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Abstract

We investigate the notion of orchestrated compliance for client/server interactions in the
context of session contracts. The orchestrators we study have unbounded buffering capabil-
ities and, besides never sending messages which have not been received, are such that any
message from the client is eventually delivered by the orchestrator to the server. Moreover
no infinite interaction might consist definitely of messages from the server which are kept
by the orchestrator. The subcontract relation induced by this new notion of compliance is
also investigated.
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1 Introduction

Session types and contracts are two formalisms used to study client/server protocols. Session
types have been introduced in [1] as a tool for statically checking safe message exchanges
through channels. Contracts as proposed in [2, 3, 4] are a subset of CCS without 7 that
address the problem of abstractly describing behavioural properties of systems by means of
process algebra. In between these two formalisms lie session contracts® as introduced in [5, 6,
7, 8], a formalism interpreting session types into a subset of contracts.

In the theory of contracts, as well as in the formalism of session contracts, the notion of
compliance plays a central role. A client p is called strongly compliant with a server ¢ (written
as p -10) whenever all of its requests are satisfied by the server without ever blocking in any
infinite interaction. Now it might be the case that client satisfaction fails just because of a
difference in the order in which the partners exchange information, or because one of them
provides some extra unneeded information.

Consider the example of a meteorological data processing system (MDPS) that is perma-
nently connected to a weather station to which it sends, according to its processing needs,
particular data requests. For the sake of simplicity, we consider just two particular requests,
namely for temperature and humidity. After sending the requests, the MDPS expects to receive
the data in the order they were sent. In the session-contracts formalism the interface for this
simplified MDPS can be stated as follows:

MDPS = recx.tempReq.humReq.temperature.humidity.x

1 They were dubbed session behaviours in [5, 6]. For sake of uniformity and since session contract sounds more
appealing, we adhere here to this name.



(Here, as in CCS, a symbol like ‘a” stands for on input action, whereas ‘@’ denotes the cor-
responding output). We assume a weather station to be able to send back the asked-for
information in the order decided by its sensors, interspersed with information about wind
speed:

WeatherStation = recx.tempReq.humReq.(temperature.humidity.wind.x
@

humidity.temperature.wind.x)

With respect to strong compliance we have that MDPS /1 WeatherStation, since the client
MDPS has no input action for the wind data, and also because it might happen that tem-
perature and humidity data are delivered in a different order than expected by the MDPS. A
natural solution is to devise a process that acts as a mediator (here called orchestrator) between
the client and the server, coordinating them in a centralised way in order to make them com-
pliant. This sort of solution is the one adopted in the practice of web-service interaction, in
particular for business processes, where the notion of orchestration has been introduced and
developed:

“Orchestration: Refers to an executable business process that may interact with both internal
and external web services. Orchestration describes how web services can interact at the message
level, including the business logic and execution order of the interactions. ” [9]

In the context of the theory of contracts, this solution has been formalised and investigated by
Padovani in [10], where orchestrators are processes that cannot affect the internal decisions of
the client nor of the server, but can affect the way their synchronisation is carried out.

The communicating actions performed by an orchestrator have the following forms:

(a,a) (resp. (a,a)): the orchestrator gets a from the client (resp. server) and immediately
delivers it to the server (resp. client) in a synchronous way.

(a,€) (vesp. (g,a)): the orchestrator gets a from the client (resp. server) and stores it in a
buffer.

(a,¢) (resp. (g,a)): the orchestrator takes a from the buffer and sends it to the client (resp. server).

So an orchestrator enabling compliance for our example is

f = recx.(tR,TR). (bR, BR).((%,t). (B b). (", u).x
V

(&,0).(E,t). (T, ").{",w).x)

where tR,hR,t,h, and w stand for tempReq, humReq, temperature, humidity, and wind, respec-
tively. The orchestrator f rearranges the order of messages when necessary, and retains the
wind information, not needed by MDPS.

The orchestrator f is not a valid orchestrator according to [10]: indeed the wind information
is discarded by never delivering it to the client, so that the buffer corresponding to f must
be unbounded. Unbounded buffers are not allowed in [10], where boundedness is essen-
tial to guarantee decidability of the compliance relation and the possibility of synthesising
orchestrators.

We investigate the notion of orchestrated compliance in the setting of session contracts,
even in presence of unbounded buffering capabilities of orchestrators. In this system it will
be possible to prove that

MDPS —H; WeatherStation



i.e. that MDPS and WeatherStation are compliant when their interaction is mediated as f (also
denoted by f: MDPS —{ WeatherStation).

In a two-parties session-based interaction, the choice among several continuations always
depends on exactly one of the two actors. Hence session orchestrators are designed so that
internal decisions of the parties are unaffected by the orchestration and any non-deterministic
choice depends solely on the partners. This is obtained by restricting the syntax for orchestra-
tors such that for instance orchestrators like (¢,a).f; V (b,¢).f, are not allowed. In fact, in the
latter orchestrator, the choice of receiving an input from the client or from the server would
not depend on the partners.

In our system we aim at ruling out certain fake complying interactions, like between the
client @.b and the server a through the orchestrator (a,a).(b,¢). In this case the client gets the
illusion that all its requests are satisfied, whereas its output b never reaches the server, being
indefinitely kept inside the orchestrator’s buffer. While in the contract setting of [10] such
interactions are allowed and these parties are compliant, in our context we forbid orchestrators
behaving like (a,a).(b,e) which never deliver a message from the client to the server.

Another sort of fake compliance we will prevent is that between a client like 7.b and a
server like a.recx.c by means of the orchestrator (a,a).recx.(¢,c). This is because this inter-
action would go on indefinitely even if after the satisfaction of the first client’s request, the
orchestrator indefinitely stores all the server’s messages. Such unwanted behaviour of an or-
chestrator is automatically ruled out in [10] by the boundedness constraint on buffers, while
we admit unbounded buffers. On the other hand, as done also in [10], we rule out orchestra-
tors sending messages that they have never received.

All the properties characterising well-behaved orchestrators, which we shortly dub respect-
fulness, will be shown to be decidable. Turning to the meteorological example, it turns out
that the orchestrator f for MDPS and WeatherStation is respectful. As a matter of fact, respect-
fulness is introduced as a property of traces of orchestrated interactions; an orchestrator is
respectful if its traces, that include those of the system of the the parties and the orchestrator,
are such. The class of respectful orchestrators, however, does not admit a simple, ‘inductive’
characterisation. Nonetheless, whether an orchestrator f is respectful is decidable, as well as
the relation .

The relation of orchestrated compliance through a (respectful) orchestrator f does naturally
induce an orchestrated subcontract relation on servers, that we dub <. In any theory of sub-
contracts, given a compliance relation, the induced subcontract relation is quite relevant for
practical applications, since the implementation of contract-based query engines can exploit
properties of this relation.

We prove a number of properties of the relation <, including decidability, duals-as-minima
and a parametrized form of transitivity. All properties are obtained as consequences of what
we call the Main Property:

pHpo &THgo! = pHpeg) 0

where - e - is an appropriate composition operation. The proof of the Main Property is rela-
tively simple when orchestration is not considered. In our context, instead, its proof turns out
to be rather complex. In fact, one has to show not only that f e ¢ correctly orchestrates the
interactions between p and ¢, but also that it is a respectful orchestrator when f and g are so,
which is actually the case in the hypothesis of the Main Property.

A natural generalisation of the relation < risco X ¢/, which holds if there exists a respectful f
such that ¢ X 0’. This subcontract relation can be obtained via a compliance relation + which
is the union of all the —H 7 relations. As is the case for X iz X is decidable if and only if 4 is such.



To face the issue, in [11] we have proposed an algorithm aiming at synthesising a respectful
orchestrator f, if any such an orchestrator exists, such that p H; 0, and failing otherwise.
Although that algorithm is sound, it cannot be proved to be complete: see Remark 6.13 for
more details.

In [12] a notion of compliance weaker than strong compliance was introduced: a client is
compliant with a server also when outputs from the server which do not correspond to any
input request by the client must be discarded (‘skipped’) until the satisfaction state is reached.
This weaker compliance relation was dubbed skp-compliance, and denoted by the symbol
47*. In [12] a discussion can be found about why it would be unreasonable to skip an input
action (roughly since the continuation of a computation could depend on it) or an output
from the client (which, according to the client-biased viewpoint of compliance in general, are
‘requests’ that must be satisfied).

For such a relation, the MDPS client defined in the introduction is compliant with the fol-
lowing version of the server WeatherStation

WeatherStationll = recx.tempReq.humReq.temperature.humidity.wind.x

which, after satisfying the requests of the client in the given order, sends to it the useless
output wind. That is MDPS —** WeatherStationl|.

As shown in [12], the relation < is decidable and enjoys all the desirable properties of
strong compliance -. Hence in a service-oriented programming scenario it can be used to
widen the spectrum of the possible servers one can use.

Whenever a server ¢ is found for a client p such that p 4 ¢, the full-handshaking com-
munication mechanism of p should be modified in order to prevent the client from blocking
in case of an unneeded output from ¢, which should instead be discarded. Changing the
communication mechanism of a client according to the sort of compliance relation that holds
with its server could result in unfeasible overhead. In case a client p were found to be skp-
compliant with a server, it would be definitely more feasible just to have their communications
mediated by an orchestrator, whose task would be just to discard the unneeded outputs from
the server. In the orchestrator formalism this corresponds to keeping them indefinitely in an
unbounded buffer. We shall then prove the relation of skp-compliance to be equivalent to a re-
stricted version of our orchestrated compliance, that we dub skp-Orch-compliance. Moreover,
for skp-Orch-compliance, it is possible to define a correct and complet synthesis algorithm
finding a suitable orchestrator for a client p and a server ¢ in case they are skp-Orch-compliant.

The present paper is a revised and extended version of [11], where the proofs concerning
the results for the relations p H; o were sketched, and where the relations X r were not taken
into account. Also the equivalence of = with the relation of skp-Orch-compliance was not
shown in [11]. As mentioned previously, in [11] a synthesis algorithm for orchestrators for the
relation - was claimed to be complete; but actually just its soundness can be proved, as will
be discussed in this paper.

Overview of the paper In Section 2 we will introduced and formalise the notion of orches-
trator, together with the relation f : p 41° o on which the relation of orchestrated compliance
is based. A formal system for the relation f : p -’ will be presented in Section 3 where
it will also be proved to be sound and complete. Out of the proof of completeness of the
formal system for f :p -H* o, we shall get the proof of decidability for such a relation. This
proof is based also on another, equivalent, formal system. It will be formalised and proven
equivalent in Appendix A. In Section 4 we shall formalise the notion of respectfulness for
orchestrators. This will enable us to define the relation f: p 4 ¢ in terms of f: p 4°c and



a1.01+---+a,.0, external choice
a1.01®---®a,.0, internal choice
X variable

o =1 success
|
|
|
| recx.o recursion

Figure 1: The grammar of raw session-contracts

of the respectfulness property for orchestrators. Decidability of the respectfulness property
will be proved in Subsection 4.1, thus enabling to get decidability for f: p H o as a corol-
lary of decidability of the formal system for f : p H* ¢ and decidability of the respectfulness
property. The orchestrated subcontract relation < will be formalised in Section 5 and several
results about it will be proved, like decidability, dual-as-minimum, and transitivity. Also <
will be investigated in Section 5. Most of the results of this section will be obtained out of
what we call the Main Property; since its proof rather is complex, we shall postpone it to Ap-
pendix B. Section 6 will deal with the proof of equivalence for the relations of skp-compliance
and skp-Orch-compliance. In that a section a synthesis algorithm will be provided for or-
chestrators for the relation of skp-Orch-compliance. The algorithm will be proved correct and
complete in Appendix C. Conclusions, related and future work will be the topic of Section 7.

2 Session contracts, Orchestrators and Disrespectful orchestrated
compliance

Session contracts are a restriction of contracts [3, 4]. They are designed to be in one-to-one
correspondence to session types [1] without delegation (in [5, 6] a version with delegation
was investigated). The restriction consists in constraining internal and external choices in a
way that limits the non-determinism to (internal) output selection.

Definition 2.1 (SesstoN CONTRACTS) i) Let N be a countable set of symbolsand N = {a | a € N'}.
The set RSC of raw session contracts is defined by the grammar in Figure 1, where:

— for external and internal choices, n > 1, and a; € N (hence a; € N) forall 1 <i < n;
— the variable x is a session-contract variable out of a denumerable set; we consider oc-
currences of x in ¢ bound in recx.c. An occurrence of x in ¢ is free if it is not bound,

and we write ¥v(0) for the set of free variables in ¢. ¢ is said to be closed whenever
rv(o) = Q@.

Act = N UN is the set of actions.
ii) The set SC of session contracts is the subset of closed raw session contracts such that in
a1.00+ - +a,.0, and a1.01 ® - - - D a,.0, the a;’s and the @;’s are, in both, pairwise distinct;
moreover, in recx.c the expression ¢ is not a variable.

As usual, we abbreviate a;.01 + - - - +a,.0, by Y1 4;.0;, and @1.01 @ - - - D0, by BF_,a;.0;. We
also use the notations ) ;c;a;.0; and ®;ca;.0; for finite and non-empty I. We take the equi-
recursive view of recursion, by equating recx.o with oc{x/recx.c}.

The trailing 1 is normally omitted: for example, we will write a+b for a.1+b.1. Session
contracts will be considered modulo commutativity of internal and external choices.

The operational semantics of session contracts is given in terms of a labeled transition
system (LTs) o = ¢’ where 0,0’ € SC and « either belongs to a set of actions Act or is an



internal action T.

Definition 2.2 (LTs FOR SEssTON CONTRACTS) We define the labelled transition system (LTs)
(SC,Act, —) by the rules:

a1.01P---Pa,.o, 5 ay.0 (1’122)
a0 5 o
0100+ +ay.0y 0% (n>1)

where 1 < k < n, and ¢ = ¢’ is short for (o, a,0’ ) € —. We shall use — as shorthand for 5
and = for —* 5 —* with a € Act.

Notice that reduction is not defined through contextual rules, so reduction only takes place
at the ‘top” level. Thereby, it is impossible for recx.c to unfold more than once without
consuming a guard (remember that ¢ is not a variable): so recursion is contractive in the
usual sense. We will safely assume that no two consecutive rec binders (as in recx.recy.c) are
present in a session contract.

We observe that = is well defined, in that if ¢ € SC and ¢ = ¢’ (or ¢ — ¢’), then ¢’ € SC.

Session orchestrators As has been done in [10] in the context of the theory of contracts, we
will investigate the notion of compliance when the interaction between a client and a server is
mediated by an orchestrator. Different from the broad contract setting, the session setting we
are in induces some natural restrictions to the syntax of orchestrators, making it safe to have
orchestrators with unbounded buffers. Moreover, it is possible to check whether any output
from the client is eventually delivered by the orchestrator to the server, as well as whether
there might be an infinite interaction which falsely progresses because it is made only of
outputs from the server to the orchestrator (see Section 4).

The set of actions an orchestrator can perform, which we take from [10], have been infor-
mally described in the introduction.

Remark 2.3 One could wonder whether just asynchronous orchestration actions can be taken
into account, since any (a,a) action can be safely mimicked by two asynchronous ones, namely
(a,€).(¢,a) (similarly for (a,a)). A difference in fact would arise only for what concerns im-
plementation, since the protocol for a synchronous exchange would not involve the use of a
buffer, which is instead necessary for asynchronous actions. Such an implementation issue
seems unlikely to be related to our theoretical treatment. In contrast, we shall point out in
Section 4 (Remark 4.5) how implementation-related aspects might affect our formalisation.

It can be reasonably argued that orchestrators must not show any internal non-determinism.
While considering the session-based interactions in our setting, such an assumption should be
further strengthened, keeping in mind that, in a session-based client/server interaction, any
possible non-determinism is due only to the internal non-determinism of the two partners.
We therefore define session-orchestrators enforcing this point of view. It follows that the only
choice we allow in session-orchestrators (represented by ‘v’ in expressions like fV g) is an
external one, and is necessarily driven by the internal choice of one of the two partners. This
implies that the actions immediately exhibited by f and g in an orchestrator like fV ¢ must
have the same direction, i.e. must belong to just one of the two subsets { (4,¢), (a,a) |a € N'} or
{(e,a) | (@,a) | a € N'}. Besides, orchestration actions of the form (g,¢) or (¢,@) must be used
just as prefixes y in orchestrators like u.f. The other ruled-out cases, like (c,¢).f’ V (g, b).g’ or
(c,€).f V(e b).g', would conflict with the session viewpoint or, like (¢,€).f" V(b,¢).¢’, would be
meaningless according to the syntax of session contracts.



We now formally define orchestration actions by partitioning them into different syntactic
categories.

Definition 2.4 (SESSTON-ORCHESTRATION ACTIONS) We define OrchAct as the set of session-
orchestration actions u described by the following grammar (where a € V" and 7 € N):

o= 1 |Rlo o == (@e)] (ea)
i == (a,e) | (a,a) iR == (¢a) | (@a)

We let u,p’, 111, .. range over orchestration actions, and p over both finite sequences ... iy
in OrchAct” and infinite sequences 1 ...y ... in OrchAct™.

Session orchestrators are now defined as follows.

Definition 2.5 (SEssitoN ORCHESTRATORS) The set Orch, ranged over by f,g,h,..., of session
orchestrators (or orchestrators for short) is the subset of closed orchestrator expressions, the latter
being generated by the grammar:

f,g n=1
lL-fl\/“‘\/lL-fn (1’1 > 1)
IRf1V - Vigfu (n>1)

o.f

X

recx.f
where recursion is contractive, namely the f in recx. f is not a variable.

The expression 1 represents the orchestrator offering no action. o.f offers just the orchestra-
tion action of the category o and continues as f, whereas (1.1 V---Vir.fy and (. f1 V- Vir.fu
offer n (uni-directional) actions of the syntactical categories, respectively, /1 and i(g. Recursive
orchestrators can be expressed by means of the rec binder and recursion variables, in the usual
way. As for session contracts, orchestrators are defined as to have recursion variables guarded
by at least one orchestration action. As for session contracts, unless specified otherwise, we
take an equi-recursive point of view of orchestrators, so identifying recx. f and f{x/recx.f}.

We now define the operational semantics of orchestrators as an LTs.

Definition 2.6 (LTs FOR ORCHESTRATORS) We define the labelled transition system (Orch, OrchAct, —
) by

fof g
Fif PN PN

. fyge f fygerg
Given a sequence y, we write f s whenever f LA fi LENPLAN faif p=p1---py € OrchAct”,
orfry—l> ry—">fn|M> if u=py---pn--- € OrchAct™. We write f v/ if there is no y such
that f 5.

Definition 2.7 (ORCHESTRATOR TRACES) Let f € Orch.
i) The set Tr(f) C (OrchAct” U OrchAct™) of traces of f is defined by:

() = {ulf )



if) The set MaxTr(f) C (OrchAct™ U OrchAct™) of maximal traces of f is defined by:

MaxTr(f) = {pueT(f)|3f [f= f /> | or u € OrchAct™}

As in [10], we define an orchestrated system as a triple (p, f,0) (written p || 0) that represents
p (the client) and ¢ (the server) interacting with each other under the supervision of f (the
orchestrator).

Definition 2.8 (OPERATIONAL SEMANTICS OF ORCHESTRATED SYSTEMS) The operational seman-
tics of orchestrated systems is defined as follows:

iy 5o A e A
pllye 5o llfe plioSpllse @)
f f f f pllpe ol |0
p e ff frh g o
(w€) ()
pllfo =50 ||po pllfec 5 pllpo

. H T * U T * U M1 Hn H1 2 . . e
We write = for -+ o — o — ,and = for = o---0 => (resp. = o = o---) if y is finite

(resp. infinite).
The notation p || f o — will be used for either p || & Soor Ju[p fo LN ].

Notice that for the operational semantics of orchestrated systems we have defined labelled
reductions instead of a reduction relation (as done in [10]). We label orchestrated-systems’
transitions by the orchestration actions which make them possible, since in our setting we
need to check for particular conditions of orchestrator buffers after the evolution of an orches-
trated system. A buffer can be explicitly coupled with an orchestrator or can be represented
implicitly by the actions performed by the orchestrator. The latter is the choice of [10], that we
maintain.

2.1 Disrespectful Orchestrated Compliance

We now define a notion of compliance which is coarser than expected because of possible
unfair behaviour of the orchestrators, which will be refined in Section 4.

Definition 2.9 (Di1sRESPECTFUL. ORCHESTRATED COMPLIANCE) We define:
i) f:pH o= forany u, o', ¢ and f’, the following holds:
0 ||fc7£>p’ |0’ -~ implies o' =1.
iy oo & If[f:0H 0]

Strict Orchestrators When investigating the relation of disrespectful orchestrated compli-
ance (and the respectful one as well), we can actually take into account a restricted class of
orchestrators.

Definition 2.10 (STrRicT ORCHESTRATORS) An orchestrator f is said to be p-o strict? whenever,
for any finite 1, f - implies p | 134 L

2 The definition of strict orchestrator is closely related to that of relevant orchestrator of Def. 3.3 in [10], where
the subcontract relation for the general contract formalism is investigated.



Example 2.11 For instance, let us consider f :recx.a.x 4 recx.a.c.x. The orchestrator f =

recx.((@,a).xV (g, c).x) is not strict, since f M, but recx.a.x || recx.a.c.x @AY, In

fact, the set Tr(f) is redundant with respect to p and . A strict orchestrator is instead f° =
recx.(a,a).(¢,c).x.

We manage to obtain f° out of the non-strict f via an algorithm, that consists of a recursive
pruning of f, which is a regular tree. In the following we identify \/;cq pti.fi = V@ with 1.

Proposition 2.12 Let f : p -H* . Then it is possible to compute a p-o-strict orchestrator f° such that
feipHio.

Moreover if f is p-o strict then f = f°, hence it is unique.
Proof: We design an algorithm A(f,p,c, B) that takes as input an orchestrator f, the contracts

p, 0, and a finite set of triples B = { (f1,01,01),--.,(fn,Pn,0n) }, returning an orchestrator ex-
pression, as follows:

A(1,0,0,B) =1
A(Vierti-fiup,0,B) = V{meAfopronB) o llpo £ il ox )
X if (recx.f,p,0) € B
A . 7 7 ’B =
(recx.f,p,0,B) {recx.A(f{recx.f/X},p,U,B/) otherwise

where B = BU {(recx.f,p,0) } and we assume that x is new (taking the alphabetic change
recy. f{y/x} for a new y otherwise).
Notice that here we are identifying recursive orchestrators with their expansions.

Since the LTS is finitely branching and recursion in both contracts and orchestrators is

guarded, the set of triples { (yx.fx, 0x,0k) | o ||lf o N Pk |l 7, ox } is finite and computable.

In any run of A(f,p,0,B), all the subsequent calls A(f’,p’,0’,B") are with f’, p’ and ¢’ that
are sub-terms of f, p and ¢ respectively., and the triples in B’ either were in B, or are made of
sub-terms of f, p and ¢, which are regular trees, so that the call A(f’,o’,¢’,B"U{(f’,p",0')})
is eventually met. Since \/@ = 1, A(f,p,0, B) is always defined and yields an orchestrator.

By construction we have that if p || r o Lo s 0’ then for any B there exists B’ 2 B such that
[
Pllacoon o= 0 lagpom @

and vice versa. Whence the same statement for any finite y, by induction over its length.
Take f* = A(f,p,0,@). By construction f* - if and only if p || Fo0 L. namely f° is p-o-strict.
By the above we conclude that if f: p H°c then f°:p 0.
Finally, if f is p-o-strict then A(f,p,0,B) = f for all B, hence in this case f* = f.

We will now see how the procedure works on Example 2.11. Let
f=recx.((@,a).xV(ec).x), p=recx.a.x, and 0 = recx.a.c.x;

then we have

A(f,0,0,0) = recx. A((a,a).fV{ec).f,0,0{(f,0,0)})

) (@,a) B (e,c)
Since 0 [|@ay.fviec).f & == p [|[fc.obut ol Ga).ryvee).f o =, we have
A((@,a).fVviec).f,o0{(f.0,0)}) = (@a)A(f.p,co{(fp0)})
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Observing that (f,p,c.0) # (f,p,0), we have

Af.peo{(f00)}) = recy.A(@a).fViec).f,pco{(f.00) (fpc0)})
where f' =recy.((a,a).yV(¢,c).y) and y is a fresh variable.

This time p || @0y, fv(ec).f C-O LEN p || o is the only possibility, so:

(@) fV(e,0).f,p50,B) = (6,0).A(f,p,0,B)
where B={(f,p,0),(f",p,c.0) }. Now (f,p,0) € Band f =recx.--- imply
A(f.p,0,B) = x
Putting all together we have
A(f,p,0,0) = recx.(a,a).recy.(g,c).x

which is equivalent to recx.(a,a).(¢,c).x.

From now on, if not specified otherwise, we shall implicitly consider orchestrators to be
strict.

3 A formal system for f : p H°c and its related decision procedure.

We begin by showing that the disrespectful orchestrated compliance can be coinductively char-
acterised. Such a characterisation will correspond to an (algorithmic) formal system leading
to a decision procedure for f: p H°c.

3.1 Coinductive characterisation for Disrespectful orchestrated compliance

We recall again that, when not specified otherwise, we take the equi-recursive view of recur-
sion, by equating recx.c with orecx.0/x].

Definition 3.1 (COINDUCTIVE DISRESPECTFUL ORCHESTRATED COMPLIANCE) Let { H? |k € N } be
the family of relations over Orch x SC x SC such that

i) g = Orch x SC x SC and
i) f:p Hi,, oif either:
a)p=1and f =1; or
byo#1, f:p|lc—,and p|[fo— 0" | ;o' implies f': " i ¢, forall f',0’,0".
Then we define H, = Nken -

Proposition 3.2 The relation -2, and the compliance relation —H* coincide, i.e.

fipHyo & fipHio.

Proof : The inclusion -, C+° is immediate. Vice versa, by contraposition, let f : p A° ¢ and
let k be the minimal natural number such that f: p 4 ¢. Then there exists a sequence of
reductions

pllfec—p1llpon — - — o1 llf, ok

of length k—1 such that p; ||, 0; — for all i <k—1and f;_1: px_1 Al 0x_1. Therefore p;_1 # 1
or fy_1 #1and py_1 ||, , 0k—1 =, which implies p A .
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(A T, (Hn): T o Frpo
(cnzr): LS Rt o fron Ao
’ > <Ep,€>.f/ : Zie[“i-Pi —{d o P
(CrLEZ-R) : L, {e@p).f':p3° Zicraioi & f1:p A7 (pel)
I (eap).f':p 7 Ziepa;.o;
(CrL®-R) : T, Viej(eby).fi:p =° @jelyjﬂj > firpHo (Vjie))
I Viej(e,by) fj: p 7 ©jesbjo;
(CPL@-L) . I, \/i€l<lli,€>.fi : @iEIEl"pi -4 > fi L 0; {9 (VI c I)
I > Vier(ai,e).fi: @i 140
I'> fiipi " Siepajo; (Vie H) I'> fiipi~2o; (VieK
(CrL®-X) : fiipi A Ejeyajo; ( ) fitpi =0 ( )(Kg)

I'> f:®ieguxdp; 1° Zje]aj.ﬂj
where f = VheH<ah,e>.fh) v(\/keK<akfﬁk>-fk and I = r, f : @iEHUKai-Pi - Z]'e]ﬂ]'.()']'.

I“’Df]-:Ziemi.pi—WUj (V]GH) T/ij:pj_{dl?'j (V]EK)
rpe f 1 Xic18;.0 -4 EB]'EHUKE]"O']'

(Crz-) : (K1)

where f = (Vien (& an)-fn) V(Viex (@ ax)-fi) and I =T, f : Eiejdi.p; A ®jenuka; 0.

Figure 2: The formal system >.

In this section we shall use ‘coinductively compliant” as short for ‘coinductively disrespect-
ful orchestrated compliant’.

We now define a formal system that we shall prove to axiomatically characterise the or-
chestrated compliance relation —H°. The system is inspired to the coinductive axiomatization
of subtyping of the arrow and recursive-types in [13]. As a byproduct of completeness, the
system will be shown to be decidable. Hence it follows that the relation f : p H° ¢ is decidable.

In the system below, the symbol +° will be used as syntactic counterpart of the relation .

Definition 3.3 (THE FORMAL sYSTEM FOR —H') We define a formal system to derive judgements
of the form I' > f: p 4%0, where p,0 € SC, f € Orch and T is a set of assumptions of the form
fi P Pi ¢ ;.

Axioms and rules of the system are given in Figure 2; we write I' > f : p 1 ¢ if this judge-
ment is derivable using these rules and D :: I' > f : p 14 ¢ if we want to identify the derivation
that shows it.

Remark 3.4 The system of Definition 3.3 is algorithmic because it satisfies a sort of subformula
property (see Lemma 3.13 below), such that the upward reconstruction of the derivation is
syntax driven. It is also deterministic, but for when it is possible to choose between the axiom
(Hyr) and a rule. In the algorithmic reading of the system, axiom (Hyr) takes precedence.

The algorithmic nature of the formal system above will be obtained from its the soundness
and completeness theorems (3.8 and 3.14) with respect to semantics provided in the following
definition. These results can be proved along the lines of a similar proof in [6], which in turn
extended the proofs for algorithmic subtyping in [14].

A

Definition 3.5 (A SEMANTICS FOR SYSTEM [>) 1) =T £ V(f:p +°c’) el [f:p' H'0'];
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iy TEf:pd'c &2 ET = f:p+Hio.
To facilitate the soundness and completeness proofs it is convenient to consider the following
stratified version of Definition 3.5:
Definition 3.6 (A STRATIFIED SEMANTICS FOR [>) i) = I 2 V(f:p' H'0’) eI [f:p' Hid'|;
i) T fipdoc 2 =T = f:pHio.

From +{  ; C -H} we have i1 I implies =, I'. Also, it is immediate to verify the following:
Fact 3.7 Yk [T = f:p7'0] = I'=f:pHo.

The opposite implication of Fact 3.7 does not hold, as shown by the following example.
Let us consider I' = {(a,a).1 :a.c 4 a} and 1:b-"1. Trivially, = 1:b —*1 does not hold.
Moreover it is easy to check that = I'. However, it is also possible to check that =1 I'. In
fact (a,@).1:d.c H a (since, trivially, 1: ¢ -3 1). So, I' =1:b-°1 holds simply because (I,
whereas we have that Vk [I' = 1: b 4°1] does not hold, since =1 I' but |51 1:b-4°1. As a
matter of fact the best we can say is that if I' = p 1?0, then I | p 1 ¢ for all but finitely many
k.

In order to prove the Completeness property, however, we will only need the following state-
ment to hold: Vk [, f:pH0] & Ef:pH0.

Now we can show that the formal system is sound with respect to the judgement semantics.
Theorem 3.8 (SOUNDNESS) If ' > p 40, then I |= p H° 0.
Proof: In view of Fact 3.7 it suffices to prove that:
I'> f:p4% implies I' = f:p %0 for all k.

We proceed by simultaneous induction over the derivation D:: T’ > f: p -°¢ and over k. Since
I' o f:p 0 trivially holds, we shall keep the case k = 0 implicit. We distinguish the possible
cases of the last rule in D.

Case (Ax): Then D consists of the inference

— (A
TDl:l-(dU'( 9

and the thesis is immediate since 1:1 - ¢ for all k;

Case (Hyr): Then D consists of the inference:

(HYI’)
Ifiptcr> f:p4c

and I, f: p 4?0 = f : p 1° ¢ holds trivially for all k.
Case (crX-L): Then D has the form:

[

I'> flppAto (pel
rpe> <ﬁp,€>.f/ : Zielai'pi 4

(crZ-L)

where I'' = I, <ﬁp,€>.f/ : Zielai.pi H% 0.
We have to prove that I' = (@p,¢€).f" : Zica;.0; 1 o for all k.
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Let k > 0; assume, by induction over k, I' =1 (@p,€).f' : Zicrajo; 1° 0. If = T,
then |=,_1 I', which implies (a,,€).f' : Zjcra;.0; H}_, 0 and hence |=¢_q I, since I" =
I, (ape).f": Zicra;.p; +° 0. By induction over D we know that I =, f' : p, #°0 for p € I
and for all 11, hence I =4 ' : p, 1 0.

Combining this with =_; I we get f': p, Hi}_; 0, the only one-step reduct of Zca;.0; || ¢
o, where f = (a,,¢).f', is py ||f o, so we conclude X;cja;.0; Hi o as desired.

Case (crX-R), (Cre-R) and (creb-L): These cases can be treated similarly to the previous
one.

Case (cr®-X): Then D ends by:

I’ > fiZPi_'dee]aj-‘Tj (VIGH) r’ I>fi2pi_|d0i (VIEK) (KQ])
ro> f: EBieHuKE,-.p,-—!“ Zje]“;*”j

(Crp-X)

where f = (Vien(an,€)-fn) V (Vkek @k ) fi)

and ' = F, f: EBiEHUKEi-pi ¢ Zje]aj-aj-
We have to prove that I' = (@p,¢€).f' : Zicra;.p; 1° 0 for all k.
Let k > 0; assume, by induction over k,

r ):kfl V (ah,£>.fh) \/< V <ak,ﬁk>.fk : @ﬁ,‘.p,‘ - le](fj
heH keK iel jeJ

If = I, then =1 I, which implies Vycr{an, €)-fi) V(Viex{(ar, ax)-fx : Dicraio; -+,
Xjcya;.0; and hence [=_; I, since

I'= r,v <ah,e>.fh) \/( \V <ak,ﬁk>.fk : @ﬁi.pi — Z]'eja]‘.(?']'.
heH keK icl

By induction over D we know that for all &, and hence in particular for k—1, I'' |=¢_1 fi
pi 1° Zjcjaj.oiforalli€ Hand I |=_q fi: p; 4°0; for all i € K, where K C J. Combining this
with = I we get fi: p; Hi_ Zjeja;.0j foralli € Hand f;:p; H{_, 0; for all i € K, where
KCJ, f':p, H{_; 0. Now, since the one-step reducts of Dicrukaipi Hf Yjcya;.cj, where
f = Vienane)-fn) V(Viek (k) fr are exactly p; ||, Zjcja;.0j for alli € H and p; ||, o; for
all i € K, where K C ], we conclude Xca;.0; Hj o as desired.

Case (creX-@): This case can be treated similarly to the previous one. L

We will now establish the completeness of the axiomatic system and decidability of deriv-
ability (and therefore of compliance) by means of the proof reconstruction algorithm Prove of
Figure 3.

Given a judgement I' > f: p 10, if the algorithm Prove terminates, then it either returns a
derivation D with conclusion I' > f: p 40, or it returns fail. We will prove in fact in Lemma
3.13 that Prove always terminates.

The Prove algorithm tries to construct a proof for a given judgement by recursively pro-
ceeding bottom-up, each time applying the only possible rule that has the given judgement
as conclusion, once it has been checked that rule (Hyr) does not apply. The algorithm fails as
soon as the current judgement cannot be the conclusion of any rule.

It is not difficult to check that the algorithm Prove builds a derivation every time it does
not fail.

Lemma 3.9 IfProve(I' > f:p—°0) # fail and Prove(I' > f:p14°c) =D, then D=:T > f:p4%0.

Proof : By construction and by induction over the tree of the recursive calls of Prove, which is
finite when the execution terminates.



Prove(I' > f:p-%0) =

if f:pd°c €T then T fipPor fipto
else if p=1and f =1 then

(HYP)

I'>1:14% (&)
else if f=(a,,¢).f' and p=Z;cja;.0; and p € I then
let I' =T, (@p€).f": Zicpaj.p; °0 in
let D =Prove (I > f':p, 4°0) # fail in

\ D /(CPLZ-L)
T > (@ye).f': Zieaipi Ao

else if f=(e,ay).f" and 0 = Zjcia;.0; and p € then
let I'=T, (eay).f : p 14 Zicia;.0; in
let D = Prove(I’ > f':p-%0}) # fail in

\ D /(CPLZ—R)
I > (gap).f :p° Zicia;.0;

else if f=V,ci(a;e).f; and p=D;c;d;.0; then
let T'=T, Vi€[<ai,€>.fi : @iejﬁi.pi in
foreachi € let D; = Prove(I" > f;:p; 1°0) # fail in
\ D; (Viel) /(
I > Vierlaie)-fi: Dierdipi 4° 0
else if f=Vjej(e b;).fi and o = Djc;bj.0; then
let I = T, V]€]<£/b]>f] p —° @]6]5]0—1 in
foreach j € | let D; = Prove(I" > f;: p—°0;) # fail in
\ D; (Vjie]) /
) I > \/]‘€]<€,llj>.f]' P ¢ @je]bj.ai
else if f = \Vycp(an€).fu)V(Viex{ar ax)-f
and p = @iEHUKﬁi-Pi and o= Z]'e]ﬂ]'.O']' and K C ] then
let I"'=T,T & Vier(ane)-fn) V(Viek () fx : Dienukdioi 4° Zjejaj.o; in
foreach i € H let D; = Prove(I" > f;:p; 4’ Zicja;.07) # fail in
foreach i € K let D; = Prove(I” > f;:p; 1°0;) # fail in
\ D; (Vi€ H) D; (Viek) /
- - q (Cri-X)
T & Vien/(an,€)-fi) V(Viek (@ 85)-fr : Dienurdiei + Zjcjaj.0;
else if f=Vuen (e an).fn)V(Viex (@ ar)-fi
and p =Xca;.0; and o= EBjeHUKﬁj-ij and K C I then
let ' =T, Vier(ean)-fu) V(Viek (k. ak)-fi : Ziciai-pi 1° Djenuxajoj in
foreach j € H let D; = Prove(I" > f;: Xjcja;.p; 1° 0;) # fail in
foreach j € K let Dj= Prove(I" > f;:p;4°0;) # fail in
\ D; (VjeH) D; (Vj€K)
T > Vier(&an).fi) V (Viek (Tr ax) - fi : Zierai-pi 1° Djenukd;.oj
else fail

Crréd-L)

(CrL@-R)

(CrLZ-®)

Figure 3: The algorithm Prove
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The following lemma assures that a failure of the algorithm Prove can only happen if the
configurations are not compliant.

Lemma 3.10 If Prove (I' > f:p—°c) =fail, then f : p #° 0.

Proof: Observe that if Prove(I' > f:p 1%0) = fail, then f:p 4°c ¢ I'. This will be tacitly
assumed in all cases below.
Let k be the maximum number of recursive calls of the terminating execution of

Prove(I' > f:p-%0)

returning fail. Then we prove by induction over k, that there exists h (actually greater than k)
such that f : p A 0. This suffices since H, = ;- by Lemma 3.2.

k=0: Then Prove(I' > f:p—°0) = fail implies p # 1 or f # 1 (otherwise Prove succeeds).
In case f =1 we get trivially that p || o —/+ and hence f : p A/} o for any & > 0. Otherwise,
if f # 1 we have to take into account the other cases for which Prove (I' > f:140) = fail.

Take the case f = (&,d,).f" and 0 = @jcja;.0; (all other cases can be treated similarly).
Then the only possible reductions, for any i € I, are

P Hf Diera;.0; — p ”f a;.0; —~

so forcing f : p A o for any h > 1.
k> 0: Necessarily p # 1 or f # 1. The negative result of the computation depends on the
failure of some recursive call. Since all cases are similar, we consider for example the
case when f = Vic(¢,bj).f; and ¢ = @je;bj.0;. Then Prove(I" 1> f;: p +°0}) = fail for at
least one j € ], say 4. By induction we get that f; : p A ;. Since p ||f, 0y is a reduct of
P Hf 69]'Gfbj-ai/ we get f :p 7Hdh+1 @jg]bj.a',‘. ]
We will now show that Prove always terminates; the proof for this property is inspired by
the proof for decidability of the subtyping relation on recursive types in the 7r-calculus [15].
We define the set of subexpressions of a behaviour and of an orchestrator as expected. We
overload the definition of the function Sub below for sake of readability.

Definition 3.11 (SuBExPRESSIONS) i) The function Sub: SC — ©(SC) is coinductively given by:

Sub(1) = {1}
Sub (Zicra;i.0;) = {Zieca;.0; } UU;e;Sub (07)
Sub (Pica;.07) = {Bicr;.o; } UUjerSub(07).

if) The function Sub : Orch — ©(Orch) is coinductively given by:

Sub(1) = {1}
Sub(p.f) = {p.f}USub(f)
Sub (Vierfi) = {Vierfi} UUierSub(ti.fi)-

Since we have assumed that recx.c = o{recx.c/x} and recx. f = f{recx. f/x}, behaviours
and orchestrators containing (proper) recursive subterms are infinite terms, hence the coin-
ductive character of Sub; in particular we have that Sub(recx.c) = Sub(c{recx.c/x}) and
Sub (recx. f) = Sub (f{recx. f/x}).

On the other hand, recursion being guarded, ¢ is a regular tree. A similar argument holds
for orchestrators. Hence:
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Fact 3.12 i) For any o, the set Sub(c) is well defined and finite.
ii) For any f, the set Sub(f) is well defined and finite.

Lemma 3.13 For all judgements I t> f : p +° o the execution of Prove (I > f:p —°0) terminates.

Proof : Given a statement f : p 4 o we set:
Sub(f:p%) ={f":p 40" | f €sub(f),p €Sub(p),o’ €sub(c)}.

Fact 3.12 implies that Sub(f : p 1% ¢) is finite. On the other hand, by direct inspection of the
rules of the system in Figure 3, we find that all f’: o’ 4* ¢’ occurring in the premises belong to
the set Sub (f : p 1° o) for some f : p 4 ¢ that occurs in the conclusion.

Now, if Prove (I’ > f:p -°0) does not terminate, then there exists an infinite sequence of
nested calls Prove (I > fo: po —1°0p), Prove (I7 > f1:p1 1°01),..., where Iy > fo: po 1° 0y is
just I' > f:p %0, and the sequence I, I3, ... is such that I;41 = ;U { fi:p; 1°0; } for all i.
Since Prove begins by checking f : p +°c € I' and returns in the positive case, non termination
would only be possible if I; C ;1 for infinitely many 7, contradicting the fact that each I is a
subset of the union of I and Sub (f : p 4* &), which are both finite sets.

Theorem 3.14 (COMPLETENESS OF Prove) If f: p %0, then > f: p 4" o is derivable.

Proof : By Lemma 3.10, f : p ¢ ¢ implies that Prove (1> f:p —°0) # fail. Since by Lemma 3.13
the execution of Prove (1> f:p —°c) terminates, we conclude by Lemma 3.9 that it produces
a derivation D with conclusion > f:p +°0.

Corollary 3.15 (DECIDABILITY OF H°) Given f, p, and o, f : p H° o is decidable.

Proof : By Theorems 3.8 and 3.14 f : p - 0 is equivalent to the derivability of > f:p 4’0,
which is decidable by means of Prove.

The following fact, which immediately follows by the first case of the Prove algorithm, will
be handy when we dealing with orchestrator synthesis.

Fact 3.16 Let > f:p ‘0 be a judgement and let D = Prove(r> f:p -°0) # fail.
No judgement I' > f': p’ 4°¢’ in D, but for those present in occurrences of the axiom (Hyr),
is such that o’ 4°¢’ € T..

Let us look at the result of the Prove algorithm on the ‘meteorological” example of the
Introduction.

Example 3.17 Let

p = recx.tRhR.t.h.x
o recx.tRhR.(T.h.w.x & h.t.w.x), and
f = recx.(tR,tR).(hR,hR).((T,t).(h,h).(",w).x V(" h).(E,t).(h, ") (", w).X)

Then
3 (HYI’)
Y0 Y1, Y2, 5. Ve v7 B> frp o
P (HYP) = (CPL@—R)
0,71, 72,73, 74 > Frp A0 (nor) D125 > f7ip %0 (enBL)
0,711,723 > faip At ) Y0,71,72,75 B> fo thp4%w.0 (cnz-)
Y0,71, 72 > f3 :h.p H'hwo Y0, 71,72 > f5: t.h.p Htw.o (o)
— — CrrL2-D
Y0,71 > f2: thp 1 (thWwo@htwo) ( )
— — — CrLB-R
Yo > fy :hR.th.o 4*hR.(Thw.o ®hET.w.0) "
(CPLEB—R)

Yo > fr:po



where

f1

f =
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= (hR,hR).((%,t).(h,h).("u).f yo=f:pd%c

V{eh).(t,t).(h,")(",w).f) 71 =f :hRt.ho 4" hR.(Th¥W.oc DhtW.0)

= ((t,t).(b,h).(",w).f Y2 = fr:tho 4 (Thwo Dhtwo)
V(eh).(t,t).(h,")(",w).f) 3 =f3:hp+4'hi¥o

= (h,h).(",w).f Yy ="Tfy:pAw0o

= (gw).f 15 =f5:thp4'tw.o

= (%, t).(h, ") (", w).f Y6 = fo :hp 1 W0

= (h,e)(e,w).f v7=f:pA%w0o

= (g,w).f

The following is another non-trivial example of a derivation, which can be obtained by the
algorithm Prove.

Example 3.18 Let us consider a client p, a server c.c and an orchestrator f, where

p = recx.b.cx,
o = recy.(c.b.ay @® b.recx.b.c.x), and

f = (ec).recz.((e,c).(b,b).(c,e).(e,a).zV(b,b).(c,e).recw.(b,b).(C,c).w).

Then we have

and

(HyP)
Y0, 71,72, 73,74 > fiipAto

Y0,71, 72,73 B (a).frip ETE
Y0,71,72 B> {C,e)(e,a).f1 : c.o 1% a.c
T0m & GG 6a) fribep P bac

(CPL@—R)
(crZ-L)

(CPLZ-EB)

(HYP)
Y0, 71,75, Y6, Y7 > faip A% q

Y0,71,Y5, Y6 &> (C,0).fa:cp A Coq
Y0,71,75 &> (b,b).(¢,c).fo : b.cp A beoy
Y0,71 &> (¢,€).fo: c.o 4% recx.b.t.x

(CPLZ-EB)
(CPLZ-@)
(CI’LZ'L)

from which we conclude

where

Yo0,71 > (b,b){c,e)(e,a).f1 :b.c.o A b.ac o,y > (¢,€).fo:cp A recx.b.c.
Yo &> (&,¢)(b,b)(c,e){e,a).f1 V(b,b).{¢,€).f2) : b.c.o 19 C.b.a.c ® b.recx.b.c.x
> (g,c).f1 : recx.b.c.x 19 C.recy.(C.b.a.y ® b.recx.b.c.x)

(CPLZ—EB)

(CPL@—R)

b><E e)(e a).fl\/(E,b).<E,£>.f2) b.co1C.b.a.c ®b.recx.b.c.x
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and

3.2 The pruning relation < on orchestrators

Consider the orchestrator f = recx.(a,).1V (b,b).x which is such that:
frirecx.a®b.x Hrecx.b.x

Also f' = recx.(a,e).{e,d).1V(b,b).x V(c,e).x is an orchestrator for the given client and server
although it keeps on offering orchestration actions even when f would stop, and provides
more choices than f. We formalise this relation between orchestrators via a preorder which
we call the pruning relation.

Definition 3.19 (PRUNING RELATION <) We define < C Orch x Orch by

f<f &£ 0> f<f

through the inference system

(A Ty () popoy () Ty oy

Fof<of ocf<f
I'bcof<o.f

TVietfiSVie fj p< fi<fi (Viel)
T > Vierfi < Vjer ff

(rcy)

(1) : (V):

For example we have:
recx.{a,e).1V(b,b).x <recx.(a,e).{e,d).1V(b,b).xV(c,e).x
We conclude this section by showing a lemma relating pruning to disrespectful compliance.
Lemma 3.20 Forany f,f', if f' < f then Tt(f') C Tr(f). Moreover, for all p,o:
fipHo& f<f = flpHo

Proof : If f' < f then f allows longer interactions than f’ by (Ax) and (u), and offers more
alternatives than f’ by (V). Since the set of traces of orchestrators are prefix-closed it follows

that Tr(f') C Tr(f).

Now if T(f') CT(f) and p || ¢ & Lo |g 0" = then p Hfaé o' ||g o’ = for some g’. By
the assumption f : p H° ¢ we know that p’ =1, and we conclude f’: p ¢ by the arbitrary
choice of .

4 Respectfulness and Orchestrated Session Compliance

By definition orchestrators have buffering capabilities. The kind of buffer considered in [10],
as well as here, is made of a number of bi-directional containers (where only a finite subset
is actually non empty), one for each possible name. A bi-directional buffer consists of two
distinct buffers, one containing the messages received from the client and available to the
server, and the other containing the messages received from the server and available to the
client.
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In [10] orchestrators have bounded buffering capabilities and such a restriction is essen-
tial to establish several properties concerning contract orchestrators. In our setting, instead,
we eliminate that restriction, so allowing more client/server pairs to be compliant, like for
instance the pair recx.a.x and recx.b.a.x, and those mentioned in the example in the intro-
duction. We now formalise the notion of buffer.

Definition 4.1 (Burrers) i) A bi-directional buffer B is a set of the form {“a® | a € N } where,
for any a € N, ca,5, € Z. The number ¢, in “as represents how many a’s are in the part
of the buffer containing messages sent by the client to the server, and the number s, in
‘“aq® represents how many a’s are in the part of the buffer containing messages sent by the
server to the client (the numbers c, and s, can be negative in order to represent attempts
of extracting an a from a buffer containing no a at all).

ii) We define: @ = {%° |a € N'} and

1B = (B\{%a%})u{=Hla%}

(B = (B\{“a%})u{sla%}

B;| = (B\{@a%})U{@a™"}

B,| = (B\{%a™})u{“a>""}

iii) We denote with |B|, the number of as in the server-to-client part of the buffer, i.e. [B|, =s,
and similarly for the client-to-server part, i.e. ,|B| = c,.

iv) By, the state of a buffer B after an orchestration action y, is defined by

B(7,e) = [,B B(e, @) = B,
B(a,e) = |iB B(e,a) = B,

v) By Bu we denote the buffer B after the sequence u of orchestration actions.

In Definition 2.9 we considered the relation —H¢, which we have studied so far. This is
however much weaker than expected, since it admits orchestrators with “unfair” behaviours.
Now it is time to face the issue.

Consider the following simple orchestrated system

ab |fa.cd where f = (a,a).(be).1.
It is straightforward to check that f :a.b —° a.c.d since
ab|facd & 1|, cd -+,

where = (a,a)(b,¢) is the only possible trace. It is definitely true that all the client’s requests
have been ‘satisfied’, but not all of them by the server. In particular, the action b represents an
output by the client which never reaches the server, so that the orchestrator has not acted as a
fair mediator; rather it has deceived the client by a false reaction.

So, in order to strengthen Definition 2.9 (i), in case o’ || ¢’ —/+ , we have to impose some
conditions on the client-to-server buffer associated to f’; in particular, it should be empty. Of
course, a similar condition must hold also for infinite interactions; this implies that in an infi-
nite interaction, for any possible name a, used by the orchestrator, the latter cannot indefinitely
perform input actions for a from the client (even if interspersed with actions for other names)
without ever delivering an a to the server. We must therefore forbid a client like recx.a.c.x to
be compliant with the server recx.c.x by means of the orchestrator recx.(a,€).(c,c).x. Orches-
trated finite and infinite interaction sequences which avoid unwanted situations like those just
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sketched will be called client-respectful.

Even if the notion of compliance enforces the sense of the bias towards the client (every
client request must be eventually satisfied by the server), some conditions need to be imposed
on the part of interactions on behalf of the server. In fact, we wish to prevent a server to be
compliant with a client by means of an orchestrator that, from a certain moment on, interacts
infinitely many times with the server only, like in the orchestrated system:

ab|y recx.C.b.x where f = (a,e).recx.(e,c).(e,b).x

We wish to prevent this kind of infinite interaction that we dub definitely server-inputted.
Notice that, however, we do allow interactions in which the orchestrator can perform the input
of some a from the server infinitely many times, without ever performing an output of a to
the client, as happens for wind in the example in the introduction.

We observe that the problem — whether an orchestrator will ever engage in any of the
aforementioned pathological interactions — might well be undecidable for contracts in gen-
eral; indeed, it shares similarities with, for example, termination of two-counter machines
[16]. However, we stress that we are in the setting of session contracts, which impose certain
restrictions on interactions.

Among the properties we have to take care of, one is that in an interaction sequence there
cannot exist an orchestrator action removing an element from an empty buffer, i.e. a sound
sequence never sends an element a to a server or to a client if an a has not been previously
received.

We call the sum of all the above properties respectfulness.

Definition 4.2 Given u € OrchAct” U OrchAct™, we define .|y, its left-restriction to a name a,
as follows (A is the empty sequence):
alA = A,

A’y = palp!,  fpe{(ea), (ae)},
o (up') = oy otherwise.

Definition 4.3 (RESPECTFUL SEQUENCES AND ORCHESTRATORS) Let 1 € OrchAct”™ U OrchAct™ and
# € OrchAct.

i) Given S C OrchAct, we say that y is definitely-S whenever:

3k Vm > k [the m-th element of u belongs to S|;

For sets that are singletons we write ‘definitely-u” instead of “definitely-{ j }.”
if) We say that u is sound whenever:

Va e N'Vn <|u| [o|@pr -+l 20 and [@Qpy -+ pn, > 0]
iif) We say that y is a client-respectful sequence whenever, for any a € N:
o3t is finite and ,|@u| =0 or ,|u is infinite and non-definitely-(a, )
iv) We say that y is non-definitely server—inputted whenever:
y is infinite = is non-definitely-{ (¢,a) | a € N }

v) We say that y is respectful whenever yu is sound, client-respectful and non-definitely server-
inputted.

vi) We say that an orchestrator f is respectful whenever every u € Maxlr(f) is so.
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We will look now at some examples in order to get a better intuition about the above
definition.

Example 4.4 o The finite sequence (a,¢).(¢,b).(e,a) is not respectful since it is not sound. In
fact, for the name b, we have that

|@(a,e)(b,e)|, = —1<0.

e The sequence (a,¢).(b,¢).(¢,a) instead, is sound, but nonetheless it is not client-respectful,
since it is not infinite and for the name b we have that

b|D{a,€)(b,e)(e,a)| =1 #0.

e The orchestrator f = (c,c).recx.((@,a) V{c,e).(b,b).x) is not respectful since it is not client-
respectful. In fact, for the sequence

u = (c,c){c,e)(b,b){c,e){b,b)--- € Maxit(f)
and for the name ¢, we have that
cly is infinite and .|u = (c,€)(c,€)(c,€) - - - is definitely-(c,e).

In fact, from the very first element on, it is made of (c,¢) actions.

e The orchestrator f = (c,c).recx.((a,a) V(g,b).(¢,c).x) is not respectful since it is not defi-
nitely server-inputted. In fact, the infinite sequence

u = (c,c){eb)(ec)(eb)(ec) -+ € Maxlr(f)

is definitely-{ (¢,a) | a € N }. The orchestrator f in the introduction, instead, is non-definitely
server-inputted, and also respectful, as a matter of fact.

Remark 4.5 By Definition 4.2, the sequence , |y in Definition 4.3(iii) cannot contain synchronous
orchestration actions like (4,7). Hence, for example, the orchestrator (a,¢).recx.(a,a).x is not
client-respectful, and so it is not respectful at all. This is because the first ‘a” coming from the
client will never be delivered to the server since any subsequent output 7 will be paired with
a further input of 4. This might be irrelevant when distinct occurrences of the same message
are indistinguishable, but in general the number of input-output actions matters.

On the other hand, forcing the orchestrator to immediately forward a message is a desirable
capability, which would be definitely lost by equating (a,¢).(e,a) to (a,a), and by ruling out
the latter.

We can now define the full notion of compliance and characterise it.

Definition 4.6 (ORCHESTRATED SEsSION COMPLIANCE) We say that a client p is compliant with
a server ¢ through the orchestration of f, and denote this by f : p ¢, whenever

f:pHo and f is respectful

We say that p is compliant with o, written p H o, if f: p -H o for some f.

4.1 Respectfulness decidability

In order to show decidability of the respectfulness property, we provide a characterisation of
respectfulness based on the notion of buffer-aware trees and its related labelings below.
In the present subsection we treat orchestrators as syntactical expressions so that, contrary
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to the convention we are following, we distinguish recx. f from f{recx.f/x}, although they
denote the same orchestrating process.

Definition 4.7 (BUFFER-AWARE TREES OF f) i) Leta € N. We define the buffer-aware a-tree of an
orchestrator f, denoted by cTs"(f), as the tree defined by induction over the expression f
in Figure 4. The edges of the tree have a left and a right-weight denoting, respectively, the
increment of the client-to-server and of the server-to-client buffer for the name ‘a” caused
by the orchestration action, if any, performed by f.

ii) Given an edge e of a buffer-aware a-tree t, we denote its left (resp. right) weight by Iw’(e)
(resp. rw!(e)).

iii) We define the buffer-aware x-tree of an orchestrator f, denoted by cTs*(f), as the tree with the
same nodes and edges as cTs”( f), but such that the left (resp. right) weight of an edge e is
Zoen W™ ) () (resp. Zpenrrw™ () (e)).

Notice that the terms in the summands in Definition 4.7(iii) above are all 0 but for just one
of them.

Fact 4.8 The left and right weights of the edges of a buffer-aware *-tree of an orchestrator f
are either 0, —1, or +1.

Definition 4.9 (BUFFER-LABELLING OF cTs"(f)) We define the buffer-labelling of cTs"(f) by la-
belling its nodes with left and right labels as follows: given a node N and the path P in
cTs’(f) from the root to N, we left-label N with the sum of all the left-weights of the edges in
P, whereas we right-label N with the sum of all the right-weights of the edges in P.

We denote with [I¥"(/) (N) (resp. ™' (/)(N)) the left (resp. right-)label of the node N in the
buffer-labelling of cTs"(f).

We now provide characterisations for the properties defining respectfulness.

Definition 4.10 (SOUND BUFFER-LABELLING) The buffer-labelling of cTs”( f) is sound whenever:
i) there is no negative left-label and no negative right-label and

ii) for any leaf x and corresponding recx node, if k is the left (resp. right) label of x and & is
the left (resp. right) label of recx, then: k—h > 0.

We will now show that f is sound if and only if the buffer-labelling of cTs*(f) is, for all
names 4 in f.

Definition 4.11 (BUFFER-AWARE GRAPHS OF f) i) Given an a-tree of an orchestrator f, the cor-
responding recx node of a leaf x is the node corresponding to the binder recx in f which
binds the variable x in f.

ii) The a-graph of an orchestrator f, (resp. *-graph of an orchestrator f) denoted by cGs(f)
(resp.cGs*(f)) is the graph obtained out of cTs"(f) (resp. cTs*(f)) by connecting any leaf x
with its corresponding recx node. The new edge is right- and left-labelled by 0.

We call the node corresponding to the root of the tree out of which the graph has been
built the root of the graph. We call the set of edges in a graph connecting a recx node to
itself a cycle.

Example 4.12 Consider the following orchestrator, as defined in the Introduction

f = recx.(tR,TR). (bR, BR).((%,t). (B, h). (", w).x

(&,0).(%,t). (7, ").{",w).x)
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crsf(1) =1 cTs?(x) = x
()= ol (o)) = 110
w(f) = Al (o) = o)

CTSa(V'f/) = TO“('(;/) if g {{ea),(a,e),(ae), (ea)}
cIs"(AV...V fu) = 0/000\0 cTs(recx. f') = rOe|CE)C
cTs*(f1)...cTs*(fu) cTs"(f')

Figure 4: Buffer-aware a-tree

According to the above definitions, the graph in Figure 5 is cGs"(f).

Since recx. f with x ¢ FN(f) is semantically the same as f so that it is harmless to delete
recx in such a case, we shall assume below (without loss of generality) that all bound variables
actually occur in the scope of their respective binders.

Fact 413 i) Each p € MaxTr(f) corresponds to a path of maximal length in c¢Gs®(f) starting
from the root, and vice versa.

if) Let u € Tr(f) and let E be the multiset of the edges of cGs”(f) in the path corresponding to
i. Then
o @pr- e pn| = Zeepw™ ) (e) and
|®V1 |, = ek rw<s" (f) (e)

Proposition 4.14 f is sound if and only if the buffer-labelling of cTs"(f) is sound, for any a € N.

Proof:  <: Let y € Maxir(f) be arbitrary, a a name used in f and take n < |u|. Observe that
if C is the set of the edges of a cycle in ¢Gs"(f), then condition 4.10(ii) ensures that

ZeccW™ () >0 and  Zeccrw™ ) (e) > 0. 1)

Let us now consider the path in cGs”(f) corresponding to the subsequence y; - - - 4, and
let E be the multiset of the edges of it. Condition 4.10(i), together with property (1) above
ensure that

ZEGEIWCTSa(f)(e) >0 and X,cprw™ (F(e) >0..

The thesis then follows by Fact 4.13(i7)

—: By contraposition; assume that for a name b € A, the buffer-labelling of cTs’(f) is
unsound. Then we have two cases to consider:

a) There is a negative label. Then any maximal trace having as prefix the trace corre-
sponding to the path from the root to the node with negative label is unsound.

b) There exists a leaf x and its corresponding recx node, where k is the left (or right)
label of x and h is the left (or right) label of recx, such that k—h < 0. Then we

construct an unsound trace as follows. Take the path in cGs’( ) starting from the root
and cycling p times on the cycle, passing through the leaf x and its corresponding
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recx
4 ol N
0 (tR,tR) 0
00
0 (hR,hR) 0
0(0
o
0]0 % N 00
0 (t,£) 0 0 (e,h) 0
00 01
0 (h,h) 0 0(tt)1
00 00
0 (e,w) O 0(he)l
00 -110
L 0x0 -1 (ew) 1
00
—-1x1 —/

Figure 5: The graph cGs"(f) for the orchestrator f of the Introduction

recx node and ending on x. Let E be the multiset of edges of that path. Assume that
k and h such that k—h < 0 are left labels (the case of right labels is treated similarly).
Call N the leaf x we are considering. By definition we have that:

Zecew™ U (e) = IFVIN) + (p * (k1)
Since k—h < 0, for a sufficiently large p we have that
"N (N) + (p * (k—h)) <O0.

Therefore by Fact 4.13(ii) we get ,|@u| < 0, where u € Tr(f) is the sequence corre-
sponding to the path with p cycles. Therefore any p’ € Maxlr(f) having u as prefix is
unsound. U

We say that a node N in cTs”(f) gets to 1 whenever there is a path in ¢Gs”(f) from N to a 1
node.

Definition 4.15 (CLIENT-RESPECTFUL BUFFER-LABELLING) The buffer-labelling of cTs®( f) is client-
respectful whenever
i) any 1 node is left-labelled with 0;
ii) for any leaf x and its corresponding rec x node, if k is the left-label of x and & is the left-label
of recx, then
a) if the recx node gets to 1, then h = k;
b) otherwise, if all the left-labels of the edges from recx to x are 0 then h = 0;
iii) for any path from a leaf x to its corresponding rec x node, either no edge is left-weighted
with +1 or there is at least an edge with left-weight —1.

Proposition 4.16 f is client-respectful if and only if the buffer-labelling of cTs"(f) is client-respectful,
foranya e N.
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Proof:  <: Let u € MaxTr(f) be such that, for a given a used in f, ,|u is finite. Then ,|@u| =0
since, by Fact 4.13(ii), o|Opt| = Zocew™ ) (¢), where E is the multiset of edges of the path
in cGs"(f) corresponding to  (which ends in a 1 node). We have that Z,cclw™ () (e) = 0
by the conditions (i), (ii.az) and (ii.b) imposed on any client-respectful buffer labelling.
Now consider the case when y € MaxTr(f) is such that ,|p is infinite, and take the path
in ¢Gs®(f) corresponding to p. If ;| u were definitely-(a,¢), all the edges in the path from
a certain point on should have left-label +1. But this is impossible because of condition
(ii1) of client-respectful buffer-labelling.

=: By contraposition; assume that for a name b € N, the buffer-labelling of cTst(f) is
non-client-respectful. We consider the four possible cases:

a) A label of a 1 leaf is not 0. In that case we immediately get a finite sequence out
of f which is non-client-respectful, that is the sequence corresponding to the path in
cTs(f) from the root to the 1 leaf.

b) There is a node x labelled with k and its corresponding node recx gets to 1 and it is
labelled with /i, with k # h.
Consider the path in cGs’(f) starting form the root and terminating in the 1 leaf
after cycling p > 0 times in the x-rec x cycle. The sequence y € MaxTr(f) corresponding
to this path is not client-respectful, since trivially ,|u is finite and ,|@u| = (p * (h —

K) £0.

c¢) There is a node x labelled with k such that its corresponding rec x node, labelled with
h, does not get to 1 and all the left-labels of the edges from recx to x are 0. Besides,
h #0.
Consider the infinite path in cGs”( f) starting form the root and keeping indefinitely
cycling on the x-recx cycle. The sequence u € Maxlr(f) corresponding to this path is
not client-respectful, since ;| is finite and |@(,|u)| = h # 0.

d) There exists a path from a leaf x to its corresponding recx such that there are some
edges left-weighted with +1 and no edge with left-weight —1.

Consider the infinite path in cGs”( f) starting form the root and keeping indefinitely
cycling on the x-recx cycle. The sequence y € Maxlr(f) corresponding to this path is
not client-respectful, since ,|u is infinite (because of the presence of the left-label +1
in the cycle) and from the point corresponding to the beginning of the infinite cycling
the sequence is definitely-(b,¢) (because no —1 left-label is present in the cycle) and
hence non client-respectful. 0

Definition 4.17 (NON DEFINITELY SERVER-INPUTTED *-TREE) Given an orchestrator f, its *-tree
cIs*(f) is non-definitely server-inputted whenever, for any path from a leaf x to its correspond-
ing recx node, there is at least one edge with right-weight —1 or 0.

Proposition 4.18 f is non-definitely server-inputted, if and only if cTs*(f) is non-definitely server-
inputted.

Proof:  <: Any infinite u € Maxir(f) corresponds to an infinite path in cGs*( f) starting from
the root and consists of, from a certain point on, an infinite number of cycles. Since in
each cycle there is at least an edge which is right-weighted with —1 or 0, it is impossible
for p to be definitely server-inputted, otherwise at least one cycle should have all the
edges with right-weight +1.

= By contraposition, assume that cTs*(f) is definitely server-inputted. This means that
there is a path in cTs*(f) from a leaf x to its corresponding rec x node with all the edges



26

right-weighted with +1. We can therefore find an infinite ;1 € MaxTr( f) which is definitely-
{(g,a) |a € N'}. It is enough to take the u corresponding to the infinite path in cTs*(f)
which starts from the root and cycles indefinitely of the x-recx cycle. In fact, since all the
right-weights in the cycle are +1, the sequence y is definitely-{ (¢,a) |a € N }. 0

Lemma 4.19 For any orchestrator f and any a € N, the following properties of cTs"(f) and cTs*(f)
are decidable:

i) The buffer-labelling of cTs"(f) is sound.
ii) The buffer-labelling of cTs*(f) is client-respectful.
iii) cTs*(f) is non-definitely server-inputted.
Proof : Immediate consequence of the fact that conditions in Definition 4.10 (sound buffer

labelling), 4.15 (client-respectful labelling) and 4.17 (non-definitely server-inputted) are mere
checks of the labelings of edges in finite graphs.

We can now show decidability of the respectfulness property for orchestrators as an imme-
diate corollary of the previous propositions and lemmas.

Corollary 4.20 (ORCHESTRATOR-RESPECTFULNESS DECIDABILITY) Ofrchestrator respectfulness is de-
cidable.

Proof : Immediate from Proposition 4.14, 4.16, 4.18 and Lemma 4.19.

Corollary 4.21 (DECIDABILITY OF f : p H o) Forany f, p, and o, f : p H o is decidable.
Proof : Immediate from Corollary 3.15 and Corollary 4.20.

5 Orchestrated Subcontract Relations

The notion of compliance naturally induces a substitutability relation on servers that may be
used for implementing contract-based query engines (see [10] for a detailed discussion). We
investigate now the session sub-contract relations induced by our orchestrated compliance on
session contracts.

The following Definition 5.1 uses the concept of compliance without orchestrators (),
which is called here strong compliance (see e.g. [8, 6] for more details and references to the
literature). Let p || o — p’ || ¢’ be defined as in CCS; then p - ¢ if and only if for all p’, ¢’

pllo—"p'l0c’ /= = p'=1
Then adapting [10] to the present context, we define:

Definition 5.1 (ORCHESTRATED SUBCONTRACT RELATIONS) Let 0,0’ € SC and f € Orch. We de-
fine

cXpo' 2 Vplpdo = fipHd]
oo £ 3f[0cXp0]

Remark 5.2 Note that by Definition 5.1 ¢ X ¢’ holds whenever there exist one orchestrator f
such that 0 ¢ 0’, namely f: p - ¢’ for any p that is strongly compliant with ¢. That is f does
not depends on the particular client p. This is not restrictive, and can be equivalently relaxed
to

cXo & Volpdo = p-Hd']

as will be established in Corollary 5.9.
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Remark 5.3 Notice that the results about the X relation do not follow from the corresponding
ones for the subcontract relation of [10] (let us call it Z¥ here), given that the two relations are
incomparable. For example, we have recx.a.x X recx.c.a.x, but recx.a.x #P recx.ca.x. The
opposite inclusion does not hold either. In fact, we have a.b =P 4 but a.b X 4, since, for the
client @.b we have that a.b 1 a.b, but for no respectful f it is possible to have f :a.b +H a.

We now prove a property which is of use to establish several results.

Proposition 5.4 (MAIN PROPERTY) i) There exists a respectfulness-preserving operator - e - on or-
chestrators, such that

fipHo & g:T0Ho = feg:pH/o

i)pHo & oHo' = pHo’
i) pdoc & f:0Ho = f:pHo
Proof : See Appendix B.

The definition of f e g is in B.4 and the proof of the Main Property Proposition above is
deferred to Appendix B because of its complexity and length. As far as strong compliance is
concerned, the proof of the analogous of the Main Property is relatively simple. In the present
context, however, the difficulty of part (ii) is due to the fact that, given an orchestrator f for
p -H o and an orchestrator g for o - ¢/, we have to find a third orchestrator, in principle a new
one, for & H ¢’. Moreover, we have to show that that orchestrator is respectful. Property (iii)
also follows from (ii) in a non-trivial way.

Lemma 5.5 For any o,
i) oo
ii) o Ho.
Proof: i) Since 0 is obtained from ¢ by exchanging each a with @ and + with @, this part is
an immediate consequence of CCS communication rules used in the reduction of 7 || ¢.

i) By definition of ¢ 4 ¢ we have to prove that f : o ¢ for some respectful f. The
following rule and its symmetric version are instances of rules (crX-@) and (Cri®-X) in
Figure 2 respectively:

T, Xic1a;.0; 1 @icryo; > fiip; 400y (Vi)

— — (CPLZ—EB/)
T > Vier(@;,a;).fi : Sierai.p; 1° ®ica;.o;

By definition of dual contracts, a proof system using only (Ax), (Hyr), (CrX-&') and
(cr®-X') suffices to derive an orchestrator f for ¢ and ¢. But then by construction of f,
it is synchronous, hence it is trivially respectful. [

From part (iii) of the Main Property, we can characterise < and show its decidability in a
relatively simple way.

Corollary 5.6 (DECIDABILITY OF <) Forany c,0’ € SCand f € Orch:
)op0 & fioH0
ii) o ¢ o’ is decidable.
Proof:  i)(=) By contraposition, assume that f : @ A ¢’. Since & 4 ¢, then by definition of X
we have o Z¢ 0.
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(<) Let f:0 Ho'. If p 1o, then from f: T H o/, we get f: p H o’ by Proposition 5.4 (iii),
and therefore o < £ o’ by definition.
ii) From (i) and decidability of f: o H¢’. O

As a further consequence of part (iii) of the Main Property, we have that, given a client p and
an orchestrator f, its dual p is the minimum amongst its possible servers that are orchestrated

by f.

Corollary 5.7 (DUAL AS MINIMUM WITH RESPECT TO <) Let p € SC and f € Orch. Then p is the
minimum of the servers of p orchestrated by f, that is, for any o

fipHo = p=Xfo
Proof : Suppose that f:p H o and T 4 p. Since p = p, by Proposition 5.4 (iii) we know that
f: T Ho; hence p Xr o by definition.

A parameterised transitivity property holds for X:

Corollary 5.8 (TRANSITIVITY OF Xf) 00 & 0,0 = P =feq0.

Proof: Let p X7 6 and 6 X, 0. By Corollary 5.6 (i) we have that f : g H 6 and g : 6 H 0. Using
Proposition 5.4 (i) we get f e g :p 0, so that by Corollary 5.6 (i) we conclude that p <ee 0.

From part (iii) of the Main Property we also deduce that the alternative definition of X
mentioned in Remark 5.2 is actually equivalent to the second one provided in Definition 5.1.

Corollary 5.9 (EQUIVALENT DEFINITIONS OF <) Forany o, o, the following two conditions are equiv-
alent.

DVplpdoc = pHo']
ii) AfVp lpdoc = f:pHJ'].
Proof : Since p H ¢ is f : p H o’ for some f, while p = ¢ does not depend on f, condition (i) is
equivalent to
Vo 3f [pdo = f:pHd']
On the other hand (ii) is just
AfVplpdo = f:pH],

hence we have that (ii) implies (i) by logic.

Vice versa, for an arbitrary p suppose that p 4. By 5.5 (ii) we have ¢ H 0, i.e. there exists
an f such that f : ¢ H o, which clearly does not depend on p. Hence we have that f : p o by
Proposition 5.4 (iii), and therefore we conclude that (/) implies (ii).

By means of part (ii) of the Main Property all the results shown for X¢ can be proven
for X as well, with the exception of the decidability property, for which we cannot rely on
decidability of H.

Corollary 5.10 (PROPERTIES OF X) i) 0 X o iff T Ho’

ii) X is decidable iff H is decidable.

iii) Let p € SC. Then p is the minimum of p’s servers, that is, for every o:
pHo = p=Xo.

iv) X is a transitive relation.
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Proof:  i)(=) By contraposition, assume o 4| ¢’. From this we derive ¢ X ¢’ by contradiction.
In fact, assuming o X ¢’ immediately gives a contradiction by definition of X, since
we have that ¢ 47 (Lemma 5.5) but o -4 ¢”.

(<) Let o H¢’'. In order to show ¢ X ¢, by definition, let p 4 o. Then, from & Ho¢’, we get
p —H ¢’ by Proposition 5.4.
ii) Immediate from ().
iii) Let us assume p H ¢. By definition, in order to show p X ¢, assume 7 - p. From Proposi-
tion 5.4(ii) we get T H 0.
iv) Let p X 6 and 6 X 0. Hence, by (i) we have that p HJ and 6 -Hc. Then p - ¢ by
Proposition 5.4(ii). So, by (i) again, we get p < 0. [l

6 Orchestrators for skp

As discussed in the Introduction, we prove now the equivalence between the relation of skp-
compliance as introduced in [12] and a restricted version of our session orchestrated compli-
ance, skp-Orch-compliance.

For skp-Orch-compliance, it will be possible to device also a synthesis algorithm finding a
suitable orchestrator for a client p and a server ¢ in case they are skp-Orch-compliant. It will
turn out that the orchestrator mediating the interactions between p and server ¢ is a byproduct
of part of the decision algorithm for the relation skp-Orch-compliance.

We begin by recalling the formal definition of skp-compliance for session contracts.

6.1 The relation of skp-compliance [12]

Definition 6.1 (skp-LTS FOR CLIENT-SERVER PAIRS [12]) We write p Jf a for =30’ [p = p'].

Let SkipAct = {7,skp} be the set of the synchronisation actions and p || o denote, as usual,
the parallel composition of session behaviours in SC; we define the following LTS formalising
synchronous and skipping communications:

o—p o—o
pllo—=splle plleo—=spld
pha oo o5 oo

T
plle =2sp o’ plloSap ||l

where a € V' (and hence @ € ) and where « € AU N s

The reason behind allowing clients to skip some actions on the server side is to let more
clients to synchronise with servers that essentially provide the required service but for some
supplementary (and possibly redundant) information.

Definition 6.2 (SYNCHRONISATION skp-TRACES [12]) The mapping

skTr: SC x SC — ((SkipActU {v'})* U SkipAct™)
is defined by

{v} ifp=1

sKir(p | @) = 4 {Ex|ploSep |0 & xeski(p' || ')} if 37 € csAct [p || o ]

{e} otherwise
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Let ¢ € SkipAct™ with § = §1>.... We say that ¢ is definitely-skp whenever 3kVh > k [, =
skp].

The notion of skp-compliance can now be formalised in terms of synchronisation traces as
follows.

Definition 6.3 (skp-COMPLIANCE [12]) The client p is skip-compliant with the server o, written
p =7 o, whenever, for any ¢ € csTr(p || o) either ¢ = ¢'v or ¢ is infinite and not definitely-skp.

Theorem 6.4 ([12]) The relation —**is decidable.

6.2 Orchestrated compliance with skipping orchestrators

We introduce now a restriction of - equivalent to +**.
A skipping orchestrator is an orchestrator possessing just the server-to-client buffer, which
can be used just for discarding server’s outputs.

Definition 6.5 (SKIPPING ORCHESTRATORS) i) We define
SkpOrchAct = { (a,@) |« e NUN }U{(g,a) |ae N }.

if) We define the set SkpOrch of skipping orchestrators as follows: f € SkpOrch whenever f €
Orch and the set of orchestration actions used in f is restricted to SkpOrchAct.

By the structure of skipping orchestrators, we immediately get the following;:
Fact 6.6 Let f € SkpOrch. Then f is sound and client-respectful.

Of course a skipping orchestrator could be definitely server-inputted, like for example (@,a).recx.(,b).

In the following we shall use ‘ndsi’ for ‘non-definitely server-inputted’.

Remark 6.7 1t is natural to think that the existence of a ndsi skipping orchestrator f such that
f :p H°0 is a necessary condition for p to be skp-compliant with ¢. However, this is not a
sufficient condition for p 4** ¢ to hold.

In fact, the client rec x.b.a.x complies with the server b.recx.b.a.x by means of the orchestra-
tor (e,b).recx.(g,b).(@,a), which is a ndsi skipping orchestrator, but recx.b.a.x A* b.recx.b.a.x.

We now introduce the notion of (p || 0)-skipping orchestrator, a skipping orchestrator that
does not skip an output action of the server when a corresponding input is present on the
client side.

Definition 6.8 ((p || )-SKIPPING ORCHESTRATORS) Let f € SkpOrch. We define the set (p || 0)-
SkpOrch of (p || o)-skipping orchestrators as follows: f € (p || o)-SkpOrch whenever for any
p',0" € SC, f € SkpOrch, u € SkipAct® and a € N,

p||f0i>p’ Hf/aﬂ implies p' fa

We can now define the relation skp-Orch-compliance as a restriction of our notion of or-
chestrated compliance.

Definition 6.9 (skp-Orch-cOMPLIANCE) i) We say that a client p is

skp-Orch-compliant with a server ¢ through the orchestration of f,
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and denote this by f: p 4 ¢, whenever

f:pHo and f°€ (p| o)-SkpOrch.

where 5 = A(f,p,0,0) and A is the algorithm described in the proof of Proposition 2.12.
if) We write p 4, o if there exists an orchestrator f such that f:p H:* o.

Orch

We use f* in the above definition since, for example, it is natural to expect the client 7
to be skp-Orch-compliant with the server b.a by means of the orchestrator recx.((,b).(a,a) V
(¢,c).(e,c).x), which is not ndsi, but its strict version is.

As done before, without loss of generality we focus on strict orchestrators.

By Fact 6.6 the following correspondences between - and - descend immediately.

Fact 6.10 i) f:pH> 0 < f:pH'0 & fe(pl]o)—SkpOrch & f ndsi.

Orch

i) pH= o < Ife(plo)f:p-H o with fis ndsi].

It is possible to show that the relations 4" and -

o actually coincide. We postpone the
proof to Appendix C.

Theorem 6.11 For any p,o € SC,
pHo & pHo
Proof: See Appendix C (Propositions C.12 and C.14)

6.3 An orchestrator-synthesis algorithm for —*

Orch

From the proof of Theorem 6.11 we extract an algorithm that takes a client p and a server ¢ and
synthesises an f, if any, such that f : p - . Here we do not identify recursive orchestrators
with their expansions.

The algorithm is the following:

S(p, 0) =let f=SB(®,p, 0)
in
if (f # fail and f is ndsi)
then f
else fail

where the procedure SB is described in Figure 6.

Theorem 6.12 The algorithm S is correct and complete with respect to -

Proof: See Appendix C (Corollary C.20).

Remark 6.13 The proof of the completeness part of Theorem 6.12 provided in Appendix C
consists in showing that for any p and ¢ such that f : p H:* o we have that there exists g such
that SB(I',p,0) = g # fail, where g is ndsi.

The algorithm SB is a variant of the algorithm Synth in [11], which we proposed to decide
the relation + and that we recall here in Figure 7. Differently from the algorithm S, which
produces necessarily just one orchestrator, the algorithm Synth returns a set of orchestrators.
This implies that even if Synth is correct, it cannot be proved to be complete along the lines of
the proof of completeness for S. In fact we should prove that the following statements hold:

If f: p +H°0 with f sound then there exists a g computed by Synth(®,p,c) which is sound.



32

(
1. if p=1then1
2. else if x:p—+°c €T thenx
3. else if p= @iejﬁi.pi and 0 = EB]E]E]'.U}' then
letI"=T,xp-4°cin
let (Vie])) fi= SB(F’,p,(Tj) in
recx.\/jd(s,aj).fj
4. else if p=Dic d;.0; and 0 = Xjcja;.0;and I C | then
let ['=T,xp4%c in
let (Vie ) fi =SB (F’,pi,(Ti) in
recx.Vicr{(a;, a;).fi
5. else if p=2Xicja;0;and o = D 7;.0; then
let I'=T, x:p40 in
let (Vk € (Iﬁ I)) fk = SB(F’,pk,U'k)
and (Vhe (I\])) f, =SB(I",p,0;) in

recX.((Vie(rn (@ ax)-fi) ¥V (Vie(n\j) (& an)-fi)
6. else fail

where every time a variable x is introduced, it is a fresh one.

Figure 6: The algorithm SB.

and

If f:p H° o with f client-respectful then there exists a g computed by Synth(Q, p,o) which
is client respectful.

However at the moment of writing we do not have neither a proof of these claims, nor an
extension of the algorithm Synth for which they may hold.

7 Related and future work

An approach to the formal description of service contracts in terms of automata has been
recently developed in [17]. The notion of contract automaton is related to that of contract as
well as of session contract. Besides, the notion of contract agreement in [17] somewhat resembles
that of compliance. In the framework of that paper, orchestrators are synthesised to enforce
contract composition adhering to the requirements for contract agreement. Even if the au-
thors of [17] work on the overall satisfaction in a multiparty composition of principals, it
is definitely worthwhile, as a future investigation, to study the relation between the notion
of orchestration, as developed in [10] and in the present paper, and the approach of [17],
which in turn has been related in [18] to the model of choreography of communicating finite
state machines (CFMS) [19]. For what concerns session contracts in particular, the investiga-
tion of the correspondence with the above mentioned formalisms could move from the result
concerning the correspondence of binary session types with a particular two-communicating-
machines subclass (see [20] for references). Such a correspondence between session types and
communicating machines has been pushed further to the multiparty setting in [20].

Many properties of the model of CFSM which are intractable ceases to be so when Bags,
instead of - or together with - FIFO queues are taken into account [21]. The similarity of
contracts and session contracts with the CFSM model suggests the investigation of the use
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Synth(I,p,0) =
if x:p4°c €T then {x}
else if p=1then {1}
else if p = Xicra;.p; and 0 = Xjcja;.0; then
let I'=T, x;p4"0 in
User {recx.(ﬁi,s>.f_|f€ Synth (I, p;,0) } U
Ujes{recx.(e,a)).f | f € Synth(I",p,07) }
else if p= @ielﬁiﬁi and 0 = @jefﬁj.(fi then
let I'=T,xp-4°cin
{recx. Vi61<ai1€>-fi | fi € Synth (F’,pi,U')}/U
{recx.Vicj(e,aj).f; | f; € Synth(I',p,07) }
else if p= @iejﬁi.pi and o = Zje]aj.aj then
let '=T, xp4% in
{recx.(Vien(an,€)-fn) V (Viex (@ ak)-fi)
| 1= HUK,KC], fi € Syn/th(]"/,ph,a),fk € Synth (I, pg, 0%) }
U Ujef{recx.(e,a)).f | f € Synth (I",p,0;}
else if p=2X; ja;p;and 0= @]«e]ﬁj.aj then
let I'=T, xp4cin
{recx.(Vhen (& an)-fu) V (Ve (@ ar)-fi)
‘ J=HUK,KC I,fh € Synth((I’/,p,Uh),fk € Synth(I’/,pk,ak)}
U Uicr{recx.{@,e).f | f € Synth (I 0,,0) }
else O
Figure 7: The algorithm Synth of [11].

of bags for session-contract interactions to reduce decidability problems in our context to
problems in the CFSM model with bags. What does a bag correspond to in our context is
however unclear. In fact, by putting a bag in between a.b and a + b would result in a number
of possible non-deterministic evolutions of the system: as soon as a is in the bag, it could
be used as input for the server; or, in case both a and b get into the bag, the server could
non-deterministically choose amongst them; etc. Such a behaviour of the system, however,
goes far beyond the session setting we are in, where non-determinism is restricted to occur
only inside the client and server.

In [22] a two-players game-theoretic interpretation on event structures is provided for client-
server systems of session contracts. Starting from an observation by Bartoletti, we are currently
providing a three-players game interpretation of retractable contracts, according to which
the retractable actions correspond to moves of a third player, whose goal is having the first
player win. Such a goal resembles that of an orchestrator. In fact we aim at showing that the
winning strategies for the third player in the above mentioned interpretation are in one-to-one
correspondence with compliance-enabling orchestrators for client-server systems of session
contracts (where just particular input-output actions can actually be orchestrator-driven).

Decidability of + is an open problem worth investigating, in particular the possibility of
finding a bound for the bounded version of the algorithm Synth as discussed in Remark 6.13.

Acknowledgments This work was partially supported by COST Action IC1201 BETTY, MIUR
PRIN Project CINA Prot. 2010LHT4KM and Torino University /Compagnia San Paolo Project
SALT.
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(AX)I TDinflil_{dU' (HYP)I F,X:pﬂdO’DianIpﬂd(T
(CPLZ-L) . F,x:ZieIai.pi —d g pif f/ L op 4 (el
' r Dinf recx.(ﬁp,£>.f/ : Ziemi.pi ﬂd o P
x4 Xicia.0t fl.p4%0,
(CrLE-R) : P ie14i i S ip Vo (pel)

I recx.(e,ap).f":p 4 Zicra;.0;

() : LDt Diei b0 i Diripi 0 (€ ))
. I recx.Viey (e bj).fi: Dierdipi 1° Dijey bj.0i

I, x: @iejﬁi.pi - @]EIE]O'I [>inf fi L Pi -4 @]’E]E]'.U'i (Vl S I)
r Dmf recx.\/i61<ai,s>.fi : @ielﬁi'Pi -4 @]E] b]'.U'i

(CeLp-L) :

i l>inffi2pi —d Z]e]a]U] (VIEH) i Dinffiipiﬂdtfi (VIEK) I=HUK,
FD‘nffl@ielﬁi.pi _|d2]€]11](7'] Kcj

(CrL®-X) : )

where I =T, x:D;c;a;.0; 1° Xicya;.o;.
and f = recx.(Vyep(@n€)-fn) V(Viex (ax ax)-fr)
I’ lﬂnffjizielﬂi.piﬂdﬂj (V]EH) I’ I>mff]p] _|dU] (V]EK) (]:HUK,
FD‘nffZZiGIﬂi.piﬂd @jG]ﬁj'Uj KQI

(CrLZ-®) : )

where [’ = F,x:Zielﬁi.pi ¢ EBjejaj.aj
and f =recx.(Vien (& an)-fiu) V(Viex (@ ac)-fi)

Figure 8: The inference system .

Appendix A System >

In this section we define an inference system " for (possibly open) orchestrators, deducing
judgments like f : p 4° o, under finitely many assumptions of a certain shape. We will establish
that the system is equivalent to System > (i.e. they derive the same judgments) if we consider
derivation with conclusions with empty environments end proper (i.e. closed) orchestrators

It is used in the proofs of Appendix B and is also at the basis of the algorithm SB for
synthesising skipping orchestrators.

Definition A.1 (THE ORCHESTRATORS INFERENCE SYSTEM ) The judgements of the system are
expressions of the form I' " f : p %o, where p,0 € SC, f is a (possibly open) orchestrator and
I is a set of assumptions of the form x: p; 4 0.

The axioms and rules of the system are described in Figure 8.

In the inference system of Figure 8, the symbol —° is a relation symbol representing the
relation +° as defined in Definition 2.9. In order to give the intuition behind the inference
system, let us briefly comment on one of the rules, say (creX-L). In case it is possible to show
that f’ is an orchestrator for fp H* 0, orchestrated compliance can be obtained for 2icra;.p; H°
o by means of (a,,¢).f’, since the (d,,¢) action satisfies one of the input requests a;s. In case
x & fu(f'), we get that recx.(d,,e).f' = (a,,€).f'. This means that axiom (Ax) has been used in
the derivation of f’ and the interaction between X< a;.0; and ¢ finitely succeeds if the actions
described in the branch from (crX-L) to (Ax) are performed. In case x € fn(f’), rule (Hyr)
has been used for f/, and a successful infinite interaction is possible between Xc;a;.0; and o
when the orchestrator repeatedly performs the actions in the branch from (crX-L) to (Hye),
as described by the recursive orchestrator recx.(d,,e).f".
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Proposition A.2 (t>-" EQUIVALENCE) Let f € Orch and p,o € SC.
O fpAo iff O fipHo

Proof : The difference among the systems > and " primarily relies in the form of assumptions
on the left hand side of the judgements, which are f: p 4° o, with f a (closed) orchestrator in
case of >, and x : p 1?0 in case of . Consequently the respective axioms (Hyr) are

IfipAtor> fipc Tx:pAtoMx:pH4ic

and whenever > has a coinductive rule of the shape

T, Oicrpifizp o> firpi~12o; viel
o Oicrpifizpto

for some operator (+), in " there is a corresponding rule

Lx:p~4ot fl:p;4%0; Viel
I recx. Oiepiflipo

where f; = f/{recx. Oicrpi.f!/x}.

Therefore to translate a derivation of system " into a derivation of system > it suffices
to visit the derivation tree from the root, namely the conclusion, up to the leafs, by replacing
each orchestrator recx. f found on the right hand side of " in the conclusion of a rule as well
as the assumption x in the premises of the same rule by f{recx.f/x}.

Vice versa to translate a derivation of > into one of " we can proceed in two passes. In the
first pass we eliminate from the derivation all assumptions f : p 4° ¢ which are not the right
hand side of a conclusion of (Hye).

In the second pass if I}, gk : px = 0% > gk : px 1° 0k for k =1,...,n are all the conclusions of
axiom (Hyr) in the given derivation, we replace each g, by some new variable x;. Then we
observe that, but in the case of (Ax) which is the same in both systems, all rules in system
> introduce an orchestrator (9);c;p;.f; with the f; occurring on the right hand side of the
premises. Then going from the leafs to the root of the derivation tree, we propagate the
replacements of the gi’s by xi’s until g : px 1 0k is the discharged assumption of a coinductive
rule with the orchestrator ¢y = (9;cs ;. f; in the conclusion: in that rule we replace gi by x; in
the premises, and recx.g; in the conclusion, where g, = g} {recx.g;/x}.

A routine induction proves that these translations are correct, sending derivations of one
system into those of the other one, where the orchestrators in the conclusion are equivalent
up to unfolding.

Appendix B Proof of Proposition 5.4

We shall first prove Proposition 5.4(ii), whereas the proof of 5.4(iii) will follow as a corollary.
The proof of

p-Hoand 7Ho = pHo'

will proceed as follows. We first show that, given f and g such that f:p H*c and g: 0 H*¢’,
it is possible to build an orchestrator & such that /i : p +° ¢’ (the building procedure for h
resembles a similar procedure of [10]). The orchestrator & coordinates the orchestration actions
of f and g, fusing together the buffers of f and g. For instance it transforms an action (a,a) of
f and an action (a,¢) of g in an action (a,¢). Two actions (¢,a) and (a,¢), respectively of f and
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g, when coordinated together, do annihilate each other, producing no action at all (it wold be
like taking an element from a buffer and immediately putting it back).

We shall build & out of the two derivations of the judgments " f: p 4 and " ¢ : &+ ¢’
which do exist because of he soundness and completeness of system " with respect to the
relation —H?. What we actually do is to get i out of a proof reconstruction procedure for
" 1 : p 4% ¢’ that shall be proved to be terminating. The orchestrator & can also be looked at
as the result of a sort of orchestrator-composition operator, i,e, h = f ® g. Of course in order to
prove Proposition 5.4(ii) out of the result

fipHo &g:oHIT = (feg):pH'(d

we have to show that the operation - @ - does preserve the respectfulness of orchestrators, since
the relation { is defined in terms of the existence of respectful orchestrators for —°.

We start by defining a recursive procedure P with three arguments: two derivations in the
formal system " and one environment.

Definition B.1 (THE ALGORITHM P) The algorithm P (Dy,D,,I"), where Dy and D, are deriva-
inf

tions in >" and I is an environment, is defined by providing the defining clauses according
to the last rules in the derivations D; and D,. We name the clauses according to the name of
the last rules of the two derivations. In names like R-x, the symbol * stands for any rule that
can be paired with R.

We assume that the application priority of the rules respect the order in which they are
listed below.

Clause Init: The computation of
P(Di=L fiptoDyuLg:o+ 0, I5,x:p0)
consists in simply returning
Hyr) :: I3,x:p 40 " x:p4%0".
p p

Clause (Ax)—#: P ((Ax) =1 " 1:140, Dy L ¥ g0 ¢, Ii).
We return (Ax) = I3 " 1: 140",

Notice that it is not necessary to have a Clause *-(Ax), since in that case o = 1 and hence also
p = 1. This means that Clause (Ax)-* applies.
Clause (Hyp)-(Hyr):

P ((Hw):,x:pAo"x:p4%, (Hye) = Ip,x:040' " x: 7407, I3).

Let now Dy :: I1 " recx. f': p 1?0 be the subderivation (of the initial derivation) where the
variable x is discharged, and similarly for D; :: I " recx.g’ : 7 H0’. Then we return

P (Dl recx.f ipA'c, Dy recx.g 10 +°0’, I})

Clause (Hye)-x: P ((Hye) = [}, x:p 4o x:p 40, Dy L ¥ g0 40/, I}).
Let now Dj :: [7 " recx. f' : p +4° o be the subderivation (of the initial derivation) where the
variable x is discharged. Then we return

P (Dl s M recx. ffipHlo, Dy g7, F3)
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Clause *-(Hyp): P (Dy =1 " f:p+°0, (Hy) = Ip,x:0 40" M x:04° ¢/, I3).
Let now Dy :: 5 " recx. ¢’ : 7 -° 0’ be the subderivation (of the initial derivation) where the
variable x is discharged. Then we return

P(DiunOt fipdio, Dyl recx.g' :7 40, I3)

Notice that no rule among the last three above can be applied immediately after the applica-
tion of one of them.

Clause (CreX-L)-x: P (D}, Dy :: [ ¥ ¢ : 7 4°0’,I3) where

D)= e fpp o
I o recx (ap,e).f: Ziepa.p; 40

(pel)

and I =17, x: Xijcra;.p; 4° 0.

LetP (Dy =] fipp Ao, Dy ¥ g0 40, I3,x:pA%0) =
DIz x:pHo>h:p, 0.
then we return

\ D /

Gyx:pAto M h:p, 490

e — 3 /(CI‘LZ-L)
I3 recx.(ap,e).h:p4%0c

Clause (Crep-L)-%: P (D], Dy :: I, > g:0 +° 0/, I3) where

Di= Il fi:piHo (viel)
I > Vier(ai,€).fi : Dicrapi 4o

(CPL@—L)

and Fll = F,vid(ai,s}.fi : @iejﬁi.pi -0,
Let P(D; = [ fi:pi 40, Dy I > g o0, I3, x 1 p4°07) =
=D} I3,x:p4% > h;:p;4°0’. We then return

\ o /
Lx:p%0 > hi:p; %0’ (Viel)
I3 > Vier(aj,€).hi : Dieraj.p; +° 0’

(CPL@—L)

Clause *-(CetX-R): P (Dy = I] " f' : p 4% 0, D}, I3) where

! / dnf 7 — _4d o/
D, = e o+ay

I Y recx (e,ap).g 10 Xicpa;.0!

(pel)

and FZI = Fl,JCZE_'d Zigai.a{.

LetP (D= f'ip+0, Dy : I Di”fg’:ﬁ—|dar’,,F3,x:p—|da’):D’::F3,x:p—|d(7’ > h:p—ida;.
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We then return

\ D /

x:p4%c' " h:g 40, (pel)

- — E_— ; (CI’LZ'R)
I3 recx . (g,dp).h : T - Xicpa;.0]

Clause (CreX-R)-(cee®-L): P (Dj, D), I3) where

D)= e fp+4%c, (pel)

inf (CI’LZ'R)
Tl > recx.(s,ﬁp}f' Y - ZiEI a;.0;
D= [og:o;40 (Viel)
(CPL@-L)

D > Vier(aie).gi: Dierdio; 40’
Fl/ = Fl,x . Zie]ﬁl‘.ﬁi ¢ 0'/, and FZ/ = Fz,x . @ielaiﬁi H%0’. Let
P(Dyul{ " fip+o, Dyl >g,:0,4 0, 3)=Dul3>h:pH0d

We then return D.

(Notice that here, in the recursive calls, p and ¢’ remain unchanged. That is why we do not
add x : p -° ¢’ to Is. However, as we shall show in the proof of termination of the algorithm,
there cannot be an infinite sequence of consecutive applications of clauses like the present
one.)

Clause (creX-R)-(cee-X): P (D}, D5, I3) where

D)= e o+, (pel)
Fl Dinf recx.(s,ﬁp).f/ P - Eielai~0i

I

'Dé: Fz/DgiiﬁiAdEje]llj.(T; (VIGH) Fz/DgiZFi_WUi/ (VIEK)

(crLZ-R)

— E—— ; (CPLEB—E)
I > (Vien(an€).8n) V (Vkek (k) 8k) : Dienux a7 4° Zjej a;.0]
in 'Di, Fll = Fl,x ‘p - Zielai.m
and in D/, K Q ], HUK=1and FZ/ = Fz,x : @ie(HuK)ﬁi.a'i - Z]eja]a]’
We distinguish two cases:
pEH: LetP (DyuI{ & f':p A0y, Dy Iy > gp:0p +° Xijejajof, I3) =
=D T3> h:p-®c’. We then return
DL h:pH0

(The same observation at the end of the previous clause applies here)
peK: LetP (Dl s ooy, Dyl > gp: 0y —|"(Tr’J , Fg,x:p—|d(f’) =D:ulz,x:p40d >h:p0,
We then return

\ D /

F3,X1pﬂd2]'€]ll]’.0’]{ Dinfhipﬂdtf;]

-~ (CI’LZ'R)

I3 recx.(g,ap).h:p° Ejeja]-ﬂ]f
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Clause (CPL@-R)-<CPLZ-L): P (D1,D2, F3) where

Dy = Il firp=4to; (Viel)

— (CPLEB—R)
I > Vier(e,a).fi: p A4 Dierao;
D= > :o,4%0 el
2 2~ & T (el (crZ-L)

Fz > <Ep,€>.g/22iellli.ﬁi —Hd g’
I =0,x: A Dicraioy, I = I, x: Zieraio; ° 0.
LetP (Dp =" fyip40p, Dyl > 80,0’ , [3) =D I3 > h:p°c’. We then re-
turn D.

Clause (CPL@-R)-(CPLZ-@): P (D1,D2, F3) where
Dy = e firp~4to; (Viel)
n > Vier(e,a;).fi : p4° Dierajoi

\ o /

D,=0L > g]-:EiGIai.E,-—i"tT; (Vje H) I > g:0; 4“0]5 (ViekK) (KCI)
/

(CPLEB—R)

— p— — (CrX-)
I > Vien (e a:)-8i) V (Viex (@i, 0:).8i - Zier ;.0 A Djenuaj.o]

Fll = Fl,x tp ¢ @ielﬁi.m, and FZ/ =1),x: Ziejai.a'i ¢ @]eHuKﬁ]U]I

Let, foralli€e K, P(D;:: I} > fi:p A0y, D) Iy > g 0,10},
Iyx:pAtc’) =D/ = I3,x:p4"0" > hi:p+°0;.
and, forall j€ H P (D’,D]’- 2Dy > g Lier a0 —|°’(7]f JIax:pH00’) =
D/ I3,x:p 0" > hj:p—°0j. where

D = > firp+4eo; (Viel)
N > Vier(e,a;).fi : p A Dicra;.0;

We then return

A

Iyx:p4%" > hi:p4%0) (Vie HUK)

I3 > Vienuk (&,ai) i - p 4 Dicnux ;.07

(CPL@—R)

Clause (CPL@-Z)-(CPL@-L): P (D1,D2, F3), where
——
Dlzfl’bflpl—!dzjeja](r] (VIEH) Tl/[>fi:pi—|d0'i (VIGK) (KQ])
I > Viep(an€)-fu) V (Vkek (@, 86) - fk - Dienukipi 1° Zjeyaj.of
DQI FZIDg]'ZE]'_PUI (V]G])
Fz > \/]€]<LZ],E>g] : @iefﬁj-ﬁj Hd g’

(CPL@—}:)

(CPL@—L)

where Fl/ = Fl,f : EBiGHUKEi-pi ¢ Zje]aj-aj/ and FZ/ = FZ/\/iEI<ai/€>-gi : @ie]ﬁj-ﬁj H%¢’.
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Let, forallie€ H, P(D;:: I > fi: p; 1° Xjeja;.05, D),
I3, x: Dienpoxipi 4°0’) =Dl I3,x:p =40’ Xy p; 2 0.
where
Dy= Ij>g:040 (Vje))
I > Vjey(aj,€).8: EB,-GIE]-.F]» H%¢/

and letforalli € K, P(D; = I > fi:pi 103, Dj: Iy > g0 100,
Fg,x : EBiEHUKEi'pi —|d Z]‘E]El]‘.a'j) = Dl/ o F3,x Y _|d 0'/ l>inf hl' : Pi —|d (7/.
We then return, using rule (cr®-L),

e S w— —
Iyx:p4% 0 p; 400" (VieH) Dx:p4%c' " hi:p; 4% (VieK)

I3 > Vienuk(ai,€) i : Diepukaipi 10’

(CPLEB—L)

Clause (CPL@-Z)-(CPL@-Z): P (Dl,Dz,rg) where
R
Dlzfl’bflpl—!dzjeja](r] (VIEH) Tl/[>fi:pi—|d0'i (VIGK) (KQ])
0y > Vien (an€)-fu) V(Viek (ak8) - fi - Dicrox@i-oi 1° Zijejaj.o)

R R

Dy =1, > 8:0; 1" Xjepajo; (VieH) Tjogi:pi+0 (VieK) (KCJ)

I> & Vienr(an €)-gn) V (Viek (ak,x)-k : Dic(mrorry =0V Zjey aj.0]

(CPL@—}:)

(Crd-X)

H'UK' = ], Fl/ = Fl,f: EBiEHUKEi'pi ¢ Z]‘E]El]‘.(fj, and Fz/ = Fz,g: EBie(H/UK/):]Ei'Ei ¢ Zje]/ 11](7]/
Letforallie H, P(D; = I > fi: p; +° Xicja;.o5, Dy,
I3,x : Dicpukaip; A Zicy a]'.(T]{) =D/:Izx:pA0d " hi:p 0.
where

\ > /

DZ = Fz’ > gi:0; —d Z]'E]/ﬂ]‘.o']{ (VZEH/) FZ/ > gi:pi _|d01 (VIEK/) (K/gj/)

Ip>g: @iG(H’UK’):]ﬁi-Ei -4 2]'6]’ aj.o']f

and let for alli € H' NK:
P(D;:I] > fi:pi 10y, Diiirz/Dgiiﬁi_'dee]'ajU](/ |
I3, x: @iEHUKﬁiPi e Z]'GIILI]'.O']{) = D; w1I3,x: 1Y 4o’ hi P Pi H4%0’.
and let for all i € K' N K:
P(Dl’ ::Fl/ > fl Ny _|d0',‘, D; ::FZ/ > gi :E,‘—P(TZ-/,
F3,x : EBiGHUKﬁi-pi —° Zjepaj.a]f) = Dl/ b F3,x p o l>Inf hl' : Pi H%¢’.
We then return
I — A
I3,x:04% 2" by p; 440’ Dyx:pA%c b p; 4% o]
: (Vie HU (H' NK)) : (Vi e K'NK)

I3 > Vienu(ank) (@i€)-hi) V (Vieknk (ai, @) -hi o =2 o

(crd-X)

It is possible to define an operation of orchestrator composition, such that orchestrator of the
result of the previous algorithm can be obtained by means of such operator.
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1e¢ = 1
(<Epf€>‘f/)°g = (@pe).(f'og)
)-8") = ((&ap).(feg)
fe (Vz61<5”> ) = Vier(eai).(fegi)
i)

S{Ilp

(Vzel ai, € > eg = Vi61<ails>‘(fi.g)
((e,ap)-f) o (Vier (an €)-8n) V (Viek (ak,ak)-8k))
= flegp (peH)
((e,ap)-f') ® ((Vien(an €)-gn) vV (Viex{(ar ax)-8k))
= (eap).f' gy (r€K)
((Vien(&ai)-fi) V(Vkex (@ ax)-fr)) ® ((@p,€).8")
= fpeg (p€H)

e)(fpeg’) (pek)

pr€)
((Vier (& ai)-fi) V(Viex (@ ax)-fr)) ® ((VieH'<€rai> 8i)V(Viex (di,a:).8i)) =
ViEH’<Srai>'(f.gi)\/VieHﬂK’<£/a> (fz'gz)vvzeKﬂK/<az/ z> (fl.gz)
(HUKDK)

((Vier(an e)-fu) vV (Viex(ax8k)-fr)) ® (Vierr (an €)-8n) V (Viek (ak, 8k) -8k) =
Vi€H<air£>'(fi.g)\/Vie(H/ﬁK)<a1/ > (ﬁ.gl)vvze(K’ﬂK)<a1/ z> (fl.gz)
(H' UK DK)
feg = 1

Figure 9: Composition of orchestrators

Definition B.2 (ORCHESTRATOR COMPOSITION) The composition f e g of two orchestrators f
and g is defined by the following rules in Figure 9, which we assume to be applied according
to the priority respecting the order they are listed in.

The well-foundness of f e g can be shown from the regularity of f and g. The orchestrator
f @ g is actually the one returned by the procedure P that can be proved to terminate.
We say that f e ¢ is defined whenever fe g # L.

In the following Proposition we show the procedure P to terminate. Notice that we need to
assume the orchestrators f and g in the first and second argument of P to be sound. In fact,
f could be an orchestrator communicating only with the server and ¢ one communicating
only with the client. In that case, the procedure P would unsuccessfully try to produce an
orchestrator made just of actions which are the result of two annihilating actions of the form
(¢,a) and (a,¢), a sort of empty orchestrator.

This argument can be better understood by means of a very simple example. Note that it is
possible to have two derivations for the judgments

inf

" recx.(e,a).x: b1’ recx.a.x and " recx.(ae).x:recx.a.x ¢

where recx.(¢,a).x is clearly unsound. The procedure P tries to build an orchestrator /# and a
derivation for

> hib e
that it actually cannot do. In fact P indefinitely keeps applying clause (CreX-R)-(Cri-X),
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which simply annihilates the actions (g,a) and (a,¢), without managing to produce an orches-
tration action of & (which cannot be produced out of the given orchestrators).

Proposition B.3 Assume Dy :: " f:p 0 and Dy :: " ¢ : 7 "0/, where both f and g are sound
orchestrators. Then

i) the computation of P (D1, D,,D) terminates;

ii) f g is defined;

iii) P (D1, D5,@) =D " fog:p 0.

Proof: i) The algorithm P is a derivation reconstruction algorithm that tries and build
a derivation for the judgment " feg:p 4’0’ in a bottom-up way, driven by the two
derivations D; and D,, and by the third argument (the environment). The proof of its
termination is basically rooted in the same ideas as the termination proof for the recon-
struction algorithm Prove (Lemma 3.13) used in the completeness proof for the formal
system >. Hence in the following we avoid detailing notions similar to those used there.

We call the clauses belonging to the following set invariant:

Tno — { (Hye) - (Hyr), (Hyp) - %, *-(Hyr), (CeE-R) - (Créb-L), }
(CPLZ-R) . (CPLEB'Z) . (p € H), (CPL@-R) . (CPLZ-L)

Also, givenacall P (DI " f:p 40, D' = [ ¥ g: 04?0’ , I3) of the procedure P, we
refer to p as the client, to ¢’ as the server, to ¢ as the the intermediate server and to T as the
the intermediate client of the call.

We first observe that for any recursive call corresponding to an application of a clause
not in Znv, both the client and the server in the call are subterms of the client and the
server considered in the calling procedure. By the regularity of the trees represented by
session contracts, it follows that the clauses (Ax)-* or Init will apply. In fact, if f' and
¢’ are the client and server of a call of P and if f” and g” are the the client and server
of the resulting recursive call, then the regular trees corresponding to f” and ¢” are,
respectively, subtrees of the trees corresponding to f’ and g’. This implies that the clients
and servers of any call are subtrees of the client and server of the initial call. So if the
sequence of recursive calls does not get to an application of clause (Ax)-*, eventually it
will get to an application of clause Init, since the environment necessarily contains p =°c,
where p and ¢ are the client and server of the initial call. This immediately implies that
the derivation reconstruction does terminate.

It remains to be proved that the initial call of the procedure P cannot produce an
infinite sequence of recursive calls due only to the invariant clauses in Znv. Towards a
contradiction, assume that such a sequence exists. We distinguish two cases.

The first is when the calls corresponding to (CrtX-R) - (Creb-L), (CreX-R) - (Crh-X) -
(p € H) and (Crt®-R) - (crZ-L) are finite. This means that from a certain point onwards,
the sequence is made just of calls corresponding to (Hyr) - (Hye), (Hye) - * and * - (Hyr).
This is however impossible, since the syntax of session contracts impose that the body ¢
of a term recx.c is not a variable.

In case the calls corresponding to (crX-R) - (Creb-L), (CrrX-R) - (Crp-X) - (p €H) and
(Cr®-R) - (crZ-L) are infinite, we get a contradiction with the assumption that f and g
are sound. In fact we could easily build an infinite trace of f or ¢ which is not sound,
consisting only of orchestration actions (¢,a@) and (¢,a) (in case of f) or orchestration
actions (7,¢) and (a,¢) (in case of g).

i., iii.) Easy by inspection of the clauses of the procedure P. L
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1. ley = 1

2. ((@e)pur)opr = (ae).(prop2)
3. (@ a).u1)e(@e)yy = (@e).(n1op2)
4. pre ((ea).n2) = (&a).(n1op2)
5. ({e@).u1) e ({a,e).42) = propa

6. ((e,a).u1) o ((@,€).42) = p1opr

7. pre((ea).u2) = (ea).(u1op2)
8. ((e,a).u1) o ((@,a).p2) = (e,a).(p1op2)
9. (a,€). 1) opo = (a,e).(jy ®p2)
10. ((a,@).u1) @ ((a,€).42) = (a,e).(u10p2)
11. pre((a,e).u2) = (ae).(u1op2)
12. ({a,a@).u1) @ ((a,a).42) (a,@).(p1op2)
13. ((@a).u1)e((aa).u2) = (aa).(u1op)
14. prepy = L

Figure 10: Composition of traces

inf

We will now prove that if & f: p 4°c and " ¢ : & H°¢’ and f and g are respectful, then so
is f @ g. Since respectfulness is a property of traces, we have to check the respectfulness of the
traces of f e g. We observe that a trace of f e ¢ can be seen as the composition of a trace of f
and a trace of g. Therefore we extend the composition operator to traces.

Definition B.4 (Traces ComrosiTioN) Composition of traces is defined through the rules in
Figure 10; these are assumed to be applied respecting the priority of their order.

We say that y1 @ yi is defined whenever i1 ® pip # L.
Lemma B.5 Let f and g be such that f e g is defined. Then

peT(fog) = I eT(f) I €T(Q) [1=p10p2)

Proof : Easy, by definition of traces and by checking the rules of the definitions of orchestrators
and traces composition (Definition B.2 and B.4).

For the sake of readability we write u instead of @y when no ambiguity can arise. In the
following the subsequence of the first n elements of i will be denoted by (p),,.

We will prove that the composition of two respectful traces is respectful itself. Since re-
spectfulness is the conjunction of other properties, we split the proof into some lemmas about
these properties.

Lemma B.6 (SOUNDNESS PRESERVATION) Let y1 and iy be such that pi, @ yy is defined.
i) For any a € N and n > 0, there exists k1,kz,h1,hy > 0 such that

al(prop2)nl = al(u)i,| + ol (H2)k,|

and

‘(Vl.VZ)n’u = ’(Vl)h’a—i_’(tuz)hz‘u

i) yy and pp are sound == i ® Yy is sound.

Proof: i) We take into account just the first property, the second one can be proved in a



ii)

45

similar way. Any element in (/1 ® ji2), corresponds to an application of one of the rules
for merging traces in Definition B.4. Given #, let k be number of merging rules necessary
to get (u1 ® 2),. We get the thesis by observing that when we merge finite traces, all the
rules of Definition B.4 respect the property.

By contraposition, assume p; ® ji2 is not sound. Then, by definition of sound sequence
(Definition 4.3), there exists 2 € N and n > 0 such that ;| (y1 ® 2),| <0 or |(p1 ® p2)n|, <O0.
By (i) and definition of sound sequence, this would imply either 1 or y; not to be sound.

O

Lemma B.7 (CLIENT-RESPECTFULNESS PRESERVATION) Let piy and yy be such that piy @ yy is defined.

Then

i) al (,ul L ,UZ) = u“fll ’uJ,u2~
ii) py and py client-respectful = 11 ® yy client-respectful.

Proof: i) The property can be coinductively proved in case yj ® j; is infinite, and induc-

ii)

tively in the finite case, by checking that ,|p1 ®;]p2 = 4| (p1 @ p2) implies that, for any
rule y/ e y” = p’" in Definition B.4, but the first and the last one, |y’ ® ,|y” = 4| p/’" holds.
We show this for some rules. All others can be treated similarly.

((&,@)-p1) @ ((a,€) - p2) = pr @ po:
ol ((&,@).p1) 0al((a,8).p2) = ((&7)-alpa
= 4l Hie al 2]
= al(prop2)
((a,a).p1) @ ({a,€).p2) = (a,€).(p1 @ p2):
ol ((a,a). 1) @l ((a,8).p2) = ((a,@).alpi1) @ ((a,€).al pi2)
= (a,€).(alp1 0alpi2)
= al({a,€).(1 o 2))
p1e((&a).42) = (&a).(u1 o p2):
alpreal((ea)p2) = alproalpa
= al(prop2)
By contraposition, assume that .1 e 12 is not client respectful. This means that there exists
a € N such that, in case ,|(y1 ® y2) is finite, 4|p1 ® 42| # 0, whereas, in case it is infinite,
we have it is definitely-(a, ).
In the first case, by Lemma B.6(i) we have that ,|u1 @ 2| = 4|p1| + a|p2| # 0. Since one

of the two addenda must be different from 0, we get that either y; or y» is not client-
respectful.

) e ((a,€).alp2)

In the second case, by checking the rules of Definition B.4 using the property (i), we
notice that the only way of getting ,|(y1 ® y) definitely-(a,¢) is when either .|y or 4| y2
is definitely-(a, ). L]

Remark B.8 Notice that the non-definitely-inputted-ness is not necessarily preserved by e. In
fact both f =recx.(e,a).(¢,a).(¢,a).x and g =recx.(a,a).(a,€).(a,¢).x are non definitely inputted
orchestrators, but

feg=recx.(¢,a).x

is definitely inputted. This is due to orchestration actions in f and g that are ‘annihilated” in

feg.

This sort of behaviour is however made possible just by the unsoundness of f and g.



46

Lemma B.9 (NON DEFINITELY SERVER INPUTTED-NESS PRESERVATION) Let yy and yp be such that

11 ® o is defined.

w1 and py are sound and non definitely server inputted

4

11 ® yp non definitely server inputted.

Proof: By contraposition, assume, by definition of non-definitely server-inputted sequence
(Definition 4.3(v), that 1 e y is definitely-{ (¢,a) | a € N }.

Assume i @ iy to be definitely-{ (¢,a) | a € N'} starting from its element k. In order to
obtain a sequence out of y; and y» made only of elements in { (¢,a) | a € N/ } from the element
k onwards, only rules 5, 6, 7, and 8 of Definition B.4 can be used after producing the element
k. We now distinguish three different cases.

- In case i @y is built just out of rules 7 and 8, then it follows that either p; or u» is
definitely server inputted.

- In case rules 5 and 6 are used finitely many times after the production of the element k,
the previous argument applies by taking into account the element /1 > k of the sequence
produced before the last application of rule 5 or 6.

- If rules 5 and 6 are applied infinitely many times, one of the two is applied infinitely
many times. If it is rule 5, we can infer y1 not to be a sound sequence: in fact an infinite
number of messages are sent to the server but only a finite number can be received from
the client. If it is rule 6, we can infer that y; is not a sound sequence: in fact an infinite
number of messages are sent to the client but only a finite number can be received from
the server. L

Corollary B.10 (RESPECTFULNESS PRESERVATION) Let f and g be such that f e g is defined. Then
f and g respectful =—> f e g respectful.
Proof : Easy from Lemma B.5, B.6(ii), B.7(ii) and B.9.

Corollary B.11 (Proposition 5.4(ii)) p Ho & 7 Ho' — p /o'

Proof: Let p H o and @ - ¢’. Then, by definition, there exist two respectful f and g such that
f:pHoand g:0 Ho'. We can safely assume that f and g are strict. So, by completeness of

inf

system 1> and the equivalence of systems > and ", we deduce that > f: p {0 and > g¢:
o —°¢’. The thesis now follows by Proposition B.3 and Corollary B.10.

We now proceed with the proof of Proposition 5.4(iii).

Definition B.12 (SYNCHRONOUS ORCHESTRATORS) An orchestrator is said to be synchronous if
all its orchestration actions are.

Lemma B.13 p 40 = 3 f synchronous [f:p H 0]

Proof : Easy, since the relation  is characterised via system > where only synchronous actions
are taken into account.

Proposition B.14 Let f be synchronous.
i) f is respectful.
ii) For any g such that f e g is defined, feg <g.

Proof: i) Easy, by definition of respectful orchestrator.
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it) Easy, by definition of orchestrators composition (Definition B.2).

Corollary B.15 (PROPOSITION 5.4(iii)) p 10 & g:THo' = g:pH/0'.

Proof: p 4 ¢ implies, by Lemmas B.13 and B.14(i), that f : p 4 ¢ from some respectful f. Being
f respectful, it is sound a fortiori. So, from f:p Hoand g: 7 Ho we get feg:p Ho'
by soundness and completeness of system " and by Proposition B.3. The thesis follows by
Proposition B.14(ii) and Lemma 3.20.

Appendix C Proofs of Theorems 6.11 and 6.12

We start with the proof of Theorem 6.11, i.e.

o0 & pHE o

Orch

We will prove the thesis by relating two formal systems characterising 4 and 4, respec-
tively.

We begin with =, noticing that the relation of skp-compliance can be equivalently defined
as follows, where " is the notion of standard compliance using the LTS of Definition 6.1.

Definition C.1 i) Let the relation 4 C SC x SC be defined by:
oo 2 VveSkipAct', o/, o [pllo=p || 4~ = o =1].
ii) p 4°° 0 £ p + ¢ and all infinite traces in skit(p || o) are non-definitely-skp.
Fact C.2 Definitions 6.3 and C.1(ii) are equivalent.

By means of proofs precisely mimicking those in Section 3 for the corresponding statements
for system > (without taking into account the presence of orchestrators), it is possible to prove
the following.

Proposition C.3 Let > be the formal system of Figure 11.
i) System > is sound and complete with respect to the relation —*:
>fipto & fipdo
ii) Proof search always terminate for system >.

We provide now a restricted version of Definition 2.8. We call a pair p || ¢ a skipOrch-
system when f is a skipping orchestrator.

Definition C.4 (OPERATIONAL SEMANTICS OF skipOrch sysTEMS) Given p,0 € SCand f € SkpOrch.
The operational semantics of the skipOrch orchestrated system p || 70 is defined as follows
(where a € N):

o= eSS0

pllpoS-p'llso plifoS-pllso’

(«,a)
pllpo—==-p"llg o

ofa S oo

(e,a)
pllye—=-plpc
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. * ] * 1 In ] 1 .
We write £5_ for 5. o 5.0 5., and £ for £ o---0 £ (resp. 2 o £ o---) if the
sequence y is finite (resp. infinite).

The notation p || f o —- will be used for either p || ¢ Soor Ju[p ro L)

We now define:

Definition C.5 (RESTRICTED ORCHESTRATED COMPLIANCE) Let p,0 € SC and f € SkpOrch. We
define:

i) f:pHo if for any u € SkipAct, f' € SkpOrch and p’,¢0” € SC, the following holds:
o ||fc7£>- o' || g0’ —~+- implies o’ =1.
i)yp+Hio £ 3f [f:pHic]
With the above definitions it is easy to prove the following;:
Fact C.6 If f : p 420 then f € (p || o)-SkpOrch.

Now, by mimicking the proof of Section 3 it is possible to device a sound and complete
system for the relation .

Proposition C.7 Let X! be the formal system of Figure 12
i) System X' is sound and complete with respect to the relation —H::
M fiodloc & fipHlo.
ii) Proof search always terminate for system t¥t.

System ¥ is essentially the restriction to skipping orchestrators of System >". Notice that,
whereas Rule (crZ-@) in " does correspond to a whole set of rules (one for each possibility
of partitioning J into the sets H and K), Rule (creZ-®)™ in o' is one single rule.

Fact C.8 X f:p 20 implies " f:pH%c

By a simple inspection of the rules of systems > and ¥, it is easy to get the following:
Fact C.9 There exists a one-to-one correspondence between derivations in > and derivations
in .

Systems > and M are related as follows:
Lemma C.10 = p o < 3f € (pl| o)-SkpOrch [t¥ f:pHlc].
Proof : By the soundness and completeness property of > and >/ and Facts C.9 and C.6.

When = p I ¢, any reduction sequence out of p || ¢ for the LTS of Definition 6.1 corresponds
to a reduction sequence out of p || o for the LTS of orchestrated systems.

Lemma C.11 Let ¥ f : p 420, then: f is ndsi if and only if all the infinite traces in sKir(p || o) are
non-definitely-skp.

Proof : From ' f: p -2 o, by Lemma C.10 and Fact C.6 and by soundness and completeness,
we get that both f: p 20 and p - ¢ hold, with f € (p || o)-SkpOrch. It follows, by definition of
the LTSs on which the relations ¢ and " are based, that any infinite reduction sequence out
of p || o corresponds to an infinite reduction sequence out of p || ¢ and vice versa. The thesis
then follows from the fact that f is p - o-strict, which in turn is an immediate consequence of
Fact C.8.
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Figure 11: The formal system >
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Figure 12: The inference system o¥'.

We are now ready to prove the left-to-right part of Theorem 6.11

Proposition C.12 p 4“0 = p 4, 0.

Proof: From p +** o we get, by Definition C.1(ii), p + ¢ and that and all the infinite traces in
sKTr(p || o) are non-definitely-skp. By Proposition C.3(i) we get that == p 4° 0. By Lemma C.10
there exists f € (p || 0)-SkpOrch such that o' f:p - 0. Moreover, f is ndsi by Lemma C.11.
By Fact C.8 we get that " f : p 4° ¢ and hence, by completeness, f : p H°c. We conclude
p —H:®, o by Fact 6.10(i7).

We proceed now towards the proof of the opposite direction of Proposition C.12.

Lemma C13 f:pHio < f:pH'c & f € (p| o)-SkpOrch.

Proof : The only if part immediately follows from Fact C.8 and definition of the LTS on which
—H? is based. For the if part it suffices to observe that, by the fact that f belongs to (p || o)-
SkpOrch, any sequence of reductions out of p || o is necessarily made by —- reductions (Def.
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C.4).
Proposition C.14 o H* 0 = p 4" 0.

Proof: Let f : p 4, o, then by Fact 6.10(/) and Lemma C.13 we get that f:p H2c, f € (p || 0)-
SkpOrch and f is ndsi. So, by completeness of System ', we get that o f:p 20, f € (p | 0)-
SkpOrch and f is ndsi. Now by Lemma C.11 we get that all the infinite traces in sKr(p || o) are
non-definitely-skp, whereas from Lemma C.10 we get > p " . By the soundness of System
> with respect to the relation ° (Proposition C.3) then we get p 4" . Now, since we have
shown that all the infinite traces in sKTr(p || o) are non-definitely-skp, we derive that f: p 4"* o
by Definition C.1 and Fact C.2.

We now proceed to the proof of Theorem 6.12, i.e. the proof that
The algorithm S is correct and complete

Here we consider orchestrators as explicit terms. Given an orchestrator f we denote by rt(f)
its corresponding (possibly infinite) regular tree.

We start by showing that SB is terminating:

Lemma C.15 For any I', p and o, the execution of SB(I',p,0) terminates.

Proof : All session contracts in the recursive calls of SB are sub-expressions of either p or ¢ or
of a session contract in a judgement in I" (which is finite). Since session contracts are regular
trees, their sub-expressions are a finite set, so that the test x: p +°c € I in clause 2 of SB is
always successfully reached in case the algorithm does not terminate by clause 1 or the fail
clause 6.

Since the procedure SB is the formalisation of a proof search in M, we have:
Fact C.16 If f =SB(Q,p,0) # fail then ' f:p 0.
The opposite direction of the above implication cannot hold as it is. In fact, let us consider
p=Crecx.@.b.x o=crecx.a.bx f={c,c).recx.{a,a).(bb).(a,a).(bb).x.
It can be easily checked that o f: p -2 0. We have however that

f#SB(@,p,0) =g

where ¢ = (c,c).recx.(a,a).(b,b).x
Of course f and g do represent the very same orchestrating procedure for p and ¢, since they
correspond to the same regular tree, that is rt(f) = rt(g).

Lemma C.17 If ' f:p -2 0 then there exists ¢ such that g =SB(D,p,0) with rt(f) = rt(g).

Proof : Given a derivation tree for t¥ f : p ¢ o, let us consider the largest subtree having a
conclusion of the form I o recx. f': o’ H2 ¢’ with f = F[recx. f'] and such that it has one or
more non-nested subtrees of the form I'”,x : p' 42 ¢’ ¥ " : p' 42 ¢, if any, where f' = F'[f"]
and x € FN(f") (notice that it could also be the case that f”/ = x). If no such a subderivation
exists, then any rule in the derivation does precisely correspond to a clause of the algorithm
SB and hence the algorithm returns f. Otherwise, let us take the orchestrator ¢’ = recx. f”.
By the correspondence of the rules of ¥ with the clauses of SB we get that SB(I"”,p,0) = ¢’
Moreover, since the rules of System X' are such that the proof search is deterministic, we

get that either f’ can be obtained by a number of unfoldings of the orchestrator g’ or f’ =
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f"{x/f"} (where the substitution {x/ '} has possbily to be performed more than once). This
implies in turn that rt(f) = rt(g). Moreover, we have that SB(®,p,o) = F[¢'].

In order to get the correctness and completeness of the algorithm S, we show that +;* can
be characterized in terms of -H¢ and the ndsi property.

Lemma C.18 [f:p He o and fis ndsi | if and only if f:p H=, o
Proof : The if part easily descends from Fact 6.10(7) and Lemma C.13. The only if part, instead,
follows using Fact C.6 and the definition of —H*

Orch*®

In order Lemma C.17 to be useful, we need to show the following

Lemma C.19 Let f,g € SkpOrch. rt(f) =rt(f) implies [ fisndsi < g is ndsi |

Proof: Immediate by definition of ndsi orchestrator and ndsi sequence of orchestration actions.
Theorem 6.12 corresponds to the following corollary.

Corollary C.20 i) If p H:=, o then S(p,0) terminates and there exists g such that g = S(p,0) # fail
with g p HE, 0.

Orch

ii) If f = S(p,0) # fail then p 4=, 0.
Proof : (i) If p 4, 0 holds, then there exists an f such that f: p 4>, c. Hence the thesis follows

by definition of S, Lemmas C.18, C.19, C.17, completeness of System ¥ and the decidability
of the ndsi property for orchestrators (Proposition 4.18).

(i) By definition of S, Fact C.16, correctness of System ' and Lemma C.18.



