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Abstract. Session types are a type formalism used to describe communication
protocols over private session channels. Each participant in a binary session owns
one endpoint of a session channel. A key notion is that of duality: the endpoints of
a session channel should have dual session types in order to guarantee communi-
cation safety. Duality relations have been independently defined in different ways
and different works, without considering their effect on the type system. In this
paper we systematically study the existing duality relations and some new ones,
and compare them in order to understand their expressiveness. The outcome is
that those relations are split into two groups, one related to the naive inductive
duality, and the other related to a notion of mutual compliance, which we borrow
from the literature on contracts for web-services.

1 Introduction

A session is a private connection between a finite number of participants, and a binary
session involves exactly two participants. A binary session can be thought of as a private
communication channel, say a, with two endpoints, respectively a* and a™. Each partic-
ipant in a binary session owns one of the session endpoints and uses it to communicate
with the other participant.

Session types are type-theoretic specifications of communication protocols. They
can be incorporated into a programming language type system so that the correctness
of the communication operations in a program can be verified by static type checking.
In this paper we focus on types for binary sessions, that is binary session types [12].

A typical formalism to study binary sessions is the w-calculus, where session chan-
nels are identified by private names a, b, c, ..., and their endpoints are distinguished
syntactically, a*,a™, .. .. For instance, consider two agents A and B which communicate
over a session c¢ according to the following protocol: A sends an integer to B and then
receives a boolean value from B. In the 7-calculus with session types this is written as

(ve: S)(ct![4].c™?v: booll.0| ¢~ 2n: int].c”![false].0)

where the protocol for A is described by the session type S = ![int]; ? [bool]; Enp.
This type describes only half of the overall protocol, namely what takes place in c™.
The other half of the protocol takes place in ¢, and is described by the session type
T = ?[int]; ! [bool]; Exp which models the protocol for agent B.



In the syntax of types, output is denoted by !, input is denoted by ?, and Enp denotes
the type of the successfully terminated session. The “;” models the continuation of the
session type. Moreover, it is possible to define types with a branching structure in which
one agent selects from a set of possibilities offered by the other agent.

A session type system checks that i) the communication operations in A match
the type S; ii) the communication operations in B match the type T'; and iii) S and
T are related by an appropriate duality relation: S O T, which intuitively describes
opposite behaviours between two communicating agents. The above three steps ensure
that communications within sessions are error-free.

The duality relation is a distinctive feature of session type systems, with no clear
analogue in, for example, A-calculus type systems. Recently Bernardi and Hennessy [2]
have shown that duality relations have a non-trivial impact on the type systems, there-
fore should be carefully defined. This is the case in particular in the presence of non-tail
recursive session types, like uX. ![ X ].enp. The following example exhibits a safe pro-
cess that uses the aforementioned non-tail recursive session type.

Example 1. Consider the following processes,

P = (vt: §Ty) (vu: #S) ((vb: Tp) (t![b*1.u![b7]1.0) | !R)
R =1Nx: T luy: Tyl.(va: To) (x![a*].0|y?z: T ].tY[z].ulla"].0)

where |R denotes the replication of R.

Intuitively, process P is safe because its reductions never lead to communication
errors. By following the type system presented in the next section, the type derivation
tree for P requires the type T, to be uX. ![ X ].enp, which is non-tail recursive (see [2,
Section 5.2]). |

Beyond the obvious point that duality should reverse the direction of messages,
existing papers on session types do not give explicit justification for the exact way in
which they define duality, and different authors follow different intuitions.

The aim of this paper is to study the existing duality relations in a systematic way;
we contrast and compare a number of these relations as follows.

First, we compare the duality relations in a set-theoretic way, and we show that they
can be classified in two groups, one related to a symmetric notion of testing, called
“peer compliance”, and the other related to the standard inductive duality defined by
Honda et al. [12].

Second, we show that the type system of Gay and Hole [10] is robust with respect
to the dualities in the peer compliance group, in the sense that its typing relation is the
same for all syntactic duality relations in that group. This means that type-checkers im-
plementing the type system can use the smallest duality in the peer compliance group.

Structure of the paper: In Section 2 we define the m-calculus with sessions based
on [10]. It presents the statics and the dynamics of the calculus. We then consider several
syntax-oriented definitions of duality in the presence of recursive types. In Section 3
we recall the behavioural theory of session types defined in [2]. In Section 4 we make
a set-theoretic comparison of all the duality relations, establish a hierarchy with respect
to inclusion, and consider the duality relation as a parameter of the type system. We
discuss related work in Section 5, and conclude the paper in Section 6.



2 The mr-calculus with sessions

In this section we introduce the m-calculus with session types: the syntax of types and
terms, the operational semantics and the typing discipline which enjoys type preserva-
tion and type safety [10], thus guaranteeing error-free communications.

2.1 Session Types

Let I,J,K range over 7 = {X C N | X finite, non-empty }, and let Lgzp,, be the
language of terms defined by the grammar (a):

(@ S,T ==enxo | X[ NATLS | [TI1S | &Lz Sidier | &z Sidier | uX.S
(b) M,N:=S |#M|X | puX.M

where the labels /; in terms are pairwise distinct. Let SType be the set of session type
terms which are closed (they contain no free type variables) and guarded (they contain
a non-recursive type constructor between every type variable and its u binder). We refer
to the terms in SType as session types [2, Appendix A].

Type EnD is the type of a terminated session channel; ?[ 7' ].S and ![ T ].S indicate
respectively the types for receiving and sending a message of type 7 and continuation
of type S. Branch and select, &(I; : S;)ic; and &(/; : S;);cs are sets of labelled session
types indicating, respectively, external and internal choice. X and uX.S model recursive
session types.

The language of type terms is given by the grammar (b) above.We refer to the set of
closed and guarded type terms as types. A type can be a session type, a standard shared
channel type, a type variable or a recursive type.

In the present paper session types are higher-order, and their messages do not con-
tain shared channel types. We use the pure higher-order session types approach to re-
spect the semantic model defined in later Section 3.

Usually, the typing discipline of session types includes a duality function which
constructs a specific dual type for any given session type. The following is the definition
of inductive duality [12].

Definition 1 (Inductive Duality). The inductive duality function is defined as:

X=X AT)S ='T1S &{;:S; Vs =&(l;i:S:Vier XS =uX.S
ENp=enxp [T 1S =2AT1S @&;:S;Vier = &(1i:S; Vier O

Although standard and broadly used, in [2, 3] it was observed that inductive duality
is not adequate in the presence of recursive session types, as it does not commute with
the unfolding of non-tail-recursive types such as pX.![ X ].eNp, which in general are
necessary (see Example 1 in the Introduction).

In order to overcome this inadequacy, Bono and Padovani [3], and Bernardi and
Hennessy [2] independently defined an alternative function, called by the latter authors
complement, and here denoted as cplt. In the following we give the definition of the
complement function on session type terms, by adapting the corresponding one in [2].



Definition 2 (Complement Function). The function cplt : Lszy. — Lsyp. is defined

as:

ot TLS) = ![T]cplt(S) clt(xX) =X

cplt(![ T ].5) =T ].cplt(S) cplt(exp) = END

CPI(&( 12 S Yier) = ©CLi:CPI(S ) dier  CPIt(UX.S) = uX.cpI(S [#*¥ /x])

CPI(®( ;=S dier) = &(1;:CPI(S,) Yier m]

The complement relies on a syntactic substitution | ~/_ |, which acts only on the carried
types. The details are in [2, Section 5] and the formal definition is as follows,

ATLSLS/x) = AT/} x YISkl =Y

UTLS5x) = UT{S/x 1S /xD) ewol¥/x]  =ew

&(1i:8 i ierl® x) = &1 Sil* x i WYSHIS [x) = pY(S'15 /x) ifY #X
&L= S VierlS Ix] = &L Sil5 [x) Vier (XSS /x] = uX.S’

In the presence of recursive types and their unfoldings, another standard approach is
to define duality to be a relation rather than a function. For instance, 4X.? [int]; X and
!'[int]; X.! [int]; X model dual behaviours and should be considered dual types. How-
ever, this duality is not captured by the complement function. For this reason we define
in the following the co-inductive duality relation [10]. In order to define co-inductive
duality, we first have to define unfolding of terms and the subtyping relation.

The unfolding function uUNF unfolds a recursive type until the first type construc-
tor different from pX.— is reached. Formally, UnF is defined on syntactic terms as the
smallest relation that satisfies the following inference rules:

S{"X'S/X}UNFS’
uX.S uNE S’ S UNF S

S # uX.S’

The relation uNF is by definition a partial function on terms of the language Lgr., and
it is defined on every closed and guarded term [2, Lemma A.8].

Definition 3 (Subtyping). Let 7 : P(SType?) — P(SType?) be the functional defined
so that (T, S) € F (R) whenever all the following conditions hold:

(i) if uNK(T') = END then UNF(S) = END
(it) ifone(T) = [ T,, .T' then une(S) =[S, 1.8 and S,,, RT,, and T" R S’
(iii) if une(T) = N T, 1.T" then uNF(S) = (S, .S and T,, RS, and T’ R S’
(iv) if UNK(T) = &([;:T; Yicy then UNK(S) = &(1;: S )jey, JC L, T; RS jforall jeJ
(v) if uNE(T) = &(1;: T; )icy then UNK(S) = &(1;:S j)jes , ICJ, T; RS, foralliel

If R € F(R), then we say that R is a type simulation. Standard arguments ensure that
there exists the greatest solution of the equation X = F (X). Let <¢pt = vX.F (X), and
let =gt be the equivalence generated by <gpt. We call <gpt the subtyping relation. O

Observe that the relation <gp; defined above is less general than the original one in [10],
in that it is not defined on channel types, and less general than the one in [2] in that
here we do not have base types. Both are insignificant restrictions since subtyping on
standard channel types and base types can be easily integrated into our framework.



Definition 4 (Co-inductive Duality, Syntactic Compliance). Let G : P(SType?) X
P(SType*)xP(I?) — P(SType?) be the functional defined so that (T, S) € G(R, B, C)

whenever all the following conditions hold:

(i) If uNe(T) = END then UNF(S) = END
(it) If uone(T) = ?[T,); T’ thenune(S) = ! [S,,); S, T RS, and T,, BS
(iii) If une(T) = ! [T,,); T’ then une(S) = ?[S, ;S T' RS’, and T,, B S,
(iv) If UNE(T) = &(l; : T; Yier then UNK(S) = &(1; : S j)jes, IC J, T; RS foralli € I
(v) Ifune(T) = &(1; : T; )ics then UNF(S) = &(1; : S j)jes, JC L, S; R T forall j€J

Standard techniques ensure that for every 8 and C there exists the greatest solution
of the equation X = G(X, B, C). We let Lo = vX.G(X, =spt, =), and let duals®®t =
vX.G(X, <sbt» C). We call L coinductive duality and duals®t syntactic compliance. O

In Definition 3 and Definition 4 we treat recursion explicitly, because we do not take
the widespread approach whereby (%) “a type can be freely replaced by its unfolding”.
In general assuming (x) is inconsistent, as shown in the following example.

Example 2. Here we prove a false equality by assuming (%) and using the function
#-height(T") of [13], which counts the number of top-most recursive constructors in 7.
For instance, the equalities (a) #-height(uX.exp) = 1, (b) #-height(enp) = 0 and (c)
#-height(uX.Enp) = #-height(uX.enp) are true. Thanks to (x), in the right-hand side of
(c) we replace uX.Exp with END, thereby obtaining #-height(uX.enp) = #-height(enp).
Now (a) and (b) imply the equality 1 = 0, which is false. O

2.2 Session Processes

Our language is the m-calculus with session types, defined in [10]. We do not allow
standard channels as messages, but this restriction is enforced by the syntax of types,
not by modifications to the language. We also restrict messages to be monadic, for
notational convenience and to match the semantic model of session types in Section 3.
The syntax of session processes is defined by the following grammar:

PO:=0|(P|Q)|!P|xPNy: M].P | xP![Yy’1.P | (vx: M)P | x> {l; : P;}ic; | x<LP

Let x,y,z... range over names, and [, [5, ... over labels. Names may be polarised in
order to distinguish between the endpoints of a channel, occurring as x* or x~ or simply
as x. We write x” for a general polarised name, where p is +, —, or empty. Duality
on polarities, written p, exchanges + and —. Process (vx:T)P binds x in P and process
xP ?[y:T]; Pbinds yin P. In (vx:T)P, both x* and x~ may occur in P, and both are bound.
In x” 7[y:T]; P, only y (unpolarised) may occur in P. If a name is not bound in P then it
is free in P. FN(P) denotes the set of free names in P. For simplicity, binding occurrences
of names are annotated with types. We work up to a-equivalence and we assume the
convention that all bound names are distinct from each other and from all free names.
A process P can be a terminated process 0; a parallel composition of processes P | Q;
a replicated process !P; an input x?[y: M].P or an output x”![y”].P on a polarised
channel x” with continuation P; a restriction (vx: M) P, where name x can be either a



a,l

P—>P

X2 y:ST PR 20 = P{¥/,}1Q R-Com -  RPmx
PIQ—P|Q
p is either + or — jel ;_ @l —
R-SELECT Pr=pP P—Q 0=0
, xl — R-Cong
Xp‘>{li3Pi}ie1|xp<lj~Q+’Pj|Q P/—’>Ql
P p a*x M not session type pp
o7 R-New = R-NewS
(vx: M)P — (vx : M)P’ (vx: 8)P = (vx : tail(S, )P’

Fig. 1. The reduction relation

session channel or a standard channel and finally a branching x> {/; : P;};e; or selection
x < [.P, modelling respectively, the external and internal choice.

The operational semantics of processes is given in terms of a reduction relation and
structural congruence [10] and is presented in Figure 1. The explanation of the fairly
standard rules can be found in [10]. The substitution of polarised names for unpolarised
variables in rule R-Com is an adaptation of Stoughton’s general approach [14], and rule
R-NewsS uses the auxiliary tail function defined as follows,

w@il?[T1;S, ) =S  1ail(&(L;: S;Yiets1;) = S
@il(\[T1:S.) =S tail@(li: SiYier, 1)) =S  1ail(uX.S, 1) = tail(S {#¥S /x|, 1)

Reductions are annotated with labels of the form «, [, which indicate the channel
name and branching / selection label, if any, being involved in each reduction.

2.3 Type System

In this section we present the typing discipline for the m-calculus with sessions. An en-
vironment /" is a partial function from optionally polarised names to types. We adopt the
standard convention that I, x” : M is defined if x” ¢ dom(I"). Moreover, the “,” operator
on environments is defined in a way that respects the polarity of names [10]. An envi-
ronment I” is unlimited if it contains no session types; completed if every session type
in I" is exp; and D-balanced, for some duality relation D, if whenever x* : § € I' and
x~:S" e'then S O S’. Typing judgements are of the form /" + P, meaning “process P
is well-typed in the environment /™. The type system is given in Figure 2. It uses the +
operator on environments which combines two type environments without duplication
of polarised session channels. The type system differs from the original one in [10] in
that subtyping relation is removed from the typing rules and is instead included in the
subsumption rule, T-SussS for session types. Rule T-Niw. states that the terminated pro-
cess 0 is well-typed in any completed environment I". Rule T-Par is standard and uses
the + operator to combine two environments. Rule T-Rep states that process ! P is well-
typed if process P is well-typed in the same unlimited environment /. Rules T-New and



I completed NP  IhrQ T'+P I unlimited

T-NiL —— X T-Par T-Rep
Ir+o0 r+r,+P|Q '+1P
I'x:M+ P M is not a session type Ix":S,x:S'"+P S 1.8
T-New T-NewS
' (vx:M)P '+ (x:S)P
Ix":S,y.T+P xS+ P
T-INS T-OutS
LxP: (TS v xP?2[y:TL P LxPVTLES) +y:T - X LY P
IxfS,y:S+P I xfS+P
T-In T-Out
xS +x?[y:S;,P LxfS)+y::S + x! ;P
Viel [,x":S;+P) Ix":S+P
T-OFFER T-CHOOSE
IoxP:&{ o Sier b xXP o {l 2 Pilier Ix’:o{:S)rxX<l.P

I'x’:S+P T <spt S
T-SussS

Ix’: T+ P

Fig. 2. Typing rules

T-NewS$ type the restriction process where the new name x is a shared channel and a
session channel, respectively. In the latter, the premise of the rule ensures that the op-
posite endpoints of the session channel x have dual types according to L. Typing rules
for input and output processes are duplicated in order to distinguish between actions
on session channels and shared channels. Rule T-INS typechecks an input process that
receives messages of a session type T on a session channel x” of type ?[T];S. Rule
T-In typechecks an input process that receives messages of type S on a shared channel
x of type #f S. Rules T-OurS and T-Our typecheck the output process sending messages
on session channel x” and shared channel x, respectively and follow the same line as
the typing rules for input processes. Rule T-Orrer typechecks branching x” » {I; : P;}ie;
under the assumption that x” has type &{/; : S;)ic;. Rule T-Croose typechecks selection
xP <« [.P under the assumption that x” has type &(/ : S). Notice that the types of the ses-
sion channel x” in the previous two rules are exactly what is required for the processes
to be well-typed. However, by using subtyping and rule SussS it is possible to obtain
subtypes in breadth and in depth for branch and select types.

The type system enjoys the properties of type preservation and type safety. The
proofs can be found in the online version of the paper [1].

Theorem 1 (Type Preservation).

I. fT+PandP =5 QthenT v Q.
2. If xS, x:S"+P,S L. S, and P X—l> Q then I, x*:tail(S, 1), x":tail(S’,]) + Q.
3. IfIxT+ Pand P e QthenI,x:T v+ Q.



To state the type safety result, we first define safe processes. Given a type environ-
ment I", we say that a process P is I'-safe whenever:

1. If P = ieT)(x 2 [y:V]; Py | x![29); P2 | Q) then among I, 7:T we have x:f U and
72 W with W gy U <gpt V.

2. If P = (vﬁ:f)(xpz [y:V1; Pi|xP ! [29]; P»|Q) with p = T or p = ~ then x™, x~ ¢ FN(Q)
and among I',u:T we have x”: ?[U]; S and xP:V[U']; S’ with U =gt U’ and z7:W
with W <gpt U <gpt V.

3. IfP= (vﬁ:f)(xp >{l; : Pi}ier | xﬁ<lj.Q | R) then j € I and x*, x~ ¢ FN(R).

Intuitively a process is I'-safe whenever it contains no data mismatches between the
data expected in the inputs, and the data sent by the outputs. Type safety follows from
Proposition 3 and a more general result, Theorem 4, which are given in Section 4.

Corollary 1. For every process P and Ls-balanced I, if I’ + P then P is I'-safe.

3 A behavioural theory for session types

Bernardi and Hennessy [2] developed a behavioural theory for session types, in terms of
session contracts, which gives an extensional meaning to subtyping (Theorem 2 in [2]).
In this section we recall some of their definitions and results, which are needed to
give our contribution in the next section. We also consider the traces performed by ses-
sion contracts, and show that complementation of a contract corresponds to exchanging
inputs and outputs in its traces (Lemma 1).
The grammar for the language Lscis of session contract terms is

o0 =1 | o)o | Ao)o | x| px.o | Z?li.ai| @!11.0-,-

i€l i€l

where we assume the labels 1; to be pairwise distinct. We use SCts to denote the set
of contract terms which are guarded and closed. We refer to these terms as session
contracts, or just contracts.

In order to define the operational meaning of contracts we define the set of visible
actions, Act, ranged over by A, as the union of two sets, namely {?1, !1 | 1 € L}, and
{2(0), (o) | o € SCts }. We use Act; to denote the set ActU{ 7 }. We define judgements

of the form o N o, where u € Act; and o, 0, € SCts, by using standard axioms.

91, T - 1
Sier?li.oi — o UX.0 — o {F¥T) ) Ao —> o
- > 1 — =1
sl
D, Li.oi — 5.0y D, 1107 — o

We also have the predicate 1 —, which intuitively means that 1 is the satisfied contract.
In order to define the peer compliance relation [2] between contracts p, o, we need
to define when these contracts can interact. This is accounted for by judgements of the



formp || o LB p’ || o’ which are inferred using the following rules.

T ’ T S /11 / /12 J
p—p oc— o p—p oc—0 A, g A
T T T
pllo—sgp llo pllo—gpllo pllo —gp' llo’

The rules are standard, except for the interaction relation s<g, which in turn is
parameterised by a relation o; B o0, between contracts. Intuitively, 8 determines
when the contract oy can be accepted when o is required, and we use »g to ac-
count for higher-order interactions. The relation »<g is defined as the union of the sets
{(?1,11), (11, 71), | L e L}, and { (?(02), !(01)), ({(oy), 2(02)) | oy B oz}

Definition 5 (8B-Peer Compliance). Ler C**" : P(SCts?) x P(SCts*) — P(SCts?) be
the rule functional defined so that (p, o) € C**(R, B) whenever (i) if p || © —/>g then
v v R T
p—, and o —; and (ii) ifp || 0 —g p’ || 0 then p’ R o’.
Fixa B. If R C C**(R, B), then we say that R is a B-coinductive peer compliance.

Standard arguments ensure that there exists the greatest solution of the equation X =

C™* (X, B); we call this solution the B-peer compliance, and we denote it —@P. O

Definition 6 (Peer Subcontract Preorder). For every B, we write o 8 o, whenever
P —@P o1 implies p —@P o for every p. We also let Pre denote the collection of preorders
over the set SCts, and let F™*" : Pre — Pre be the function defined by ¥ (B) = CZ.
We let S be vX.F**(X), and we refer to & as the peer subcontract preorder. O

The full abstraction result depends on a bijection M between session types and
session contracts, which maps Enp to 1, branch types &( — ) to external sums }, choice
types @&( — ) to internal sums P, and leaves the variables and recursion u—.— essentially
unchanged (see [1, Appendix B]).

Theorem 2 (Full Abstraction [2]). For every T,S € SType, S <sot T if and only if
M(S) S M(T).

In view of Theorem 2, S <qvt T means that the contracts p in S-peer compliance with
M(S) are in C-peer compliance also with M(T). In other words, the contract M(T)
satisfies all the contracts satisfied by M(S ), if the higher-order interactions among con-
tracts are prescribed by C.

The proof of Theorem 2 relies on the complement function comp = M-cplt. We will
need the property that the contract comp(c) performs the traces of o-, but with inputs

and outputs exchanged. To prove this, let = denote the least relation that satisfies
the following conditions, (i) o = o for every o, (i) o g o’ if o N o’ and
o = o’, and (iii) o = o’ if ¢ — o and 0’ = o’. We write © —> when
o == ¢ for some contract o”'.

Given a visible action A, we flip it to A by exchanging ! and ?. To exchange inputs
and outputs along finite traces we extend - inductively to flip : Act* — Act*.

K flip(s)
Lemma 1. For every p € SCts and s € Act*, p = if and only comp(p) L:».



4 Dualities for session types

In this section we present the set-theoretical comparison of various duality relations de-
fined so far in the literature. These relations are divided into two groups: the first group
contains the dualities related to the $B-peer compliance obtained by instantiating the
parameter B with the peer preorder &; the second group contains the dualities defined
using the inductive duality. We call the first group “peer compliance hierarchy” and the
second group “naive recursion dualities”.

4.1 Peer compliance hierarchy
We use the peer subcontract preorder to single out one B-peer compliance relation.

Definition 7 (Peer Compliance). Let 4y, = —|f2P where A = &, and call ), the peer
compliance relation. O

The next result gives a syntactic characterisation of peer compliance which also
accounts for the mapping between contracts and session types.

Lemma 2 (Syntactic Characterisation of Compliance). For all session types S, T,
S duals®t T if and only if M(S) e M(T).

The characterisation given by the previous lemma eases the comparison between the
peer compliance and the other dualities for session types. Now we proceed with the
formal comparison.

Co-inductive duality is contained in syntactic compliance. This follows mainly from
the set inclusion =gp; C <gpt and from Definition 4.

Corollary 2. 1. C dual®’®,

The converse inclusion does not hold. The reason is that L requires branch or select
to have the same set of labels, whereas dual®® relates also choice types whose sets of
labels are in a set inclusion relation.

Example 3. Here we exhibit two types such that § duals®® 7 and § £, T. Let
S = &(moka: enp) and T = &(moka: END, tea: Enp ). To prove that S dualst® T
it suffices to observe that R € G(R, <spt, €), where R= {(S, T), (END, END) }.

The reason why S L. T is that by definition L. requires the sets of labels in §' and
T to be equal and this is false, because {moka } # {moka, tea}. |

Next we consider a duality relation based on the finite traces performed by session
contracts. Let fTr(c) = {s € Act* | o = ).

Definition 8 (Trace-Oriented Duality). Write p @ o whenever fTr(p) = flip(fTr(0)). If
p @ o we say that p and o have dual finite traces. O

Note that the definition of multiparty compatibility in [8] is more general than Defini-
tion &, in that it also accounts for the participants of sessions. However, in the setting of
binary session types, our relation @ and multiparty compatibility coincide up-to minor
syntactic annotations.

10



The co-inductive duality L, — modulo M — is strictly larger than the trace-based
duality. This is true because the traces of a contract p and of its unfolding, UNF(p), are
the same, as shown in the following.

Lemma 3. For every session contract p, fTr(p) = fTr(UNF(p)).
Proposition 1. For every session types S, T, if M(S) @ M(T) then S L, T.

The converse inclusion is false: the coinductive duality L. - modulo M - is not con-
tained in the relation @. As we show in the next example, the reason is that trace equality
does not compare contracts modulo unfolding.

Example 4. We show two types T; and T, such that Ty L. T, and M(T;) @ M(T»)
is false. Let S| be ?[EnD ].S, where S, = puX. ?[enp |.X, and let T} = ![ S ].enD, and
T, = [ T ].END.

First we prove that 7} L. T,. Definition 4 requires us to exhibit a suitable co-
inductive duality, namely R= {(T, T>), (Exp, END) }, and a suitable co-inductive sub-
typing, namely S U S~!, where S= {(S1, S»), (S2, S»), (END, END) }.

Now we show that M(T;) @ M(T,) is false. It suffices to exhibit a trace s €

fTr(M(T)) such that s ¢ flip(fTr(M(T>))). Notice that M(T) g with o1 = M(S), so
(o) € fTr(M(TH)), and that fTr(M(T»)) = { &, 2(0») }and o, = M(S») # M(S1) = o1,
s0 2Aor1) & flip(FTrOM(T2))). 0

The trace-oriented duality is strictly larger than the complement function. This
is true for two reasons, one is that the complementary contracts have flipped traces
(see Lemma 1); the other is that the trace-oriented duality relates contracts with their
unfoldings, whereas the complement function does not (see Example 5).

Corollary 3. For all p € SCts, p @ comp(p).

Example 5. We exhibit two contracts p and o such that p @ o and (p, o) ¢comp. Let
p = ux.?2(1).xand o =!(1).ux.!(1).x. Plainly p and o have the same finite traces up-to an
application of flip(+), thus px.?(1).x @?(enp)x.ux.?(1).x. However, comp(ux.?(1).x) =
pux(1).x #!(1).ux.!(1).x, so (p, o) ¢ comp. |

Finally, we relate complement, subtyping and syntactic compliance.
Proposition 2. duals’® = cplt - <gp1 = <gpt - CPIL.

Figure 3 summarises the results of this section, where the symbols =y, and Cp
stand for set equality and set inclusion up-to encoding via M, respectively.
4.2 Naive recursion dualities

The duality functions (-) and cplt do not relate types modulo unfolding, for instance
in general cplt(7) # cplt(unr(T)). To overcome this limitation, Vallecillo ef al. [16]
defined a compatibility relation by composing inductive duality with subtyping. Gay
and Vasconcelos [11] took a similar approach, but defined compatibility differently.

11



comp ¢ D m Le & dualsbt =m He2p

cplt - <ept = <ept - CPIt

Fig. 3. Hierarchy of duality relations

Definition 9 (Compatilﬂlity [16,11]). _
Letoa={(T, S)|T <spt S}, and < ={(T, S) | T <ept S} o

As far as we know, the relations »< and =< were intended to coincide and to be symmetric.
However, by considering the type pX. ![ X ].exp and its inductive dual, we find that >«
and < are different, and that neither relation is symmetric:

uX. [ X ].enp =< ?[ uX. 7[ X ].END ].END M uX. M X ].eND |.END #* uX. ![ X ].END
uX. [ X ].enD v& ?[ uX. 7[ X ].END ].END M uX. M X ].eND .END »< uX. ![ X ].END

The lack of symmetry contradicts Proposition 3.3 in [16] and Proposition 3 in [11].

Proposition 2 ensures that if one defines compatibility in terms of complement in-
stead of in terms of inductive duality then the resulting relations are equivalent, and
coincide with the relation dualst®, which is symmetric. Lemma 2 and the inclusion
Hpop - £ C e Suggest that the peer compliance ;, captures the intuition behind the
compatibility relations.

4.3 The typing relation as a function of duality

In order to show the impact that different dualities have on the typing relation I, we
parameterise its definition by a binary relation D on session types. Let o be the relation
defined by the rules in Fig. 2, where rule T-NewS is replaced by the following rule,

Ixt:S,x :S"vp P SDS’
Fl-z) (V.XZS)P

T-NewS’

The relation 4 is a function of D and it is monotone.
Proposition 3. For every D C D'C SType?, ko C Fay.

Considering the hierarchy in Figure 3, from comp Cx4-L and the definitions of cplt
and M we have cplt ¢ L1¢; also L. & dual®Pt. Proposition 3 then yields:

Corollary 4. For every I and P, I' vcpn P implies I' v+, P, and I' v, P implies
F qualsbt P

The difference between cplt and L is that L includes arbitrary unfolding, and the
difference between L. and dual®®® is that dual®®* includes subtyping. Since the rule
T-SussS allows the use of subtyping relation in the derivation trees, also the converse of
Corollary 4 is true:

12



Theorem 3. I' bepp Pifand only if I' v+, P if and only if I' Fayaysec P.

Example 6. Here we show that Theorem 3 is false if in T-SussS we replace <gp; with the
equivalence =gp;. Let T = @&(a:END ), S = &(a:END,b:END ), P = (vx:S)(x">{a:0,b: 0}]
x~<a.0), and let the symbol +7, denote the type relation given by the rules in Figure 2,
where T-NEwS’ is used in place of T-NewS. The derivation of '_:iualﬂ’t P exists, because
S dualstt T, while a derivation of l_j-c P does not exist, because S 1. T is false. m]

Type safety is true also for the dualities cplt and dualsP*.

Theorem 4. For every process P, if I' kgua1e P and I' is duals**-balanced, then P is
I'-safe

Two immediate consequences are Corollary 1, previously stated, and the analogous
result for cplt. The proof that cplt is a safe duality is essential, and was not given in

[2].

5 Related Work

Session types: The concept of a session type originated in the work of Honda et al.
[15, 12]. There is now a substantial literature, which has been surveyed by Dezani and
de’Liguoro [9]. Subtyping for recursive session types was proposed in [10], and full
abstraction for that subtyping was achieved in [2]. Another semantic theory of session
types is defined in [5], and it is independent of the theory of [10].

Subtyping: Recent work by Chen et al. [6] has considered preciseness of subtyp-
ing, meaning the combination of soundness and completeness. A subtyping relation is
complete if it is the largest safe subtyping relation for a given type system. Given the
connections between subtyping and duality (e.g. Proposition 2), the results about pre-
ciseness are likely to be relevant for finding the largest safe duality. On the other hand,
if one removes subtyping from the type system, then the choice of duality relation be-
comes relevant and impacts the resulting typing relation. We leave the investigation of
the relation between subtyping and duality for future work.

Complement and inductive duality: The only difference between the complement
function and the inductive duality lies in the treatment of recursive terms. Although
apparently small, this difference leads to noticeable differences in the typing relations
(see [2, Section 5]). In turn, the different treatment of recursion boils down to the use
of the substitution |/.]. This substitution was first proposed in [3], where it is called
inner substitution. The reason why [3, 2] use this substitution is to inductively construct
the duals of types like uX. ![ X ].enp. This is borne out in [3, Proposition 3.1 (2)] and
[2, Theorem 5.10]. The duality of [3] is syntactically defined, whereas the B-mutual
compliances are operationally defined. As a consequence the proof of Proposition 3.1
(2) is simpler than the proof of [2, Theorem 5.10]. Also, while [3] uses the fact that
complement and unfold commute, the authors of [2] prove this result.

Further dualities: One extensional duality which we have not considered in this
comparison is the one of [5, Definition 2.5]. The reason for this omission is that the
framework of that paper is significantly different from ours. However, we leave the
comparison with the dualities we studied here and the one of [5] for future work.
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Two other approaches to defining duality emerged from the connection between
session types and propositions [4, 17]. In the intuitionistic setting of Caires and Pfen-
ning [4], duality boils down to the cut-rule, according to which the dual of requiring a
behaviour A (on the left of a judgement) is an offer of A (on the right of a judgment).
This implicit duality is in contrast with the situation in the classical setting studied by
Wadler [17], where duality of session types amounts to duality on propositions: every
proposition A has an inductively defined explicit dual A*.

Finally, an interesting aspect of duality on session types is its relation to the opposite
input / output channel capabilities in the standard wr-calculus. In [7] the authors study an
encoding of binary session types into linear channel n-types. Due to the continuation-
passing style of the encoding, the duality on session types reduces to merely opposite
input / output linear channel capabilities, but only in the outermost level of the type,
with the carried types being (syntactically) equal.

6 Conclusion and Future Work

The duality relation is an essential and distinctive feature of session type systems. How-
ever, the questions of how to define duality, and of the effect of duality on the typing
relation, have not received careful attention; different authors have used different defi-
nitions for various reasons of convenience without considering the consequences. Par-
ticular care is needed in the presence of recursive types, and the informal convention
of working “up to unfolding” is problematic. In the present paper, we have begun a
systematic study of duality relations, and we have made the following contributions.

First, we have emphasised the problems of treating session types “up to unfolding”,
and we have carefully defined a session type system without this assumption.

Second, we have explicitly considered a range of duality relations and established
their relationships. We have included several existing relations defined on the syntax of
session types, and some new relations derived from a semantic model of session types.

Third, we have considered the duality relation as a parameter of the session type

system, and studied the typing relations resulting from different choices of duality rela-
tion. The result is that the type system is robust, in the sense that the choice of duality
relation among the syntax-based relations does not matter.
Future work. The model of session types developed in [2] does not account for stan-
dard channel types. This is a severe limitation, because in settings based on that model,
standard channels cannot be sent over session channels. This limitation applies to the
present paper. We plan to investigate how to extend the model of [2] to channel types.

If a duality D allows unsafe processes to be typed, then there is no point in using it,
so the obvious basis for judging a duality relation D is the definition of safe process. In
turn, once we fix the set of safe processes S, an obvious question is: what is the greatest
duality D such that +p P implies P € S? To the best of our knowledge this problem has
never been investigated. Once such a greatest D is found, a similar problem is to find the
smallest duality d such that ;=Fp. An answer to this problem might have worthwhile
practical consequences: for example, an algorithm to decide d may be more efficient
than one to decide D. Identifying D and d would also answer the open question of what
should be the canonical definition of duality for session types.
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A Recursive types

In this section we show in the setting of [10] there are error-free programs that need
recursive session-types to be well-typed. This is due to the subsumption of types. In
[10] subsumption is borne out by the side conditions of the typing rules for inputs and
outputs, whereas in this paper subsumption is treated with an rule of its own.

For simplicity here we use the typing rules of [10].

Consider the process P = a?[x*: S].x"<{1}.a![x"].0, which is trivially error-free
(i.e. safe) because it does not engage in any communication. To prove that P is well-
typed we have to show an inference tree whose root is I" + P for some I". To construct
the tree we need to apply rules with side conditions on subtyping, and to satisfy these
conditions we solve a system of disequations. This last step is where recursive types are
necessary.

The derivation tree to type P is the following one,

a 8T+ 0 [T'NIL]S
a: 4T, x: S’ + a![x*].0

a: 84T, x": ©(1: S')YF xt<{1}.a![x"].0
a: 8T v a?[x": S1.x<{1}.a![x*].0

"Lt T [T-Our]
[T-CHOOSE]
T <spt ®(1:S") [T-IN]

The inference tree above exists only if we exhibit two session-types T and S’ such that
S <spt T, T <ept &(1: ")
One obvious way to solve the disequations above is to let S’ = T, and to find a T such

that T <gpt ®(1: T ). A suitable session-type is uX. ® (1: X).

B Mapping between session types and session contracts

1 if S = END,
1t. M(S) if S =1[t].S’,
1. M(S) if S =2[t].S’,

MTH.MS?)  ifS =1[T1.S",
M(S) = L2AMTHMS’)  ifS =TS,

Diiefty 1L M8 ) if S =&(11:Sy,..., 1,0 8,),
@ie[l;n]!]‘i'M(Si) if S =&(1;:S,....L1,:S,),
ux.M(S") if § =uX.S’,

X ifS =X

Lemma 4 (Properties of M).
For every S, T € Ly and p, o € Lscs,

a) MS{T/x ) = MEN{MD )y )
b) M1/l = M ED{ MO gy
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¢) UNF(M(T)) = M(uni(T))
d) oNEM () = ML (UNK(0))
e) UNE(M™ (o)) = T iff une(o) = M(T)

Proof. See [2, Lemma 4.1].

C Proofs for traces of session contracts

Lemma 5. For every p, 0, x € Lscys, if 0 is closed and x is not free in the messages of
p. then comp(p {7/ }) = comp(p) { ™/ .

Proof. See the proof of [2, Lemma A.13].

The next lemma is the operational version of [2, Lemma 5.5], so the proof here
relies on the same techniques used in the proof of Lemma 5.5 there.

Lemma 6. Let p = px.p’. Then comp(p) — comp(p’ {#/5})

Proof. The operational semantics of contracts lets us infer the silent move comp(p) SN
P, where

p = comp(p/[F /) {HreomPe iy, |

In turn the definition of complement guarantees that

p = comp(e’ L’ /) { ™/, |

Lemma 5 allows us to move the right-most substitution in p inside the application of
the complement function, thereby obtaining p = comp((0’|” /1) {*/+ }). Now part ii) of

[2, Lemma A.11] implies that 5 = comp(p’ {#/. }), thus comp(p) = comp(e’ {*/ ).

Lemma 7. For every p € SCts,

a) ifp 2, o’ then comp(p) = p 2 comp(p’) or comp(p) 24, comp(p’)

a1 Pl P
b) if comp(p) — p" then p SN p— p orp— p' and p”’ = comp(p’)

Proof. Fix a session contract p. To prove part (a) suppose that p N p’. Either 1) 1 =71
for some label /, or 2) A has some other form.

In the first case p = X ;c;?1;.0; for index set [, and 1 = 1y, p’ = p; for some k € I.
The definition of complement ensures that comp(p) = @id!li.comp(p,-). If I contains

more than one element, then comp(p) SN !1.comp(p’) N comp(p’), whereas if I has

. 2
only one element then it is k, so comp(p) — comp(p’)
In the second case the syntax of session contracts ensures that p = A.p’, thus by def-

inition comp(p) = A.comp(p’). The last equality lets us infer comp(p) 4, comp(p’).
The proof of b) is similar to the proof of a), so we omit it.
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The previous lemma is not true for silent moves. For instance the session contract
p =!1;.1 ®&!1,.1 performs the internal move p ;!11.1, whereas its complement
T

is stable, comp(p) =71;.1 +71,.1 .

flip(s)
Lemma 8. For every p € SCts and s € Act*, p SN if and only comp(p) =,

Proof. Fix a session contract p. We have to show two implications, namely that for
every s € Act*,

) s flip(s)
a) if p = then comp(p) L,

flip(s) s
b) if comp(p) = then p =

As the proof of b) is similar to the proof of a) we prove only the implication in a).
The proof is by induction on the derivation of p =,

. . . &
Base case In the base case the derivation is p = p’, and we have to prove that
& . . &
comp(p) =. This is true because comp(p) = comp(p).

Inductive cases There are two subcases to consider.

: 2 s
Suppose that the derivation of p = is due to p — p” and p”’ = p’ for some A
and s’.

The derivation of p” = p’ is shorter than the one of p %, thus the inductive
flip(s”)

hypothesis ensures that comp(p”’) = . Since p 4 p”, part (a) of Lemma 7 implies

that either 1) comp(p) — comp(p’), or 2) comp(p) — p — comp(p’). Recall

part (ii) and part (iii) of the definition of weak traces. In case 1) part (ii) lets us infer
Aflip(s") .. . Alip(s")
comp(p) L}» . In the case 2), we use part (ii) to infer p L , and then part (iii) to

. Aflip(s”) . flip(s)
infer comp(p) = . In both cases we have derived comp(p) = .

Now suppose that the derivation of p = is due to Je) = p” and p” = p’. The

silent move p SN p"" can be due to either a step of unfolding or an internal choice.

In the first case we have p = ux.p and p” = p{*/,}. Lemma 6 ensures that

. flip(s)
comp(p) — comp(p”), and the inductive hypothesis implies that comp(o”) L,

.. . flip(s)
thus part (iii) of the definition of weak traces let us infer comp(p) = .

In the second case we have p = @ie ;'1i.pi, and the set I contains more than one
element. The assumption on the derivation of p = implies that p”’ =!1;.0; for some

. . s .
k € I. Since p” is stable, p” = must have been derived because s =!1;s" for some
s . . . s . .
s’, and because p = . Since the derivation of p = 1is shorter than the derivation

. . . . flip(s”)
of p é, we apply the inductive hypothesis, which states that comp(py) = . Now

consider comp(p), which by defintion equals }};c;?1;.comp(p;). Plainly,
2
comp(p) — comp(ox)
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. . L Weflip(s')
so thanks to the inductive hypothesis we infer comp(p) = . But

flip(s) = flip(11es’) =2Liflip(s”)

flip(s)
so we have shown that comp(p) = .

D Proofs for the Peer compliance hierarchy

Lemma 9. The functional G is monotone in its first and second parameters:

a) For every B C SType? and C C I?, if R C R then G(R, B, C) C G(R', B, C).
b) Forevery R C SType2 andC C I? if BC B then GR, B, C) C GR, B, C).

Lemma 10. For every R, B and B’ such that B C B, G(R, B, =) € G(R, B, ©)
Lemma 11. For every session types S, T, if S dual®®t T then Scplt- <gpt T

Proof. (Sketch)
(=): Define R = {(cplt(S),T) | § dual®*® T} and prove that R is a type simulation.
(&): Prove that cplt- <gpt is a syntactic compliance relation.

Lemma 12. For every S,T € SType, if S duals®® T then either M(S) || M(T) ;>|:,
or M(S) 5 and M(T) .

Proof. Fix two session types S and T such that S duals®® T. If either of them has
a top-most recursion, uX.—, then by applying rule [I-Lert] or rule [[-RiGHT] we derive

M) | M(T) .

Suppose now that the types S and 7" have no top-most recursion, then
uNE(S) =S, uNne(T)=T (D)

We proceed by case analysis on the syntax of S and 7', and we discuss only few cases,
for the reasoning is similar in all of them but one (which we discuss).

(a) If S = enp then the hypothesis S duals’* T, Definition 4, and (1) imply that
T = exp, thus M(S) -5 and M(T) —5.

(b) If S = ?7[S,,1.5’ the the hypothesis and Definition 4 imply that T = [T, 1.7,
with T, <ebt S- An applicatio nof M(-) leads to M(S) =2(M(S ;) ).-MS’ and
M(T) =!( M(T,,)).M(T"). Theorem 2 ensures that M(T,,) T M(S ), and so we

prove M(S) || M(T) 5 with an application of rule [I-Sy~cH],

M(S) ?(/\ﬂ;n)) MS) M) !(Aﬂ;")) M(T") \M(T ) »a=2(M(S 1))

M) | M(T) ;>g M(S") I M(T7)
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© IfS =a(1;:S1,...1,4: 5,), then M(S) = @ie[l;n]!]‘i‘M(Si)‘ If n = 1 then we
reason as in case (b). If n > 1 then the silent move M(S) || M(T) ;>|: follows
from an application of rule [I-LEFT],

M(S) =11 M(S 1)
M(S) || M(T) _T’E!]-I-M(Sl) | M(T)

(d) If S = &(1;: Sy, ... 1,: S,) then the hypothesis S duals’® T ensures that T =
&(1y: Ty, ... 1u: T,y withm < nand §; duals®t 7; for every i € [1;m]. It follows
that M(T) = @ie[hm] 11;. M(T;). If m = 1 then we proceed as in case (b) otherwise
we proceed as in case (c).

Lemma 13. Forevery S,T € SType, S dual®®t T implies M(S) Hse M(T).

Proof. To prove that two contracts are in i, it suffices to show a S-coinductive com-
pliance. We prove that the image of dual®"t via M is such a compliance. Let

R={(M(S), M(T)) | S duals’* T}

Fix a pair p R o. By construction we know that there exists some S and 7 such
that p = M(S), o = M(T), and S duals®® T. To prove that R is a S-coinductive
compliance, we have to show that R satisfies two obligations.

Suppose that p || o —;—>E, we have to show that p - and o —/> This follows from
Lemma 12.

Now suppose that p || o ;>|; o’ || o7, we are required to show that p” R ¢”’. In turn
this follows if we exhibit two session types S’ and 7" such that p’ = M(S"),o = M(T")
and S’ dualsbt 77,

We proceed by case analysis on the rule in Section 3used to derive the T move. If
[I-Lert] was applied then 0’ = o-and p N p’. In this case we let 7 = T, and we have
to discuss two subcases, for the silent move of p || o may have been inferred by using
either [A-UNrFoLD] or [a-INT].

In the first case p = ux.p and p’ = p{*/,}. The equality p = M(S) ensures that
S = uX.S for some S such that M@P) = S.LetS’ =38 {S/X}; Lemma 4 ensures
that p’ = M(S’). By definition uNr(S) = UNE(S {S /x }), thus UNF(S) = UNF(S’), which
implies that S dualsP® 7. The last fact and p’ = M(S’) imply that o’ R o~

In the second case p = @ie[l;n]!li’pi withn >2,and S =(1;: S, ...,1,:S5,)
where p; = M(S;) for every i € [1; n]. The rule [a-INT] ensures that p’ =!1y.0; for some
k € [1;n], and so p’ = M(S’) where S’ = &(1y: Si). Since S duals®t T, we know
that uNk(T) = 3 je(15m?13.7; with n < m and §; duals®t T; for every i € [1;n]. It
follows that k € [1;m] and that S dual®®t T}, so S’ dual®t® 7. In turn this ensures
that o’ R o’.

If rule [I-RiGHT] Was applied then the argument is similar to the one we used for rule
[I-Lert], but dwells on ¢ rather than p.
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If rule [I-SyncH] was applied then p = A;.0" and o0 = A,.0”. Depending on the
particular form of A4; we have different cases to discuss, but the reasoning for all of
them is similar, so we suppose that 4; =?(c"}) for some o}, and dwell on this case.

Thanks to the definition of > we know that 1, =!(c2) for some o2, such that

o% E o, Since 2,

Let My = M~ (o)) and let My = M~ (c2). Since A;.0" = p = M(S), it follows that
S =AM, 1.5’ where p’ = M(S’); similarly the equalities A,.07 = o = M(T) imply
that T = ![ M, ].T", for some T’ such that o’ = M(T”). Now S duals’* T implies that
S’ dual®*® 77, and so p’ R o”'.

Lemma 14. For every session type S, T, M(S) 4we M(T) implies S dualstt T.

Proof. Tt is enough to show that the following relation is a coinductive syntactic com-
pliance,
R={(S, T) | M(S) He2e M(T)}

Fix a pair § R T'; by by construction we know that M(S) ;2. M(T'), which in turn
implies that UNF(S) Hppp UNF(T).

To prove that S and T satisfy one of the conditions in Definition 4 we reason by
case analysis on the unfolding of S. We discuss only three cases.

Suppose that UNF(S ) = END; we have to prove that uNr(7T) = enp. This follows from
Lemma 15.

Suppose that UNr(S) = ![ S, ].S’. We are required to prove that une(T) = [T, 1.7,
that S, <sot T, and that S” R T’. We use the properties of M(-) and of the
compliance to gather all the information that we need. Part (c¢) of Lemma 4 ensures
that M(UNE(S)) = UNE(M(S)), thus UNe(M(S)) =!(0,y).0° where p,, = M(S,,) and

o' = M(S’). Since UNF(M(S)) —7—> and uNF(M(S)) Hep UNE(M(T)), it must be the case
that
UNE(M(S)) [l uNe(M(T)) ;>g oo (2)

In turn this ensures that UNe(M(T)) i> o’, and that !(p,,) > A. It follows that A =

(o) for some o, such that p,,, © o, thus uNe(M(T)) =2(0,).0,. Part (¢) of Lemma 4
and an application of M~!'(-) lead to uns(T) = ?[T,,1.T’, where T,, = M~'(c,,) and
T = M (o).

We still have to prove that S,, <¢ot T, and that S R T’. This first fact follows
from M(S,,) = pn & on = M(T},), and Theorem 2. The second fact follows from (2),
part (ii), and the equalities M(S”) = p’ and M(T") = o’

Suppose that uNF(S) = &(1;: Sq,...,1x: S, ). We have to show that a) unr(T) =
&(1,: Ty,...,14: Ty ) withm < n, and that b) §; R T; for every i € [1;m].

Thanks to part (c) of Lemma 4, uNe(M(S)) = Xic1.m 710 with p; = M(T;) for
every i € [1;n]. Let A be the set of stable derivatives of UNE(M(T)), formally

.
A={6 |0+, WweM(T)) = 6}
ensures that session contracts converge4, thus the set A is not empty.

4 A proof of convergence for the more general language of contracts can be found in [?,
Lemma 3.10]
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Fix a & € A. Since unNe(M(S)) || une(M(T)) = uNe(M(S)) || &, and
v
UNE(M(S)) —~, the definition of compliance implies that

UNEOM(S)) || 6 =

Since - and UNF(M(S)) are both stable, the T move above must be due to rule [p-
SyncH]. It follows that & =!1k.0 for some k € [1;m]. Since the only assumption on
g is that it is in A, for every & € A, there exists a k € [1;m] such that & =!1y.0; for
some 0. Let J ={ke[l;n] | & R for some 6 € A }. By definition uNe(M(T)) =
G for every & € A, thus the syntax of session contracts ensures that uNe(M(T)) =
@jej!lj.aj. Let m = max J; an application of part (c) of Lemma 4 and one of the
inverse of M(-) ensure that uNe(T) = &(11: Ty,...,1y: T, ), where o-; = M(T) for
every j € J.

We have to prove that for every j € J,S; R T;. Fix a j € J, we use rule [P-SYNCH]

to infer UNF(M(S)) || uNe(M(T)) LN pj |l oj. Since M(S ) = p; Hwp 0j = M(T)), the
definition of R ensures that S ; R T;.

Lemma 15. For every B, if 1 —|ﬁp o then uNr(o) = 1

Proof. Let o be a stable contract such that ¢ —" ¢’ for some n € N. The reductions
p |l = p |l o, Definition 7 and the hypothesis 1 +%_ ¢ ensure that 1 4%, 0. Since
both 1 and ¢ are stable and 1 can not interact, part (i) of Definition 7 must be true,

v .
thus 0’ —. In turn this means that 0’ = 1. The proof that uxr(c) = 1 follows from
induction on n.

Lemma 16. Ifp = ux.p’, then fTr(p) = fTr(p’ {*/+ }).
Proof. We have to show two set inclusions,

a) fTr(p’ {#/. ) < fTr(p)
b) fTr(p) < fTr(p’ {#/+})

To prove a), suppose that s € fTr(o’ {¥/, }). By definition, p’ {*/, } = for some

s € Act*. Since p = o’ {*/}, the transitivity of = ensures that p é, thus s € fTr(p).
To prove b) let s € fTr(p). Either s is empty then s € fTr(o’ {¥/.}) beacase

15

o' {P/x} = p'{P/:}. Suppose then that s = As’ with s’ € Act*, and p = The
2

operational semantics of session contracts (Section 3) ensures that p —/, thus there

a8’
exists a p”’ such that p = p”’ =% Since the only action performed by p is an internal
move, namely p = o' {*/:}, it follows that p = P {f/.} = p”. But this implies

that o’ {#/, } = thus s € FTr(o’ {#/, }).

Lemma 17. For every session contract p, fTr(p) = fTr(UNF(0)).
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Proof. We reason by induction on the derivation of UNF(p).

In the base case, UNF(p) = p because p has no top-most recursion. Since p equals its
unfolding, it follows that fTr(p) = fTr(uNE(p)).

In the inductive case the derivation of the unfolding of p terminates with an appli-
cation of the rule

P (]} ok
0 UNF O
and p = ux.p’. Since the derivation of UNF(p” {#/, }) is shorter than than the derivation of
UNE(p) we can apply the inductive hypothesis, which ensures that fTr(o” {#/, }) = fTr(o).
As Lemma 16 ensures that fTr(p) = fTr(o’ {#/ }), we obtain the equality fTr(p) = fTr(c).
Now UNF(p) = o let us conclude that fTr(p) = fTr(o).

Proposition 4. For every session types S, T, if M(S) @ M(T) then S L, T.

Proof. Let
R={(S,T) | M(S) D M), S, T € SType }

if we prove that R is a coinductive duality, then the result will follow.

Pick a pair § R T and let p = M(unr(S)) and o = M(une(T)). The definition of R
ensures that M(S) @ M(T), and so part (c) of Lemma 4, and Lemma 3 let us infer the
equality

fTr(o) = fTr(M(uNr(T)))
= fTr(une(M(T)))
= fTr(M(T))
= flip(fTr(M(S))) (3)
= flip(fTr(unr(M(S))))
= flip(fTr(M(uNF(S))))
= flip(fTr(p))

We proceed by case analysis on UNF(S ) according to Definition 4; we discuss only
three cases, for the other cases are proven with arguments analogous to the ones we
show here.

i) Suppose that unr(S) = Enp. We are required to prove that unr(7T) = END. An appli-
cation of the definitions lead to fTr(p) = fTr(1) = {&}. Now (3) above ensures that
fTr(o) = { £}, and the definition of flip implies that fTr(o) = { £ }. In turn this means
that o = 1, so an application of M~!(-) to both sides of the equality leads to the
fact that we are after, UNF(T') = END.

ii) Suppose that UNr(S) = ?[ S, ].S’; in this case we have to prove three facts, namely
that a) une(T') = ![T,,].T’, that b) S,, =gpt T), and that ¢) S” R T”. Plainly, p =
2 om)-p" with p,, = M(S ) and p” = M(S). We first apply the definitions of fTr(—),
M(-), and Lemma 4

fTr(o) = { 2(pm)s | s € fTr(p)}
This equality and (3) above imply that
fTr(o) = {1(pm)s | s € flip(fTr(p")) }
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thus M(o) !(L—m>). Thanks to the restrictive syntac of session contracts, the weak
action !( o, ) can be performed only if M(c) =!(,, ).0” for some o”. Part (d) of
Lemma 4 ensures that une(T) = ![ S, ].77 with ¢’ = M(T’). We have proven a),
and since =gy is reflexive S, =gpt S, thus we have proven also b).

We still have to show c¢), that is S” R T”. It suffices to prove that flip(fTr(o")) =
fTr(c’). Let o = M(unr(T)). Above we have prove that fTr(c) = {!(pn)s | s €
flip(fTr(0")) }, and by definition fTr(c") = {!(o,n )s | s € fTr(c”’) }, thus

(Wom)s | s € lipTr )} = {Wow)s | s € o)) @)

LetA ={2pn)s | seflr(p’)}and B ={?(0,,)s | s € fTr(c”’)}.
Now pick a s € flip(fTr(o’)). Plainly ?(p,,)s € A, thus (4) ensures that ?(o,,)s € B,
which in turn means that s € fTr(c”). This argument can be applied also the the
traces in fTr(c”), so it follows that flip(fTr(o")) = fTr(c”).

iii) Suppose that UNF(S) = &(1;: S1,...,14: S, ). We are required to prove that a)
UNK(T) = &(1;: Ty,... 1,: T, ), and b) S; R T; for every i € [1;n]. By applying
the suitable definitions we obtain the next equality,

fTr(o) = {?1is; | 1 € [1;n], s; € fTr(M(S ) }
and so (3) above ensures that

fTr(o) = { '1iflip(s;) | 1; € [1;n], s; € fTr(M(S;)) } )
={!lis; | 1; € [15n], s; € flip(fFTr(M(S ) }
Since i € [1;n], € €< flip(fTr(M(S;))), the last equality ensures that o é, and in
turn the seyntax of session contracts implies that o = @ie[l;n] !1;.07;. By suitably
applying M~1(-) and Lemma 4 we obtain unxe(T) = &(1,: T},...,1,: T, ) where
M(T;) = o for every i € [1;n]. This proves a).
We have to prove b), namely that S; R T; for every i € [1;n]. Pick an i € [1;n], to
show that S; R T; we are required to prove that fTr(M(S;)) = flip(fTr(M(T;))), that
is fTr(p;) = flip(fTr(c;)).
By definition

fTr(o) = {11is; | s; € fTr(oy) }

so (5) above leads to the equality
{is; € [1snl, s € (o)} = {!1is; | i € [1in], s; € flip(FTr(M(S))) }

We prove that fTr(o;) = flip(fTr(c;)) by reasoning as we did in case ii) of this proof.

E Proofs of expressiveness of dualities

Theorem 5. Forall I" and P, is I Faya1s0c P then I Fepy P.

Proof. The proof is done by induction on the typing derivation for I F 150t P.
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— All the cases from (T-Niv), (T-Par), (T-Rep) and (T-New) to (T-INS), (T-OutS), (T-
In), (T-Our), (T-Orrer) and (T-CHoosE) are straightforward, since they do not use a
duality relation.

Hence the only interesting case is the following one.

— Case (T-NewS):

Lxt S, xS bayayee P S dualsbt §”
I Fgyasoe (vx @ S)P

The inductive hypothesis ensures that there exists a derivation tree of

Ix*:8,x7 08 Fepn P

By Proposition 2 since S duals®t S’ then Scplto <gpt S’. The latter means that 3T
such that Scplt7 and T <gpt S’. As T is a subtype of S, by applying the Substitution
Lemma 18 we obtain the derivation of

Lixt:8,x7 T kepit P

We conclude the case with an application of rule (T-NewS),

Lxt S, x7 T ren P ScpltT
rl—cph P

Corollary 5. Forall " and P, if I vqya1s0t P thenI' v, P.

Proof. This follows from Theorem 3, Proposition 3 and the inclusion cplt c L.

F Soundness

Lemma 18 (Substitution). If I, x:T + Pand T’ <gpt T and I" + yP:T' is defined then
r+yT v P/

Proof. By induction on the derivation of I', x:T + P, with a case analysis on the last rule
used. We type the case for T-OutS where it is analysed in several subcases.

1. xis not involved in the output.
.S v P
Lz TS v 29 [w] P

From the induction hypothesis we get that

(I,22:8) + YTk P'{" /)
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we apply rule T-OutS
(LT S) + T k2 Ll P { )

as required.
2. xis the output name. In this case the derivation ends with

%S+ P
Lz [TLES, xTr! [x]; P

By the induction hypothesis we have
(1,2%:8) + y:T" v P/}
with P’ = P’ { YU } because x ¢ FN(P’). We apply rule T-OutS:
(L2 V[T S) +yP:T R 22 [P P
Itis a given that 77 <g T so if we apply rule Suss we get:
(L2 NTS) + 3T v 22 1YL P

as required.

3. xis the session channel used for output. In this case 7 = ! [T;]; S 1. Because T’ <gpt
T wehave T’ = ! [T3]; S, with S, <gpt S1 and T} <gpt 7. The type derivation ends
with

I, )CZSl + P
(Lx: [T1];81) + 24T v x ! [2], P

By the induction hypothesis we have

I'+y":S, P {y"/x}
We apply T-OurS:
T+ Y TSy + 25Tk y 27 P Y/ )
Given that T <gpt 7>, the derivation ends with an application of Suss:
T+yP: [To): Sy + 2Ty +y [ P/
as required.
Theorem 1 (Type Preservation).

L IfT'+Pand P => QthenT v Q.
2. If xS, x:S"+P,S L. S, and P X—l> Q then I, x":tail(S, 1), x™:tail(S’, 1) + Q.
3. IfIxT+ Pand P i Qthen I, x:T + Q.
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Proof. The proof for parts 1 and 3 can be found in [10], due to the fact that the cur-
rent typing system is based on the Gay and Hole typing system. The presence of the
subsumption rule though differantiates the proof for part 2.

The proof is done with induction on the derivation of the reduction.

2. We focus on the case R-Com where we have

Xy TLE PR 7] 0 =5 P{Zq/y}|Q

and the form of the environment I, x*:S, x~ : S’ means that p is either + or ; without loss
of generality assume p = +. The derivation of I, x*:S,x™ : S’ + x” 2 [y:T1; P|x? ! [24]; Q
ends as follows; note that S must be of the form ? [T”]; S |? with T’ <gt T and S’ must
be of the form ! [T’]; S, with S| L. Sy, and Iy + I, = I, and I's + z2:T” = I'», and
T" <ept T'.

r,x" S +P I'3,x:S>+0
FLxT2Thex" 2T P T <t T Do, x:2[TES, - x 1270 T <t T
Iy, x0T 0x 2 [y:T); P o, x:2[T'; 8> Fx” 1 [22); 0

x0T ) x 2T Sk xP 2T P x 275 0
By the transitivity of <gp; we get T” <gpt T and by Lemma 18 we get
(I, x":81) + 22T+ P{7 ), ]
We apply rule T-Par to get
(I, x7:81) + 25T + I3, x7:S, - P{F/, 41 0

which is the required judgement since (I';, x*:S1) + z4:T” + I3, x:S, =T
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