
(3) The symmetric cases of 1 and 2.

The largest such bisimulation is called context bisimilarity and is denoted by ~.

As suggested in Sect. 2, in the general case, context bisimilarity is an overly demanding
relation on processes. Below we introduce higher-order bisimulation and characteristic
bisimulation, which are meant to offer a tractable proof technique over session typed pro-
cesses with first- and higher-order communication.

5.5 Characteristic values and the refined LTS
We formalise the ideas given in Sect. 2, concerning characteristic processes/values and the
refined LTS. We first define characteristic processes/values:

Definition 13 (Characteristic process and values) Let u and U be a name and a type,
respectively. The characteristic process of U (along u), denoted [U)“, and the characteristic
value of U, denoted [U]c, are defined in Fig. 6.
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(2(U); S)* € w?(2).(t(u).0 | (U)?) (S)e € s (s fresh)
({U); S)* *E w((U)e).t(u).0 ((S))e *& @ (a fresh)
(&{l: S} E waltl(u).0 ((L))e 2 a (a fresh)
(&{l; : Siticr)® °E wv{l; : t:/(u).0}icr (U—0) € Iz (U)
(ut.S)* = (S{end/t})v ({U—o) & Az (U}
(end)™ =
()" = ul((S)e) #!(u).0
(L))" = ul((L)e).t!(u).0
(U—o)* * u{U)
(U—eo) & u(U)e

Fig. 6 Characteristic processes (left) and characteristic values (right)

We can verify that characteristic processes/values do inhabit their associated type.

Proposition 1 (Characteristic processes/values inhabit their types)

1. Let U be a channel type. Then, for some I', A, we have I'; §; A = [U)c> U.
2. Let S be a session type. Then, for some I', A, we have I'; 9; A -5 : S [S] > .
3. Let U be a channel type. Then, for some I', A, we have I' - a : U; }; A = [U)? > o.

Proof (Sketch) The proof is done by induction on the syntax of types. See Proposition 4 in
the Appendix for details. O

We give an example of a characteristic process inhabiting a recursive type.

Example 4 (Characteristic process for a recursive session type) Consider the type S
ut.l(Uy); 2(Ur); t. By Definition 13, we have that [S}]® = [WU;); 2(U2); end)® =
si[Ui)e).t!(s).0. For this process, we can infer the following type derivations:

;s 0; A [Urles UaT; 35t 1 (N(Us); end); end - s :2(Us); end - t!(s).0> ¢

I'; 0; At :{(2(Up); end); end - s :H{Uy); 2(Us); end F s!{([Up)e).t!1{(s).0>¢

and
;05 A -t N (2(Up); ut.l(Ur); 2(U2); t); end - s :2(Ua); ut(U); tEtl(s).0>0
I 0; At 1 (2(Up); pt U ); t); end - s - ut (U ); tE s ([Ur)e).t1(s).0> 0
The following example motivates the refined LTS explained in Sect. 2. We rely on the
following definition.

Definition 14 (7rigger value) Given a fresh name ¢, the trigger value on t is defined as the
abstraction Ax.t?(y).(y x).

Example 5 (The need for the refined typed LTS) We illustrate the complementary role that
characteristic values (cf. Fig. 6) and the trigger value (Definition 14) play in defining sound
bisimilarities.

We first notice that observing characteristic values as inputs is not enough to define a
sound bisimulation. Consider processes

P =s?2x).(xs1 | xs82) Py =s57x).(xs1 | (Az.0) 52) 3)
such that

;0 A5 :2((end)—9¢);end - Piso (I €{1,2})
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with A = sj:end - sp:end. If Py and P, input along s a characteristic value of the form
[(end)— ¢]c = Az. 0 (cf. Fig. 6), then both of them would evolve into:

I'; ;A (Az.0)s1 | (Az2.0)so >0

therefore becoming context bisimilar. However, processes P; and P, in (3) are clearly not
context bisimilar: many input actions may be used to distinguish them. For example, if P;
and P, input Ax. (vs')(a!(s).0) with I"; #; @ + a > (end), then their derivatives are not
bisimilar:
v A - P s?Ax. (vs')(al(s").0)) ;L)
A (vs)(als).0) | (vs)(al(s).0)
g A Py sHax. (vs')(al(s").0)) N

A (vs)(al{(s").0) | (Az.0) s2

Observing only the characteristic value results in an under-discriminating bisimulation.
However, if a trigger value Ax. t?(y).(y x) (Definition 14) is received along s, we can distin-
guish Py and P in (3):

r.g;, Ar p " ERO0 AL 90 (xs1) | £2().(xs2)  and

rg; Ak py " ERO9 A4 000 (est) | (2. 0) 52

In the light of this example, one natural question is whether the trigger value suffices to
distinguish two processes (hence no need of characteristic values). This is not the case:
the trigger value alone also results in an under-discriminating bisimulation relation. In fact,
the trigger value can be observed on any input prefix of any type. For example, consider
processes:

(ws)(m?(x).(xs) | s1{Ax. R1).0) “4)
ws)(m?(x).(xs) | s1{Ax. Ry).0) 5)

If processes in (4) and (5) input the trigger value, we obtain:

ws)?2(x).(xs) | s/{ix. Ry).0)
Ws)(E?2(x).(xs) | s!{(Ax. R2).0)

thus we can easily derive a bisimulation relation if we assume a definition of bisimulation
that allows only trigger value input. But if processes in (4)/(5) input the characteristic value
AZ.z22(x).(t1(z).0 | x m) (where m is a fresh name) then, under appropriate I" and A, they
would become:

Ti0; AF (0s)(s2G0).(t1s).0 | xm) | 51(Ax. R)).0) ~ A R{m/x} (i=1,2)

which are not bisimilar if Ry {"/x} % R {"/x}.
These examples illustrate the need for both trigger and characteristic values as an input
observation in the refined transition relation. This will be the content of Definition 15 below.
O

As explained in Sect. 2, we define the refined typed LTS by considering a transition rule for
input in which admitted values are trigger or characteristic values or names:
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Definition 15 (Refined typed labelled transition system) The refined typed labelled transition
relation on typing environments
(Mi: Arz A = (I3 Ags M)
is defined on top of the rules in Fig. 5 using the following rules:
[TR]
(T1; A AD S (I Az Ay) € #n2(V)

¢
(I; Ay; A — (I2; Az; Az)

[RRcV]
2
(I; A Ay M) (I7; Ag; Ad) V=mvV=[UlcvV=2.t2y).(y x) t fresh

AV)
(Ty; A A1) = (5 423 A2)
Then, the refined typed labelled transition system

F:AF P - Ay Py

is given as in Definition 5, replacing the requirement (I", %, Ap) £> (I, 9, Ay) with
(I; A Ay ri> (I; Az; Ay), as just defined. Following Definition 5, we write =

. .. .. ¢ (
for the reflexive and transitive closure of ri>, I:K> for the transitions =>+——+—>, and I=K>
for t:e> if £ # t otherwise =

Notice that the (refined) transition I'; Ay = P ri> A = P, implies the (ordinary)

transition I'; Ay F P, £ Ay = P

m)n\(V:U
Notation 16 We sometimes write v mﬂ) > when the type of V is U.

5.6 Higher-order bisimilarity (&%) and characteristic bisimilarity (~€)

Having introduced a refined LTS on HO7 processes, we now define higher-order bisimilarity
and characteristic bisimilarity, two tractable bisimilarity relations. As explained in Sect. 2,
the two bisimulations use two different trigger processes [cf. (2)]:

def |1?2(x).(vs)(s?(y).(xy) | sY(V).0) if V is a first-order value

t<y Vo= _ e 6)
t2(x).(vs)(s?2(y).(yx) | s(V).0) if Vis a higher-order value

e VU E 02x).05)(s2().[UY | 51(V).0) )

The process in (6) is called higher-order trigger process, while process in (7) is called
characteristic trigger process. Notice that while in (6) there is a higher-order input on ¢, in
(7) the variable x does not play any role.

We use higher-order trigger processes to define higher-order bisimilarity:

Definition 17 (Higher-order bisimilarity) A typed relation N is a higher-order bisimulation
ifforall I'; A1 Py R Ay = Qg
WAl Vi

(1) Whenever I'; A1 - Py A/ F P,, there exist Q7, Va, A/ such that I"; A, F
04 (Um)n'%) Al + Q5 and, for a fresh 7,

AV E@m)(Py |t <25 V)R AT E () (Qa |t <25 Va)
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(2) Forall I'; Ay - Py s A’ P, such that £ is not an output, there exist Q2, A’ such

that I'; Ay - Q) == A} - Qpand I'; A} Py %t A b Q2; and
(3) The symmetric cases of 1 and 2.

The largest such bisimulation is called higher-order bisimilarity, denoted by ~H.
We exploit characteristic trigger processes to define characteristic bisimilarity:

Definition 18 (Characteristic bisimilarity) A typed relation N is a characteristic bisimula-
tionifforall I'; Ay = Py R Ay - Qq,

iy )n!(Vi:U
(1) Whenever I'; A} - Py (””“ﬂﬂ v A F P, then there exist 02, V2, A} such that

I'; A= Qg (vszzZUz) Al + Q5 and, for a fresh ¢,
AT E m))(Py |t <c ViU R A E (wmn)(Qa |t <c Va:Us)

(2) Forall I'; Ay = Py N A} b P such that £ is not an output, there exist 02, A’ such

that I'; Ar = Q4 é}A’zl— Orand I'; A} = Py 9t AL = Qp; and
(3) The symmetric cases of 1 and 2.

The largest such bisimulation is called characteristic bisimilarity, denoted by ~C.

Observe how we have used Notation 16 to explicitly refer to the type of the emitted value
in output actions.

Remark 1 (Differences between ~ and ~©) Although ~" and ~C are conceptually similar,
they differ in the kind of trigger process considered. Because of the applicationin? <=y V (cf.
(6)), ~H cannot be used to reason about first-order session processes (i.€., processes without
higher-order features). In contrast, &~ is more general: it can uniformly input characteristic,
first- or higher-order values.

5.7 Deterministic transitions and up-to techniques

As hinted at earlier, internal transitions associated to session interactions or 8-reductions are
deterministic. To define an auxiliary proof technique that exploits determinacy we require
some auxiliary definitions.

Definition 19 (Deterministic transitions) Suppose I'; #; A + P > ¢ with balanced A.
Transition I'; A+ P s A’ P’ is called:
— session-transition whenever transition P — P’ is derived using Rule (Tau) (where
subj (1) and subj({2) in the premise are dual endpoints), possibly followed by uses
of Rules (ALPHA), (RES), (REC), or (PAR )/(PaRrg) (cf. Fig. 4).

— a B-transition whenever transition P 5 P’isderived using Rule (App), possibly followed
by uses of Rules (ALpHA), (RES), (REC), or (PARy )/(PARg) (cf. Fig. 4).

Notation 20 We use the following notations:

T . ..
— I'; A+ P+ A+ P/ denotes a session-transition.
I ..
— I'; AR P—— A+ P denotes a B-transition.
T . . .. ..
- T';AFP =% A’ P’ denotes either a session-transition or a B-transition.
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LT . L T
— We write =2 to denote a (possibly empty) sequence of deterministic steps LN

Deterministic transitions imply the t-inertness property [7], which ensures behavioural
invariance on deterministic transitions:

Proposition 2 (t-inertness) Suppose I'; #; A+ P > o with balanced A. Then
1. ;AP A& Pimplies T'; A= P~ A P
2. T AFPES A'v PlimpliesT; AP~ A P
Proof (Sketch) The proof of Part 1 requires to show that relation (we omit type information)
R={(P,P) | I AFP A+ P)

is a higher-order bisimulation. The proof for Part 2 is direct from Part 1. See “Deterministic
transitions” section of Appendix 2 for the details. O

Using the above properties, we can state the following up-to technique.

Lemma 1 (Up-to deterministic transition) Let I'; Ay = Py W Ay = Q1 such that if when-
ever:

(Vrm)n(

1. Y(vmyp)n(Vy) such that F A1 = P A3 = Pz implies that 3Q,, V such

that T'; Ay - Q1 “"BE™Y) AL b ) and I'; A3 F Py 2% Al & Py and for a fresh
name t and A, Al

Ci A ) (P |t <25 V) R A = (via)(Q2 |t <2u V2)

2. VO # (vm)n!(V) such that I'; Ay = Py |i> Az = P3 implies that 3Q» such that

[ A F Qi AL - Qrand T Az - Py 2% A - Pyand IT'; A} - Py A) - Qo
3. The symmetric cases of 1 and 2.

Then X C ~H,

Proof (Sketch) The proof proceeds by considering the relation
SR'E’ (M A0 P, A0y | T A PLRAE O, T AL - P =S A/I—Pz}
We may verify that SR':d> is a higher-order bisimulation by using Proposition 2. O

5.8 Characterisation of higher-order and characteristic bisimilarities

This section proves the main result; it allows us to use & and ~" as tractable reasoning
techniques for HOx processes.

Lemma 2 ~C = &8,

Proof (Sketch) The main difference between ~* and &€ is the trigger process (higher-order
triggers t <>y V in A" and characteristic triggers t < V :U in &C). Thus, the most
interesting case in the proof is when we observe an output from a process. When showing
that ~C C &%, the key after the output is to show that

(wni)) (P |t <c VU)X vmg)(Py |t <c Va:U)
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given that
Wm)(Py [t <2 V) =% (vnig)(Py | 1 <2y V2).
Similarly, in the proof of & C &€, the key step is showing that
Wm)(P |t <2 V)~ (i) (Py |t <25 Va)
given that
W) (P |t <c V:U) RS (vnia)(Py | t ¢ Va:U).

The proof for the above equalities is coinductive, exploiting the freshness of the trigger
name in each case; see Lemma 13 in the Appendix. While the proof of the first equality
(i.e., higher-order triggers imply characteristic triggers) follows expected lines, the proof of
the second equality (i.e., characteristic triggers imply higher-order triggers) is a bit more
involved. Indeed, while higher-order trigger processes can input trigger values, characteristic
triggers cannot. However, we prove that this does not represent a difference in behaviour;
see case 2(c) in Lemma 13. To this end, we exploit an alternative trigger process, denoted
t <5 V, simpler than the higher-order trigger ¢ <=y V in (6):

t = V=12x).(vs)(xs|sKV).0)

In the proofs for these coincidence results, we exploit some auxiliary results for trigger
processes, including a two-way connection between ¢ <=y V and t <5 V (cf. Lemma 12
(3) in the Appendix). We thus infer that characteristic trigger processes t <¢ V :U and
higher-order trigger processes ¢ <=y V exhibit a similar behaviour.

In turn, using the above results we can show that typed relations induced by ~% and ~¢
coincide. The full proof is in “Proof of Theorem 2” section in Appendix 2, Lemma 14. O

The next lemma is crucial for the characterisation of higher-order and characteristic bisim-
ilarities. It states that if two processes are equivalent under the trigger value then they are
equivalent under any higher-order substitution.

Lemma 3 (Process substitution) Let P and Q be two processes and some fresh t. If
Iy Ay PPx20).0x)/z) &5 AL = QAx-17(0)-(y )/}
then for all R such that £v(R) = {x}, we have
I3 Ay PRy &7 Ay Q- RYz).

The full proof of Lemma 3 can be found in “Proof of Theorem 2” section in Appendix 2,
Lemma 17; it is obtained by (i) constructing a typed relation on the substitution properties
stated by the lemma and (ii) proving that it is a higher-order bisimulation, using the auxiliary
result given next. In the following, given a finite index set I = {1, ..., n}, we shall write
[lic; Pitostand for Py | Py | --- | Py.

Lemma 4 (Trigger substitution) Let P and Q be processes. Also, let t be a fresh name. If

r; Ayt (vim) (P | [T 200000 m)

iel

M A0 i) (Q | [T 52000 X))mi>

iel
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then for all \X. R, there exist A, Al, such that
[s AL F W) (P | GF. R A AL - i) (Q | (AF. R) ).

Proof (Sketch) The proof follows the definition of the characteristic process; see Lemma 16,
in the Appendix for details. Let us consider the particular case in which / is a singleton; we
then construct a typed relation N:

R={; A= @m)(P | Qx.Ryny), A @) (Q | (x. R)na) |
L3 A )P | G 12(9).(y x) nn) &7 Ay = () (Q | (x. 12(y).(y X)) n2)}

The typed relation 91 can be shown to be a higher-order bisimulation by taking advantage
of the shape of the characteristic process; each time that a characteristic process does a
transition, an output ¢!(n).0 (on a fresh name ¢) is observed, where # is either a shared or a
session name. To better illustrate this, let us sketch the demanding case of the proof that ) is
a higher-order bisimulation. Assume that

r;o; A/ F (vmy)(P | R{"/x}) I—>|—> AN F@m)(P | R {n1/x})
for some A{. Then, from the definition of 9, we have:

[ A F @) (P | G120 0) np) —% B3I AL - ity (P | [UT™)

for some Aj3. Characteristic processes have the following property, for any U # end:
wy 5 1.0

By the last property we can always observe, for some A} (note that below £; may be an
action t, thus denoting the interaction of P and [U])"!):

L0 Ay F )P | U V5 i) (P | ). 0) ey A= (i) P!

which implies, from the requirements of higher-order bisimulation, that there exist
(vm2")(Q' | [UT*{"2/x}) and Ay such that

[0 Ay - i) (Q | (x. 12(y).(y x)) ) = AT AL e i) (0 | IUY™)

By the shape of the characteristic process we can always observe for £, subj({2) =
subj(€y) if £; is output, and ¢, = £ otherwise, that:

T AgF ity )(Q' | TUT (/) =2 (viirs”)(Q" | 1'1{n2).0)

t '(”2 A4 - i) Q" ®

for some A, and
I A m") (P | 17 <=2y ny) &7 AL 0m")(Q" |17 <>x ny) 9)

for some Aj. From (8) we get

Fifh Ay - (i) (Q | R{ma/x)) 22 A% - vz )(Q" | R'{72/x))
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for some A7 and from (9) we get

r; Ay E m") (P | O " 2).(y x) ny) A AL E 0ma")(Q" | (ux. 1"2(p).(y X)) n2)
which implies from the definition of 9 that for R’ we get

ry A= (i )P | R'{M/x)) 0t Ay E (vi)(Q" | R'{m2/x}))
as required. O

We now show that higher-order bisimilarity is sound with respect to context bisimilarity.
To show soundness we use the crucial result of Lemma 3:

Lemma 5 ~" C =,

Proof (Sketch) The proof relies on Lemma 3 to establish that:

1. Whenever two processes are higher-order bisimilar under the input of a characteristic
value and a trigger value then they are higher-order bisimilar under the input of any
value Ax. R, which is the requirement for ~ (cf. Definition 12).

2. The input requirement is then further used to prove that the output clause requirement
for ~! (cf. Definition 17):

I3 Ak m)(Py [t <2y V)R Ay = (i) (Q2 |t <= Vo)
implies the output clause requirement for =, that is, for all R with £v(R) = {x}:
Iy A= m)(Pr | R{VI/xD) R Az = (vin2)(Q2 | R{VY/x)).
The full proof is found in “Proof of Theorem 2” section in Appendix 2, Lemma 18. O
Context bisimilarity is included in barbed congruence:

Lemma 6 ~ C =,

Proof (Sketch) We show that ~ satisfies the defining properties of =. It is easy to show
that & is reduction-closed and barb preserving (cf. Definition 6 and Definition 9). The most
challenging part is to show that ~ is a congruence, in particular a congruence with respect
to parallel composition. To this end, we construct the following relation:
S={T;0;A1- A3 APy R), I'50; Ay - A3 = (vip) (P2 | R)) |
' Ayv-Pi~ Ay Py and VRsuchthat I';; A3+ R0}

We show that S is a context bisimulation by a case analysis on the transitions of the pairs in
S. The full proof is found in “Proof of Theorem 2” section in Appendix 2, Lemma 19. O

The last ingredient required for our main result is the following inclusion.

Lemma7 = C ~H

Proof (Sketch) The proof exploits the definability technique developed in [8, §6.7] and
refined for session types in [18,19]. Intuitively, this technique exploits small test processes
that reveal the presence of a visible action by reducing with a given pair of processes and
exhibiting a barb on a fresh name.
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Intuitively, for each visible action ¢, we use a fresh name succ to we define a (typed) test
process I'; @; Ay = T (£, succ) > < with the following property:
I AL P | T, suce) — Ay b+ P | succl(im).0 Jsuce iff I'; AF P N r; A+ P

See Definition 25 for the formal definition. The test processes can therefore be used to check
the typed labelled transition interactions of two processes that are related by reduction-closed,
barbed congruence. Indeed, we have that

' A/BP = AFQ
implies from congruence of =, that if there exist A3, A4 such that:
I'; AsE P | T, suce) = Ay Q| T, succ)
then it implies from reduction-closeness of = and the definition of 7' (¢, succ):
Iy Ay P succl(m).0 = Ay = Q' | succl(m).0 (10)

. . ¢
which in turn means that whenever I'; A} - P > ¢ can perform an action —> then we can

derive that I'; A = Q > ¢ can also perform action é} because of the result in (10). By
applying Lemma 21 on (10) we can deduce that I'; A} = P’ = A/, = Q'. This concludes
the requirements of ~:

;AP a% A'FQ

The full details can be found in “Proof of Theorem 2” section in Appendix 2, Lemma 22.
O

We can finally state our main result:

Theorem 2 (Coincidence) =, =, & and ~C coincide in HOm.

Proof The proof is a direct consequence from our previous results: Lemma 2 (which proves
A8 = L), Lemma 5 (which proves &~ C &), Lemma 6 (which proves &~ C =), and Lemma 7
(which proves = C &!). Indeed, we may conclude

ccaf=xCfcrcx

5.9 Revisiting the hotel booking scenario (Sect. 3.3)
Now we revisit our running example to prove that Client; and Client, in Sect. 3.3 are
behaviourally equivalent.

Proposition 3 Let S =!(room); ?(quote); ®{accept :!{credil); end, reject : end} and
A =51 H{S§—00); end- sp N{S—o0); end. Then #; A + Clienty ~° A + Client,, where
Client; and Client, are as in Sect. 3.3.

Proof We show a case where each typed process simulates the other, according to the defini-
tion of &€ (cf. Definition 18). In order to show the bisimulation game consider the definition
of the characteristic process for type ?7(S—o¢); end. For fresh sessions s, k, we have

[2(S—0¢); end]® = s2(x).(t!(s).0 | [S—o o))
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?; 0; A + Clienty
sz, Py h1
i P'—y>{ vn 0; 0; s :1(S—oo);end - k1 : S+ o o
(l/ hi, hg)(sg!{)\x. sz{h2/y}>.0 | hl?(l‘).hg?(y).R/
| t1 <c Puy{h1/y}: S—o0)
sol(Az. Py ha . _
21w Loy (52/41) 0:0;k1 2 S ko : S+ (vhy, ha)(h12(2). ha?(y). R’
t1 <c Pmy{hl/y} :S—00 | ta <¢ sz{h2/y} 1 S—00)

RALI IR N N 0;0:k1: S ko : S - (vh, ha)(i2(x) B2 (y).R!

| (vsh, 55)(Poy {M1/y}{F1/z} | Poy{h1/y}{k2/z})
| t3!<5/1>.0 | t4!<8/2>.0)

ey t4tle) 0:0:k1: S ko : S (1 h, ho) (1 2(2) Fa? (y).R!
| Poy {h1/y}{k1/a} | Poy{h1/y}{k2/a})
| (vs],s5)(th <=c s} :end | t4 <= s/, :end)

tgﬂ:}) téL(c))

Td Td Td Td
[

0;0;k1 : S - ko : SF (vhi,h2)(h1?(x).ha?(y). R’
| Pey{M1/y3{F1/a} | Poy{h1/y}{ke/a})

k1!(room) ko!(room)
— —

k17(quote) ko7 (quote)
— —

@; (Z); kl 28 kz 28 (l/ hl, hg)(hil?(x).hig?(y).Rl
| h1!{quote).Q{1/2} | ha!(quote).Q{h2/2})

S 0;0;k1 : S ko : S+
(v h1, h2)(h1 <accept.hy areject.0 | Q{N1/z} | Q{h2/z})
T4 Td

0;0;k1 : S’ - ko : S" F k1 <accept.k1!{credit).0 | k2 < reject.O

k1 @accept ko@reject ki Dcredit
1 P’ 2 ) 1 w; (Z); (Z) [

Fig. 7 Observable actions from Client; (cf. Sect. 5.9)

For convenience, we recall the definition of Client;:

Client; °= (A1, hy)(s11(x. Pey{1/y}).521(hx. Pey(B2/y1).0 | By 2(x) 12 2(3).R')

where

def

. | H
P., %2 x1(room).x2(quote).yliquote).y o { accept : x < accept.x!(credit).0 , }

reject : x <reject.0
R =if x <y then (h] <accept.hy <reject.0 ; hj < reject.hy <accept.0)

Also, the definition of Client; is as follows:

Clienty "= (v h)(s1!(Ax. Q1 {/y}).52!(Ax. Qa{//y}).0)
01 def x!(room).x?(quote;).y!(quote,).y?(quote,).R,
0> def x!(room).x?(quote;).y?(quote,).y!(quote;).R,

R, ef if quote; < quote, then (x <accept.x!(credit).0 ; x < reject.0)

A detailed account of the observable behaviour of Client; is given in Fig. 7, where we use
the following shorthand notation:
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0; 0; A Cliento

S x. h 7
U= Qb 0; 0; 52 :1(S—o0);end - k1 : S+ (v h)(s2!(Mx. Q2{M/y}).0

| t1 <c Q{My}: S—0)
satine Qs Py 0:0:k1 : S ko:SH
(vh)(t1 <c Qu{My}:S—oo | ta <c Q2{lYy}:S—0)
WO O T T 0k s S ke s S E (v h)(P{yEY Y | Py By k2 )
| (vs), s)(ts1(s}).0 | tal(s}).0))

0305 k11 S - ko : St (vh)(P{/y}{F1/z} | Puy{F/y}{k2/a}
| (vs],sh)(th <=c s} :end |t} <c s} :end))

t3l(sh) tal(sh)
| >

thi(c) th(c)
— —

Td Td Td Td

0;0;k1 : S -k = S F (v h)(P{Yy}{F1/a} | Poy{h/y}{k2/a})

k1!(room) ko!(room)
— —

F1Tlquote)  kaT{quote) 0;0; k1 : 5" - ko : S’ (v h)(h!(quote; ).h?(quote, ). R{F1/x}

| h?(quote,).h!{quote, ). R{k2/z})

S 0:0; k1 ¢ S kg : S'F R{kv/z} | R{k2/a}
Td Td

0;0;ky :S" - ko : S' - k1 <accept.ky!{credit).0 | ks < reject.0
klw:ept kg.EB_r)eject kl.@fdit @@@ -o

Fig. 8 Observable actions from Client, (cf. Sect. 5.9)

0 =z {accept : kp <accept.ky!(credit).0, reject : ky < reject.0}

Similarly, Fig. 8 illustrates the actions possible from Client,, which are the same as for
Client;. |

6 Related work

Since types can limit contexts (environments) where processes can interact, typed equiva-
lences usually offer coarser semantics than untyped equivalences. Pierce and Sangiorgi [28]
demonstrated that IO-subtyping can justify the optimal encoding of the A-calculus by
Milner—this was not possible in the untyped polyadic w-calculus [23]. After [28], several
works on typed m-calculi have investigated correctness of encodings of known concurrent
and sequential calculi in order to examine semantic effects of proposed typing systems.

A type discipline closely related to session types is a family of linear typing systems.
Kobayashi, Pierce, and Turner [14] first proposed a linearly typed reduction-closed, barbed
congruence and used it to reason about a tail-call optimisation of higher-order functions
encoded as processes. Yoshida [35] used a bisimulation of graph-based types to prove the
full abstraction of encodings of the polyadic synchronous w-calculus into the monadic syn-
chronous m-calculus. Later, typed equivalences of a family of linear and affine calculi [2,3,36]
were used to encode PCF [22,29], the simply typed A-calculus with sums and products, and
System F [6] fully abstractly (a fully abstract encoding of the A-calculi was an open problem
in [23]). Yoshida et al. [37] proposed a new bisimilarity method associated with a linear
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type structure and strong normalisation; it presented applications to reason about secrecy in
programming languages. A subsequent work [11] adapted these results to a practical direc-
tion, proposing new typing systems for secure higher-order and multi-threaded programming
languages. In these works, typed properties, linearity and liveness, play a fundamental role
in the analysis. In general, linear types are suitable to encode “sequentiality” in the sense
of [1,12].

Our work follows the behavioural semantics in [18,19,27] where a bisimulation is defined
on an LTS that assumes a session typed observer. Our theory for higher-order sessions differ-
entiates from the work in [19] and [18], which considers (first-order) binary and multiparty
session types, respectively. Pérez et al [27] studied typed equivalences for a theory of binary
sessions based on linear logic, without shared names.

Our approach to typed equivalences builds upon techniques developed by Sangiorgi [30,
31] and Jeffrey and Rathke [13]. As we have discussed, although context bisimilarity has
a satisfactory discriminative power, its use is hindered by the universal quantification on
output. To deal with this, Sangiorgi proposes normal bisimilarity, a tractable equivalence
without universal quantification. To prove that context and normal bisimilarities coincide,
the approach in [30] uses triggered processes. Triggered bisimulation is also defined on first-
order labels where context bisimulation is restricted to arbitrary trigger substitution. This
characterisation of context bisimilarity was refined in [13] for calculi with recursive types,
not addressed in [30,31] and quite relevant in session-based concurrency. The bisimulation
in [13] is based on an LTS extended with trigger meta-notation. As in [30,31], the LTS
in [13] observes first-order triggered values instead of higher-order values, offering a more
direct characterisation of contextual equivalence and lifting the restriction to finite types.
Environmental bisimulations [32] use a higher-order LTS to define a bisimulation that stores
the observer’s knowledge; hence, observed actions are based on this knowledge at any given
time. This approach is enhanced in [15] with a mapping from constants to higher-order values.
This allows to observe first-order values instead of higher-order values. It differs from [13,31]
in that the mapping between higher- and first-order values is no longer implicit.

Comparison with respect to [13] We briefly contrast the approach by Jeffrey and Rathke [13]
and our approach based on characteristic bisimilarity (~):

e The LTS in [13] is enriched with extra labels for triggers; an output action transition
emits a trigger and introduces a parallel replicated trigger. Our approach retains usual
labels/transitions; in case of output, &~ introduces a parallel non-replicated trigger.

e Higher-order input in [13] involves the input of a trigger which reduces after substitution.
Rather than a trigger name, ~© decrees the input of a trigger value Az.1?(x).(x z).

e Unlike [13], ~€ treats first- and higher-order values uniformly. As the typed LTS distin-
guishes linear and shared values, replicated closures are used only for shared values.

e In[13] name matching is crucial to prove completeness of bisimilarity. In our case, HOx
lacks name matching and we use session types: a characteristic value inhabiting a type
enables the simplest form of interactions with the environment.

To further compare our approach to that in [13], we use a representative example.
Example 6 Let V = Ax.x (Ay.y!(m).0) be a value. Consider a process such that
r;0;A-n:Y{U);end b nl(V).0>0

withU = (((1{S); end)— ¢)— ©)— ©. We contrast the transitions from P. In our framework,

Wv
we have a typed transition I"; #; A-n :I(U); end - P u I'; 0; A+ 0.1Inthe framework
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t<=cV:U
I;0; AEt7(2).(v s)(s?7(x).[U)” | s{Az. z (A\y. y!(m).0)).0)
;0 AR t2(2).(vs)(s?(z).z (\y. (ya)) | sH{(Az. z (Ay. y!(m).0)).0)
) RUON 0, A (vs)(s?(z).x (Ay. (ya)) | s1{Az. z (Ay. y!l(m).0)).0)
?2) T, I;0; AF Az (Ay. y!{m).0) (Ay. (ya))
B 5 OB AR (. (ya) Oy yl(m).0)
@ 5 0AF (Ayy(m).0)a

7d

) — I';0; A al{m).0
(a) Our approach.

I;0; A+ x67(z).z (Ay. y!(m).0)
) m), I;0; A E xt?(z).x (Ay. y!i(m).0) | (Az.z (Ay.y!(m).0)) 7
2) M noA- xt7(x).x (Ay. y!{m).0) | 7 (Ay. y!(m).0)
@) T b AE s 2(2).a (g y!(m).0) | * k?(y).yl(m).0
) B P AF x7(2).e Oy, y!(m).0) | % k?(y).y1(m).0 | (Ay. y!(m).0)a
5) T L0 AF «t2(z).z (Ay. y!(m).0) | * k?(y).y/(m).0 | al(m).0

(b) Jeffrey and Rathke’s approach [13].

Fig. 9 Comparing labelled transitions associated to the process in Example 6

of [13] a similar (but untyped) output transition takes place. Figure 9 presents a complete
comparison of the labelled transitions in our approach (Fig. 9a) and in [13] (Fig. 9b). In our
approach, we let

[UY =x (Ay.(ya)) for some fresh a

Then we have one input transition (Line (1)), followed by four deterministic internal tran-
sitions; no replicated processes are needed. The approach of [13] also uses five transitions,
but more visible transitions are required (three, see Lines (1), (2), and (3) in Fig. 9b) and at
the end, two replicated processes remain (on ¢ and k). This is how linearity information in
session types enables simpler bisimulations. Note that 7; and tx in Lines (1) and (3) denote
triggered processes on names / and k.

The previous comparison shows how our approach requires less visible transitions and
replicated processes. Therefore, linearity information does simplify analyses, as it enables
simpler witnesses in coinductive proofs.

7 Concluding remarks

Obtaining tractable characterisations of contextual equivalence is a long-standing issue for
higher-order languages. In this paper, we have addressed this challenge for a higher-order lan-
guage which integrates functional constructs and features from concurrent processes (name
and process passing), and whose interactions are governed by session types, abehavioural type
discipline for structured communications. The main result of our study is the development
of characteristic bisimilarity, a relation on session typed processes which fully characterises
contextual equivalence.
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Compared to the well-known context bisimilarity, our notion of characteristic bisimilar-
ity enables more tractable analyses without sacrificing distinguishing power. Our approach
to simplified analysis rests upon two simple mechanisms. First, using trigger processes we
lighten the requirements involved in output clauses. In particular, we can lift the need for
heavy universal quantifications. Second, using characteristic processes and values we refine
the requirements for input clauses. Formally supported by a refined LTS, the use of character-
istic processes and values effectively narrows down input actions. Session type information
(which includes linearity requirements on reciprocal communications), naturally available
in scenarios of interacting processes, is crucial to define these two new mechanisms, and
therefore to enable technical simplifications in our developments. As already discussed, our
coincidence result is insightful also in the light of previous works on labelled equivalences for
higher-order processes, in particular with respect to characterisations by Sangiorgi [30,31]
and by Jeffrey and Rathke [13]. Our main result combines several technical innovations,
including, e.g., up-to techniques for deterministic behaviours (cf. Lemma 1) and an alterna-
tive behavioural equivalence, called higher-order bisimilarity (denoted ~*, cf. Definition 17),
which uses simpler trigger processes and is applicable to processes without first-order pass-
ing.

In addition to their intrinsic significance, our study has important consequences and appli-
cations in other aspects of the theory of higher-order processes. In particular, we have recently
explored the relative expressivity of higher-order sessions [17]. Both characteristic and higher-
order bisimilarities play an important rdle in establishing tight correctness properties (e.g.,
operational correspondence and full abstraction) for encodability results connecting different
variants of HOzx. Such variants cover features such as pure process passing (with first- and
higher-order abstractions), pure name passing, polyadicity, linear/shared communication.
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Appendix 1: The typing system of HOx

We first formally define type equivalence. Then we give details of the proof of Theorem 1.
Type equivalence
Definition 21 (Type equivalence) Let ST be a set of closed session types. Two types S and

S’ are said to be isomorphic if a pair (S, §) is in the largest fixed point of the monotone
function F : P(ST x ST) — P(ST x ST) defined by:

F(M) = {(end, end)}
U{({U1); S1, {U2): S2) | (81, 82), (U1, U2) € %}
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U{(2(UY); S1, 2(U2): $2) | (81, 82), (U1, Uz) € R}
U{(&{l; = SiYier, &{li = Sj}ier) | Vi el.(S;,S)) € R}
U{(@®{l; = Sitier. ®fli = Si}tier) | Vi € 1.(S;, S)) € R}
U{(ut.S, 8 | (S{rtS/), 8') e i)

U{(S, ut.8") | (S, (S e )

Standard arguments ensure that F' is monotone, thus the greatest fixed point of F exists.
We write S| ~ S if (81, $2) € 9.

Proof of Theorem 1 (type soundness)

As our type system is closely related to that considered by Mostrous and Yoshida [26], the
proof of type soundness requires notions and properties which are instances of those already
shown in [26]. We first state weakening and strengthening lemmas, which have standard
proofs.

Lemma 8 (Weakening—Lemma C.2 in [26])
- IfI'; A A Pooand x ¢ dom(I', A, A)then ' -x : U—o; A; A P>o

Lemma 9 (Strengthening—Lemmas C.3 and C.4 in [26]) We have:

- IfI' - x:U->0,A;AF-Proandx ¢ fv(P)then'; A; A P>o
- IfI'; A A-s:end- Pooands ¢ fn(P)then I'; A; AF Pso

Below, shared value means that there are no free linear names, thus A, A are empty (cf.
Rule [Prom] in Fig. 3).

Lemma 10 (Substitution Lemma—Lemma C.10 in [26]) We have:

1. Suppose I'; A; A-x:S+ Peoands ¢ dom(I', A, A).
ThenI'; A; A-s: S P{S/x}>o0.
2. Suppose I' - x : (U); A; A+ Pr>oanda ¢ dom(I, A, A).
ThenI" -a: (U); A; A P{9/x}> 0.
3. Suppose I'; A1 -x : U—0; A\ Proand I'; Ax; Ay = Vs U—oo with Ay, Ay and
Ar, Ay deﬁned. Then I'; AL - Ay AL - Ay - P{V/x}l><>.
4. Suppose I' - x : U—o; A; A+ P> <o and shared value V such that
T 0,0 VeU—>oThen'; A; A P{V/x}w .

Proof In all four parts, we proceed by induction on the typing for P, with a case analysis on
the last applied rule. u]

We now state the instance of type soundness that we can derive from [26]. It is worth
noticing the definition of structural congruence in [26] is richer than ours. Also, their state-
ment for subject reduction relies on an ordering on typings, associated to queues and other
runtime elements. Since we are working with synchronous communication this ordering can
be omitted. The second part of the following statement corresponds to Theorem 1:

Theorem 3 (Type soundness) We have:

1. (Subject congruence) Suppose I'; A; A+ P>o. Then P = P'implies I'; A; A = P'>o.
2. (Subject reduction) Suppose I''; §; A = P> o with balanced A. Then P —> P’ implies
;0 A =P osoand A=A orA — A,
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Proof Part (1) is standard, using weakening and strengthening lemmas. Part (2) proceeds by
induction on the last reduction rule used. Below, we give some details:

1. Case [App]: Then we have
P=0x.Qu— Q{¥x}=P

Suppose I'; @; A F (Ax. Q) ur<. We examine one possible way in which this assump-
tion can be derived; other cases are similar or simpler:

r'; 0, A-{x:8}-Q0vo I''; %, {x:S}Fx S
I'; 9; AFix. Q> S—¢ r; 0, u:S}rusS
r;0, Acu:SEOMx.Queo

Then, by combining premise I'; ¥; A - {x : S} = Q > ¢ with the substitution lemma
(Lemma 10(1)), we obtain I'; @; A-u: S+ Q{¥/x}> o, as desired.

2. Case [Pass]: There are several sub-cases, depending on the type of the communication
subject n (which could be a shared or a linear name) and the type of the object V
(which could be an abstraction or a shared/linear name). We analyse two representative
sub-cases:

(a) n is a shared name and V is a name v. Then we have the following reduction:
P =nl(v).Q1 | n?(x).02 — Q1| Q2{Yx} =P’
By assumption, we have the following typing derivation:

an 12
r; 9; Ay -{v:S}- Az nl(v).01 | n?7(x).02> ¢

where (11) and (12) are as follows:

I n:(S); 0, 0Fne(S) I';¥; A/FQO1>0 I'; 0; {v:SiFveS
r; ¢, Ay-{v:S}Fnl(v).01>90
I' n:(S); B, dne(S) I'1¥; A3-x:SF Qa0
r; 9; AsEn?(x).Qr>0

(an

(12)

Now, by applying Lemma 10(1) on I'"; @; A3 -x : S+ Q2 > < we obtain
r; 0, Az-v:SE QOx{Yxlso
and the case is completed by using Rule [Par] with this judgement:

r;0,A1EQiv0 I'; 0; Az-v:SE O2{Yx}so
I8, A1-Az-v:SE Q| QofYxlmo

Observe how in this case the session environment does not reduce.
(b) n is a shared name and V is a higher-order value. Then we have the following
reduction:

P =n!V).01 [ n2(x).02 — Q1| QofV/x} = P’

By assumption, we have the following typing derivation (below, we write L to stand
for C— ¢ and I” to stand for I'" \ x).

13) (14)
I @; Ay - A3 = n!(v).Q1 | n?(x).Q2|><>
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where (13) and (14) are as follows:
r,0,9-ne (L) I';0; At-Q1>¢ I'; §; 0FVsL
r; 9, AiEnl{(V).Q1>¢
I''; 0; =ne (L) T';0; A3 Qr>0 I 0; x> L
r; ¢; AsEn?(x).Qr>0

Now, by applying Lemma 10(4) on I"'\x; #; Az Qaeoand I'; @; - V> L
we obtain

13)

(14)

r; 9y As = QafV/x} oo
and the case is completed by using Rule [Par] with this judgement:
T 0, A1 Qoo T 0 AsE Qx{V/x)so
L0, Ar- A3 Q1| QafV/x) e o

Observe how in this case the session environment does not reduce.

3. Case [Sel]: The proof is standard, the session environment reduces.
4. Cases [Par] and [Res]: The proof is standard, exploiting induction hypothesis.
5. Case [Cong]: follows from Theorem 3 (1).

Appendix 2: Proofs for Sect. 5
Typability of characteristic processes

We state and prove a more detailed form of Proposition 1. The case of recursive session
types requires the following two auxiliary definitions for session type unfolding and prefix
deletion.

Definition 22 (Session type unfolding) Given a session type S, the function unfold(S) is
defined as:

unfold({U); §) =1(U); S unfold(?(U); S) =2(U); S
unfold(@{l; : Si}ier) = ®{li : Sitier  unfold(&{l; : Si}icr) = &{li : Silier
unfold(ut.S) = unfold(S{#t-S/t})  unfold(end) = end

Lemma 11 Let S be a session type. Then unfold(S) = S’ and S" # ut.S".
Proof A straightforward induction on the syntax of S. O
We define a relation for session type prefix deletion:
Definition 23 (Session type prefix deletion) Given a session type S, the set del(S) is defined
inductively as follows:
del({U); S) ={S} del(?(U); S) ={S}
del(@®{l; : Sitier) = {Sitier  del(&{l; : Si}ier) = {Si}ier
del(ut.S) = del(unfold(ut.S))  del(end) = {end}
We may now finally state and prove the following proposition:
Proposition 4 (Characteristic processes/values inhabit their types)
1. Let U and [U]¢ be a type and its characteristic value, respectively.

(a) If U = S then, for some s, we have @; @; s : S+ [S]c> S.
(b) If U = (S) then, for some a, we have a : (S); 3; 9 - [(S)]ec > (S).
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(c) If U = (L) then, for some a, we have a : (L); ¥; # = [(L)]c> (L).
(d) IfU =U'—oand I'; §; A+ [U')" > © then we have

M\x; J; A\x = [U'—o)c> U'— 0.
(¢) fU =U'—cand I'; B; A+ [U') > ¢ then we have

M\x; 0 A\x F [U'—o0)es U'—oo.

2. Let S and [S)® be a session type and its characteristic process, respectively.

(a) If S = end then 0; ; 0; - [end)® > ¢.
(b) If S ={U); S and I'; ¥; A+ [U)c> U then

L;0;A-1:1(8); end-s NU); S’ [HU); S’ 0.
(c) If S=2U); S and I'; B; A+ [U)* > ¢ then

\x; 3; (A\x) -t :2(S"); end- s :NU); S = [2U); ') > o.
(d) If S = ®{l; : Si}ieq then

0; B {t; 1(S;); endlier -5 : @Ol Sitier F (Bl = Sitier)’ v o
(e) If S = &{l; : Si}ier then

@, 05 {t; :N(Si); endlier -5 2 &{li @ Sitier F (&L ¢ Sitier) > 0.
(f) If S = ut.S' then either

— ;0,0 (utS' P o
— forall S; € del(S) there exist I', A, and S} such that

0, A{t; 2 Si}ier - s S'{end/fy = [S'{end/ 4] & o
and I'; 0; A - {t; 1(S;); end)ier -5 : ut.S" = [ut.S") > o.

3. Let U and [U)* be a channel type and its characteristic process, respectively.

(a) IfU = (S) and 0; B; A+ [Slc> S then
a:(S);0; A-t:1{(S)); endt [(S)]¢ > 0.

(b) IfU = (L) and I'; %: A - [Lo> L then
I'-a:(L);#A-t: (L)), endF [(L)]* > <.

(c) fU=U—oand I'; #; A+ [U)e> U’ then
I x:U—=o;0; A [U— o) b o.

(d) If U =U"—0and I'; ¥; A+ [U')c> U’ then
I x:U—=o,0; AF[U—o0) 0.

Proof The proof proceeds by mutual induction on the syntax of types. We analyze the three
parts separately:

1. We use the results from Parts 2 and 3 in a case analysis on the syntax of U.
— Cases (a) U = S, (b) U = (S), and (c) U = (L): The proof is straightforward from
Rules [Sess] and [Sh] (cf. Fig. 3).
— Case (d) U = U'— ©: By Parts 2 and 3 of this lemma we obtain I'"; @#; A - [U'}* >0,

which implies I'\x; ¥; A\x F [U’'— ¢)c > U’'— ¢ by Rules [Abs] and [EProm] (cf.
Fig. 3).

— Case (€) U = U’—o: Similar, using Rule [Abs] (cf. Fig. 3).

2. The proof is by induction on the syntax of S. We detail some notable cases:
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(a) Case S =!{U); §’: Then, by Definition 13, we have [S]* = s!{([U)¢).t!(s).0 and we
may obtain the following derivation:
;@;s:8 -1t:1(8); endrr!{s).0>¢  (Induction)
0, A [U)e>U
;0,4 -5:1U); S -t:1S); ends s!{([U)c).t!{s).0> ¢
(b) Case S =?7(S1); S2: Then, by Definition 13, we have [S]* = s?(x).(¢!(s).0 | [S1]Y).
and we may obtain the following derivation:
;%A -x:S1E[S1)*>¢  (Induction)
;0,6 :1(8);end-s: S Ftl(s).0>0
;0,A-x:81-t:1S);end-s: S Ftls).0]|[S1)¥ >0
I;0; At :4S); end s :2(U); So b s2(x).(1{s).0 | [S1)¥) >0
(c) Case S = ut.S’: Then, by Definition 13, [S)T[S’{end/t}]*. The proof is done by
induction on the shape of §’. We detail two sub-cases; the rest is similar or simpler.
(i) Sub-case §" = &{l; : S;}ics: Then [S'{end/t}}* = s {l; : 1;!(s).0};c; and
del(S) = {Si}ier:
Viel 0;0;t : Si{endty 4 1(s).0> 0
B; 05t - S,‘{end/t} -8 S/{end/t} Fso{l:t1(s).0}icr >0
We may then type [ut.&{l; : Si}ier]*:
Viel, 0,0t :Si Ft;!/{s). 0>
Q); VJ; ti: S,' <8 /Lt.&{l,' : Si}iel Fso {l,‘ : ti!(s).()}ie[ > <&
(ii) Sub-case S = ut'.S”: Then [ut.S"{end/t}}* = [S§”{end/t}{end/t}}*. If
[§”{end/t}{end/t}}* = 0 then the proof is straightforward. If del(S) = {S;}ies
then by induction

(Induction)
503 A -1 Si{end/t{end/r} - s ¢ S7{end/t{end/t} - [S”{end/ti{end/t}) & o
We may then type [S]*:

(Induction)
L;0,A-t:8-s:SE[utut.S")F >0

3. The proof uses the result of Part 1. We do a case analysis on the structure of U.

(a) Case U = (§): From Part 1 we have that J; #; A - [S]c> S. By applying Rule [Req]

(cf. Fig. 3) we obtain:

a: (S0 AF[SleeS  a:(S);0;t:1{(S)); end F tl{a).0>0
a:(S);0;A-t:1{(S));end - [(S)}¢ o

(b) Case U = (S): Similar argumentation as in the previous case.
(¢) Case U = U’'—o©: From Part 1 we know that I"; @; A - [U']c > U’. By applying

Rules [App] and [EProm] (cf. Fig. 3) we obtain:

;0 AU )ev U TMix:U—0; x> U'—00
Fix:U—-o0;AFx[U)cro
I x:U—o0,A-[U—o >0

(d) Case U = U’— <: Similar argumentation as in the previous case without applying
Rule [EProm] (cf. Fig. 3). ]
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Deterministic transitions

The proofs for Theorem 2 require an auxiliary result on deterministic transitions (Lemma 1).
Some notions needed to prove this auxiliary result are presented next.

In the following we sometimes use polyadic abstractions (denoted AX. P) and polyadic
name passing (denoted u!(V).P and u?(X).P, respectively) as shorthand notations.

We now prove Proposition 2:

Proposition 5 (z-inertness) Suppose I'; #; A = P > o with balanced A. Then

1. T;AFPES A& Plimplies Ty A P AR A F P
2. T; A PES A P impliesT'; A P ~H A P

Proof We only prove Part 1; the proof for Part 2 follows straightforwardly. The proof proceeds
by showing that the relation

RN={(P.P)|T;AF P+ A+ P

is a higher-order bisimulation.

¢

Suppose first that I'; A = P —> A’ = P”, for some P”; we have to show that P’ can
produce an appropriate matching action. There are two main cases: £ # 1 (a visible action)
and ¢ = 7 (an unobservable, possibly deterministic action).

1. The first case follows easily by typing conditions and type soundness, which ensure that
P’ has the same potential as P for performing visible actions.

2. The second case can be divided into two sub-cases: first, if T = t4 then P’ = P” and
the thesis trivially follows; second, if T # 14 (i.e., P has the possibility of performing
both 74 and some other 7) then either P’ has the same T or P’ does not have it, because
74 excluded the occurrence of t. The thesis follows by noticing that, in the first case,
P’ can match the move from P; the second case cannot occur because of typing and the
definition of deterministic transitions.

Suppose now that I"; A - P’ Ny % , for some P”. This case follows immediately
by noticing that P can always match action £ by performing the deterministic action g first,

i.e., we can always have I'; A + P Y A’ P This concludes the proof. O

Proof of Theorem 2

We split the proof of Theorem 2 into several lemmas:

— Lemma 12 establishes useful properties of characteristic and higher-order processes,
including a two-way connection between higher-order trigger processes and an alternative
trigger process (denoted t <—» V, defined below).

— Lemma 13 establishes the equivalence between characteristic and higher-order trigger
processes.

— Lemma 14 establishes &% = &€,

— Lemma 16 establishes a trigger substitution lemma (Lemma 4 in the main text), using
Lemma 15.

— Lemma 18 exploits the process substitution result given by Lemma 17 (Lemma 3 in the
main text) to prove that &% C ~,

— Lemma 19 shows that & is a congruence which implies &~ C

~
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— Lemma 22 shows that = € ~H using Lemma 20 (definability) and Lemma 21 (extrusion).

We introduce a useful notation for action labels, which will be used in the following to
represent matching actions.

Definition 24 Let £ be an action label (cf. Sect. 5.1). We define the action ? as

i (vm)(m!(Va)) if £ = (viny) (n!(V1)), for someVy, iy
e otherwise

Thus, given ¢, its corresponding action { is either identical to £, or an output on the same
name, possibly with different object and extruded names.
We now introduce an alternative trigger process that is used to simplify the proofs. Let

t—aV =12x).(vs)(xs | SHV).0) (15)

The simpler formulation of alternative trigger process (with respect to the higher-order
trigger process, cf. (6)) is useful in proofs. However, the input of characteristic values on
name ¢ results in the creation of redundant parallel components:

t2(x).(vs)(xs | sU(V).0)

PO OTIVIN () o (Gox x200).(1x).0 | [U'P)) 5 | 1(V).0)
d d

= W)AUP{V/y} | 1'1s).0)
= (UPY/5} | (vs)(t's).0)

Indeed, processes of the form (v s)t'!(s).0 are redundant because the restricted name s has
no interactions. The following lemma shows that we can ignore these processes (up to ~H
and ~©). It also states the equivalence (up to &) between higher-order trigger processes
t <= V(cf.(6))andr <, V.

Lemma 12 (Auxiliary results for trigger processes) Let P and Q be processes.
1. Lett be afresh name, A} = Az -t :/{end); end, and Ay = A4 -t :!{end); end. Then
3 A m)(P | (vs)(tl(s).0)) & Ay = ()(Q | (vs)(t!(s).0))
if and only if
Iy A3 (i) P~ Ay b (vinn) Q
2. Lett afresh name, Ay = Az -t :!/{end); endand Ay = Ay -t :/{end); end. Then
LA m)(P | (vs)(El(s).0)) & Ay = (vm2)(Q | (vs)(t!(s).0))
if and only if
;A3 )P ~° Ay (ving) Q
3. Lett be a fresh name. Then
CyArE@m)(P |t =2 Vi)~ Ay (vim)(Q | 1 <4 Va)
if and only if, for some A3z, Ay,
C3A3F @m)(P |t <2 Vi) A Agk (vim)(Q |t <25 Va)
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Proof We analyze each of the three parts:

— Part 1. We split the proof into the two directions of the if and only if requirements.

(a) First direction. Consider the typed relation (we omit the type information):

(b)

RN={(m)P, vm)Q) | I'; Ay = (m)(P | (vs)(tl(s).0))
AT Ax = (vi)(Q | (vs)(t!(s).0))}
We check the requirements of higher-order bisimulation for ). Suppose that
[ Az i) P A F (i) P!

then we need to show a matching action from (v 713) Q. We can derive that

I Ak i) (P | (vs)(1)s).0) Ay E @) (P | (vs)(t)(s).0))

for some A which, from the freshness of 7, implies that there exist Q" and A’ such that

I Ay = (m)(Q | (vs)(t!(s).0)) é As E (m)(Q' | (vs)(2)(s).0))  (16)
and
I A E i) (P Cr | (0s)(1(s).0) &% AS E (vma')(Q' | Co | (vs)(t!(s).0))

where the shape of Cj, C, depends on £ and ¢ if they are output actions with objects
Vi and Vs, respectively, then C; = ¢/ <>y V] and C; = ' <>y V,; otherwise,
C1 = C> = 0. The latter equation implies from the definition of R

Iy A= () (P Cr | (vs)(t!(s).0) R Ay = (v )(Q' | Ca | (vs)(1!(s).0))
and (16) implies

[ Ay b ing)Q == A - (viny) Q'

to complete the proof of the case.
Second direction. Consider the typed relation (we omit the type information):

N = {(m)(P | vs)(tls).0), vm2)(Q | ©s)(ts).00)) | I';
Az b= (i) (P) & Ag = (Vi) (Q))

We check the requirements of higher-order bisimulation for 9.
Suppose that (v 727) (P | (vs)(t!{s).0)) moves; we need to infer an appropriate matching
action from (v m2)(Q | (vs)(z!(s).0)). We analyse three cases:

(i) Process P moves autonomously, i.e., for some A’l we have:

[ A )P | (vs)(1)s).0) Ay E @) (P | (vs)(tY(s).0))

Then the proof is similar to the previous case.
(i1) An action on the fresh name z, i.e., for some A’l we have:

t!(s)

T; A= (wmp)(P | (vs)(e!(s).0)) —> A} = (vig) P

First notice that the typing derivation reveals that A{(#) = A, (¢) =!{end); end.
This is because the dual endpoint of the (restricted) session s does not appear in
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(vs)(t!(s).0) and thus it has the inactive type end. We can then observe that, for
some A, we have:
~ (s ~

I A )0 | 0s)(!s).0) B3 Ay (vimp) Q'

We need to show that
[ A F i) (P |1 <oy ) & Ay F 0is)(Q' |1 <2x s)
The proof is easy if we consider that both processes can perform the up-to deter-
"Nz, 0
ministic transitions r(A—Z> >£>:
T 0; Ay = () (P |t <n )
72z.0) —_ o =
> AL E (m) (P (vs)(s72(y).((hz. 0) y) | s"1(s).0))
s AL (i) P
and
L0 Ay = (vim)(Q | 11 <2x s)
2z, 0) — _
= Ay (wma)(Q | (vs)(s"2(0).((A2.0) y) | 571(s5).0))
T ~

oAb (i) Q'

The result is then immediate from the definition of N that requires
r; Ay @mp) P~ Ay - (vim) Q'

(iii) A synchronization along name ¢: this is not possible due to the freshness of 7.

This concludes the proof of Part 1.

e Part 2 follows same arguments and structure as the proof for Part 1.
e Part 3 relies on Part 1. We analyse the two directions of the if and only if requirement.

(a) First direction. Let )R be the typed relation (we omit the type information):

R={(wm)(P |t < Vi), Vim)(Q |t <x V2)) |
Fy AL E @AD(P |1+ Vi) &% Ay = (i) (Q | 1 < V2))

We show that R C ~*, with a case analysis on the defining requirements of higher-order
bisimulation. Suppose that (v 7171) (P | t <=y V1) moves; we need to show an appropriate
matching action from (v m3)(Q | t <>y V2). We analyze three possibilities:

(i) P moves on its own, i.e., for some A’l we have:
[ AL E WAD(P |1 <y Vi) = A ) (P |1 <y Va)

The proof is similar to case (a) of Part 1 of this lemma.
(i1) An input action of the form #?(n) along a fresh name 7. Let U be such that [U)e = n
and let V| be a higher-order value. There exists a A’l such that:

[y A ) (P |t <o Vi) B8 AL F @it )(P | (05)(s2(0).(vn) | 51(V1).0))
o A E i) (P | (Vi n))
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(iii)

Furthermore, we can see that, for some A/Z, we have

I'; Ay (vimp)(Q |t <2y Vz) Az F@m)(Q" | (Van))
We therefore need to show that
I A E )P (Vin) &% Ay E (i) (Q' | (Van))

This is done by considering the requirements of .
Because of the definition of the alternative trigger, the input of the trigger value has

no effect on the bisimulation relation:
Iy 0 Ay = @im)(P |t <3 Vi)
o A E i) (P | 1 s V1)

t2rz. 2 (w)wz) T4
—

Since [U)¢ = n, we have that [(?2(U); end)— ¢)c = Az.22(y).('{2).0 | (y n)):
0 ArE m)(P |t <2 V1)
PRSI A b (P | 05) (2. 220010 | (ym) s [ 51V1).0))
Furthermore, we can see that
I Ay = (vimp)(Q | t <=2 Va)
HTTESIE A - i) ('] (Van) | (05)(1'1s).0)
We also have

I @ A= @m)(P ] (vs)(Az. 22(0).(t"1z).0 | (ym)) s | SH(V1).0))
= AR A )(P | (Vin) | (vs)(E')(s).0))

7d

and so we can infer from the up-to technique for deterministic transitions (Lemma 1)
that

LAy E @) (P (Vin) | (vs)(t'ls).0))

~T AL (m) Q| (Van) | (vs)(')(s).0))

which implies, by Part 1 of this lemma, the desired conclusion:
3 Ay ) (P | (Vi) &% A = (vina)(Q' | (Van))

An action of the form £?(Az. [U’)?) along the fresh name 7. Let U such that [U)¢ =
Az.[U')?. There exist U and A such that

[ A F @A) (P | 1 <y V)
PR A e wAmD(P | 1) 200Gz [U'F) y) | 51(V1).0)
N AL @mi)(P | (Az. [U'F) V1)

Furthermore, we have the following transition, for some A’Q:

[y - i) Q| < Vo) ST AL i (@ | Gz [U'F) Va)
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We need to show that, for some A%, Ay, the following holds:
Iy Ay ) (P | Az (UF) Vi) &% Ay = (v )(Q' | (Az. [U'F) Va)

This is done by considering the requirements of ).
Here again note that the input of the trigger value has no effect on the bisimulation

relation.
Iy 0 Ay = @im)(P |t <3 Vi)
= AT E il )(P | 1 s V)

1Hrz. "2 (w)wz) T4
—

We now consider the input of the characteristic value on 7. From the fact that [U)c =
Az.[U")* weobtainthat [(?2(U); end)— o)c = Aw. w2(y).(t"{w).0 | (Az. [U')?) y)
and

~ (¥ d
T0: Ay b i) (P | 1y vy ORIl

Ay E )P | () (Gw. w2(y).(t" (w).0 | (Az. [U'T) y)) s | 51(V1).0))

Furthermore, we have the following transition, for some A’z:

;A (wm)(Q |t <5 V. ) 2([2(U); end)c)—o)

A5 E wm) Q' | (2. [U'F) Va | (v)(t')(s).0))

We also have

r:g; Ay = wmi )P | (vs)(w. w2(y).("Kw).0 | (2. [U'F) ) s [ 51(V1).0))
T4 T

= AL B m)(P | Gz [UF) Vi | (vs)(t's).0)

and so we can infer from the up-to technique for deterministic transitions (Lemma 1)
that

Iy Ay E @) (P | Qz. [U'F) Vi | (vs)(#')s5).0)) &7
- Az(v 20" Gz (UF) Va | (vs)(t'l(s).0))

which implies, by Part 1 of this lemma, the desired conclusion:
r; Ay E @) (P | Gz [U'F) Vi) &% A5 = (i) (Q' | (Az. [U'F) Va)
(b) Second direction. Let 91 be the typed relation (we omit the type information):
RN={(m)(P|t=a V), Vima)(Q |t +aV2)) |
L Ay E m)(P |t <2y Vi) & Agk (vim)(Q | 1 <2n Va))

We show that i C ~H, with a case analysis on the defining requirements of higher-order
bisimulation. We focus on the cases related to an input action on the fresh name #; other
cases are similar.

i. Value V) is a higher-order value: This implies that there exist U and A/ such that
[2(U); end)c = Az.22(y).(t"'(z).0 | yn) and

I Ay F AP |t < V)
PR A1 (P | (05)(Ghz. 220).(42) 0 | (ym)) s | 5HV).0)
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and

r;0; Ay E my)(P | (vs)((Az.22(0).(1"1{z2).0 | (yn))) s | 51(V1).0))
4 T

NN A’l Fm)(P| (Vin)| (vs)(@'(s).0))
Furthermore we can see that there exists A’2 such that

i
[i Ay - 0iig)(Q | 1 —p Vy) TSR

Ay E wm)(Q' | (Van) | (vs)(t')(s).0))
We need to show that

ry A= @ )P | (Vin) | (vs)(r')s).0)
A AL E i) (Q | (Van) | (vs)(2')s).0))

This is done by considering the requirements of ). We know that [U); = n:

1" VJ Az (vim)(P |t <=y V1)
A/ F ) (P | (0s)(s2).(vn) | 51(V1).0) =2 A% = (il )(P | (Vi n))

for some A’3. Furthermore we can see that for some Aﬁt

[ Ak im)(Q | 1 <o Vo) B A4 = @ma) Q' | (Van))
and
3 Ay i) (P | (Vin) &% Ay (vina)(Q' | (Van))
which imply, by Part 1 of this lemma, the desired conclusion:

ry Ay =@ )P [ (Vin) | (vs)('Ys).0)
~T AL (ma) Q| (Van) | (vs)(1')(s).0))

ii Value Vi is a first-order value: This implies that there exist U and Aj such that
[2(U); end)c = 2w. w?2(y).(t"{(w).0 | Az. [U')* y) and

T3 0; Az = (vim))(P |t <=5 Vi)
PEESYe AL - ) (P | (vs) 0. w2(y). (N w).0 | Az [U'F y)s | S(V1).0))

This case follows a similar proof structure as the previous case.

This concludes the proof of Part 3. O

The next lemma states the equivalence between the characteristic and higher-order trigger
processes (cf. (6) and (7)).

Lemma 13 (Trigger process equivalence) Let P and Q be processes, t be a fresh name, and
letI'; 0, AR ViU, i € {1,2)}.

(1) If
A= @m)(Pt < V)R Ay (i) (Q | t <=2y Va)
then there exist Ay, A} such that

Fi A F )P |t <c Vi:U) A Ay - 0ma)(Q |t <c Va:U).
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(2) If
CyArE@m)(P 1 <c VitU) =5 Ay b (i) (Q | 1 <=¢ V2:U)
then there exist A, A} such that
L A E m)(P |t <2 Vi) & Ay E (i) (Q |t <5 Va).
Proof We analyse both parts separately:
1. Consider the typed relation (for readability, we omit type information):

RN={(vm)(P [t <c Vi:U), vim)(Q |t <c V2:0)) |
L3 AV m)(P |1 <2g Vi) & Ay (i)(Q |t <2 Va))

We show that t € ~*. Suppose that (vm1)(P | t <= Vi :U) moves; we need to find a
matching move from (v73)(Q | r <¢ V,:U). We distinguish three cases, depending
on the source/kind of visible action:

(a) P moves autonomously, i.e., for some A3 we have:
— ¢ —~
I, A’l Fm)P|t<cVi:U)— Az i )(P' |t <c Vi:U)

We follow the requirements of 9t and the freshness of ¢ to conclude that there exists
a A such that

[ AL 0D (P |t <25 Vi) > Al - i) (P! | 1 <=y Vi)

which implies, from the higher-order bisimilarity requirement of )i and the freshness
of ¢, that there exist Q’ and A such that

~ 1 ~
Iy AE(wmp)(Q |t <=y Vo) =AY E (ma)(Q' | 1 <=5 Va) (I7)
and, for some A}” and A%, that

Ly AV = @m")(P |t <2 Vi | C) & AY = im")(Q' |t <=2u Vo | C2)
(18)

where the shape of C, C, depends on £ and £ if they are output actions with objects

V{ and Vj, respectively, then C; = t' <=y V| and C; = t' <=y Vj; otherwise,

Ci=C=0.

From (17) and the definition of 9t we can conclude that there exists a A4 such that
[ Ay wm)(Q |t <c V2:U) = Agk win)(Q |t <c V2:U)

Equation (18) then allows us to infer the required conclusion, for some A%, A:

A m")P |t <c VitU|CHRALE (") Q' |t &c Va:U | C)

(b) t <¢ V1 :U moves autonomously, i.e., for some Az we have:

r;9; A)E m)(P |t <c Vi:U)

tm)

> Az B (m)(P | (vs)(s?2(»).[UT | 51(V1).0)
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Following requirements of )% and the freshness of # we can infer that there exists a
A such that

;9 Ay = (vm)(P |t <2 Vi)

A A AP | 082 [UT | 54V1).0))

which implies, from the higher-order bisimilarity requirement of )i and the freshness
of £, that there exist Q’ and AJ such that

;0 A0 (vimp)(Q |t <=n Va)
(vim2)(Qa | t <=y V2)

o (19)
) WA (Q | (v5)(s2().[UY | 5(V2).0))
= Al EQ
and
FA{WED(P | (020 LUP | SUV).0) A A0 (20)

The freshness of ¢ allows us to mimic the transitions in (19); for some A4 we obtain:

r;0; Ay = (im)(Q |t <=c V2:U)

— W) Qs | t <c Va:U)
) W) (02 | (vs)(s2).[UT | 51(V2).0))
= Ay = QO

The conclusion is immediate from (20).
(c) The action comes from the interaction of P and ¢ <=y V: This case is not possible,
due to the freshness of ¢.

2. Consider the typed relation (for readability, we omit type information):
R = ()P |t <>u V1), vim2)(Q | 1 <25 V2)) |
LAV m)(P |t <c ViiU) RS Ay E i) (Q | 1 <c Va:U))

To prove that )t C A we first consider relation 9t which uses the alternative trigger in
(15) (for readability, we omit type information):

N = (AT (P | 1 = V1), Wiil3)(Q | 1 <4 V) |
[ A F WA (P |1 e VitU) AC Ay F i) (Q |t < Va:U))

By proving that it € ~€ we can apply Lemma 12 (Part 3), to obtain that i’ C &,
Suppose that (vin])(P | t <5 V)) moves; we must exhibit a matching move from
(vm2)(Q | t < V»). We distinguish four cases, depending on the source/kind of
visible action:

(a) P moves autonomously, i.e., for some A3 we have:

~ ¢ ~
L3 AV )Pt < Vi) = As = (i )(P' | 1 <2 V1)

Then, following the requirements of % and the freshness of ¢, we infer that there
exists a A7 such that

i AL E AP |t 4c ViiU) —> Al - it )(P' | t <c Vi :U)
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which implies, from the characteristic bisimilarity requirement of it and the fresh-
ness of 7, that there exist Q" and A’ such that
T3 20k )@ |t <c Va:U) == Ay () (Q' |t <= Va:U) (21)
and
AV m") (P |t <c Vi:U | C)RCAY vy )(Q' | 1 <=c Va:U | C2)

(22)

with Cy (resp., C2) being the characteristic trigger process in the cases where £ =
(vm)n(V{) (resp., £ = (vim')n!(V3)), and C; = C; = 0 otherwise. From (21) we
can infer that there exists A4 such that

) 7 —
Fy A m)(Q |1+ Vo) = Ay = (i) Q' | 1 <2 Va)
Equation (22) then allows us to obtain the desired conclusion:
Iy Ay ") (P |t < Vi | CR AL ") (Q' | 1 =4 Va | C2)

(b) t —a V1 moves autonomously due to the input of characteristic value, i.e., for some
Az we have:

—_ [?2(U);end
I3 A W) (P | 1 vy | EOLEREel)

Az = () (P | (vs)([(2(U); end— oJes | 51(V1).0))

Following requirements of 9t and the freshness of 7, we infer that there is a A{ such
that

T80, A1 @m)(P |t <c V;:U)
12(m) —~ -
> Al E A (P | 0s)(s2(0).LUY | 51(V1).0))
= AL - (i) P’
which implies, from the characteristic bisimulation requirement of )i and the fresh-

ness of 7, that there exist Q' and A/z/ such that

;0 A = (vim)(Q | t <=c V2:U)

= (vim)(Q2 |t <=c V2:U) 23)
Y (wm2)(Q2 | (vs)(s2(y).[UY | 51({V2).0))
= A’zl Qo

and
Iy A{F @) P ~° A - (ving) Q'
which in turn implies from Lemma 12 (Part 2) the following, for a fresh ¢’

;AT E @) (P | (vs)(A'(s).00) & A5 F (vina)(Q) | (vs)(1'1s).0)  (24)
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The freshness of ¢ allows us to mimic the transitions in (23) to infer that, for some

Ay, we have
[0 Ay - (i) (Q | 1 < Va)
= (wm2)(Q2 |t <2 Va)
rHirigndle) W) (Qa | (vs)([AU); endles | 5(V2).0))
— Ay i)@' | vs)(X')(s).0))

and
I; A3 F @A) (P | (vs)([2U); endles | 51(V1).0) =5
Az B (mi ) (P | (vs)('l(s).0))
The conclusion is immediate from (24).

(c) t —a V1 moves autonomously due to the input of a trigger process, i.e., for some
Az we have:

I Ay F wm)(P |t < Vy)
12dx. ' 2(y).(y x)) —_~ , _
> Az = (wm)(P | (vs)((Ax.£"2(y).(y x))s | 54(V1).0))
We show that there exist A4 and (v7m71)(Q | (vs)((Ax.'2(y).(y x))s | s1(V2).0))
such that
I Ay E (wm)(Q |t <2 Va)
TR Ay Q11 s V)
and
I8 Az B (wm) (P | (vs)((Ax.1'2(y).y x)s | s4(V1).0))
T ~ /
=5 Az (vin)(P |t <5 Vi)
The result
IiAzE (i) (P [t —a V) R Ay b () (Q |1 <4 Va)

is immediate from the definition of ).
(d) The action comes from the interaction of P and t <, Vj: This case is not possible,
due to the freshness of ¢. o

Lemma 14 ~% = &€,

Proof We split the proof into two parts: the direction & C A€ and the direction ~© C ~H,
Since the two equivalences differ only in the output case, our analysis focuses on output
actions.

1. Direction &% C ~C. Consider the typed relation (for readability, we omit type informa-
tion):

R={(P,Q) | ;A P~ A - Q)

We show that 3 is a characteristic bisimulation. Suppose I"; A; = P s Al = P We
need to show that I"; #; A» = Q> ¢ can match £. The proof proceeds by a case analysis
on the transition label ¢ = (v m1)n!(V}), which is the only non-trivial case.

From the definition of i we have that if:

-~ !
ryaFp VR A pr (25)
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then there exist A’z’ , O, and V; such that:

s Ay F o VEEY Ar o (26)
and for a fresh r and some A} and A}:
AV E m)(P |t <2q V) AT AL E 0im)(Q' |t <2y Va) 27

To show that ) is a characteristic bisimulation after the fact that transition (25) implies
transition (26), we need to show that for a fresh r and for some A3z, A4:

ry A= @m)(P' [t e VitU)R Ak (vi)(Q' |t <=c V2:U) (28)

which follows from (27), Lemma 13(1), and the definition of ).
2. Direction ~¢ C ~¥, Consider the typed relation (for readability, we omit type informa-
tion):
R={(P,Q) | I 41+ P~ Ak Q)
We show that ) is a higher-order bisimulation. Suppose I'; A} = P N A} F P’ with
£ = (vimp)n!{Vy). We need to show that I'; @; A, = Q > ¢ can match £.
From the definition of )t we have that if:
r;a - p Y A pr (29)
then there exist A/Z’ , O, and V; such that:

(vin)nl(Va

;A VEEY Ar o (30)
and for a fresh ¢ and some A}, A}:
A m)(P [t <c VitU) RS A (i) (Q' |t <c Va:U)  (31)

To show that N is a higher-order bisimulation after the fact that transition (29) implies
transition (30), we need to show that for a fresh  and some A3, Ay4:

I Az b )Pt <=2y V)R Ay b (vip)(Q' | 1t <=y V) (32)
which follows from (31), Lemma 13(2), and the definition of . ]

We state an auxiliary lemma that captures a property of trigger processes in terms of
process equivalence.

Lemma 15 (Trigger process application) Let P and Q be processes. Also, let t be a fresh
name.

1. Ifny #nowith I'; §; A+ nj > U with U # end and
I; ArE () (P (xt2(y).(yx) np) &% As B (vm)(Q | (hx.12(y).(y X)) n2)

then ny, ny are session names and ny € fn(P) andn; € fn(Q).
2. IfT; A = (wm)(P | [Uleny) &% Ay = (vmz)(Q | [Ulena) then for all £ whenever

[y A F @A) (P | [Ulen)) —— A) = @) (P | (. £2(3).(y x)) )

then there exist AS, (vina)(Q' | (Ax.12(y).(y x)) na) such that

I; Ay = (wm)(Q | [Ulena) N Ay (ma ) Q' | (Ax.12(y).(y X)) n2)
with €, = .
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3IfT; Ay = (i) (P ] t1(n1).0) &% Ay = (vi)(Q | t1{n2).0) then
Ly AvE om)(P ] 12(x).(xn) & Ay = (vm2)(Q | 12(x).(x n2))
4. Ifn is fresh and
3 AvE i) (P{7/x} | 14(n1).0) &% Ay b= (vin)(Q (%} | t(m1).0)
then
Iy Ay E i) (P{my/x)) & Ax = (vinn) (Q{™1/x))
Proof We analyse each part separately:

1. The proof for Part 1 is by contradiction. Assume thatn] ¢ fn(P)orn; ¢ £n(Q). Then
the bisimulation requirement allows us to observe the following transition, for some
U # end. Note that the shape of [U])"! enables an observable action on ny, which
results in the process t'!(n).0:

I3 ArE @A) (P | Gox. 120).(y X)) 1)
S WD (P | 12(y).y 1)
P P A LU )
Fh S AL A (P | C | £ (n).0)

where C = 0 if £ is not an input action, and C = [U’}" if ¢ is an input action and
subj(¢) = n. Because of the characteristic process interaction, from the freshness of
t, we have:

s AgF ) (Q | Gx. 120)-(r ) na) "D A) - i) ('] € [ U= olona)

with subj () = ny But since (v1)(P | #'!(n1).0) has an action on ¢’ not present in
(vm2)(Q' | C | [U— o) ny), we derive a contradiction with respect to the bisimilarity
assumption.

2. The proof for Part 2 is also by contradiction. Assume that

r'; Ao = (m)(Q | [Ulen) = fAz F v )(Q" | (lx.12(y).(y x)) n2)

From the bisimilarity requirement we can observe

[ Ay - )@ | [Ulens) == Ay F (viia)(Q' | [Ulen2)
But then we can observe an action on the fresh name ¢ on process
L0 Ay = i )P | (x.12()-(y X)) ny) > ©

that cannot be observed by process I"; §; A/ ~ (vma)(Q' | [U)c na)—a contradiction.
3. For the proof of Part 3 we do a case analy51s on the transitions for checking the bisimu-
lation requirements. The most interesting case is when, for some A/

Fs ArE AP 1260 B 15 AY - i) (P | [Ulem)
From the freshness of  we can derive that, for some A} and Q”

I Ay - i) (0 | 1200.(en2)) " AL - i) (Q” | [U e n2)
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From the bisimulation requirement of the hypothesis we have that
[y A F AP | ing).0) B2 AT - i) (P)
implies
s Ay = (vmp)(Q | t!(n2).0) o AS E (vim) (0
for some A, A} and
I8 A= my)(P ] 12(x).(vs)(s?2(y).(x y) | 51(n1).0))
A AL E (i )(Q | 12(x).(vs)(s?2(y).(x y) | 51(n2).0))
Whenever
I AL my )P 12(x).(vs)(s2(y).(x y) | $(n1).0))
2[U])e) ~ _
S AT ) (P | (vs) (2. (W e y) | 5(n1).0))
S AT E ") (P | [Uen)
then for some Q)
Iy AL ma)(Q' [ 12(x).(vs)(s2(y).(x ) | 51(n2).0))
AU —~ _
P AL i) Q7 | 10)(s2(0)-([Ue y) | 5(n2).0)
= Ay F w")(Q" | [Ulen)
which concludes the case.
4. For the proof of Part 4, let )1 be the typed relation

N ={I; A1 F @mD(P{Yx) A Ax = (vinn)(Q{™/x)) |
3 AvE ) (P{Yx} | n11{n1).0) & Ay B (i) (Q{/x) | 111{m1).0))

Suppose that (v 1) (P{"1/x}) moves:

[; Ay F ) (P{nx)) —> A} F i )(P'{m/x)

We need to show a matching action from (v m3)(Q{™1/x}); we proceed to show that %
is a higher-order bisimulation by a case analysis on the subject/shape of action €. There
are three cases:

(a) If subj(€) # n; then the proof is straightforward from the premise of the proposi-
tion. First observe that

I'; A= (wm)(P{x)) | tYn1).0 N Ay E (i) (P'{Yx}) | t1(n1).0
implies

;s Ay = (Vi) (QfYx}) | tY(m2).0 é Ay = (omy)(Q'{x}) | 11{m2).0
for some A and
I Ay = i Y (P{x)) | tn1).0 | Cy =% AS = (i )(Q'{x}) | t1(m1).0 | C2

with C; =t <=y n; and Cy =t <=z m if £ and { are output actions, C; = 0 and
Cy = 0 otherwise. From here we can deduce that

[ Ay - WA (Q(m)x)) == A b (v i3)(Q'fm1/x)
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Furthermore, we can easily see that
I'; Ao b (') (P{ni/x}) | C1 % A5 = (v ) (Q'{™i/x}) | C2

(b) subj(£) = n;. We distinguish two sub-cases:

— n1 = mj. The case is similar to the previous case.

— n1 # mj.Fromthe premise and Part 1 of this lemma we get thatny € £n(P) and
m1 € £n(Q). The latter implies that this case is not possible, since no external
action £ would be observed, because of the typed transition requirement.

(c) £ = . This implies the untyped transitions:

WA (P/x)) ~ ) (P /) (33)
WA (PEx)) 2% (i) (Pa{mi/x) (34)
¢ =t (35)

We distinguish two sub-cases:
— subj (6/“) # ny. This case is similar to Case 1 of this proof.
— subj(¢},) = nj. First observe that

s Ay = (m) (P{7Yx} | t1{n1).0) -, Ay E @) (P x| t1{n1).0)

for some A} with €7, {"1/n} = £/, which implies

I; Ay = (vimp) (Q{/x} | t1{my).0) S Ay E i) (Qi{7/x) | 11m1).0)

with €5, {m1/n} = £}, which in turn implies

2 —
(W) (Q{mi/x}) > (Wma)(Q1{m1/x)) (36)
Also observe that

r;¢; Ay & @m)(P{7/x} | tHn).0)

l"L)nl) A/]/// (v ﬂ/i’l”)(P{n/x})

for some A}” which implies

I';@; Ay = () (Q{7/x} | t!(m1).0)
T AL i) (')
for some A% with

rs 0y A" = (i) (P{7x} | 1 <> ny)
~AYE (m")(Q' Y x} [t <2n my)

From here observe that for U = A" (n1)
r; @, A" = (m)(P{x} |t <=n ny)

UG A7 (P | TUT ()
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for some A, which implies
r;0; AY' = () (Q{Yx}) | 11 <=x my)
& T ~ X
T AL b i) Qx| TUY )
for some A7 with
s @, A7 E )Y (P{Yx} | [UT{"/x})
~T AL E (v (Q'{(Yx} | [UT{™1/x})

From (34), i.e., the fact that the two parallel components of the process interact
on name n1, we can see that, for some A/’

I @; A7 = ") (P{Yx} | LU {"1/x})
> AT = (i) (Pa{x} | €y | 1')n1).0)

where C; = 0 if the action on [U}*{#1/x} is not an input action and C| = [U’}?
otherwise. This in turn implies from Part 2 of this lemma

r; 0, Ay = mp")(Q'{7x} | [UT {m1/x}) 37)
=AY i) (Qa/x) | Ca | 1'1(m1).0)

for some A’z” and C, = 0 when the action on [U]*{™1/x} is not an input action

and C; = [U’)? otherwise. It is then implied that

r; 0; A7 = (") (Pa{"/x} | Cr | £'1(n1).0)

~AT i) Qo) | Ca | £'1m1).0) (38)

where (37) implies the untyped transition

") (Q'{"/x} | LU {™1/x}) 2 ") (Qa"/x} | [UT {™1/x})

and furthermore,

~ 4 ~
i) (Q'{my/x}) £ (viy")(Qa2{m1/x})
with E’z/z{ml/n} = Z’22. From the last result and (36) we get
T 0; Ay B (vim)(Qfm1/x})
= A - (va")(Q"{M1/x))
Furthermore, from (38) we can get that, for some A3,

"

¢
r; A = @i (Pafryx} | Cr | £'1(n1).0) —>
Az E ") (P'{x} | Cr | 1'Yn1).0)
which implies

7"

I AV - ") Qo) | C | 1my).0) 2
Ay ") Q" (1/x} | Co | £'1m)).0)

and

Iy Az = i ")(P'{7/x} | Cy | '(n1).0) &
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Ay = (m")(Q"{"/x} | C2 | 1'K(n1).0)
which in turn implies the required conclusion:

Iy Ay E @an")(PH{my/x} | C) R Ay = (vimd")(Q"{M/x} | C2)

m}

A process substitution lemma is useful for showing the contextuality property for higher-
order and characteristic bisimilarities. Before we state and prove a process substitution lemma,
we give an intermediate result. (This is Lemma 4 in the main text.)

Lemma 16 (Trigger substitution) Let P and Q be processes. Suppose that all t;,i € I are
fresh names. If

I'; Ar e (vimy) (P | H(Ax.ti?(y).(yx))ni>
iel
A Ay b (vil) (Q | H(Ax.ti?(y).(yx))mi)
iel
then for all \X. R there exist A, A} such that
s A F ) (P | GF. R M)~ A F (viis)(Q | (AF. R) ).

Proof We prove the result up-to the application of names n; and m; to process R. Let )it be
the relation

N = {(1‘; A} E (vim)(P | R{7/%})
Ay (i) (Q | RIYTY) | VAX. R, 3A, AS.

I Ay F i) (P | H(Ax.rf?(y»(yx))ni)

iel
FAA Ap (v i) (Q | [T 200000 m)]
iel
We show that 9 is a higher-order bisimulation. The proof is done by a case analysis on

the actions that can be observed on the pairs of processes, so to check their higher-order
bisimulation requirements. There are three cases:

1. Suppose an action from P, for some Af:
~ ~ — ~
ry Ay = @m)(P | RUYRY — AT E i) (P" | R{7/5))
This transition implies, for some A%, the following:
[ Az i) P > A4 F (i) P’

which in turn implies, for some As:

I; Ay ki) (P | H(Ax.ri?(y»(yx))n,-)

iel
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> As - i) (P’ | H(M.zi?(y).(yx))ni)

iel

The latter implies the following, from the definition of ~ and the freshness of ¢;, for

some Ag:
s Ay b= (vig) (Q | H(Ax.n?(y).@x))mi)
iel
L Ag - i) (Q/ | H(Ax.n?@).(yx))n,-)
iel
and

r;9; As = ') (P [, G :2(9).(y ) ni | Cr)

~ Ag b i) (@] [liey 0. 1:2(0).(y X)) m; | C2) (39

where Cy, C, are higher-order trigger processes if £, ? are output actions, and C; =
C, = 0 otherwise. At this point we can infer, for some Aﬁ‘:

[ Ay i) (Q) B AL F (vii) Q'

which in turn implies, for some A’z’:

s A (i) (Q | RURY) == AY - (vis)(Q' | RE/RY)
Equation (39) and the definition of 9 imply the desired conclusion for the case:
r; AV = )P R{YRY | C) R AL = (vma)(Q' | R(YR) | C2)
2. Suppose an action from R:
~ ~ .t —~ ~
ry Ay = @) (P | RUYRY > A E (i )(P | R'{7/7))
for some A}. We identify three sub-cases:

i. subj(€) # n;,i.e. the subject of £ is not in 7. The case is similar as above.
ii. subj(¥) = ny and ny = my. From the definition of i we get that

ri0: Ark @) (P ey 6760.(cn)

i A[U>0]c) ~
CES A3 b i) (P Thieng 6200-Gen) | W)

for some Az. Recall that [U— ¢]c = Ax. [U])"* (cf. Fig. 6); this transition implies

Ly Ak i) (Q | [Tiey 200 (x my))
tk.('[i—);]c) Ay b (Ul’ifrl) (Q/ | l—liel\{k} 4 2(x).(x m;) | [U]X{mk/x})

and from bisimilarity up-to deterministic transition (Lemma 1):

rsasE@m) [P 4200.0on) | LU= 0)ons
iel\{k}
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s As @A) [P 620 (nn) | TUF /)
iel\{k}

A~ A E (vim) | Q| 1_[ 4 2(x).(xm;) | [UT{m%/x}
iel\{k})
for some Ay4. From the shape of [U]* we can observe
30 Ay b= @) (P 1 Thiep g 5760-mi) | TUF (/)
¢ ~
- AL (vt (P | T 6700 Geni) | t/!(nk).O)

implies, for some A):

30 Ayt i) (Q'1 Thienyg 6260)-Comi) | [UF (/)
[ ~
= ... A E (vind) (Q” | ]_[iel\{k}ti?(x).(xmi) | t’!(mk).0>
and furthermore, from Part 3 of Lemma 15
i Ay o) (P 1 Tiene 4200-G0m) 11209).0rm0))
AL ) (071 Thiep g 1760-(mo) | £200).(vmi) )
that implies from the definition of )i that for all R such that {X} C £v(R)
r; Ay = mi')(P | R{YFY) R Ay = (v )(Q" | R{M/7))
The case concludes when we verify that, for some A}, we have:
r; Ay = (inz)(Q | R{7/x}) = Ay = iy’ )(Q" | R'{7x})

iii. subj(¥) = ni and ny # my. This case is not possible. Lemma 15 implies that nj is
a session and 77; € £n(P). From the definition of typed transition (Definition 5) we
get that we cannot observe £ on R{7/3}, because iy € tn(P) and (I"; J; A) v/— £.

3. Suppose the interaction of P and R, for some A}:
I3 A E )P | R/F) > A] = i) (P | R'(Y3))
From the typed reduction definition (Definition 5) we get that
F;A3l—(vn’i’1)Pri>ARl—(vnfﬂ)P/ (40)
s A} - REYR V2 Al - R{R)
1oty (41)
We distinguish several subcases:

i. £1 =ni2(V)and £, = (vm)@mg!{V)). From the requirement of i we get that there
exists U— < such that, for some Aj:

ri0; Ak @) (P [liey 6760.(en)

L Ay i) (P 1 Tien e 1260-en) | TUT ()
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which in turn implies, for some Ay, that

rid: 2o F i) (Q | Ty 700).(xmy)
WESE A ) (Q'1 Tieng 2@0)-Cemi) | TUF (/)

and
ritt sk @) (P 1 Tiep 470G | IUF P9/x))
~ Ag ) (@1 Thienge 5200-(emi) | UF (7))

From the shape of [U}* we can observe the interaction between [U]* and P to
obtain that if, for some A’3 and some [U’)¢ (cf. Definition 13), we have

I A3 = ') (P 1 Tien 200G [ UF (7))
s AL @) PV /) | ey 5760-Geni) |20 0)
then

I Ay ) (Q'1 Tienu 4200-(mi) | TUF e/}
s Ay iy (Q”{[U Je/x} | ]_[iel\{k} t7(x).(x m;) | tk.(mk).())

and

I Ay - @iy (PAU/) | Tip g 6200-Gon) L) 0)

e , 42)
~ AL (vin”) (Q7{IU e/x} | niel\{k}ti?(x)-(x m;) | t/i!<mk>-0>
for some A}. From Lemma 15(3) we obtain
r;0; AY = (vimy”) (P {LUTe/x} | 47(x).(x ni) | 1 2(x). (x ng)
( [Tienw k ) 43)

~ AL ") (@0 6/x) | Ty 260-0emi) | 126).(rmy) )
From the definition of i we get that

ri9; Ay F ") (P le/x) | R (/)
R AL = (ina")(Q"{IU'Je/x} | R'{M/5))

From the above result we can match actions in (40) and (41):

i) (Q’i I ti?(x>.<xmf>) " (i) (Q”{V/x}l I1 zi?(x>.<xm,->)

iel\(k} iel\{k}
R{z) "V R (5) my €
to obtain, for some A7, that
I3 Ay = (vi)(Q | R{/F) = AY = (v )(Q"{V/x} | R'{/%))
Furthermore the definition of )i and (42) allow us to conclude the case:

3 AT E )PV | R'F/R) R AL = i) (Q"{V/x) | R'{7%))
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ii. An important sub-case is when £1 = n?(ny) and £, = n!(ny). From the definition
of N we have that

r; Ak i) (P | ]"[zi?(x)«xn,-))

iel
2 ~
P As e (i) (P/{m/x} | [Te200-x n,-))
iel
for some Aj3. This transition implies, for some Ay, that

T8 Ay b wim) (Q | [Tie 2G0).(xmo) (44)
B Ay - i) (Q'/a} | Tliey 206).(xmy))
and

I A3k (i) (P/{M/x} | 1‘[n?<x>.<xn,-)>

iel
N Ay E (vits) (Q’{’”/x} | [Ta2@).¢x m»)
iel
We infer from Lemma 15(4) that
s Ay b i) (P} | Thep 6200-Gem) )
A b i) (Q' 0 | Thienyg 200-(omy) )
which implies from the definition of % that

Fi0: A} F i) (P' i) | R/
R AY b (i) (Q'{mi/x) | R

From (44) and (41) we obtain, for some A}, the following
I; AL (m)(Q | R{WRY) = Ay = (vima) (Q'{mk/x} | R'{M/%})

which concludes the case.

iii. The sub-case ¢1 = n?(n;) and €2 = ny!(n;). The proof is a consequence of the
previous two sub-cases.

iv. The rest of the sub-cases are similar (or easier) to the above cases. O

We can now state a process substitution lemma (Lemma 3 in the main text). Given a
higher-order bisimulation under a trigger value substitution, we can generalise for any value
substitution.

Lemma 17 (Process substitution) Let Py and P, be processes, with z € fv(P1) and 7z €
£v(P,). Also, let t be a fresh name. If

5 Ay (i) (P {A-1020)-(000)/2)) &5 Ag = (uig) (Pa{A%-170)-(y X)/2})
then for all Ax. R there exist A} and A), such that

r; Ay F i) (P2 Riz)) &1 AL b= (i) (P K/z))
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Proof Consider the typed relation (for readability, we omit type information):

R = (I A} E i) (P> Riz)), Ay = (0in) (P {2 R/2)) |
I Ay E i) (PR 000Xz &5 Ay b (v i) (P {2 170)-0X)/2}))

We show that ) is a higher-order bisimulation. Suppose that

I Ay ar) (P Rz s Ay b (i) (P RYz)) (45)

for some Asz. We should exhibit an appropriate matching action from (v my) (P, {**- B/z}).
Our analysis distinguishes two cases, depending on whether the substitution {**- R/z} has an
effect on the action denoted by £:

1. Case P; # Q | zn: That s, the substitution does not affect top-level processes. In other
words, we can infer from the freshness of ¢ that subj(£) # t. Furthermore, from the
requirements of 9%t we get that there exist A{ and P| such that

I A1 F ) (P 20)0-00)2)) H AT b (i) (P 20)-00)2))

which, in turn, implies that there exist A7 and P; such that

T 80 i) (P (- 120)-00)/2)) =55 Ay b (v ) (P (Ax-120)-00)2)) - (46)
and
s A b i) (P{{Ax-120)-000/2) | 1) & Ay B (vimn”) (P {2 170)-0 %)z} | Cy)

with C; (resp., C2) being the higher-order trigger process in the cases where £ =
(vm)n (V1) (resp., £ = (vm')n!(V3)), and C; = C; = 0 otherwise. Because C
and C, are closed terms we can rewrite the substitution as:

3 Ay e (P | COP>-17W-00/2) A% Ay = (vima") (P | Co) (- 170)-(rX)/2))

Since ¢, ¢ do not act on the substitution, we can consider the same transition with any
Ax. R instead of Ax.1?(y).(y x). Thus, from the definition of )i, we further deduce that

ry Ay = @) (P | COP-Riz) R A= (v ) (P | C)PP*-Ryz)) - (47)
Note that C| and C; are used to meet the bisimulation requirements for the output case.
From (46) we can derive the transition

I A b i) (o Rz} B Ag b (i) (P (- R/z))

Equation (47) concludes the case.

2. Case Pi = P | [|;c;zni | zni, such that P s P’ | zn'. This is the case where action
£ might happen on the process that is being substituted (note that a substituted process
needs to be applied first).

We identify two sub-cases, depending on the source of the action £:

(a) Consider the following transition, for some Aj3:

r; g Ay e ) (P Tliepzni | znn{d-R/2})
> Ay E i) (P ] Tlies 2ni | 2n) i Rz))

This sub-case is similar to the previous case.
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(b) Consider the following transition, for some A3, and assuming that Q =
P l—lielzni:

rs A aDQ | zn) - Biz)) > Az b= (v i) (Q 1 Riz} | R{m1/2})
(43)

which is the application of name 71 on abstraction Ax. R.
From the requirements of )% we infer that

ry0; A= m)Q | zny)x-170)-60%)/2})
o AT E ) Q100 x)/2) [ 12(y).(y ny))

for some A7. This implies that there exist P; and A/ such that
I Ap(v i) (P {Ax-170)-(0X)/ 2}y == AY (v i) (P {AX-17(0)-(rX)/2)) - (49)

and

T30 A] F i) QP 120-092) | 12(9).(y )
A AL E (i) (Py (- 170)- 00/ 2))

From the last pair we can see that for a fresh ¢/ if
L5 A7 = om)(QP- 17005z} | 12(y).(y 1))
OOy (4 ) QP 00z | (. £2(3). (3 1)) )

then from the freshness of ¢, there exist P,’, A}’ such that

I 0; A = (via) (Py(x-170)-(y X)) 2))

= (Wm2)((P3 | zng){(Ax-17(0)-(y X))z}
2, 1) 0) (v m) (PR3- 1200- )2} | Gux. £/2(y).(y X)) n2)
— AY b= (i) (PP 120)-0 0/} | Gx . £/ 2().(y 1)) m2)
(50)

and

ry g AV = i) (QP*-170)-009/z) | (hx. 1"2(y).(y x)) 1)
~TAY (i) (Py (x-1200-0 X)) | (x. £2(y).(y X)) n2)

From Lemma 16 we can deduce that, for all Ax. R, there exist A5 and Ag such that

ry9; As = (i) Q{4 1?70)-09/z) | (x. R) ny)
A Ag b (i) (P (Ax-170)-0 %)/} | (hx. R) n2)

from the definition of i we have that for all Ax. R, if there exist A3 and Ay
I A3(0m)(Q{*x-R)/z} | (Ax. R)n1) R Ag(v i) (Py {3x-R)/z} | (Ax. R) n2)
(51)

We show that we can mimic first the transition in (49) and then the silent part of
transitions (50) to get:

I §; AL B (v i) (Po{(x-R)/2})
= Al = (vma) (Py{(x-R)/z}) (52)
= Ay = (Vmo)(PY{Gx-R)/z} | (Ax. R) ny)
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We showed that if (48) then (52) and (51) as required to show that )i is a higher-order
bisimulation. O

Lemma 18 &~ C =,

Proof Let 0 be the typed relation (for readability, we omit typing information):
R={(P. Q1) | I A1+ P~ Ay Q1)

We show that 9 is a context bisimulation (cf. Definition 12). Suppose that

AP A Py (53)

We need to infer an appropriate matching transition from Q. The proof proceeds by a case
analysis on £. We distinguish four cases: £ is not an output or a higher-order input action; £
is a higher-order input action; ¢ is an higher-order output; £ is a first-order output.

1. Case £ ¢ {(vm)n!(AX. P), (vm, )n!(m1), n?{AX. P)}: We first notice that in this case
the definition of &~ and ~ coincide, so we have to show the existence of Q, and A/z
such that:

A Q1S AL Q)
and
T; A E PR A Qo).

This is immediate from transition (53) and the definition of & (cf. Definition 17).
2. Case £ = n?(AX. P): In this case, the transition (53) can be written as

UAZ 12(y). ~
T e SO

for some AY. In turn, the above transition and 9t imply the existence of Q> and A/ such
that:

I A - 0 n?()»z.’t?:(yg.(yz)) A/zx - Qz{k?~t?(y)~(y?3/x}
and
5 A = P26 D)} &M AL = Qo (2170 (v D)x ).
Then, by using the previous equality and Lemma 17, we may conclude that
[ Ay F PyAEPrx) &7 A) = Qo (A% P/x)

for some A}, A}, for all P with £v(P) = {X}, as required.
3. Case £ = (vmy’)n!{(m1): In this case, transition (53) and R imply the existence of A7,
a process 02, and name m» such that

s Ay -0y VS ALk 0,
and

Ty AR i )Py |t <2xmy) & Ay = (v ) (Qa | 1 <>n m))
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for some fresh . From Case 2 of this proof (higher-order input) we can conclude that
for all R with £v(R) = {x} and for some A7, A7:
L Ay - )Py | 1< mp) D OR 4 G (Py | (05)(s200.R | 51my).0))

Td

< AlE (vm) (P2 | R{M1/x})
and

[0 Ay - its)(0s | 1 < ma) S22 Z R (0s | (v5)(s70).R | 5my).0)
3 Ay (viy')(Qa | R{M2/x))

where, due to the deterministic internal transitions (cf. Definition 19), it is easy to see
that

Ly AT E i) (P | R{™Myx)) & AT = (via)(Q2 | R{™2/x))

for all R with £v(R) = {x}, as required by the definition of ~ ((Definition 12).

4. Case £ = (vmy’)n!(AX. P): This case is similar to the previous case but makes use of
the alternative trigger, t < V (cf. (15)). The definition of %t and transition (53) allow
us to infer the existence of some A/2, Q, and Q> such that

F: Ay b Q) OTET.O)

Ay 0r
and
Cy A E (mi')(Py |t <2y A3 P) &% Ay = (v )(Q2 | 1 <25 AX. Q)
for some fresh ¢. Using Lemma 12, we above equality implies that
I AV E ) (Py |t AX. P) & A E (vin')(Q2 | 1 <=4 AX. Q)
which in turn implies
[0 A - )Py |t < AX. P)
PRI A 0w (Py | 05)(O. 2200 s | SUAT. P).0))
for some A} and
I 0; Ay (vma')(Qa |t —a AX. Q)
DO AL Q) | 05)((hy. 1200).x )s | 51O, 0).0)
for some A7, and

s 0, AV = wm)(P2 | (vs)((y.12(0).(x y))s | SHAX. P).0))
o A” Fmi’)(Q5 | (vs)((hy.1"2(x).(x y))s | 51AX. 0).0)

From the Case 2 of this proof (higher-order input), we have

T8 AY = irt) (P | (vs)((ky. y2(x).R) s | SHAX. P).0))
o A” - (v n’q"l’)(Q2 | (vs)((Ay. y?(x).R)s | SHAX. 0).0))

for all R with £v(R) = {x}. Now, using deterministic transitions (cf. Definition 19) is
easy to see that

I A = (in)(Py | RPY- By &7 A7 = (i) (Qa | RPE-9/y))
for all R with £v(R) = {x}, as required by the definition of ~ (cf. Definition 12). O
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Lemmal9 ~ C =,
Proof We prove that & (cf. Definition 12) satisfies the three defining properties of =: reduc-
tion closure, barb preservation, and congruence (cf. Definition 11).
1. Reduction-closed Let I'; A; = Py = Ay = Pp. The reduction
;A P — AR P
implies that there exist A%, and Pj such that
Ty Ay Py= APy and T;A1 P =A¢ P
The same arguments hold for the symmetric case, thus & is reduction-closed.
I. Barb preservation Following Definition 9, we have that I"; #; A = Py |, implies
P = (m)(n(Vi).Ps | Ps)

with 7 ¢ A;. From the definition of &~ we infer that

~ K WV, ~
Iy Ay Wanm(Vi).Ps | Py 22U A oy (Py | Py)
implies the existence of A}, V5, and P; such that

Va)

r;a, - Py Ay Py

Therefore, we infer that I'; @; Ay = P> {5, as desired.

II. Congruence We have to show that & is preserved under any context. The most interesting
context case is parallel composition. Input congruence, which is the case that generates
substitution, is straightforward, since we are dealing with closed terms.

To show the congruence of the parallel composition we construct a typed relation defined
as

S={T"0: A1 Ay = (wa)(PL Ry o, I 0; Ay - Az = (vi) (P2 | R)=0) |
A\ PL= AP, VI 0, A3+ R0}

We show that S is a context bisimulation. Suppose that
[ AL AsF WAD(PL | R) 5 A} - Az P/

for some A/l. We must show an appropriate matching action from (v 722)(P2 | R). We
proceed by a case analysis on the “source” of action € (i.e., Py, R, an interaction between
P; and R). There are three cases:

1. Suppose that £ originates in P;:
5 A1 Ay @ADL R) = A%+ Ay (P | R)

The case is divided into three sub-cases, depending on the shape of £:
i. Sub-case ¢ ¢ {(vm)n!(AX. Q), (vmm)n!(m1)}: Then from the definition of
typed transition we infer:

A FPL S A E P
which implies the existence of P, and A} such that

A Py =5 Ay F P (54)
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ii.

1.

T'; A= P~ AL P (55)
From transition (54) we may infer that

s Ay Ay b (0)(Py | R) == Ab - Az b= (vl ) (P | R)
Furthermore, from (55) and the definition of S we infer the desired conclusion:
;A7 - AsE (wal) (P R) S Ay - As = (viad)(Py | R)
Sub-case £ = (vmy)n!(AX. Q1): Then we infer the typed transition

m)n!(AX.
F;A“_plw)A’ll—Pl’

which implies the existence of Pj, A}, A, and A’ such that

(vlfz)gf. 02

Ak P " AL F P (56)

and
ry A ") (P | QP%-Qyx)) ~ AL (vid") (P | Q1FF- Qo/x))
(57)
for all Q with x € £v(Q). From transition (56), we infer that

w V’VTZ)LM}Y- 02

[y Ay (i) (Py | R) AL Az (i) (P | R)

Furthermore, from (57) we conclude that
r;A7-A3F ") (P QPX-Qux} | R) S
F Ay A3(in") (P | QPF-Cy/x) | R)

for all Q, with x € £v(Q), as desired.
Sub-case ¢ = (v mniy)n!(n1): From the definition of typed transition we infer
that

O
[ Ay - py 2R
which, in turn, implies that there exist A’, P,, and m5 such that
r;ae p UM A p) (58)
and
r; AT = @an(P] | QUmYRY) ~ A5 (vig)(Py | Q%)) (59)

for some A} and A}, for all Q with {x} = £v(Q). From transition (58) we
infer that

o n~m72:)n>!<m~2)

Ay - Ay Wiy)(Py | R) AL Az (i) (Py | R)

Furthermore, from (59) we conclude that
I A Az = al")(P] | QUYRY | R)S Ay - Az = (vins") (P | QUM2/3) | R)

for all Q with x € £v(Q), as desired.

@ Springer



334 D. Kouzapas et al.

2. Suppose that £ originates in R:

[ A - AsF @) (P | R) S Ay - AL - v )(Py | R)

This case is also divided into three sub-cases:
i. Sub-case € ¢ {(vm)n!(AX. Q), (v mmy)n!(m1)}: From the LTS we infer that

MiAsFRS A FR
for some Ag, which in turn implies
[iAy- Ay i) (P | R) 5 4, Ay F (i) (P2 | R')
Now, from the definition of S we may obtain the desired conclusion:
LA - Ay (i) (PUIR) S Ay - Ay E (vind) (P2 | RY)
ii. Sub-case £ = (vini)n!(AX. Q): From the LTS we infer that:
[iAsFRS A FR (60)
for some Aj. We then have that
i A= i) (R | Ry(PY-9x)) oo (61)

for some A’3’ and for all Ry with {x} = £v(R}). Now, from (60) we obtain that

[y 8- Ay Wiy )(Py | R) > Ay - Ay b (viia)(Py | R
Then, from (61) and the definition of S we obtain that

[ Ay AL )Py | @a)(R' | RiEF Q)
S Ay A i) (Py | id)(R' | Ri{AF- Q)

for all Ry with x € £v(R}), as desired.
iii. Sub-case £ = (vmmy)n!{m): Similarly as above, from the typed LTS we infer
that:

A3 FRS AR (62)
for some Aj. We then have that
r;9; AYE @a)(R' | Ri{7/7) > o (63)
for all Ry with {X} = fv(Ry), for some A%. Now, from (62), we obtain that
I'; Ay~ Az b= (vimp) (P2 | R) S a- A5 = (vim) (P | R)
Then, from (63) and the definition of S we obtain the desired conclusion:

05 Ay A5 F )Py | vy (R | Ri{/3)))
S Ay~ Ay (im)(Py | (vl ) (R | Ri{7/7)))
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3. We finally suppose that £ originates from the interaction between P; and R:
Ii A Ay E m)(Py | R) & A} - Ay E (i )(P] | R)

for some A/, A}. We then have that

AL F PSS AL P
and
FiAs-R3 AR R (64)

with £1 < ¢, (cf. Definition 3). This case is divided into two sub-cases:
i 21 ¢ {(vm)n!(AX. Q), (vmmi)n!(m)}: Then the transition from P; implies

My Py =25 Ay F P (65)
;A v P~ Ay - Py (66)
for some A). From (64) and (65) we obtain
I'; Ay - A3|—(vm2)(P2|R):>A2 A3|—(v )(P2|R)
Then, from (66) and the definition of S we obtain the desired conclusion:
I A/l . Ag [ (vn?l/)(Pl/ RS A/Z . A/3 [ (um~2/)(P2/ | R")
ii. £; = (vmp)n!(V}): Then we have the transition

m1)n!(V
r; Ay Fpy VL4 pr

for some A, which implies
r; A - R 2V AL RV (67)
;A - Az = (wm)(Py | R) N Al A3 @ N//)(Pl | R'{V1/x}) (68)

for some A} and Aj. In turn, the output transition from P implies the existence
of A}, O3, P; such that

I Y o ©9)
20 Ay E (P | RV x) ~ Ay (m2)(Py | R'{YYx)) (70)

for all R” with {x} = £v(Q), and for some A} and A’. From (67) we obtain
I; A3 - R 22 A” F R'{V2/x)
for some Ag’ , which may be combined with (69) to obtain
5 Ay- Ay (vim)(Py | R) == Ay - A = (vimd")(Py | R'{V/x))
From (70) and the definition of S we can then get:
r3 A= )P R'{VYx)) S Ay = (vind) (P | R'{V2/x}).

as required. O
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In order to prove Lemma 7 (i.e., = C &%), below we follow the technique developed in
[8] and refined for session types in [18,19].

Definition 25 (Definability) Let I'; #; A1 = P>o. A visible action £ is definable whenever,
given a fresh name succ, there exists a (testing) process I'; J; Ay = T (€, succ) < such that:

1. fIr; A P |—[> A’ = P’ then, for some A, either

(a) £ # (vm)n!(V)and P | T(¢, succy —> P’ | succ!(n).0 and
I @; Ay - Ay = P sucel(n).0> 0

(b) £ = @wm)n!(V)yand P | T{{, succ) — (vim)(P’ |t <>y V | succ!(n, V).0) and
I8, AL - Ay = (vim) (P | t <=y V| succl(nn, V).0) > o, for some fresh ¢.

2. If P | T, succ) —> Q with I'; #; A = Q |succ then there exists a P’ such that
;A FP )=£> A} F P’ and one of the following holds:

(@) £#£ (vm)n!(V)and Q = P’ | succ!(n).0.
(b) £=(wmn(V)yand Q = (vm)(P' |t <=5 V | succ!(n, V).0), for some fresh t.

We first show that every visible action £ is definable.

Lemma 20 (Definability) Every visible action € is definable.

Proof Let succ be a fresh name. We define:

n(V).succ!(n).0 if £ =nV)
n<l.succl(n).0 if¢ =n&l

T, succ) =14 _ _ . ~
n?(y).(t <=g y | succl(n, y).0) if £ = (wm)n(V)

ne{l:succl(n).0),l; : (va)(a?(y).succl(n).0)}ic; if€=nedl
Consider the process
;9 AP0
It is straightforward to do a case analysis on all actions £ such that
[0 AP A F P!
to show that ¢ is definable. O
We rely on the following auxiliary result:
Lemma 21 (Extrusion) Let P and Q be processes, and let succ be a fresh name. If
Ty AV (m) (P | succl(m, V1).0) = Ay - (vin)(Q | succl(it, V2).0)
with {m1} = £n(V1) and {im>} = £n(V,) then there exist A1 and A, such that
' Ai/-PZ A Q.
Proof Let S be a relation defined as:

S={;0,A1Poo, I';0;, A0 Q>0) |
Iy AL F )P | sucel(m, Vi).0) = Ay - (i) (Q | succ(i, V2).0),
Amyp € tn(V)) Amy € £n(Vy)}

We show that S is a reduction-closed, barbed congruence.
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I. Reduction-closed The reduction P —> P’ implies

(wm)(P | succ\(m, V1).0) — (vim1)(P’ | succ!(m, V1).0)
which, due to freshness of succ, in turn implies

wm)(Q | succl(, V2).0) —* (vm)(Q' | succl(n, V»).0)
Therefore, Q —>* Q’. Furthermore,

i) (P | sucel(m, V1).0) = (vim)(Q' | succl(m, V»).0)
that implies

;AT P SA QO

as required.
I. Barb preserving Suppose I'; #; Ay + P |,,. We analyse three cases, depending on the
nature of m:

1. Case m # s (m is not a session name): Then from I"; #; A; - P |, we infer
T;0; Ay = (m) (P | succl(@, V1).0) L
for some A, which implies
5 8; Ay = (i) (Q | sucel(ir, V2).0) U

for some A’z. Then, from the freshness of succ, we obtain I'; #; Ay = Q U, as
required.

2. Case:m = s (misasession name) and m # n. The proof follows a similar reasoning
as in the previous case.

3. Case: m = s (m is a session name) and m = n and I'; #; A1 - P |,. In this case,
the fact that n is a session name implies that n, nn € dom(A’l). Therefore, from the
definition of barbs (Definition 9) we can infer that

I8, AV = (m)(P | succl(m, V1).0) J n

because both endpoints of session n are present in A].

To observe the desired barb we exploit an additional test process, with an extra fresh
name succ’. We compose I'; @; A; = P > o with succ?(x, y).T (€, succ’) where
subj(¢) = x. We then have

T;0; AY = (vmp)(P | succl(it, V1).0) | suce?(x, y).T (L, succ’) > o
The definition of definability and the fact that I"; ¥; Ay = P |, imply that

(wim)(P | succl(m, V1).0) | succ?(x, y).T (L, succ’)

—* (vim) (P | succ'\(m, V{).0)
and furthermore

(i) (Q | succl(i, V»).0) | suce?(x, y).T (£, succ’)
—* (vim)(Q' | succ'\(m, V3).0)

The last sequence of reductions implies that I"; #; A> - Q |, as required.
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III. Congruence The key case is congruence with respect to parallel composition. The other
cases are easier due to the fact that we are working with closed process terms (i.e. input
congruence is straightforward on closed process terms). Let us define relation C as

C={T;0;A1-A3FP| R0, ;0; Ay - A3 Q| R>0) |
VR such that 3A3, I'; J; A3 R0 A
Iy AYE (m)(P | succl(m, V1).0) = A, = (vima)(Q | succl(ir, V2).0)}

We want to show that C C S. To this end, we show that C is a congruence with respect
to parallel composition. We distinguish two cases:

(i) Case (n U £n(Vq) U £n(V3)) N £n(R) = ¥: Then from the contextual definition of
= we can deduce that for all I'; #; A3 = R o:
;A - Az = (i) (P | succl{i, Vi).0) | R =
F AL As(vma)(Q | succl(, V2).0) | R
Because of the requirement (7 U fn(Vy) U £n(V2)) N £n(R) = @ the above is
structurally congruent to
I; A - Az = (vi)(P | succl{, Vi).0 | R)
= AL - Az (vima)(Q | succl(z, V2).0 | R)
The desired conclusion is then immediate fron the definition of C.
(ii) Cases = {n,m1} U {7, >} N £n(R): Let RY be such that R = R {5/5).

From the contextual definition qf =, given a fresh name succ’, we can deduce that
for all I'; @; A% = suce?(y).(RY | succ'l(¥).0) > o

I; 0; AT wm)(P | succl(n, V1).0) | succ?(?).(Ri | succ’!(y).0)
= AT E (vm)(Q | succl(n, V2).0) | succ?(y).(RY | succ’l(y).0)

for some A7, A. Applying reduction closeness to the above pair we infer:

I; AT R @m)(P | R | succ’\ (@, V1).0) = A) = (vima)(Q | R | succ'(7, V2).0)

The conclusion then follows from the definition of C. O
We can finally prove Lemma 7:

Lemma 22 = C ~H,

Proof Let R be the typed relation (we omit the typing information in the definition):

R={(P1,P) | I'; A1 =P = Ay P}

We prove that R is a higher-order bisimulation. Suppose that I"; Ay - P; 4 Al Pl
we must find a matching action from P,. We distinguish two cases:

1. Suppose ¢ = t. Then we have
F;AFP S A E P

The result follows the reduction closeness property of = since

i Ay Py== Ay P
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for some A}, and
I'; AY = P = Ay - Py implies I'; A} = P{ R Ay - Py.
2. Suppose £ # t. Then we choose test 7' (¢, succ) to obtain
I'; Ay - A= Py | T, suce) = Ay - Az = Py | T(¢, succ) (71)
for some As. From this point on we distinguish two sub-cases:
i. Sub-case £ € {n?(V1),n &, n &1}: We then obtain
Py | T(L, succ) —> Py | succ!().0
T 0; Ay - Ay = P | succl(i).0 Lsuce
for some Aj. From (71) we may now infer:
I;0; Ay - As B Py | T(L, succ) Ysuce
which, using Lemma 20, implies
APy = ALP)
Py | T(L, succ) —™* P; | succ!(in).0
and
r; A’l . Ag H Pl/ | succl(n).0 = A’z . Ag = PZ/ | succ!(n).0
We then apply Lemma 21 to obtain the required result:
I; A= P = AL Py implies I'; A = P{ R AL - Py

ii. Sub-case £ = (vm1)n!{Vy): Note that T {(v m1)n!(V1), succ) = T{(vimz)n!{(Va),
succ). The transition from P; can be then written as

m1)n! (Vi
ryaFopy 2V gy pr (72)

for some A]. If we use the test process T (v 7 1)n!(V1), succ), then we may obtain:

Py | T{(vim)n(V1), succ) —> (wimy)(P{ | t <>g V1) | succ!(m, V1).0
I 0; A - Ay E om) (P |t <25 Vi) | sucel(, Vi).0 Lguce
for some Aj. Using (71) we may then infer
0, Ay - Az = P | T{(v nFTZ)n'(V2>7 succ) Ysucee
which, using Lemma 20, implies
;A - Py V2 A0 py
Py | T(L, succ) —>* (vimp)(Py | t <= V2) | succl(n, V2).0 (73)

for some A}, and

I @ A - A E (vm)(P] |t <25 AX. Q1) | succl(n, V1).0
= AL AL b (vim)(Py | t <=y AX. Q2) | succl(n, V2).0

We then apply Lemma 21 to obtain:
LA E@m)(Pl |t <2u V) E AL = (vim)(Py |t <25 Va)
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From the above result and the definition of )% we finally obtain:

Iy 0, A E (m)(P] |t <25 V)
R Ay = (i) (P | 1 <>y Va)

as required. O
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