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Realizable causal-consistent reversible choreographies for systems with
first-in-first-out communication channels

Monika Kapus-Kolar

JoZef Stefan Institute, Department of Communication Systems, Jamova 39, SI-1111 Ljubljana, Slovenia

Abstract

We re-engineer a pomset-based abstract semantics (and the associated semantic constraints) recently proposed for
compositionally specified choreographies for systems of components communicating over first-in-first-out channels.
We prove that the original semantics over-specifies components’ behaviour and that for this, but not only this reason,
the original semantic constraints are insufficient for the realizability of choreographies. We remove the problematic
over-specification in the semantics, extend the semantics to explicitly specified interaction pomset sets, define an
abstract syntax of choreographies and rephrase choreography semantics in terms of it, and newly provide a syntax-
independent definition of choreography well-formedness. We prove that choreographies well-formed in the new sense
are realizable and under a certain additional condition also causal-consistent reversible. Devising a set of rules for
inferring well-formedness of choreographies compositionally, we correct the semantic constraints originally claimed
sufficient for operands of individual composition operators. Our constraints and our definition of choreography well-
formedness are in certain ways also less restrictive than the original ones. In particular, we newly allow also chore-
ographies exploiting accidental event orderings.

Keywords: Choreography, Semantics, Realizability, Causal-consistent reversibility, Pomset, Communicating state
machine

1. Introduction

When designing a distributed application supposed to run on a given distributed system, a possible way to proceed
is to first conceive a choreography, i.e. a model of interactions among the system components from the global point of
view and of (possibly ambiguous) causal relationships between the interactions. Ideally, the choreography is realiz-
able, i.e. component processes for its correct implementation can be obtained simply by its projection. Furthermore,
it is desirable that the choreography is causal-consistent reversible, i.e. that its so obtained implementation is at every
point of execution in principle ready to undo any of those, and only those past events e for which the following is true
for every other past event ¢’: If among the by the choreography specified candidate causal interpretations of the past,
there exist also such stating that e’ has causally depended on e, ¢’ has already been undone. Here ‘in principle’ means
in case that every system component for each of its steps specified by the choreography projection implements also
its inverse. The possibility of causal-consistent event undoing is important in, for example, system debugging [1, 2],
system recovery [3], optimistic parallel discrete event simulation [4, 5] and reversible control of robots [6].

The paper corrects and generalizes the work of Tuosto and Guanciale [7] (for which proofs have been provided
in [8]) on compositional construction of realizable choreographies for systems in which (1) every communication
channel is between a pair of two different components, (2) from any component to any other component, there is
exactly one communication channel, and (3) every channel is an initially empty, infinite-capacity buffer in which
messages are queued in the order of arrival and exactly the first in the queue is available for reception. Actually,
Tuosto and Guanciale advocate choreographies that are highly abstract, i.e. without any detailed assumptions about
the target distributed system. Still, when demonstrating the applicability of their approach, they concentrate on the
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first-in-first-out (FIFO) channels case, and in the present paper, we discuss only this part of their work. For a discussion
of earlier approaches to choreography semantics, the reader can refer to [7]. There one can find also a comparison
explaining why it pays to go abstract, which we in certain aspects do to an even larger extent than [7].

The elementary choreographies considered in [7] are empty and singleton sets of interaction instances. To execute
an interaction means that on a certain channel, a certain message is sent (i.e. appended to the end of the queue),
by the source component of the channel, and at some later point received (i.e. removed from the queue after it has
become its first element), by the sink component of the channel. In other words, every interaction instance consists of
a transmission instance and the corresponding reception instance.

As, unlike [7], we study also possibilities for backward execution of choreographies, we additionally assume that
any given channel supports also the following operations: (1) To delete the last element of its message queue, which
is an instance of the inverse of transmitting the message on the channel and assumed to be executed by the source
component of the channel, and (2) to add an instance of a given message to the start of the queue, which is an instance
of the inverse of receiving the message on the channel and assumed to be executed by the sink component of the
channel.

The choreography composition operators considered in [7] are parallel composition (the operator specifies con-
current execution of its operands), sequential composition at each component (the operator specifies that the operands
are executed concurrently, except that at each component, transmission and reception instances belonging to the sec-
ond operand are delayed until the component has completed its duties in the first operand), and choice (the operator
specifies that either the first or the second operand is executed). Actually, iteration is also discussed, but only briefly
and informally. The graphical syntax of the choreography specification language of [7] is presented in the Legend in
Fig. 1, whereas the Figs. 1(a-f) present some example choreographies.

In [7], semantics and projection are defined only for those choreographies which the paper considers well-formed.
For this, a choreography must be elementary or a composition of well-formed choreographies whose semantics sat-
isfies the constraints which [7] defines for operands of the particular composition operator. The semantics of a well-
formed choreography is in [7] defined basically as a set of partially ordered multisets (pomsets) of actions, i.e. trans-
missions and receptions. The component processes generated by the projection of a well-formed choreography are
in [7] defined as (initialized, initially connected and deterministic) communicating state machines (CSMs) [9]. The
CSM system of a given choreography is considered correct (i.e. the choreography is considered realizable) if, starting
with every constituent CSM in the initial state (and every channel empty), it is (on the assumed channels) unable to
reach a deadlock (i.e. a state in which it cannot proceed in spite of some channels non-empty or some constituent
CSMs in a state with further actions specified) or execute a global action sequence not specified by the choreography
semantics.

All choreographies well-formed in the sense of [7] are allegedly realizable and causally unambiguous [8]. As
such, they have been employed as a basis for the conception of choreographies for automated recovery [10]. The
choreographies in the Figs. 1(d-f) are well-formed in the sense of [7], whereas those in the Figs. 1(a-c) are not.
Nevertheless, we applied (the in [8] defined semantics-based version of) the projection function of [7] to all the
choreographies. The thereby obtained CSM systems are presented in the Figs. 1(a’-f"), respectively (for a given
message m, !m denotes transmission, and ?m reception). In the systems in the Figs. 1(d’-f"), black colour singles out
those states which the constituent CSMs have after the system runs !z!w!x!y, la?aly?y and !z?z!b!x?x, respectively.

The main contribution of [7] is allegedly a relaxation of the usual constraints (such as defined, for example, in
[11, 12, 13]) for operands of the choice operator. Consider, however, the choreography in Fig. 1(a). The operands of
its choice operator satisfy the usual constraints, which suffices for the realizability of the choreography, but the choice
constraints of [7] are not satisfied, meaning that they are not strictly weaker than the former. The choreographies in
the Figs. 1(b,c) are examples of two further interesting kinds of choreographies which are realizable, but unacceptable
for [7]. The one in Fig. 1(b) belongs to realizable choreographies comprising also unrealizable sub-choreographies,
whereas the one in Fig. 1(c) belongs to choreographies exploiting also information available only thanks to accidental
event orderings (see the Example 1 below), which makes it a choreography whose CSM system cannot be faithfully
represented by a synchronous transition system and is therefore inaccessible to efficient verification approaches such
as that of [14].

Example 1. Consider the choreography G = (G +G,)+Gj in Fig. 1(c) and its CSM system in Fig. 1(c’). G3 specifies
that the interactions A— B and B A are concurrent and together enable A5Band BoA. It is, however, possible that
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Figure 1: The choreography grammar of [7], (a-f) six choreographies, (a’-f") the CSM systems obtained by projecting them as defined in [8], and
(f’") the proposed new CSM system for the choreography (f). In the CSM systems (d’-f"), black colour singles out those states which the CSMs
have after the system runs !z!w!x!y, !a?aly?y and !z2?z!b!x?x, respectively.

their actions are executed in the order !x?x!y?y, i.e. as if BLA causally depended on AS B, or in the order ly?y!x?x,
ie asif ASB causally depended on BLA. G specifies that in case that the first alternative causal interpretation of
the run-time actions’ order is possible, it is legal that B 2, A follows instead of B A. G, specifies that in case that the
second alternative causal interpretation of the run-time actions’ order is possible, it is legal that A5 B follows instead
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of ASB.

For the component A, for example, the above means that it might or might not receive the information in which
order !y and ?x occur in the particular system run. If it accidentally executes !x before ?y, it cannot deduce the order,
whereas in the opposite case, it can deduce that the order is !y?x. In the second case, A knows that it can continue
more liberally than in the first case, namely be unready for the message w and freely choose whether to send v or z.

The choreographies in the Figs. 1(a-c) motivated us to reconsider the concept of well-formedness as defined in
[7]. A detailed study of the constraints in [7] associated with individual composition operators revealed that they
are more problematic than we expected. Namely, for none of the three considered operators, they are sufficient for
the realizability of the composition. A proof of this are the choreographies in the Fig. 1(d-f): The operands of their
top-most operator (parallel composition, choice or sequential composition, respectively) are realizable, whereas the
choreographies as a whole are well-formed in the sense of [7], but not realizable. For example, each of the three system
runs exposed in the Figs. 1(d’-f") leads to a deadlock (what goes wrong in the three runs is described in Section 4, in
the Examples 21, 20 and 22, respectively).

Identification of the above described problems is our first contribution. In the following, we gradually identify also
their sources, among which an influential one is a problematic feature of the choreography semantics of [7]. As another
contribution, we, in Section 3, redefine the semantics and well-formedness, for terms of the choreography grammar
of [7] generalized by defining that interaction pomset sets are also elementary choreographies. Our definitions of
the semantics, projection and well-formedness of (generalized) choreographies are independent from the concrete
choreography syntax, which in [7] is not the case. We prove that choreographies well-formed in the new sense are
realizable and under a certain additional condition also causal-consistent reversible. As the third contribution, we, in
Section 4, prove some rules for inferring choreography well-formedness, and thereby virtually redefine constraints
for operands of individual composition operators. Old and new choreography semantics and operand constraints are
compared conceptually and on the example choreographies in the Figs. 1(a-f), for which (non-)well-formedness newly
coincides with (un)realizability. First of all, however, we present, in Section 2, the basic concepts and notations used
in the subsequent sections.

2. Basic concepts and notations

2.1. (Inter)actions and their instances

We assume that choreographies are designed for a system with component set C. Elements of C are ranged over
by c. Communication channels are assumed to be as defined in Section 1, where for given different components ¢ and
¢’, the channel leading from c to ¢’ is denoted as cc’. Messages are ranged over by m.

An interaction in which a given message m is passed over a given channel cc¢’ is denoted as ¢ Z ¢, whereas its
constituent transmission and reception are denoted as cc’!m and cc’?7m, respectively, with the channel identifier cc’
possibly omitted in case of evident from the context.

The universes of transmissions and receptions are denoted as, respectively, £' and £’. The universe £' U £’ of
actions is denoted as L. Actions are ranged over by a, action sets by A, action sequences by a, and action sequence
sets by A.

The universe {a"!la € L} of action inverses (shortly i-actions) is denoted as £~'. The universe £ U L' of
(i-)actions is ranged over by b. Sequences of (i-)actions are ranged over by 8. An empty sequence is denoted as €.

For a given action sequence « of the form (cc’!m;)i=1. 4 or (cc’Tm;)i=1. 1, ms(a) denotes the message sequence
(mi)i=1..k-

For given action sequence « and action a of which it comprises an instance, rlst(e, @) denotes the action sequence
obtained from @ by removing its last instance of a.

For a given action sequence «, pf(a) denotes the set of all its prefixes. For a given action sequence set A, max(A)
denotes the action sequence set {e|( € A) A Ao’ € (A\ {@)) : (a € pf(e))}.

(Inter)action instances are alternatively called events. Events are ranged over by e, event sets by &, and event
sequences by &.

For a given event e, A(e) denotes its label, i.e. the (inter)action of which it is an instance. For a given action
instance sequence € = (e;)i=1.., asq(€) denotes the action sequence (A(¢;));=1. k-
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Interaction instances and their sets are alternatively (to expose their nature) ranged over by, respectively, g and G.
For a given interaction instance g, e; denotes the constituent transmission instance, and eé the constituent reception
instance.

2.2. Partially ordered sets of (inter)action instances

A binary relation on a given event set & is a subset of & X &. If it is reflexive, anti-symmetric and transitive, it is
called partial order. The transitive closure of a given binary relation R is denoted as R*.

A partially ordered set of events (shortly poset) is an event set & endowed with a partial order < and denoted as
(&, ). Posets are ranged over by p, and their sets by .

If for given posets p = (&, <) and p’ = (&', <’) there exist bijections ¢ : & — &' and ¢’ :<—<’ satisfying all the
following:

(1) Ve e &: (Ae) = Ag(e)))
(2) Y(e, &) e<: (¢'((e, ) = (p(e), ¢(€)))

then p and p’ are isomorphic.

For a given poset p = (&, <), max(p) denotes the event set {e|[(e € E) A Pe’ € (E\ {e}) : (e <€)}

For a given poset p = (&, <), esq(p) denotes the set of all event sequences (¢;)i=1..g that satisfy
E={eiziig) ANV < i< j<|8]: (ej £ ep).

For a given poset p = (&, <), pf(p) denotes the set of all its prefixes, i.e. the set of all posets (&', <’) that satisfy
ECONE==NE XENDAEEN(ENE)XE)=0).

For a given poset set P, pf(P) denotes its prefix set {p|dAp’ € P : (p € pf(p"))}.

For a given poset set , max(%) denotes the poset set {p|(p € P) A Bp’ € (P \ {p)) : (p € pf(p"))}.

For a given poset set P, esq(P) denotes the event sequence set {|dp € pf(P) : (e € esq(p))}.

For given poset p and action sequence «, pf(p, @) denotes the set of all posets p’ € pf(p) whose esq(p’) comprises
an event sequence € with asq(e) = a.

For given poset set $ and action sequence «, pf(P, @) denotes the poset set {p|dAp’ € P : (p € pf(p’, @))}.

For a given poset set P, asq(#P) denotes the action sequence set {@|(a € L") A (pf(P, @) # 0)}

For a given poset p, tri(p) denotes the set of all triplets (&, <), A(e), (E U {e}, <)) that satisfy
(EUle}, <) epf(p) A e g E) AE, L) € pf((E U {e}, £))).

2.3. Fartially ordered multisets of (inter)actions

An (inter)action pomset (shortly pomset) is an isomorphism class of posets. The isomorphism class to which a
given poset p = (&, <) belongs is denoted as [p] or [E, <]. Pomsets are ranged over by r, and their sets by R.

A natural way to discuss properties of a given pomset is to discuss properties of a representative of the class.
Likewise, a natural way to define a composition operator for pomsets is to do it in terms of selected representatives
of individual operands, taking care that the representatives are non-intersecting (inter)action sets. When discussing
or combining pomset sets, one would proceed analogously. We therefore define the following families of pomset and
pomset set representatives:

(1) For given pomset r and (possibly omitted) natural i, po;(r) = (&, <) is the poset selected as the default repre-
sentative of the class r (for the natural i), with &,; N &,- ; = 0 for every pomset r* and natural i’ with (r, i) # (+', 7).
(2) For given pomset set R and (possibly omitted) natural i, pos,(R) denotes the poset set {po,(r)|r € R}.

For a given pomset r, pf(r) denotes its prefix set {[p]|p € pf(po(r))}.

For a given pomset set R, pf(R) denotes its prefix set {[p]|p € pf(pos(R))}.

For given pomset set R and action sequence «, pf(R, @) denotes the pomset set {[p]|p € pf(pos(R), @)}.

For a given action pomset set R, asq(R) denotes the action sequence set asq(pos(R)).

For a given action pomset set R, A(R) denotes the action set {a|(a € L) A Jaa € asq(R)},

For a given action pomset set R, tri(R) denotes the triplet set {([p], a, [p'D|TAp”" € pos(R) : ((p,a, p’) € tri(p”"))}.
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2.4. State machines

An initialized and initially connected state automaton M whose individual transitions represent individual
(i-)actions (shortly state machine) is defined by a triplet (Syy, sy, Ta) in which Sy, is its state set, sy, its initial
state, and 77, its transition set.

A state machine transition ¢ is defined by a triplet (s;, by, s;7) in which s; is the state in which it starts, s; is the state
in which it ends, and b;, is the executed (i-)action.

If for given state machines M and M’, there exist bijections ¢ : Sy — Sy and ¢’ : Ty — Ty satisfying all the
following:

(1) ¢(sm) = s
(2) Y(s,a,5") € Ty - (¢'((s,a,5)) = (¢(5),a, $(s")))

then M and M’ are isomorphic.
For given state machine M, seq(M) denotes the (i-)action sequence set
{(Bi)i=1.4l(k = 0) vV 3((s1, by, $iv1))i=1.k € (Ta)* 2 (51 = sm)).
For given deterministic state machine M and (i-)action sequence 8 = (b;);=;..x in seq(M), d/(5) denotes the only
member of the state set {si+1/((k = 0) A (sgr1 = s30)) V (805 by si+1))i=1..4 € (Ta)™ 2 (51 = sm)}-
For a given state machine M with no i-action transitions, rev(M) denotes the state machine
(Su s, Tu V(s a7, 9)I(s,a, s) € Tu)).

2.5. Projections

For a given component ¢, £, denotes the set of all actions that are of the form cc’!m or ¢’c?m.

For a given channel cc’, £}, denotes the set of all actions of the form cc’!m, and £, the set of all actions of the
form cc’Mm.

For given action sequence « and action set A, a| z denotes « after the deletion of every element that is not in A.

For given action sequence « and component ¢, a|,. denotes a| , .

¥ denotes the universe of all action sequences « that for every channel c¢’ satisfy ms(a| )€ pf(ms(a| ) ie.
respect the FIFO rule. ’ ’

For given action instance set & and action set A, &| 4 denotes the event set {e|(e € &) A (A(e) € A)}.

For given action instance set & and component ¢, &|,. denotes & .

For given action instance sequence € and action set A, €| 4 denotes & after the deletion of every element e with
Ale) ¢ A.

For given action instance sequence € and component ¢, €|, denotes &l .

For given action instance poset p = (&, <) and component ¢, p|. denotes the poset (&|., < N((E],) X (E].))).

For given action instance poset set  and component ¢, P|. denotes the poset set {p|.|p € P}.

For given poset set £ and event e, P \ e denotes the poset set {(E \ {e}, < N((E \ {e}) X (E\ {eD)I(E, <) € P}.

For a given action pomset set R, asqs(R) denotes the action sequence set asq(R) N F .

For given action pomset set R and component ¢, R|,. denotes the pomset set {[p]|p € pos(R)|_}.

For given action pomset set R and component c, asq.(R) denotes the action sequence set asq(R|,.).

2.6. Causal interpretations

This section is very important: As we later on define that the semantics of a given choreography G is an action
pomset set [G], with the legal global action sequences of G those in asq([G]]), here we actually define (see how the
Definition 3 in Section 3.2 uses the below defined concepts) (1) how individual action sequences in asq([G]]) inherit
the causal relationships of the corresponding event sequences of the default representatives of individual pomsets in
[G] and (2) the CSM that is the projection of G onto a given component c. In the definition of the latter, we take care
that for every action sequence a € asq.([[G]]), the resulting state of the CSM corresponds to what individual pomsets
in [G]l|. specify about the causal relationships between individual action instances in a.

Note that every action a denotes the class of all action instances e with A(e) = a. For given action a and natural i,
let e, ; denote the default representative of the class a for the natural i.

Note that every action sequence « denotes the class of all action instance sequences & with asq(e) = a. A natural
way to causally interpret a given action sequence « is to interpret the default representative of the class. For given
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action sequence @ = (@;)i=1..x and natural 1 < j < k, let ev(a, j) denote the event ey, @), For a given action

!
sequence «, the default representative of the class, denoted as esq(«), is the action instance seqjuence (ev(@, D))i=1..}al-
Note that in the representative, any given i instance of a given action a is conveniently called e, ;. For a given action
sequence a, &, denotes the action instance set {ev(e, i)}i=1. jo-

For given action instance poset p = (&, <) and action instance sequence € = (e;);.x in esq(pf(p)), let po(p, &)
denote the action instance poset (Eqasq(s), <) With <’'= {(ev(asq(e), 1), ev(asq(e), ))I(1 < i < j < k) A (e; < ej)}. Note
that po(p, €) virtually refers to the events in € and defines for them the same partial order as the corresponding prefix
of p, but brings the convenience that for any given 1 < i < k, the i’ event in & is called by the name of the i"* event in
the default representative esq(asq(e)) of the class asq(e), which makes <’ the partial order which the pair (p, €) defines
for the event set Syq(s)-

For given action instance poset p and action sequence a, let ci, (@) denote the action instance poset set {po(p, €)|(e €
esq(pf(p))) A ({asq(e)} = max(pf(a) N asq({p}))). Informally, to compute ci,(a), one would take the longest prefix
of a that complies to p, find all the possible ways for interpreting the prefix as a legal event sequence & of p, and for
every such ¢ take the poset po(p, €), because the latter can be regarded as one of the (partial) causal interpretations
which p specifies for a (hence the name ci,(a)).

The set of all causal interpretations which a given action pomset set R (e.g. the semantics of a given choreography)
specifies for a given action sequence a, denoted as cig(a), is the action instance poset set {p|dr € R : (p € Cipo((@))}.

If for a given action pomset set R, there is an action sequence @ € asq(R) satisfying | max(cig(@))| > 1, then R
(and any choreography whose semantics it is) is called causally ambiguous.

If for a given action pomset set R, there exist a component ¢ and an action sequence a € asq.(R) satisfying
| max(cigy_(a))| > 1, then R (and any choreography whose semantics it is) is called locally causally ambiguous.

The (minimally liberal) cumulative causal interpretation which a given action pomset set R specifies for a given
action sequence a, denoted as ccig(a), is the action instance poset
({elA(E, <) € cig(a) : (e € )}, {(e, €)|AE, <) € cig(@) : ((e,€') €)IF).

For given action pomset set R and action sequence a, maxg(a) denotes the event set max(ccig(a)).

For given action pomset set R and action sequence «, civg(a) denotes the action instance poset set vector
(Cipo(r) (@))rer-

For given action pomset set R and component ¢, sm.(R) denotes a deterministic state machine M satisfying
(seq(M) = asq.(R)) A Va € asq.(R) : (du(a) = civg (a)).

3. Well-formed generalized choreographies

3.1. Generalized choreographies and their normal form

Definition 1 (Generalized choreographies). Generalized choreographies (shortly choreographies) are terms derived
by the following grammar (parentheses not necessary for disambiguation can be omitted):

G:=0]c5c | R](GIlG) | (G1:Go) | (G +Go)
In the grammar, 0 denotes an empty choreography, ¢ 2 ¢ is assumed to be an interaction, R is assumed to be a non-
empty set of interaction pomsets, ‘|’ is the parallel composition operator, ‘;’ is the sequential composition operator,
and ‘+’ is the choice operator.

To abstract away from the concrete syntax of choreographies, we define for them a normal form:

Definition 2 (Normal form of choreographies). The normal form of a choreography G, denoted as {G)), is a non-
empty set of interaction pomsets. For our six choreography types, it is defined, respectively, as follows:

€0) = {[{}. 11}

eS¢y = {[{g). (g, g)}]) where g is an instance of ¢ —¢’.

(R) =R

€G11G2) ={[G1 U G2, <1 U 22l((G1, £1), (G2, <2)) € pos; (G 1) X pos, (G2}

€G1:Go) = {[G1 VU G2, (51 U <5 UG X G2))*1I((G1, £2), (G2, £2)) € pos;({G 1)) X pos,({Ga))}

(G1+Ga2) =(G1) UGy
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The pomsets in the normal form of a given choreography G are the alternatives between which the system is
supposed to choose when executing G. For an empty choreography, the only alternative is to execute no interaction
instances. For a choreography ¢ 5 ¢, the only alternative is to execute an instance of ¢ Z, ¢’. The alternatives of
a G| + G, are the alternatives of G| and the alternatives of G,. The alternatives of a G|G, are all those defined as
parallel composition of an alternative of G| and an alternative of G,. The alternatives of a G;; G, are all those defined
as strict sequential composition of an alternative of G| and an alternative of G, (at the high level of abstraction adopted
in {G1; G2, it is not visible that strict sequencing of a pair of interaction instances in general does not preclude some
concurrency of their constituent action instances). The alternatives of an interaction pomset set R are the pomsets in
R (i.e., choreographies of this type are by definition already in the normal form, which reveals that the remaining five
choreography types are just syntax sugar).

Example 2. For the choreography G = A 5 B|(B LAY (A 5 B; (B 5 AlJA 5 C))), {G) is a set consisting of two
pomsets. In the first one, there are an AL Banda BL C, unordered. In the second one, there are two A1> B, a Bi A
and an AS C, where the only ordering is that one of the A5 B is before the B5 A and the A C.

3.2. Choreography semantics

The semantics of choreographies is in [7] defined as a function of their concrete syntax, whereas we define it
as a function of their normal form. Namely, recall that in the normal form {G)) of a given choreography G, each
of the constituent alternatives of G is represented by a pomset specifying the alternative very abstractly, in terms of
interactions. To obtain the semantics of G, we refine every pomset » in {G)) into a pomset 7 specifying the alternative
of G less abstractly, in terms of actions. To obtain #/, we take the interaction instance poset p that is the default
representative of the isomorphism class r, refine it into the action instance poset [ p]] below (see Definition 4) defined
as the semantics of p, and set r’ to the isomorphism class to which p’ belongs:

Definition 3 (Semantics of choreographies). The semantics of a given choreography G, denoted as [G]), is the action
pomset set {[[pI]|p € pos({(G)»)}. More precisely:

(1) The projection of G onto a given component c is the state machine sm.([G])).

(2) The action sequences which the CSM system of G is allowed to execute are those in asq([G]]).

(3) The causal interpretations supposed to be respected when undoing action instances of a given action sequence
a € asq([[G]), i.e. the candidate causal interpretations of a, are the posets in cijgy(@). In other words, one has to
respect the cumulative causal interpretation ccijgy(e). In other words, in the system state resulting from «, the
undoing of the element of @ in a given i position is allowed exactly if ev(a, i) € maxgy(@).

In our semantics of a given interaction instance poset, each of the interaction instances is represented by its
constituent action instances, and in the resulting action instance set, two different members e and ¢’ are considered
directly ordered (there is also ordering because of the transitivity of the ordering relation) exactly if either (1) they are
the transmission instance and the reception instance of the same interaction instance or (2) the interaction instances
to which they belong are ordered and the ordering is inherited. The inheritance is assumed to exist exactly if a certain
predicate Ord below (see Section 3.4) (re)defined on action pairs is true on the pair of the actions of which e and ¢’
are instances:

Definition 4 (Semantics of interaction instance posets). The semantics of a given interaction instance poset
p = (G, <), denoted as [[p]], is the action instance poset
(Ugeg{eé’e;}, ((Ugeg{(eé’ e‘!g)’ (e(!g’ 62)9 (e;9 e;)})u O \ )

{(e,e)A(g. 8 €<: (8 # &) A ((e,€)) € feg e} X e, e, }) A Ord(A(e), Ae)N™).

In different contexts, different definitions of the predicate Ord may be meaningful. If one defines that Ord(a, a’)
for a given action pair (a, a’) is true exactly if there is a component ¢ with (a,a’) € L, X L., i.e. a component able
to secure that a given instance of @’ is delayed until after a given instance of @, our choreography semantics becomes
that of [7] (except that we have written its definition in a more abstract style). In other words, [7] virtually assumes
the above version of Ord. As for (the in [8] defined semantics-based version of) the choreography projection function

8
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Figure 2: (a) A choreography, (b) the specified action pomset, and (c) the CSM system obtained by projection.

of Tuosto and Guanciale, it can be for our purposes considered identical to ours, because the CSM which it returns
for a given component c is for locally causally unambiguous choreographies G ([7] allows no others) isomorphic to
sme([G1D).

Example 3. Consider the choreography G = (G; +G;); Gs in Fig. 1(f). {G)) consists of two interaction pomsets, an r;
representing the alternative G ; G and an r; representing the alternative G,; Gs. r» specifies A C followed by C£> B

followed by Ai> B. In [G]], the pomset is refined into (the isomorphism class of) the action set {!z, ?z, !b, ?b, !X, ?x}
endowed with a partial order <, depending on the assumed version of Ord. For every version, !z <;?z, b <;?b
and !X <,7x. In case of the Ord of [7], also !z <,7X, 7b <,7x and 7z <,!b, meaning that in this case, !b and !x are
concurrent, whereas for ?x, <, specifies that B must delay it until after ?b, in spite of the fact that the message x from
A possibly arrives to B before the message b from C. Similarly, the refinement of r; in case of the Ord of [7] specifies
that in G;; Gs3, !a and the !x of G3 are concurrent, but ?a must nevertheless occur before the ?x of Gs, in spite of the
fact that the message x of G from A possibly arrives to B before the message a from C.

Example 4. Consider the choreography G = G;|G, in Fig. 2(a). The only action pomset in [G]] for the Ord of [7],
presented in Fig. 2(b), has four ways to execute the action sequence !x!x?X, i.e. the event sequence ey jeix2€9x.1: AS
first, eix; can be either the left or the right instance of !x in Fig. 2(b) (ei is in both cases the remaining instance). As
second, ey | can be either the left or the right instance of ?x in Fig. 2(b). In the (left,left) and in the (right,right) case,
e, causally precedes ex 1, and ey » does not. In the (left,right) and in the (right,left) case, e\ » causally precedes ey 1,
and e\ does not. The two partial orders on the event set {eiy 1, €1x2, €21} are the two candidate causal interpretations
which [G] specifies for the sequence !x!x?x. As for the cumulative causal interpretation of the latter, it specifies that
eix,1 and ey o both causally precede eay ;.

Example 5. Consider the choreography G = (G; + Gy) + G3 in Fig. 1(c) and assume the Ord of [7]. For the action
sequence ?x!y (i.e. the event sequence e jey, 1) of B, the only member of [G ]|z specifies that es ; causally precedes
ew 1, and the only member of [G3]]|g specifies that es ; and ey ; are concurrent. As for the only pomset in [Ga]l|g,
the longest prefix of ?x!y complying to it is the empty one. For this reason, the pomset specifies only how the events
in the empty prefix of ey eyy,1 are ordered, which is a causal interpretation already included in what the first or the
second one tells about the sequence 7x!y. As for the cumulative causal interpretation of the latter, it specifies that eo |
causally precedes ey ;.

3.3. Reception-completeness

Example 6. Let us return to Example 3. In the CSM system of G, presented in Fig. 1(f"), it is clearly visible that every
sm([G]]) chooses between its left branch, i.e. (a sub-machine isomorphic to) sm.([Gy; Gs]), and its right branch, i.e.
(a sub-machine isomorphic to) sm.([Gz; G311). Because of the unnecessary reception delayings in the only members
of [Gy; Gs]l and [Gy; Gs]l, smg([Gy; G3]l) is without the action sequence ?x?x?a and smg([[Gy; Gs])) is without the
action sequence ?x?b. Consequently, ?x fails to be specified in the initial state of smg([[Gy; G3])), in spite of the fact that
it would be executable in this position within the CSM system of Gy; G3. Consequently, smg([[G])) fails to comprise
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the information that an instance of X received in its initial state might as well have been sent by sma([G2; Gs])), and not
only by sma([[Gy; G3]l). Consequently, the initial ?x in smg([[G]]) unjustly cancels the execution of smg([Gy; G3]),
which is the reason why the CSM system of G possibly deadlocks, in spite of the fact that G;; G and G,; G5 are both
realizable. Similarly, ?x fails to be specified in the state of smg([[G;; G3]]) resulting from ?x, in spite of the fact that it
would be executable in this position within the CSM system of G; Gs. This, however, is not problematic, because a
second instance of x can only be sent by sma([G; G3])).

The problem described in Example 6 originates in the fact that for the Ord of [7], the choreography [G,; Gs]l,
although realizable, is not reception-complete, where the latter choreography property is defined as follows:

Definition 5 (Reception-completeness). A given choreography is reception-complete if its CSM system cannot reach
any state in which the message queue of a certain channel is non-empty, but the sink component of the channel is
currently unable to receive the first message in the queue.

Example 3 and its continuation in Example 6 indicate that reception-incompleteness of a given realizable chore-
ography G has at least two undesirable implications: First, in the implementation of G obtained by its projection,
components’ behaviour is constrained more than necessary. Second, such a G is a problematic operand of the choice
operator. The latter is very inconvenient for the conception of choreography well-formedness, because abstractly, ev-
ery choreography is choice between a certain set of interaction pomsets. On top of this, even an individual interaction
pomset can be unrealizable for the sole reason of being a reception-incomplete choreography:

Example 7. The choreography G in Fig. 1(d) specifies a single interaction pomset, consisting of an AS B,a c B,

aC 5 Zand an A B, with A> B preceding Cc5B, and cLB preceding A 2, B. In case of the Ord of [71, IG1
specifies that !X, !y, !z and !w are concurrent, whereas ?x precedes ?z, and ?y precedes ?w. The resulting CSM system
of G, presented in Fig. 1(d’), has the run !z!w!x!y, leading to a state in which the message w is in the channel AB in
front of X, and the message z is in the channel CB in front of y, but the only actions currently enabled by B are ?x and
?y, meaning that the messages waiting for reception will never be received, which makes G for the particular Ord not
only reception-incomplete, but also unrealizable.

3.4. A different version of the predicate Ord

If a given realizable choreography G fails to be reception-complete for the assumed version of Ord, this originates
in the properties of the particular Ord. As reception-incompleteness is undesirable, our version of Ord is such that
for any action a and reception ¢’c?m, Ord(a, ¢’c?m) is true only if a is also a reception on the channel ¢’c (in all other
aspects, the new default Ord is the same as that of [7]):

Definition 6 (Predicate Ord). For given actions a and a’, Ord(a,a’) denotes that (a,a’) is a (cc’!m,cc”'\m’), a
(c'ctm,cc”’\m’) ora (c’ctm, c’ctm’).

The only consequence of our modification of the default Ord is that the members of the CSM system of a given
choreography G newly comprise complete information on the local states in which individual kinds of messages
are possibly available for reception in case that components consistently choose between the pomsets in [[G]]. This
increases the chances that messages are removed from channels in time and properly interpreted. It also simplifies
safety assessment of candidate implementations of individual CSMs, and possibly helps CSM implementers to choose
from a wider range of safe reduced implementations. In other words, while the new Ord possibly means more action
instance concurrency in [[G]] and, hence, larger action sequence sets of individual CSMs, which possibly increases the
need for implementing just their reduced versions, it on the other hand brings more implementation freedom:

Example 8. Let us return to Example 7. For the new Ord, ?x, 7y, 7z and ?w are concurrent in [[G]]. Consequently,
smg([[G])) is ready to execute them in any order, and G is both realizable and reception-complete.

Example 9. Let us return to Example 6. For the new Ord, the CSM system of G is the one presented in Fig. 1(f”).
As in the only member of [Gy; Gs]|, ?X is no longer preceded by ?b, both smg([[G; G3])) and smg([[G,; G3]]) can start
with ?x. Consequently, the initial ?x in smg([[G]]) is no longer decisive.
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Example 10. Let us return to Example 9. When implementing the new smg([[G])), it is not safe to omit the branch
7b following ?x, because the CSM comprises no guarantee that in case that the rest of the system decides to support
the omitted branch, it will support also at least one of the other two actions possible in the CSM after ?x. On the
other hand, it is safe to omit the initial ?X, because in case that the rest of the system decides to support the omitted
branch, it thereby supports one of the CSM’s action sequences ?x?a, 7x?x?a and 7x?b, thereby supporting (because
in each of the sequences, the last reception is not on the same channel as any other) also initial execution of ?a or ?b.
In sma([[G])), the situation is less complicated, because in case that one or two of the initial actions are omitted, the
remaining alternative is a transmission and as such non-blockable.

Formally, the reasoning employed in Example 10 is as follows:

Proposition 1. If a given CSM system with every CSM deterministic and possessing no i-action transitions is a
correct implementation of a given choreography, it remains its correct implementation also if one of the CSMs, a state
machine M, is modified into a deterministic state machine M’ for which in case of seq(M) # seq(M’), there is a pair
(@, a) satisfying all the following:

(1) (a € L) A (aa € seq(M))
(2) seq(M’) ={a’l(a’ € seq(M)) A (aa ¢ pf(a’))}
(3) Ifthere is no transmission a’ with aa’ € seq(M"), there is an action sequence set A C (seq(M) \ seq(M")) satisfying
all the following:
(3.1) Vaaa’ € (seq(M) \ seq(M")) : Jaaa” € A : (o’ € pf(@’)) V (" € pf(a’)))
(3.2) For every sequence aaa’ € A, there is a pair (@', a’) satisfying all the following:
(3.2.1) (@ € (LY)VA(@ e LYN(a"d = ad’) A (ad’ € seq(M"))
(3.2.2) No member of o is a reception on the same channel as a’.

Proof. Suppose that the premise is true. If seq(M) = seq(M’), then 6, (@) of individual @ € seq(M’) is irrelevant for
the correctness of the implementation. If seq(M) # seq(M’) and a pair (a, a) with the described properties exists, all
the following is true:

(1) The only possible problem is that the M’ executes « and then deadlocks.

(2) If there is a transmission a’ with aa’ € seq(M’), M’ is not blocked after a.

(3) Otherwise, the deadlock occurs because a after @ is not an option for M’, whereas all the alternative options are
receptions never enabled by the rest of the system.

(4) In the latter case, the correctness of the original implementation implies that the deadlock occurs because the rest
of the system decides that M’ should execute an action sequence starting with an aaa’ € A.

(5) Consider the pair (a”, a’) that presumably exists for such an aaa’. As the original implementation is correct, the
rest of the system sends all the messages necessary for the execution of @”a’.

(6) As no reception in @” is on the same channel as a’, M’ can, hence, execute ¢’ also immediately after a, thereby
avoiding the deadlock. U

3.5. Auto-concurrency

The following example shows that an individual interaction pomset can be unrealizable even for the new (in the
rest of the paper the default) Ord:

Example 11. Consider the choreography G = G;|G; in Fig. 2(a). The only action pomset in [G]], presented in
Fig. 2(b), specifies that it is illegal to execute the four transmissions in the order !x!z!y!x. However, the CSM system
of G, presented in Fig. 2(c), has also a run starting with !x!z?x!y!x, a run in which B misinterprets the message x of
G, as the message x of G; and consequently sends y prematurely.

The above considered choreography G is unrealizable because of Ac([[G]]) with Ac the following predicate denot-
ing the presence of auto-concurrency:

Definition 7 (Predicate Ac). For a given action pomset set R, Ac(R) denotes that for some poset (&, <) € pos(R) and
event pair (e, ¢’) € & X & with A(e) = A(¢’), neither e < ¢’ nor ¢’ < e is true.
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Lemma 1. If a given choreography G satisfies (|({(G)| = 1) A =Ac([[G]), it is realizable and reception-complete.

Proof. Suppose that the premise is true. The only member of pos({G)) is a interaction instance poset (G, <’). The only
member of pos([G])) is by definition an action instance poset (&, <) isomorphic to the poset p = (Ugeg{eé,, eg,}, R*) with
R = (Ugegl(ey, €p), (g, €0), (en, eDD Uf(e, )l A(g, g) €<”: (g # &) A (e, €) € ey, e} X ey, el }) A Ord(A(e), A(e))).
Without loss of generality, we assume that (&, <) = p. The CSM system of G satisfies all the following:

(1) For every component c, the action sequences « executable by sm.([[G]]) are exactly those satistying pf(p|,, @) # 0.

(2) For every component ¢ and action sequence @ executable by sm.([G]]), by ~Ac([G]), pf(pl,, @) comprises a
single prefix of p|., and the state of sm.([G]]) after « is virtually denoted exactly by the prefix.

(3) By (2) and (3), every component ¢ implements exactly the events in &| ., and is ready to execute them exactly in
the orders compatible with <.

(4) Y(e,¢)eR: (FgeG: ((e,¢) = (e}, €))) V (Fc € C: ((Ale), AeN)) € Lo X L))

IL.e., every ordering in < which does not result from the remaining ones is either between a transmission instance
and the corresponding reception instance, in which case it is implemented by the particular channel, or between
two events implemented by the same component, in which case it is implemented by the component.

(5) If no deadlock ever occurs and no component ever misinterprets a received message (i.e. interprets its reception
as a certain e; in spite of the fact that it is actually e;, ofag’ € (G\{g})), then, by (3) and (4), the system in every
run executes exactly the events in &, in an order compatible with <.

(6) Vg e G, (e, e;) ER:((e= e;)\/

3¢ € Goecumm’ : (AQ) = e A ) = e 25 e = el) Al(ey,ep) €5)))
Le., for every reception instance e; € &, every event e € & that is one of its immediate preconditions is either the
corresponding transmission instance e; or a reception instance whose corresponding transmission instance occurs
on the same channel and is a precondition for e;. In both cases, the enabling of e; by the channel is delayed until
after e.

(7) By =Ac([G]) and (6), no component ever misinterprets a received message.

(8) By (5)-(7), the system never reaches a state in which a component is on some of its currently non-empty incoming
channels unable to receive the first message in the queue.

(9) By (5)-(8), the system in every run executes exactly the events in &, in an order compatible with <. O

3.6. Local choice

Example 12. Let us return to Example 9. For the new Ord, G;; G3 and Gy; Gs are realizable and reception-complete
choreographies. In the new CSM system of G, components in every run consistently choose whether the system
should execute (an action sequence complying to) [G;; G3]| or (one complying to) [Gy; G3]|. More precisely, all the
following is true: Whenever a component ¢ stops supporting one of the alternative action pomset sets, this is at a point
at which both alternatives have further actions specified for c. The cancellation of support happens because c executes
an action that is at the particular point legal only for the selected alternative. There is at most one component (in the
particular case A) for which the decisive action can only be a transmission. For all the other components, it can only
be a reception. In every system run, the choice between the two alternatives is, hence, made (if ever) locally, by the
component that can only choose upon a transmission, and gradually communicated to (in the particular case all) the
other components (for example, if [Gy; G3] is selected instead of [G;; G3]], C is informed of this upon ?z, and B upon
).

Speaking formally, the choice considered in Example 12 is local because the particular pair of action pomset sets
satisfies the following predicate:

Definition 8 (Predicate Lc). For given non-empty action pomset sets R; and R,, Lc(R;, R) denotes that there exists
such a component set C’ with |C’| < 1 that for every component ¢, action sequence « € (asq.(R;)Nasq.(Rz)), i € {1,2}
and action a with aa € (asq.(R;) \ asq.(Rs-;)), all the following is true:

(1) Ja’ € L: (ad’ € asq.(R3-1))

12
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Lemma 2. If given realizable and reception-complete choreographies G| and G, satisfy Lc([G1], [G2]D), the chore-
ography G = G| + G is realizable and reception-complete.

Proof. Suppose that the premise is true. For given i € {1,2} and component c, let A;. denote asq.([G:]). By
Lc([G1, [G2]1D), there is a component set C” for which all the following is true:

M Ic=1
2) VeeC,ae (A1 NAy),iefl,2},ae L: ((@ae(Aic\As_i) = Ja’ € L: (ad’ € As_ip))
(3) VeeC,ae(AicNAre)i€efl,2)ae L:((aa € (Aic\A3-) = (c€C) & (ae L))

The CSM system of G satisfies all the following:

(4) For every ¢ € C, sm.([[G]]) chooses between (a sub-machine isomorphic to) sm.([G1]]) and (a sub-machine
isomorphic to) sm.([G,]).
(5) The moment when an sm.([[G;]]) is selected is when after executing an @ € (A, N A), ¢ executes an action a
with aa € (Ai: \ As_ic).
(6) If a is a ¢’c?m, then the message received results from a transmission instance impossible in sm ([G3_;]]), for
otherwise, by the reception-completeness of G3_;, sm.([[G3-;]]) would also be ready for ¢’c¢?m immediately after
a, which would contradict aa ¢ As_; .
(7) If ais a c’c?m, then, by (6), the choice at c is made after ¢’ has selected sm. ([G:])).
(8) By (3)-(7), only a member of C’ can be the first component ¢ to make the choice between sm.([[G]]) and
sm.([[G2]]), and thereby the choice between (a CSM system component-wise isomorphic to) the CSM system of
G and (a CSM system component-wise isomorphic to) the CSM system of G».
(9) By (1) and (3)-(8), the choice between the two alternative CSM systems is made, if ever, by the only member of
C’, and every other component follows it consistently.
(10) By (9), every run of the CSM system of G is virtually a run of one of the alternative CSM systems.
(11) By (2), (10) and the realizability and reception-completeness of G| and G, G is also realizable and reception-
complete. o

At this point, it is interesting to note three things: As first, Lc([G1]l, [G2]) in Lemma 2 is a sufficient constraint
for individually acceptable G| and G, in the role of operands of the choice operator. As second, in comparison to the
corresponding constraint in [7] (partially presented in Section 4.2), ours is much simpler. The latter is possible because
we newly expect operands to be reception-complete, which is crucial for the step (6) in the proof of Lemma 2. More
precisely, the reception-completeness of G| and G, helps because it removes the need for considering also non-initial
actions in the futures of individual decision points of individual members of the CSM system of G; + G, (see the
Example 13 below). As third, our constraint drops the usual assumption, adopted also in [7], that in individual local
decision points, all initial actions of the possible futures must be decisive (see the Example 14 below).

Example 13. Let us return to Example 12, more precisely to the old CSM system of G. To correctly answer the
question whether it is acceptable that B possibly selects its left alternative already upon an initial ?x, one has to
consider also the non-initial ?x in the right alternative, for only then one can answer the question whether the latter
instance of 7X is possibly enabled by the rest of the system already before ?b. As we know, the answer to the latter
question is positive, which in the new CSM of B is evident simply from the initial ?x in the right alternative.

Example 14. Consider the choreography G = G; + G, with G, and G, the realizable and reception-complete chore-

ographies AS B|Al> Band A> B|Ai> B, respectively. The choice between G| and G, is made by A, possibly already
upon its first action, but only if the action is !y or !z. If the action is !X, the choice is delayed until the next decision
point. Nevertheless, Lc([G1], [G21]), whereas for [7], G is unacceptable.
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3.7. Well-formedness
Well-formedness of choreographies is in [7] defined in terms of their topmost operator and the semantics of its

operands, whereas we define it in terms of the semantics of choreographies themselves, with the help of the following
recursively defined predicate denoting well-branchedness of a given action pomset set:

Definition 9 (Predicate Wb). For a given action pomset set R, Wb(R) denotes that either |R| = 1 or there exist non-
empty pomset sets R; € R and R, € R satisfying (R; U R, = R) A Wb(R) A Wb(R,) A Lc(Ry, Ro).

Definition 10 (Well-formedness). A given choreography G is well-formed, denoted as Wf(G), if —Ac([GIDAWbH([G])).

Proposition 2. If a given choreography G satisfies Wf(G), it is realizable and reception-complete.

Proof. The proof is by induction, assuming Wf(G) and that every choreography G’ with Wf(G’) A (|G )| < [KG))|) is
realizable and reception-complete:

(1) By Wf(G), there is a non-empty interaction pomset set (i.e. a choreography) R C {G) with ([R] = [G]) A (R| =
[IRTD A WFR).

(2) By [[R] = [[G1, it suffices to prove that R is realizable and reception-complete.

(3) If IR = 1, then [{R)| = 1 and, by Wf(R), ~Ac([R]) and, by Lemma 1, R is realizable and reception-complete.

(4) If |R| > 1, then, by (IR = [[R]]) A Wf(R), there exist non-empty interaction pomset sets (i.e. choreographies) R,
and Ry satisfying (R C R) A (Ro CR) A (R1 URy =R) A WF(R) A WF(Ra) A Le([R1 1, [R D).

(5) By (JARDI < IKGHD A (I€R2D] < IKGHD A WF(R1) A WF(R»), Ri and R, are realizable and reception-complete.

(6) By (5), Lc([R1 1, [R-1) and Lemma 2, the choreography G’ = R + R, is realizable and reception-complete.

(7) By [G’] = [[G] and (6), R is realizable and reception-complete. O

It seems that when Tuosto and Guanciale defined well-formedness in [7], their plan, though not optimally executed,
was the same as ours, namely to enforce ‘no auto-concurrency and only local choice’. For the assumed kind of
channels, avoiding specification of auto-concurrency is a reasonable decision, for note the following: Even if two
instances of a given interaction are specified as concurrent in a given choreography G, so that the corresponding
transmission instances are concurrent in [G]], the corresponding message instances are ordered by the channel on
which they are sent. It is just that their order is decided not earlier than at run-time, but this can be more faithfully
specified as the possibility of two alternative orderings of the two interaction instances. Analogously, it can be helpful
to explicitly specify that the recipient of the two message instances has two different possibilities for attributing them
to the two interaction instances:

Example 15. The choreographies G; and G; in the Figs. 3(a) and 3(b), respectively, for every component ¢ satisfy
seq(sm.([G])) = seq(sm.([G2]])), but have different semantics. Only [[G,]| faithfully represents the fact that in the
system, the two instances of y are ordered by the channel, and that A freely chooses whether the first received instance

of y should be attributed to the left or to the right instance of B LA A. Consequently, G, is realizable, whereas its
abstraction G is not. In the latter, the two instances of BL A are presented as concurrent and each guard exactly one
of the interactions A= B and A 5 B. According to [[G:] it is therefore illegal that the CSM system of G; possibly
executes the action sequence !x!z?z!y?y!a, in which the message of the right instance of BLAs interpreted by A as
the message of the left instance of BLA.

3.8. Causal-consistent reversibility

In this section we assume that the CSM which a given choreography G defines for a given component ¢ is
rev(sm.([G])). Note that for a given well-formed choreography G, a given action sequence a € asq([[G]) is exe-
cutable by the CSM system of G exactly if it is in asq([[G]]). In the following we prove that a given well-formed
choreography G is causal-consistent reversible exactly if there is no action sequence « € asq#([[G]) for which the cu-
mulative causal interpretation ccijgy (@) would specify some intra-channel concurrency of transmissions or receptions,
i.e. exactly if ~Ic([[G]]) with Ic the following predicate:
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Figure 3: Two choreographies.

Definition 11 (Predicate Ic). For a given action pomset set R, Ic(R) denotes that there exist an action sequence a €
asqg#(R), a channel cc¢’ and different events e,; and e, in maxg(a) with (a,a’) € ((L!CC, X L!C,) v (ch, X ch,)).

C

For given well-formed choreography G and (i-)action sequence 5 executable by its CSM system, let st;(5) denote
the system state after 3.

Lemma 3. For any given choreography G satisfying Wf(G) A —Ic([[G), action sequence « € asq([[G]l) and action

instance e,; € maxycy(@), stg() is a state in which the CSM system of G can execute a™".

Proof. The action a is a cc’!m or a ¢’c?m. Let M denote the CSM sm,([G]]).

(1) By ey € maxjgy(a): e, € maxygy (al.)

(2) By (1), there is an action sequence a’a € seq(M) with 5y (a’a) = dy(al,).

(3) By (2): (6m(@’a),a™",6y(a)) € Trevin)

(4) By 3), a|.a”! € seq(rev(M)) and, hence, in stg(a) the component c is ready for a~'.
(5) Ifais a c’c?m, the channel ¢’c is always ready for a~'.

(6) If ais a cc’!m, then in stg(@), by (e,; € maxygy(@)) A ~Ic([G]), the last element of the message queue of the
channel c¢’ is an instance of m, implying that the channel is ready for a~'. o

Next we prove that in case of Wf(G) A —Ic([G]]), any executed action inverse removes from the action history the
last instance of the action and thereby transforms the action sequence into one that is also executable by the system.
Moreover, we prove that the undone action instance is one that is allowed to be undone at the point, and that the
undoing transforms the system state into the one resulting from the resulting action sequence.

Lemma 4. For any given choreography G satisfying Wf(G) A —Ic([[G), action sequence « € asq([[G]l) and action
a for which the CSM system of G is able to execute the (i-)action sequence aa™", all the following is true:

(a) maxygy(@)l, = {eqal,}
(b) rlst(, a) € asq-([G1)
(©) stglaa™") = stg(rlst(a, a))

Proof. The action a is a cc’!m or a ¢’c¢?m. Let M denote the CSM sm.([G])).

(1) As aa”! is executable by the system, there is an action sequence a’a € seq(M) with §y(a’a) = Sy(al,).
(2) As the last element of the action sequence a’a is a, maxygy, (@’ a) comprises at least e, o/a), |-
q G, p @' @)l g
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(3) If ais a ¢’c?m, then, by =Ic([G]), €@ a),,| i for every action sequence @ € seq(M) with 6y (") = dm(e’'a)
the only event in maxggy (@) that is an instance of a reception on the channel ¢’c.

(4) If ais a cc’!m, then, by =Ic([G]D), eaj@ay,, is for every action sequence @’ € seq(M) with dy(a”’) = du(a’a)
the only event in maxygy (@) that is an instance of a transmission on the channel ¢’c.

(5) By 3), (4) and 6p(a’a) = 6m(al,), rev(M) has exactly one state s with (6y(al.),a!, s) € Trevr), namely the
state (Cipo(r)(a'tc) \ ea,l(a'a)[w)\)rel[G]]L‘.-

(6) Ifaisac'c?m, eqjwa),) i, by (3), for every action sequence a” € asqge([G]) with 6y(a”|.) = dm(a’a) the only
event in maxgy(a’) that is an instance of a reception on the channel ¢’c.

(7) If ais a cc’lm, eqyaa),) 1S, by (4), for every action sequence a” € asqs([G1) with u(e”|,) = du(a’a) and

7 -1

a”’a”" executable by the system the only event in maxgy(a’) that is an instance of a transmission on the channel
cc’.
(8) If a is a ¢’c?m, then, by dy(a’a) = du(l|.) and (6), €4|wa),,| is the only instance of a in maxygy(a) and in @
denotes the last reception on the channel ¢’c.
(9) If ais a cc’!m, then, by dy(@’a) = dm(al,) and (7), €4 ay,, is the only instance of a in maxjgy(e) and in @
denotes the last transmission on the channel cc’.
(10) By (8) and (9): eqwa),,l = €alaly
(11) By (8)-(10): (maxygy(@)], = {€qjoy,, ) A (tlst(@, @) € asq-([G]))
(12) By (5) and (8)-(11), stg(aa™") = st (tlst(e, a)). O

From the Lemmas 3 and 4 it is already evident that in case of Wf(G) A =Ic([G]), the CSM system of G allows
event undoing exactly where appropriate, and in the only form appropriate. For completeness, however, we next
prove causal-consistent reversibility of the default implementation of G also formally. Here note that our definition
of causal-consistent reversibility of the implementation in no way differs from the classical one, which is (see, for
example, the overview paper [15]) that any action instance can be undone, provided that all its consequences (if any,
with respect to the employed causal interpretation function, in our case ccijgy) are undone beforehand. To prove the
property, it suffices to prove (as we do below) that the implementation is a state machine possessing the following
properties [15]:

(1) For every transition (s, a, s') with a € L, there is also the inverse transition (s’, a’l,s), and for every transition
(s,a”!, s’y witha™! € L7, there is also the inverse transition (s’, a, s).

(2) Any two transition sequences with a common starting state have a common ending state exactly if they are causally
equivalent, i.e. if they have the same effect on the causal history of the system.

Proposition 3. If a given choreography G satisfies Wf(G) A =Ic([[G]), it is causal-consistent reversible.
Proof. Suppose that the premise is true. Hence, all the following is true:

(1) The CSM system of G is a state machine M.
(2) By Lemma 4, M is deterministic.
(3) By Wf(G) and Lemma 4: seq(M) N L* = asqz(IGT)
(4) By Lemma 4: Sy = {stg(@)le € asq-([G])}
(5) For any action sequence a and action a with aa™! € seq(M), there is, by Lemma 4, an e, ; € maxjgy(a).
(6) For any action sequences a € seq(M) and e,; € maxygy(@), there is an action sequence ¢’a € seq(M) with
opu(@) = oy(da).
(7) For any action sequences « and action a with aa € seq(M), €ajad),,| € MAX[G] (aa).
(8) For any action sequence « and action a with aa € seq(M), the transition (dy/(@), a, opy(aa)) € Ty is, by (7) and
the Lemmas 3 and 4, in 7 accompanied by the transition (§y(ea), a™", Su(a@)).
(9) Besides the inverse transitions, M has no other i-action transition, for otherwise, by (5)-(8), (a) of Lemma 4 is
contradicted.
(10) Let M’ denote the state machine
({sto(a)la € asqr([GID}, sta(e), {(sto(a), a, stg(aa))l(a € L) A (aa € asqe([GI)D.
(11) By (1)-(9): M = rev(M’)
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(12) For any two action sequences a and &’ in asq&([G])), by ~Ic([[G]):
(stg(a) = stg(@")) © ((civigy, (@] ))eec = (civiay, (@] ))eec)

(13) For any two action sequences @ and @’ in asqz([[G])), because components, by Wf(G), consistently choose
between pomsets in [G]: ((CiV[I(;]”‘_(aLC))CeC = (Civ[[G]]LC (o Lc))CEC) =1 (CiV[[G]] (@) = CiV[I(;]] (@)

(14) By —lAC([[G]])I (CiV[[G]] (CL’) = CiV[I(;]](a/)) =4 (CCi[[GH (CL’) = CCi[[GH (a’))

(15) Let M” denote the state machine
({ecifgy(@)la € asqe([GID}, ceipgy(e), {(ccifgy (@), a, ceigy(aa))l(a € L) A (aa € asqe([GI)))).

(16) By (10)-(15), M is isomorphic to rev(M"").

(17) M"” is an implementation of G in which the current state is denoted exactly by the current causal history.

(18) By (16) and (17), M is a state machine in which given transition sequences starting in the same state end in the
same state exactly if they have the same effect on the causal history, i.e., if they are causally equivalent.

(19) By (16)-(18) and [15], the CSM system of G is its causal-consistent reversible implementation. O

Proposition 4. If a given choreography G satisfies Wf(G) A Ic([[G]), it is not causal-consistent reversible.

Proof. Suppose that the premise is true. Hence, all the following is true:

(1) For any action sequence a € asqs([G]), channel cc’ and different events e,; and e, » in maxgy(a) satisfying
(a,d) € LZC, X LZC,, those elements of « that are the transmission instance corresponding to e,; and e, » are
concurrent from the aspect of every poset (&, <) € cijgy(@) with {e,;, e} C E.

(2) By Ic([G]) and (1), there exist such action sequence « € asqz([[G]), channel cc’ and different events e,; and e,
in maxgy(e) that (a,a’) € L, x L} ..

(3) For any action sequence « € asqg([[G]]) and different events e.cy,; and e.y,r,» in maxygy(a), the system state
after a should allow both cc’!m~! and cc’!m’~!, which is possible only if the last element of the message queue of
the channel cc’ is an instance of both m and m’, but as, by =Ac([G]]), m # m’, this is impossible. O

4. Inference of choreography well-formedness

Having proved that all well-formed choreographies G are realizable, reception-complete and in case of —Ic([G]])
causal-consistent reversible, we in this section prove a set of inference rules that can be useful in proving that a
given choreography is well-formed. In Section 4.1, we point out some direct consequences of our observations in
previous sections, among them well-formedness of elementary choreographies. In the Sections 4.2-4.4, we study
well-formedness inference for choice, parallel composition and sequential composition, respectively. For each of
the composition operators, we prove that in case that its operands are well-formed and satisfy certain additional
constraints, the composition is also well-formed. The constraints suggested for operands of individual composition
operators are compared with those suggested in [7], both conceptually and on examples. Thereby we reveal in which
points the old constraints are inadequate.

4.1. Four simple inference rules
Proposition 5. If a choreography G satisfies (|[G]l| = 1) A =Ac([[G]]), then Wf(G).
Proof. By |G| = 1, Wb([G]). Hence, by -Ac([G1), Wf(G). O

Proposition 6. If a choreography G is of the form 0 or eS¢, then W (G).

Proof. Every such G satisfies the premise of Proposition 5. o
Proposition 7. If given choreographies G and G’ satisfy ([G] = [G'1) A WF(G), then Wf(G’).

Proof. For each of the choreographies, well-formedness is defined exclusively in terms of its semantics. O

Example 16. Consider the choreography G = (G; + G,); G3 in Fig. 1(b) and the choreography G4 = (G;;G3) +
(Ga; G3). A compositional proof of well-formedness exists only for G4, because in G, the sub-choreography G, + G,
is not well-formed. By ([G] = [G4])) A Wf(G4), however, G is also well-formed.

Proposition 8. If for a given choreography G, there exist non-empty pomsets Ry and Ry with (R U Ry = {G)) A
W (R + Ry), then W f(G).

Proof. By [[G]] = [R; + R:]] and Proposition 7. O
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4.2. Well-formedness inference for choice

Our constraint for given well-formed choreographies G; and G» in the role of operands of the choice operator
(shortly choice constraint) is simply Le([G11l, [G21D).

Proposition 9. If given choreographies G| and G, satisfy Wf(G1) A Wf(G2) A Lc([G1 ], [G2]), then WF(G1 + G>).
Proof. Suppose that the premise is true. Hence, all the following is true:

(1) Forevery i € {1,2}, by Wf(G,): ~Ac([GTl) A Wh([G,T)

(2) By =Ac([G11D) A —Ac([G2]) : —Ac([G1 + G21D

(3) By Wo([[G11) A WH([[G21) A Le([G11, [G21D) - WH(IGy + Ga2)

(4) By (2) and (3): WF(G; + G») O

From Definition 8 it is evident that our choice constraint Lc([G1]], [G2]) is defined in terms of action sequences
executable by individual components, in no way considering the candidate causal interpretations of the sequences. As
such, the constraint comprises no restrictions of causal ambiguity, whereas the choice constraint of [7] has virtually
been conceived with the intent to rule out the possibility that in G| + G, there is causal ambiguity other than that in
G or G; individually.

Example 17. Consider the choreography G = (G| + G,) + G3 in Fig. 1(c). For each of the choreographies G;, G, and
G3, the old semantics is the same as the new one, and all are well-formed both in the old and in the new sense. The
choice G; + G; is non-local, whereas the choices G; + G3 and G, + Gj introduce causal ambiguity (recall Example 5).
Consequently, none of the choices satisfies the old version of the choice constraint. With the new one, however, it is
possible to compositionally prove Wf(G), as follows:

By Wf(Go)AWSF(G3)ALc([G2], [G31D), the choreography G4 = G, +Gs is well-formed (the component responsible
for the choice between G, and Gj3 is A). By Wf(G) A Wf(Gy) A Le([G1 1, [Ga]), the choreography Gs = Gy + Gy is
well-formed (the component responsible for the choice between G; and G4 is B). By (IG] = [Gs]) A Wf(Gs), G is
also well-formed.

The old choice constraint has been defined in terms of the candidate causal interpretations of action sequences
executable by individual components. If in G; + G, there is a lot of parallelism and not much causal ambiguity, the
approach can be very convenient. For this reason, we also provide a pomset-based choice constraint. Like [7], we
intend it for operands G; without auto-concurrency whose semantics satisfies the following predicate implying their
local causal unambiguity:

Definition 12 (Predicate Lu). For a given action pomset set R, Lu(R) denotes that for every component ¢ and action
sequence « € asq(R|.), | pf(R|., @) = 1.

Example 18. Let us return to Example 5. Among the prefixes of the action pomsets in [G]]|g, there are also a pomset
specifying concurrent execution of ?x and !y and a pomset specifying their sequential execution. The action sequence
xly € asq([[G]l]g) is a legal permutation of both pomsets. Hence, =Lu([[G])).

In the constraint Lc([G1]], [G2]l), every CSM sm,([G;]]) is regarded as an executor of action sequences, i.e. as
a machine that in each step takes the sequence a of its past actions and, by executing an action a, enhances it into
the action sequence @’ = aa. Formally, such a step is the triplet (@, a,@’). In case of Lu([G]) A Lu([G2]]), the
triplet can alternatively be regarded as the triplet (r, a, ") with r and r’ the action pomsets that are the unique maximal
candidate causal interpretations of @ and @', respectively. In the alternative view, the step set of individual sm ([G;]))
is, hence, the triplet set tri([G;]l].), whereas the corresponding rephrasing of (the relevant specialization of) the pred-
icate Lc is the following predicate Lc’, with L’ ([G1 1], [G2]]) our pomset-based choice constraint for locally causally
unambiguous operands:

Definition 13 (Predicate Lc¢’). For given non-empty action pomset sets R; and R;, Lc’(Ry, R,) denotes that Lu(R;) A
Lu(R,) and that there exists such a component set C’ with |C’| < 1 that for every component ¢, pomset € (pf(R;].) N
pf(Ral.)), i € {1,2} and (7, a, ") € tri(R;] ) with ¥’ ¢ pf(Rs_;|.), all the following is true:
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(D) B(ra,ry) € wi(Rs-il,)
(2) Ar,a’,ry) € tri(Rs_il,.)
3) ceC) e (ae L)

Lemma 5. If given non-empty action pomset sets Ry and Ry satisfy Lc'(R1, Ry), then Lc(R1, Rz) A Lu(R; U Ry).

Proof. Suppose that the C’ required in Definition 13 actually exists. For given i € {1,2} and component c, let
Ri. denote pf(R;|.). For every component c, action sequence @ € (asq(Ri.) N asq(Ra)) with Ir : (pf(Ric, @) =
pf(Ra.c, @) = {r}), i € {1,2} and action a with aa € asq(R;.), all the following is true:

(1) Vie{l,2},ceC: (asq.(R) = asq(Ri.))

(2) By Lu(R;), pf(Ri., aa) is an {r'} with (r,a, r’) € tri(R; ).

(3) If (@a € asq(Rs-ic)) A (' € Rs_;.) then, by (' € pf({r'}, @a)) A Lu(Rs-;), pf(R3-i ., @a) = {r'}.

4) If (@a € asq(Rs-i)) A (' & Rs-ic) then, by Lu(R3_;), there is an (r, a, ") € tri(Rs_; ), contradicting Lc’ (Ry, Ra).

(5) If aa ¢ asq(Rs—ic) then ' ¢ Rs_;. and, by Lc’(R;, Ry), there is an action a’ with aa’ € asq(Rs-;.) and (c € C') &
(aeLh).

From the above, satisfaction of the constraints which Lc(R;, Ry) and Lu(R; U R;) impose for individual components
¢ follows by induction on increasingly longer « € (asq(R; ) N asq(Ra.c)). o

Proposition 10. If given choreographies G and G, satisfy Wf(G1) A Wf(G2) A L' ([G1 ], [G2]), then Wf(G1 + G2) A
Lu([G1 + G,]).

Proof. Suppose that the premise is true.

(1) By Lemma 5: Le([G1 1, [G21D) A Lu(IG11 Y [G21D)
(2) By WF(G1) A WF(G») A Le([G1 11, [Ga1) and Proposition 9: WF(G; + G»)
(3) By Lu([G111 VU [G2]D) A (IG1 + G211 = [G1T V [G2]D: Lu([G1 + G21D) (|

The papers [7, 8] suggest that the plan for the old choice constraint was to define it as an Lcog([G1], [G2]) with
Lcoig a certain specialization of the following specialization L¢” of the predicate Lc':

Definition 14 (Predicate Lc””). For given non-empty action pomset sets R; and R,, Lc” (R, Ry) denotes that Lu(R;) A
Lu(R,) and that there exist such component set C’ with |[C’| < 1 and pomset array [q;c rlie1,2).cec rery, Satisfying
Vie{l,2},ce CreRil.: (qicr € pf(r) AIr € Rs_il, : (Gicr = q3-icr)) that for every component ¢, pomset
r e (pf(Ril.) Npf(Ral.)), i € {1,2} and (r,a, r') € tri(R;],.) with 7’ ¢ pf(Rs_;]|.), all the following is true:

0) Irp e R Lc i(re pf(Qi,c,rU))

(1) Ar.a,n) € ri(Rs_i|,)

(2) A(r,d’, rp) € tri(Ra-il,)

B)(ceC)so (ac .E‘)

(4) (a€ L) = (H(r3,a.ry) € ti(Rs_],) : (r € pf(r3)))

The predicate Lc” specializes the predicate L¢” by the additional constraints (0) and (4). In the more restrictive
choice constraint Lc” ([G1]], [G2]), the additional (0) serves no particular purpose, whereas the additional (4) removes
the need for the reception-completeness of G; and G,. With the new versions of the choreography semantics and well-
formedness, however, the latter is irrelevant, because Wf(G1) A Wf(G,) is sufficient for the reception-completeness of
G and G,. There are cases where removing the redundant (4) can actually help:

Example 19. Consider the choreography G = G; + G; in Fig. 1(a). For each of the choreographies G; and G, the old
semantics is the same as the new one, and the choreographies are well-formed both in the old and in the new sense.
Hence, G; and G; are reception-complete, but Lc” ([G 1], [G2]) is nevertheless not satisfied. On the other hand, if
one removes the redundant (4) in Definition 14, L¢” ([G1 11, [G2]) can be satisfied, by setting C’ to {A} and every g .,
to the empty pomset.
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Unfortunately, there is a detail in which the old choice constraint fails to be a specialization of Lc” ([G1], [G-])-
In other words, the actual Lcgq is not an implementation of L¢”. Namely, instead of implementing the constraint (2)
in Definition 14, Lcog virtually implements the less restrictive constraint drs € R3_;|., 76 € pf(g3-ic,rs), (16, a’,17) €
tri(R3—;|,.), which is a problem:

Example 20. Consider the choreography G = G; + G, in Fig. 1(e). For each of the choreographies G; = Gi; + G2
and G, = Gy, + Gy, the old semantics is the same as the new one, and the choreographies are well-formed both in
the old and in the new sense. G as a whole is unrealizable, for example because in sma(G), !a executed in both (the
sub-machine isomorphic to) sma(Gy ;) and (the sub-machine isomorphic to) sma(Gy 1) is not necessarily followed by
arrival of the expected c, for B possibly executes !y in smg(Gy,1), an event cancelling smg(G; ;) and thereby !c.

Because of the deadlock possibility in G, neither Lc(R;, R;) for (Ry, R2) = ([Gi], [G2]) nor its specialization
Lc”([G1], [G2]) is satisfied, because, respectively, the constraint (1) in Definition 8 or the corresponding constraint
(2) in Definition 14 is not satisfied wherever required. On the other hand, Lcog([G1], [G2])) is satisfied, because the
subsumed weaker version of the constraint (2) in Definition 14 is satisfied wherever required. Consequently, G is
well-formed in the old sense, which is incompatible with its unrealizability.

4.3. Well-formedness inference for parallel composition

Our constraint for given well-formed choreographies G| and G in the role of operands of the parallel composition
operator is the same as that of [7], prescribing that G| and G, use different actions, i.e. that A([G]) N A([G>]) = 0.
This suffices for correct interpretation of received messages, but not for timely reception on shared channels. For the
latter, we rely on the reception-completeness of G; and G,, which in case of the old Ord is not secured:

Example 21. Consider the choreography G = G;|G; in Fig. 1(d). The choreographies G; and G, are well-formed
both in the old and in the new sense, actually realizable for both the old and the new Ord, and use different actions.
For every component ¢, sm.([[G]]) is (isomorphic to) the parallel composition of (a state machine isomorphic to)
sm.([[G;])) and (a state machine isomorphic to) sm.([G.])). Thus, A can execute !X and !w in any order, and C can
execute !y and !z in any order, whereas the behaviour of B depends on whether one assumes the old or the new
choreography semantics. In case of the old one, smg([[G;])) can execute ?z only after ?x, and smg([[G,]]) can execute
2w only after ?y, so that in case that the CSM system of G, presented in Fig.1(d"), executes the transmission sequence
1z!w!xly, the resulting system state is one in which the message w is in the channel AB in front of x, and the message
z is in the channel CB in front of y, but the only action currently enabled by smg([G,]]) is 7%, and the only action
currently enabled by smg([[G2]]) is ?y, meaning that the messages waiting for reception will never be received. In case
of the new choreography semantics, smg([[G;]) can receive x and z in any order, and smg([[G,]]) can receive y and w
in any order, meaning that smg([[G]]) can receive X, y, z and w in any order.

Lemma 6. If given choreographies G\, Gz and G3 satisfy Lc([G1]l, [G21D) A Vi € {1,2} : (AUG:ID N AIGs]D) = 0),
then Lc([G11Gs 1, [G2lGs D).

Proof. Suppose that the premise is true. For given i € {1,2} and component c, let A; . and A} A denote asq ([G])) and
asq.([GGs]D), respectively. By Le([G1], [G2]l), there is a component set C” for which all the following is true:

M ICI<1
2) VeeC,ae (A1 NAy),ief{l,2},ae L: ((aae (A \As_ic) = Td’ € L: (ad € Az_;.))
(3) YeeC,ae (A NAy)i€{l,2},ae L: ((aa € (A \ As_ip) = (c€C) & (ae L))

Hence, all the following is true:

(4) Forevery i € {1,2} and component ¢, by A([G;]) N A([G3]) = 0:

Al =Hall@ € (L)) Ada" € Aje,a” € Azt (@l g6,y = @) A (@yge,p = @) A (2] + @] = |al))}
(5) By(2)and (4): Ve e Cia € (A NA) ), ie{l,2}ae L: ((aac(Aj \A)_; )= Td € L:(ed’ €AY, )
(6) By B)and (4): Ve e C,a € (A] .NA) ), ief{l,2},ae L: ((aa€ (A A, )= ((ceC) e (a€e £H) O
Proposition 11. If given choreographies G| and G, satisfy Wf(G1) A Wf(G2) A (A([G1]) N A[G2D) = 0), then
W (G11G2).
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Proof. The proof is by induction, assuming that for any choreographies G| and G, with (I[{G )| < [KG1)D) V (IKG»| <
[KG22D), WF(G)) A WF(GY) A(AUIGTTD) N G, = 0) is sufficient for W f(G/|G). For a given i € {1, 2}, let R; denote
«G;). Suppose that the premise is true. Hence, Wf(R;) A Wf(Ro) A (A(IR D) NA([R:]) = 0). By [Ri1IR:] = [G1]G21l,
it suffices to prove Wf(R;|R>).

If there is an i € {1, 2} with |R;| > 1, all the following is true:

(1) By Wf(R)), there exist non-empty pomsets R;; € R; and R;» C R; satisfying (R;; U Ri» = R) A Wf(Ri1) A
Wi(Ri2) A Le([Ri1 1, [Ri 21D

(2) By A([R: 1) N AMR=ID = 0: (AMRi1 1) N AMR3-i1D) = 0) A (A[Ri21D) N AMR3-:1) = 0)

(3) Forevery j € {1,2}, by (IKRi ;M < IRi) A WF(R; j) A Wf(Rs-i) A (AR;,;1D N AR = 0): W (R jIR3-:)

(4) By Le([Ri11l, [Ri2I) AV € {1,2} 2 (AR, 1D N A[R3-:1) = 0) and Lemma 6: Le([R;11R3-i 11, [Ri2IRs-i11)

(5) By (3), (4) and Proposition 9: Wf((R;1IR3-i) + (Ri2|R3-))

(6) By (5) and [Ri|R2]] = [(Ri11R3-1) + (Ri2lRs-n1: Wf(R1IR2)

If |R;] = |Rz| = 1, all the following is true:

(1) By Wf(R1) A Wf(Ra): ~Ac([Ri 1) A ~Ac([R:1)
(2) By (1) and A([R: 1) N A[R21D) = 0: =Ac([RilR21D)
(3) By I[Ri|R:1ll = 1: Wh([R:|R1D) 0

4.4. Well-formedness inference for sequential composition
Our constraint for given well-formed choreographies G; and G, in the role of operands of the sequential compo-
sition operator is Ls(G1, G,) with Ls the following predicate:

Definition 15 (Predicate Ls). For given choreographies G| and G,, Ls(Gy, G,) denotes that they are locally strictly
sequenced, i.e. that for every interaction instance poset pair ((G1, <1), (G2, <2)) € pos;({G1») X pos,({G2)), the action
instance poset [(G1 U Ga, (<1 U <5 U(G1 X G2))")] s an (&, <) with <2 U eec((Ugeg, fegs €211 ) X (Ugeg, (€5 €211 ).

We see that the constraint Ls(G, G») is virtually defined in terms of constraints on individual action instance posets
in pos([[G1; G»]1). For each of them it requires that every event e belonging to G, is delayed until its executor ¢ has
executed all its events belonging to G, where in case that e is an instance of a reception, the assumed choreography
semantics must allow that ‘delayed’ is interpreted as ‘not enabled by the channel’, for otherwise the constraint is
in general not sufficient for the realizability of G; G,. Such interpretation is allowed provided that the semantics
specifies reception-completeness of choreographies, which is in general true only for the new semantics. In [7],
‘delayed’ virtually means ‘delayed by ¢’ (and is specified already in the semantics of G1; G»). In this sense, [7] is less
restrictive, which is a problem, in spite of the fact that the old constraint for operands of the sequential composition
operator additionally requires that reception instances in G, are delayed with respect to every transmission instance
in the selected alternative of G;.

Example 22. Consider the choreography G = G;; Gy in Fig. 1(f). For each of the choreographies G; = Gy + G2
and G, the old semantics is the same as the new one, and the choreographies are well-formed both in the old and in
the new sense.

In case of the old semantics, the CSM system of G, presented in Fig.1(f"), possibly executes the action sequence
12?zb!x?x, in which the components A and C choose G, but the message x of G, is transmitted so early that the
component B executes its reception as its first event. Consequently, B erroneously interprets the reception as an event
in Gy 1, concludes that G is the selected alternative, and becomes permanently unready for the message b of G ».
Nevertheless, G and G; satisfy the constraint of [7] for operands of the sequential composition operator, because in
both alternatives Gj1; Gy and G ; Gy of Gi; Gy, the only reception instance in G, is delayed with respect to every
transmission instance in G ; or G », respectively. Consequently, G is well-formed in the old sense, in spite of the fact
that for the old semantics, it is unrealizable.

G is well-formed also in the new sense, but this is fine, because for the new semantics, G is actually realizable.
The reason is that the semantics corrects its CSM system to the one presented in Fig 1(f”"). To prove Wf(G) compo-
sitionally is, however, impossible with our inference rules only, because Ls(Gj, Gy) is not satisfied. The reason is that
Ls(Gy1; Gp) and Ls(Gj 2; Gy) are not satisfied. Namely, in the new semantics of G 1; G, and G »; Gy, the instance of
AB?x in G, is not delayed until B has executed CB?a or CB?b, respectively.
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It seems that the requirement of [7] that every reception instance in G, must be delayed with respect to every
transmission instance in the selected alternative of G| has been introduced to secure that messages belonging to G
are not received until the recipient knows how many instances of the particular message G; will transmit on the
particular channel. After the last transmission in a realizable G, the number is indeed known, but this does not mean
that the recipient knows it. On the other hand, the recipient sometimes knows the number already before the last
transmission in G, for example if it is the same in every alternative of G:

Example 23. The choreography ASB; G D is realizable for both the old and the new Ord (in both cases, it has the

. y .
same semantics, namely the same as the choreography AS B|C— D), but only the new constraint for operands of the
sequential composition operator is satisfied in it.

Lemma 7. If given choreographies G, G, and G5 satisfy Ls(G1, G3) ALs(G2, G3) ALc([G 1], [G2]), then Lc([G1; G3]l,
[G2; GsDD.

Proof. Suppose that the premise is true. For given i € {1,2} and component c, let A; . and A} A denote asq ([G])) and
asq.([Gi; G, respectively. By Le([G11l, [G2]1), there is a component set C’ for which all the following is true:

(H <1
(2) VeeC,ae (A NAy.)i€{l,2)ae L: (aa € (A \As_i) = Ja’ € L: (ad’ € As_;))
3) VeeCae(ArcNAzo)i€{l,2}ae L1 ((aa € (Aic\Asio) = (c€C) & (a€ L))

Hence, all the following is true:

(4) By (2) and Ls(G1, G3) A Ls(G2,G3):
YeeC,ae(A] NAS ) iell,2}ae L:
(ea € (A}, \A3 lc)):((ae(AlanZL))/\(aae(Alc\A3 i) Add" € L:(ad €A )

(5) By (3)and (4): Ve € C,ar € (A N Ay ) i€({l,2)ae L: (aa e (A \A), )= (ceC) e (@eLh) O

Lemma 8. If given choreographies G, G, and G3 satisfy (|({G3»| = 1) A Ls(G3, G1) A Ls(G3, G2) A Le([G1 ], [G2]),
then Lc([G3; G1l, [G3; G2]D.

Proof. Suppose that the premise is true. For given i € {1, 2} and component ¢, let A; and A} . denote asq ([G:])) and
asq.([G3; Gil), respectively. By Lc([G11l, [G2]l), there is a component set C’ for which all the following is true:

D IC=1
2) VeeC,ae (A1 NAxe),ief{l,2),ae L: ((aa € (Aic\As_ip) = Jd’ € L: (ad’ € As_ic))
(3) VeeC,a e (A NAso)i€(1,2),a€ L:((@a€ (Aic\Asi) = (c€C) & (ae L))

Hence, all the following is true:

(4) Forevery i € {1,2} and component c, by Ls(G3, G;):
A} = asq([G3]) U {aa’|(a € asq (IG3])) A (@’ € Aie) A Pa” € asq ([G3]) = (l”] > |al)}
(5) By (2)and (4): VceC,a € (A’l,c ﬂA' Ji€{l,2hae L: ((aae (A’ VAL i) = da’ € L:(ad’ € A i)
(6) By 3)and (4): Yc € C,a € (A] . nA’ Di€fl,2hae L:((aae(Aj \A) )= (ceC) & (a e L") O

Proposition 12. If given choreographies G| and G, satisfy Wf(G1) A Wf(G,) A Ls(G1, G2), then Wf(G1; G»).

Proof. The proofis by induction, assuming that for any choreographies G| and G, with (G| ) < [KG 1))V (IKG)| <
€G22, WF(G) A WF(G)) A Ls(GY,G)) is sufficient for Wf(G/; G)). For a given i € {1,2}, let R; denote {G;).
Suppose that the premise is true. Hence, Wf(R;) A Wf(R,) A Ls(R1, Rz). By [R1; R.1l = [G1; G2]), it suffices to prove
Wf(R1; Rz).

If |R;| > 1, all the following is true:

(1) By Wf(R,), there exist non-empty pomsets R;; € R; and R;» € R, satisfying (Ri1 URi2 = Ri) A WF(R11) A
Wf(R12) A Le([R1,11, TR 21D)-
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(2) By Ls(R1,Ra): Ls(R1,1,Ra) A Ls(R1 2, Ro)

(3) Forevery i € {1, 2}, by (IKR1.) < IR1) A WF(R1,) A WF(R2) A Ls(Ryi, Ra): WF(Ryi5R2)

(4) By Ls(Ri1,1,R2) A Ls(R12,R2) A Le([Ri1], [R12]) and Lemma 7: Le([R1,1; Ra I, [R1,2; Ro 1)
(5) By (3), (4) and Proposition 9: Wf((R;.1;Rz2) + (Ri12;R2))

(6) By (5) and [[Ry; Roll = [(Ri,1; R2) + (Ri2; Ro): WF(R 53 R2)

If |R;] = |Rz| = 1, all the following is true:

(1) By Wf(R1) A Wf(Ra): ~Ac([Ri 1) A ~Ac([R:1)
(2) By (1) and Ls(R1, Ra): =Ac([Ri; R 1)
(3) By [[R1; Rl = 1: Whb([R1; R21D)

If (1R = 1) A (JR,| > 1), all the following is true:

(1) By Wf(R»), there exist non-empty pomsets Ry 1 C Ry and Rp» € Ry satisfying (Ra1 U Ron = Ro) A WF(Rz1) A
Wf(Ra2) A Le([Ro1]l, [Ra21D.

(2) By Ls(R1,Ra): Ls(R1,Ro,1) A Ls(Ry, Ra2)

(3) Forevery i € {1, 2}, by (I{Ra.| < IR2) A WF(R1) A WF(Ra) A Ls(Ry, Rei): WF(R1; Roi)

4) By (JKRi)l = 1) A Ls(Ry, Ro,1) A Ls(R1, Ro2) A Le([Ra,1 1], [Ra21) and Lemma 8: Le([R1; Ro,1 11, [Ri; Ra2 1D

(5) By (3), (4) and Proposition 9: Wf((Ri;Rz,1) + (Ri;Rz2))

(6) By (5) and [Ri; Ro]l = [(Ri;Ro,1) + (Ri; R ) l: W(R1;R2) O

5. Concluding remarks

We re-engineered the pomset-based abstract semantics and semantic constraints which Tuosto and Guanciale
[7, 8] recently proposed for compositionally specified choreographies for distributed systems with FIFO channels.
Our primary aim has been to remove the flaws which originally prevented well-formed choreographies from being
realizable in the general case. We achieved this mainly by securing that the default implementation of well-formed
choreographies is reception-complete, taking care also that the CSMs obtained by choreography projection have no
inexecutable transitions. Thanks to the latter, each of the CSMs comprises more precise information of what the
component is to expect from the rest of the system, which brings an additional degree of freedom in the construction
of safe reduced versions of the CSMs and in the conception of constraints for choreographies in the role of operands
of the choice operator. By less restrictive constraints for operands of the operator, we newly allowed branching points
in which only some continuations are decisive, and choreographies exploiting accidental event orderings.

Devising a set of rules for inferring well-formedness of choreographies compositionally, we corrected and in
certain ways relaxed also constraints for operands of the sequential composition operator. An item for future work is to
conceive even less restrictive reasonably simple sufficient constraints for the operands, in particular such allowing that
in the default implementation of the first operand, some system components are termination-unaware. The possibility
of (context-compensated) termination-unawareness has already been foreseen in [16], the paper in which Tuosto
and Guanciale took their abstract handling of choreographies even further than in [7], considering the realizability
of general action pomset sets, though assuming that communication buffers are used not as queues, but as bags of
messages, and without considering compositionality aspects, which in [7] and in our paper are the primary concern.

Besides rules for using as building blocks also choreographies which are not well-formed, our framework for
compositional conception of well-formed choreographies lacks also operators and inference rules for compositional
conception of infinite well-formed choreographies. The latter, however, have virtually already been foreseen in the
paper, because for choreographies specified as an interaction pomset set, we do not prescribe that the set or its elements
must be finite.

The new version of choreography well-formedness still does not cover all realizable choreographies. In particular,
it fails to cover realizable choreographies with auto-concurrency, for example the choreography AL BIAL B. For the
considered kind of channels, however, choreographies comprising intra-channel concurrency are less interesting, be-
cause they fail to capture channels’ FIFO policy and as such typically fail to have on the channels a causal-consistent
reversible default implementation. We say this because, unlike [10], we refrain from assuming that intra-channel
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concurrency, if specified, is an irrelevant degree of freedom in the choreography semantics. On the other hand, recall
our assumption that when undoing past events, the implementation must respect all specified candidate causal inter-
pretations of the past. We chose this restrictive approach because with it, one can have causal-consistent reversibility
in the strict sense defined in [15] without sacrificing the specified exploitation of accidental event orderings. In the
future, we plan to study also choreography projections implementing more liberal event undoing, which the commu-
nity of system components could use, for example, to achieve that the resulting global action sequence is one of those
specified by the choreography which are not executable on FIFO channels.

Our study has shown that in the conception of choreographies, it indeed pays to go abstract, but not as abstract as
to ignore useful or problematic constraints which channels put on the communication actions and their undoings.
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