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Mechanisms for compensation handling and dynamic update are increasingly relevant in the
specification of reliable communicating systems. Compensations and updates are intuitively
similar: both specify how the behavior of a concurrent system changes at runtime in
response to an exceptional event. However, calculi for concurrency with compensations
and updates are technically quite different.
We compare calculi for concurrency with compensation handling and dynamic update
from the standpoint of their relative expressiveness. We develop two encodings of a
process calculus with compensation handling into a calculus of adaptable processes. These
encodings differ in the target language considered: the first considers adaptable processes
with subjective updates in which, intuitively, a process reconfigures itself; the second
considers objective updates in which a process is reconfigured by a process in its context.
Our main discovery is that subjective updates are more efficient than objective ones
in encoding primitives for compensation handling: the first encoding requires less
computational steps than the second one to mimic a single computation step in the source
language of compensable processes. Our encodings satisfy strong correctness criteria; they
shed light on the intricate semantics of compensation handling.

© 2021 Elsevier Inc. All rights reserved.

1. Introduction

Many software applications are based on long-running transactions (LRTs). Frequently found in service-oriented sys-
tems [11], LRTs are computing activities which extend in time and may involve distributed, loosely coupled resources.
These features sharply distinguish LRTs from traditional database-like transactions. One particularly delicate aspect of LRTs
is managing (partial) failures: mechanisms for detecting failures and bringing the LRT back to a consistent state need to be
explicitly programmed. Because ensuring the correctness of such mechanisms is error prone, specialized constructs, such as
exceptions and compensations, have been put forward to offer direct programming support for LRTs. For instance, in Java we
find the construct try P catch(e) Q, where Q is in charge of managing exceptions e raised inside P; in WS-BPEL [1] we find
advanced mechanisms exploiting fault, termination, and compensation handlers to handle errors. In this paper, our focus
is in compensation mechanisms: as their name suggests, they are meant to compensate the fact that an LRT has failed or
has been canceled. Upon receiving a failure signal, a compensation mechanism is expected to install and activate alternative
behaviors for recovering system consistency. Such a compensation behavior may be different from the LRT’s initial behavior.
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A variety of calculi for concurrency with constructs for compensation handling has been proposed (see, e.g. [2,5,17,6,11]).
Building upon process calculi such as CCS [18], CSP [14], and the 7 -calculus [19], they capture different forms of error
recovery and offer reasoning techniques (e.g., behavioral equivalences) on communicating processes with compensation
constructs. The relationships between the different proposals are not clear, and there has been limited work aimed to
formally comparing the expressiveness of the proposed mechanisms—relevant studies in this direction include those in [6,
4,15,16]. In particular, Lanese et al. [15] develop a formal comparison of different approaches to LRTs in a concurrent and
mobile setting. They consider a process language on top of which different primitives for error handling, distilled from the
vast literature on the subject, are uniformly considered. This approach naturally leads to clear comparisons.

More in details, Lanese et al. defined a core calculus of compensable processes, which extends the m-calculus with
transactions t[P,Q] (where processes P and Q represent default and compensation activities, respectively), protected blocks
(Q), and compensation updates inst|AX.Q |.P, which reconfigure a compensation activity. One key merit of their calculus
is that different proposals arise as instances. To this end, compensations may admit static or dynamic recovery (depending
on whether compensation updates are allowed) and the response to failures can be specified via preserving, discarding, and
aborting semantics. The process language in [15] thus leads to six distinct calculi with compensation primitives.

Related to compensation handling, but on a somewhat different vein, a process calculus of adaptable processes was pro-
posed by Bravetti et al. [3], with the aim of specifying dynamic update in communicating systems. Adaptable processes
specify forms of dynamic reconfiguration that are triggered by exceptional events, not necessarily catastrophic. A simple
example is the reconfiguration of specific units of a robot swarm, which is usually hard to predict and entails modifying
the device’s behavior; still, it is certainly not a failure. Adaptable processes can be deployed in locations, which serve as
delimiters for dynamic updates. A process P located at I, denoted I[P], can be reconfigured by an update prefix 1{(X).Q }.R,
where Q denotes an adaptation routine for I/, parameterized by variable X.

Using located processes and update prefixes, dynamic update in [3] is realized by the following reduction rule, in which
Cq and C, denote contexts of arbitrarily nested locations:

Ci[IP1] 1 C2[1{(X%).Q}.R] — C1[Q(F/x)] 1 C2[R] (1)

We call this an objective update: a located process is reconfigured by an update prefix at a different context. Indeed, the
update prefix I{(X).Q} moves from C» to Ci, and the reconfigured behavior Q {P/X} is left in C;. Notice that X may occur
zero or many times in Q; if Q does not contain X then the current behavior P will be erased as a result of the update.
This way, dynamic update is a form of process mobility, implemented using higher-order process communication as found in
languages such as, e.g., the higher-order m-calculus [22], the Kell calculus [23], and Homer [13].

An alternative to objective update is subjective update, in which process reconfiguration flows in the opposite direction:
it is the located process the one to move to a (remote) context enclosing an update prefix, as expressed by the following
reduction rule:

Ci[IPT1 R1] 1 C2[l{(X).Q}.R] — C1[0] R1] | C2[Q{P/X} | R] 2)

As objective update, subjective update relies on process mobility; however, the direction of movement is different: above, P
moves from C; to C3, and the reconfigured behavior Q {P/X} is left in Cy, not in C;. Thus, in a subjective update the located
process “reconfigures itself”, which makes for a more autonomous semantics for adaptation than objective updates.’

Example 1.1. We contrast objective and subjective update by means of an example, adapted from [3]. Consider an interrupt
operator that starts executing process P but may abandon its execution to execute Q instead; once Q emits a termination
signal tq, the operator returns to execute what is left of P. Using adaptable processes, this kind of behavior can be expressed
as follows:
Sys =h[IP1] Ri] 1 L[H(X).Q | tq X}.R:]
where [, I1, and I, are different locations and name tq is only known to Q. If P evolves into P’ right before being inter-
rupted, under a semantics with objective update we have
Sys —* L[I[P']| R1] | 2[l{(X).Q | tq.X}.Rz]
— L[Q |to.P"|R1]|L[R2]
—* I[P’ | R1] 1 12[R2]

This way, P and its derivative P’ reside at location I1. Notice that executing Sys under a semantics with subjective update
would yield a different behavior, because P’ (and Q ) would be wrongly moved to I5:

1 We use adjectives ‘subjective’ and ‘objective’ for updates following the distinction between subjective and objective mobility, as in calculi such as
Ambients [7] and Seal [8]. As explained in [8], Ambients use subjective mobility (an agent moves itself), while Seal uses objective mobility (an agent is
moved by its context).
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Sys —* L[I[P']| R1] | 2[l{(X).Q | tq.X}.Rz]
—> I[R1]1L[Q I to.P" | R2]
—* [[R1] | [P I R2]

This shows that to achieve the intended interrupt behavior in a subjective setting, Sys should be modified in order to
eventually bring process P’ back to I;. The following variation of Sys achieves this:

Sys' =L [IPT1{(X).X).R1 ] | L[H{CX)1Q | tg . X]).R:]

where we use I’ as an auxiliary location that “pulls back” P’ from I, into I1.

The aim of this paper is to compare process calculi with compensation handling (as formalized in [15]) and with dynamic
update (as formalized in [3]), from the point of view of relative expressiveness. There are good reasons for focusing on
compensation handling as in [15] and on dynamic update as in [3]. On the one hand, the calculus of compensable processes
in [15] is expressive enough to capture several different languages proposed in the literature; the analyses of expressiveness
in [15] are exhaustive and bring uniformity to the study of formal models for LTRs. Because of its expressiveness, this
calculus provides an appropriate starting point for further investigations. On the other hand, as we have seen, the calculus
of adaptable processes in [3] is a simple process model of dynamic adaptation, based on a few process constructs and
endowed with a clean operational (reduction) semantics, which supports both objective and subjective updates. (In contrast,
as we will see, the calculus of compensable processes relies on an intricate Labeled Transition System.) As such, adaptable
processes provide a flexible framework to elucidate the underpinnings of compensation handling, from a fresh perspective.

Contributions. In this paper, we present the following contributions:

1. We develop two translations of a core calculus with compensation handling with discarding semantics [15] into adapt-
able processes [3]: while the first translation relies on a calculus with objective updates, the second exploits subjective
updates.

2. We establish that the two translations are valid encodings [12], i.e., they satisfy structural properties (compositionality
and name invariance) and semantic properties (operational correspondence, divergence reflection, and success sensi-
tiveness) that bear witness to their robustness.

3. We exploit the correctness properties of our two encodings to clearly distinguish between subjective and objective
updates in calculi for concurrency. We introduce an encodability criterion called efficiency, which allows us to formally
state that subjective updates are better suited to encode compensation handling than objective updates, because they
induce tighter operational correspondences.

Points (1) and (3) deserve further explanations. Concerning (3), our encoding into adaptable processes with objective
updates reveals a limitation: in representing the collection of protected blocks scattered within nested transactions, objective
updates leave behind processes in the “wrong” location. The situation is reminiscent of the differences shown in Example 1.1
for the interrupt behavior. To remedy this, the encoding uses additional synchronizations to move processes to the right
locations. This reflects prominently in the cost of the encoding, i.e., the number of target computation steps required to
mimic a source computation step (this number is spelled out precisely by our operational correspondence results). The
encoding into the calculus with subjective updates does not require these additional synchronizations, and so it is more
efficient than the encoding that uses objective update.

Concerning (1), while we focus on compensable processes with discarding semantics, we also consider the cases in
which the source calculus uses preserving semantics, aborting semantics, and dynamic compensations. § 8 discusses how
our encoding can account for these three variations. In all cases, the target language uses subjective updates, which, as just
discussed, are more efficient than objective update.

Outline. The paper is organized as follows. In §2 we informally present the syntax and semantics of the source and target
calculi; §3 gives a formal introduction. §4 introduces the correctness criteria for encodings. Then, we present our two
encodings and prove them correct: §5 considers a target calculus with subjective update and §6 considers the case with
objective update. § 7 compares the two encodings by formalizing the efficiency claim. §8 discusses additional encodings,
involving a source calculus with preserving and aborting semantics, and with dynamic update. §9 discusses related works
and § 10 collects some concluding remarks. The appendices collect omitted proofs for our technical results.

Origin of the results. This paper distills, improves, and collects preliminary results from our papers [9] and [10]. While in [9]
we studied encodings into adaptable processes with objective updates, in [10] we studied encodings into adaptable processes
with subjective updates, and compared them against those in [9]. A main difference between [9,10] and the current paper
is that here we concentrate on a specific source calculus, namely the calculus in [15] with static recovery and discarding
semantics. Indeed, the developments in [9,10] consider also source calculi with dynamic recovery and/or preserving and
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aborting semantics. The calculus with static recovery and discarding semantics arguably defines the simplest setting for both
encodings, one in which the key differences between compensable and adaptable processes can be more sharply presented.
Also, this focus allows us to have a concise presentation. As we discuss in §8, the (efficient) encoding in §5 extends to
source calculi with the semantics we considered in [9] and [10].

2. Compensable and adaptable processes, by example

We give an intuitive account of the core calculus with primitives for compensation handling (as presented by Lanese et
al. [15,16]) and the calculus of adaptable processes (introduced by Bravetti et al. [3]). In both cases, we illustrate their most
salient features by means of a simple example.

2.1. Compensable processes

The process language with compensations that we consider is based on the calculus in [16] (which is, in turn, a variant
of the language in [15]). The languages in [16,15] were introduced as extensions of the r-calculus with primitives for static
and dynamic recovery. We consider a variant with static recovery and without name mobility; this allows us to focus on the
fundamental aspects of compensations. The languages in [16,15] feature two distinguishing constructs:

1. Transactions t[P,Q ], where t is a name and P, Q are processes;
2. Protected blocks (Q ), where Q is a process.

A transaction t[P, Q] consists of a default activity P and a compensation activity Q. Transactions can be nested: process P in
t[P,Q] may contain other transactions. Also, they can be canceled: process t[P,Q ] behaves as P until an error notification
(failure signal) arrives along name t. Error notifications are output messages coming from inside or outside the transaction;
to illustrate this, consider the following transitions:

tlP,Q11E.R — Q | R tlt.P1]P2,Q] — Q (3)

The left (resp. right) transition shows how t can be canceled by an external (resp. internal) signal. Failure discards the
default behavior; the compensation activity is executed instead. In both cases, the default activity is discarded entirely. This
may not be desirable in all cases; after a compensation is enabled, we may like to preserve (some of) the behavior in the
default activity. To this end, one can use protected blocks: processes Q and (Q) have the same behavior, but (Q) is not
affected by failure signals. This way, the transition

t2[P2, Q2] | T2 — (Qa),

says that the compensation behavior Q; will be immune to failures. Consider now process

P =t1[t2[P2,Q2] | t2.R1,Q1].

in which transaction t, occurs nested inside t; and P, does not contain protected blocks. The labeled transition system
(LTS) in [16,15] refines (3) by providing ways to (partially) preserve behavior after a compensation step. This is realized by
the extraction function on processes, denoted extr(-). For process P, the semantics in [16,15] decree:

t1[t2[P2,Q2] | ©2.R1,Q1] = t1[(Q2) | extr(P2) | R1,Q1].

There are different choices for this extraction function: in the discarding semantics that we consider here, only top-level
protected blocks are preserved (cf. Fig. 1); hence, in the example above, extr(P;) = 0. The languages in [16,15] include
extraction functions for preserving and aborting semantics that would preserve also (top-level) transactions in P;. To further
illustrate the extraction function, consider the process:

P'=t[t1[P1,Q1] | t2[(P2),Q2] | (P3),Qs]. (4)

We would have t | P/ = (P3) | {(Qs). Thus, the discarding semantics only concerns the compensation activity for transaction
t and the protected block (Ps3); the protected block (P3), nested inside t,, is discarded.

With these intuitions in place, we illustrate compensable processes by means of an example that we will use throughout
the paper:

Example 2.1 (Hotel booking scenario). Consider a simple hotel booking scenario in which a hotel and a client interact to book
and pay a room, and to exchange an invoice. This scenario may be represented using compensable processes as follows
(below we omit trailing 0s):



J. Dedeic, . Pantovi¢ and J.A. Pérez Journal of Logical and Algebraic Methods in Programming 121 (2021) 100675

. d .
Reservation fef Hotel | Client

Client wf book.pay.(invoice + t.refund)

Hotel def t[book.pay.invoice,refund]

Here we represent the hotel’s behavior as a transaction ¢t that allows clients to book a room and pay for it. If the client is
satisfied with the reservation, then the hotel will send her an invoice. Otherwise, the client may cancel the transaction; in
that case, hotel offers the client a refund. Suppose that the client decides to cancel his reservation; as we will see, there are
four transition steps for process Reservation:

Reservation — t[pay.invoice,refund] | pay.(invoice + t.ref und)

= tlinvoice,refund] | invoice + t.refund = (refund) | refund N (0).
2.2. Adaptable processes

The calculus of adaptable processes was introduced as a variant of Milner’s CCS [18] (without restriction and relabeling),
extended with the following two constructs, aimed at representing the dynamic reconfiguration (or update) of communi-
cating processes:

1. A located process, denoted I[P], represents a process P which resides in a location called I. Locations can be arbitrarily
nested, which allows to organize process descriptions into meaningful hierarchical structures.

2. Update prefixes specify an adaptation mechanism for processes at location I. We write [{{((X).Q)) and [{(X).Q} to denote
subjective and objective update prefixes; in both cases, X is a process variable that occurs zero or more times in Q.

This way, in the calculus of adaptable processes the update of a (located) process is given the same status as point-to-point
communication. That is, an update prefix for location [ can interact with a located process at | to update its current behavior.
Depending on the kind of prefix (objective or subjective), this interaction is realized by a reduction rule ((1) or (2), see also
below).

We illustrate adaptable processes by revisiting the example above:

Example 2.2. Consider again the hotel booking scenario in Example 2.1, this time expressed using the calculus of adaptable
processes (below we omit trailing 0s):

. d .
Reservation tef Hotel | Client

Client wf book.pay.(t.refund + invoice)
Hotel = t[book.pay.invoice] | t.t{((Y).0)) | ps[refund]

We use CCS processes with the located processes and (subjective) update prefixes. The client’s behavior involves sending
requests for booking and paying for a room, which are followed by either the reception of an invoice or an output on t
signaling the end of the transaction and the request for a refund. The expected behavior of the hotel is located at location
t: the hotel allows the client to book a room and pay for it; if the client is satisfied with the reservation, the hotel will
send him/her an invoice. The hotel specification includes also (i) a subjective update prefix t{({(Y).0)) (in the same way,
can be used objective update t{(Y).0}), which deletes the location t with its content if the client is not satisfied with the
reservation, and (ii) a simple refund procedure located at p;, which handles the interaction with the client in that scenario.
If the client decides to cancel his reservation, the reduction steps for process Reservation would be as follows:

Reservation —> t[pay.invoice] | t.t{((Y).0)) | p¢[refund] | pay.(t.refund + invoice)

— t[invoice] | t.t{{(Y).0)) | pe[refund] | t.refund + invoice

— t[invoice] | t{{(Y).0)) | p¢[refund] | refund — p.[refund] | refund —> p:[0].

In this example we could have used objective update t{(Y).0} instead of subjective update t{{(Y).0)); with objective
update, the behavior of process Reservation is quite similar. A detailed derivation and explanation for this scenario will be
provided later on, once we have formally defined our translations.

3. The calculi
We now introduce formally compensable processes (§3.1) and adaptable processes (§3.3). To focus on their essentials,

both calculi are defined as extensions of CCS [18] (no name passing is considered). In § 3.2 we identify a class of well-formed
compensable processes, useful in our developments.
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extr(t[P,Q]) =0 extr((P)) = (P) extr(P | Q) =extr(P) | extr(Q)
extr((vx)P) = (vx)extr(P) extr(0) = extr(w.P) =0 extr(lr.P)=0

Fig. 1. Extraction function.

We start by defining some relevant base sets for names.

Definition 3.1 (Base sets). We assume the following countable sets of names:

e N is a finite set of transaction names, ranged over by t,t’,s,s’, ..., also used as error notification names;
e N is a set of location names, ranged over by I, t,t',s,s’, ..., also used as input names;
e N is the set that collects all other (input/output) names, ranged over by a, b, c,....

For compensable processes, we shall use the set N = N; UN; for adaptable processes, we shall use the set Ny = AU Ns.
Some assumptions on these sets are in order. First, Aj NN =@ and Ny N N = @. Also, N; € Nj: our encoding will map
each transaction into a process residing at a location with the same name.

Finally, we shall use x,y, w,x’,y’,w’,... to denote elements of the three sets when there is no need to distinguish
them. For adaptable processes, we shall use X,Y, Z, ... to denote process variables.

3.1. Compensable processes

Syntax. We introduce the calculus of compensable processes (with discarding semantics). It considers prefixes 7 and processes
P, Q,... defined as:

To=alx
P,Q :=0|m.P|'w.P|(wx)P|P|Q |t[P,Q]1]|(Q)

Prefixes 7 include input actions (a), output actions (a) and error notifications (t). Processes for inaction (0), action prefix
(r.P), guarded replication (!7r.P), restriction ((vx)P) and parallel composition (P | Q) are standard. Protected blocks (Q )
and transactions t[P, Q] have already been motivated. Name x is bound in (vx)P. In our encodability results, we shall write
C to denote the calculus of compensable processes.

Operational semantics. Following [15,16], the semantics of compensable processes is given in terms of a Labeled Transition
System (LTS). Ranged over by «, «’, the set of labels includes a, @, t and 7. As in CCS, a denotes an input action, a denotes
an output action, t denotes an error notification and T denotes synchronization (internal action). As explained in §2, this
LTS is parametric in an extraction function, which is defined in Fig. 1 and realizes the intended discarding semantics.

Error notifications can be internal or external to the transaction: if the error notification is generated from the default
activity then we call it internal; otherwise, the error notification is external. Fig. 2 gives the rules of the LTS; we comment
briefly on each of them:

Axioms (L-IN) and (L-Out) execute input and output prefixes, respectively.

Rule (L-REP) deals with guarded replication.

Rule (L-PAR1) allows one parallel component to progress independently.

Rule (L-RES) is the standard rule for restriction. A transition of process P determines a transition of process (Vx)P,

where the side condition provides that the restricted name x does not occur inside «.

Rule (L-Comm1) defines communication on x.

e Rule (L-BLock) specifies that protected blocks are transparent units of behavior.

e Rule (L-REc-OuT) allows an external process to abort a transaction via an output action t. The resulting process contains
two parts: the first is obtained from the default activity of the transaction via the extraction function (cf. Fig. 1); the
second corresponds to the compensation activity, executed in a protected block.

o Rule (L-Scope-Our) allows the default activity of a transaction to progress.

e Rule (L-Rec-IN) handles failure when the error notification is internal to the transaction.

It is convenient to define structural congruence (=) and evaluation contexts also for compensable processes.

Definition 3.2 (Structural congruence). Structural congruence is the smallest congruence relation on processes that is gener-
ated by the following rules:
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(L-ReP) (L-PAR1) (L-REs) (L-Comm1)
PSP PSP PSP a¢xx} PSP Q50qQ
PSP P PIQESPIQ PSP PIQSP|Q

(L-IN) (L-OL{T)
aP5P xpSp

(L-BLocK) (L-ScoPE-OUT) (L-Rec-IN)
p%p (L-Rec-Oum) PSP ag¢(tt) pLp

(PY S (P") t[P,Q] % extr(P)| (Q) t[P,Q]1>t[P,Q]  t[P,Q] > extr(P')|(Q)

Fig. 2. LTS for compensable processes. The symmetric counterparts of (L-PAr1) and (L-ComM1) have been omitted.

P|Q=Q|P (vx)0=0

PI[(QIR=P|QIR W) (vy)P=@y)(vx)P

P|O=P Q| (wx)P=@wx)(P|Q)ifx¢ fn(Q)
\m.P=mw.P|!n.P tf[(vx)P,Q]= (vx)t[P,Q]ift #x, x¢ £n(Q)
P=QifP=4 Q {((vX)P) = (VX)(P)

The first column in Definition 3.2 contains standard rules: commutativity, associativity, and neutral element for parallel
composition. We rely on usual notions of «-conversion (noted =,). The second column contains garbage collection of
useless restrictions, swapping of restrictions, and scope extrusion for parallel composition, transaction scope and protected
blocks.

Definition 3.3 (Evaluation contexts). The syntax of contexts in compensable processes is given by the following grammar:

Cle]::=[e] | (C[e]) | t[C[],P] | Cl[e]| P | (vX)CJe],

where P is a compensable process.
We write C[Q] to denote the process obtained by replacing the hole [e] in context C[e] with Q.

The following proposition is key to our operational correspondence statements.

Proposition 3.1. Let P be a compensable process. If P 5 P’ then one of the following holds:

(a) P=E[C[a.P1]| Dla.P2]] and P" = E[C[P1]| D[P.]],
(b) P = E[C[t[P1,Q]]| D[t.P>]] and P" = E[C[extr(P1) | (Q)]| D[P>1],
(c) P=C[t[D[t.P1],Q]] and P" = Clextr(D[P1]) | (Q)],

for some contexts C, D, E, processes Py, P>, Q and names a, t.
Proof. See §A.1 at page 37. O

Remark 3.2 (Reductions). It is convenient to define a reduction semantics for compensable processes. We do so by exploiting

the LTS just introduced: we shall write P — P’ whenever P —~5 P” and P” = P’, for some P”". As customary, we write
—>* to denote the reflexive and transitive closure of —.

3.2. Well-formed compensable processes

We shall focus on well-formed compensable processes: a class of processes that disallows certain non-deterministic inter-
actions that involve nested transaction and error notification names. Concise examples of processes that are not well-formed
are the following:

P =t [a | tZ[b9B]9a] IH I 6 X P1=t [asb] I tZ[Esd] |6 X Py =t [E’a] | t2[ﬁ9b] X (5)

Processes P, P1 and P, feature concurrent error notifications (on t; and t,), which induce a form of non-determinism that
is hard to capture properly in the (lower level) representation that we shall give in terms of adaptable processes. Indeed,
P features an interference between the failure of t; and t; it is hard to imagine patterns where this kind of interfering
concurrency may come in handy. From the same reason, we will assume that all transaction names in a well-formed
process are different. In contrast, we would like to consider as well-formed the following processes (where t{ # t3):

7
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P'=t1[a| t2[b,bl,a] | T2.t1 P" =t1la,a] | t2[b,b] | t1 | &2 (6)

In what follows, we formally introduce well-formed compensable processes. We require some notations: (a) sets of pairs
I, A CN; x N;; (b) sets y,8 € N;; and (c) boolean p € {T, L}. These elements have the following reading:

I is the set of (potential) pairs of parallel failure signals in P;

- A is the set of (potential) pairs of nested transaction names in P (with form (parent, child));
y is the set of failure signals in P;

§ is the set of top-level transactions in P;

- p is true if and only if P contains protected blocks.

This way, the well-formedness predicate, denoted I'; A |Wp P, is inductively defined in Fig. 3. We write P(P) to denote

the parameters I', A, y, and § associated to P, i.e., P(P) = (T, A, y,9).
We briefly comment on the rules in Fig. 3:

e Rule (W-NIL) states that the inactive process has neither parallel failure signal nor nested transactions; it also does not
contain protected blocks.

e Rules (W-0uT1), (W-Out2), and (W-IN) enforce that protected blocks or transactions do not appear behind prefixes (i.e.,
p =1, § =@). Rule (W-0uT1) says that if the name of the prefix is the failure signal then it will be collected by y.
Rule (W-0ut2) says that if the name of the prefix is not the failure signal then the set of the failure signals will be as
in the process that appears after the prefix. For example, by (W-NiL) and two successive applications of (W-OuT1), we

can infer — 6.0
er s 0 M s b

e Rule (W-REs) says that if P satisfies the predicate for some parameters, then (vx)P satisfies the predicate with the
same parameters.

e Rule (W-Brock) specifies that if P satisfies the predicate for some parameters, then (P) satisfies the predicate with the
same I', A,y and §. The fifth parameter for (P) specifies that it contains protected blocks (p = T in the conclusion).
This way, for example, we have ¢; ¢ |m (ta.t1).

Rules (W-REP), (W-TRANS), and (W-PAR) rely on the following auxiliary notations. First, given sets yy, ¥, § and a name ¢,

we introduce the following sets:

yix ya={{t',t"):t' ey At €y} {ty x s ={(t,t'):t' €6). (7)

Also, we write T'® and A’ to denote the symmetric closure of I" and the transitive closure of A, respectively. We will use,
respectively the following functions f; and f for conditions in Rules (W-TRANS) and (W-PAR):

ft(P(P),P(Q)=T1UT2U(¥1 x ¥2), At U AU ({t} x (81 Us U y1 U y2))) (8)
fPP),P(Q))=T1UTU (1 X ¥2), A1UA)) 9)

where P(P) = (I'1, A1, ¥1,81) and P(Q) = (I'2, Az, ¥2, 82).
We may now discuss Rules (W-REP), (W-TRANS), and (W-PAR):

e Rule (W-REP) says that the set of pairs of parallel failure signals in !7.P is y x y, where y is the set of failure signals
in 7r.P. This is directly related to the transition rule (L-REP) in Fig. 2. All other parameters of the predicate satisfied by
I7r.P are the same as for m.P.

For example, we can derive {t1, t7} x {t1, t2}; # ——— !13.F7.
{t1,t2};0; L

o Rule (W-TrANS) specifies the well-formed conditions for t[P,Q]. First, § = {t}. The set of pairs of parallel failure sig-
nals is the union of the respective sets for P and Q and the set whose elements are pairs of failure signals; in
the pair, one element belongs to the set of failure signals of P and the second element is from the set of fail-
ure signals of Q. This extension with y7 x y» is necessary for t[P,Q], because P may contain protected blocks
which will be composed in parallel with (Q) in case of an error. The set of pairs of nested transactions is ob-
tained from those for P and Q, also considering further pairs as specified by {t} x (81 Ud2 U y1 U y») (cf. (7)).
The rule also enforces that the sets of parallel failure signals and nested transaction names in the parallel composi-
tion are disjoint (i.e., (T UT2 U (31 x ¥2))° N (A1 U Az U ({t} x (81 Udz Uy U ¥2)))f = @). For example, we can derive
@, {(t1, t2)} = T tila | t2[b,b1,al.

e Rule (W-PAR) spec1ﬁes the cases in which P | Q satisfies the predicate provided that P and Q individually satisfy it.
The set of pairs of parallel failure signals is obtained as in Rule (W-TRANS). The set of pairs of nested transactions is
obtained as the union of sets of pairs of nested transactions for P and Q. Also, it must hold that (I't UT2 U (31 x ¥2))°N
(A1 U Ay)! =¢. For example, for P’ and P” in (6) we have

@; {(t1, t2)} i—ﬁ[a | t2[b,b1,a] | t2.t1 and {(t1,t2)}: ¥ TR [a,a] | t2[b,b] | T1 | 2.

bt} L {t1,t2}:{t1,t2};

8
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(W-0uT1) (W-0ut2) (W-IN)
(W-NIL) @0 }2— P ;00— P @ }—— P
7 ¢ 0 |V:V);J- v L |)/;V);J-
’ #;0;, L . T . = .
;¢ '—yu(t};(fJ;J_ t.P r;o l——y;(/l:i_ a.P r;o |———y;w;l a.P
(W-RES) (W-BLOCK) (W-REP)
I'Afl—— P I'Al—— P r;¢— m.P
A yidip A yidip A YL T
—_— . e . '
r,A ‘y;é;p (vx)P ;A |y;§;T (P) Y Xy I—)TM_L Ir.P
(W-TRANS)
TiA === P TyuAyb—— Q fu(P(P),P(Q)=(T,A) I’'NA"=0
¥1:01;P1 V2;62;P2
A }b—t[P
Al y1Uy2;:{t};ip1Vvp2 (P,Ql
(W-PaR)
F;Ab—— P TuM——— Q f(P(P),PQ)=T,A) IPNnA'=9
V15015 P1 V25625 D2

LAfb—— P|Q
Y1Uy2:81U82:p1Vp2

Fig. 3. Auxiliary relation for well-formed compensable processes.

One should notice that processes from (5) do not satisfy the predicate, since their sets of pairs of parallel failure signals
and nested transaction names are not disjoint: they are both equal to {(t1, t2)}.

We then have the following definition:

Definition 3.4 (Well-formedness). A compensable process P is well-formed if

(i) transaction names in P are mutually different, and
(i) T; A le P holds for some I', A, y, §, p.

The following theorem captures the main properties of well-formed processes: they do not contain subterms with protected
blocks or transactions behind prefixes; also, they do not contain potential parallel failure signals for nested transaction
names. Since the former is required to hold also for compensations within transactions, we extend evaluation contexts
(Definition 3.3) as follows:

C¥' el :=1lo] | (C"[o]) | t[C*'[o],P] | C*/[o]| P | (vx)C"/[0] | t[P,C*/[o]]. (10)
Theorem 3.3. Let T"; A 'Wp P, forsomeT', A, y, 8 and p. Then the following holds:

(i) if P=C"[m.Py] thenT”; % |
(ii) I N At =0.

L P4, for some I and y’, and

Proof. (i) By induction on the structure of C%/[e]. (ii) By case analysis. O

We may now state a soundness result, which ensures that well-formedness is preserved by transitions.

Theorem 34.IfT; A |Wp Pand P %> P’ then there are I CTand A’ C A such that T/; A'f——— P'.

y';8p
Proof. By induction on the depth of the derivation P <, P'. See §A.2 at page 39. O
The following is immediate from Definition 3.4 and Theorem 3.4:

Corollary 3.5. If P is a well-formed compensable process and P —* P’ then P’ is well formed.

9
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(R-IN-OurT) (R-OB-UpPD)
E[c[xP]1D[x.Q])] — E[c[P]ID[]]  E[c[uPI]ID[H(X).Q).R]] — E[c[a(P/x)]1 D[R]

(R-SuB-UpPD) (R-STR)

P=P P’ "0 =
E[c[1tP1] 1 D[1(0-@)-R] | — E[c[0] I D[Q(P/x) | R]] P:% Q'=Q

Fig. 4. Reduction semantics for adaptable processes..

3.3. Adaptable processes

Syntax. We consider prefixes T and processes P, Q, ... defined as:

X %] 1600.Q) | HX).Q)
0| x.P|!m.P| (wx)P|PlQ |I[P]] X

T

P.Q :

We consider input and output prefixes (denoted x and X, respectively) as well as the update prefixes [{{(X).Q)) and I[{(X).Q}
for subjective and objective update, respectively. We assume that Q may contain zero or more occurrences of the process
variable X.

Although here we consider a process model with both update prefixes, we shall consider target calculi with only one of
them: the calculus of adaptable processes with subjective and objective update will be denoted S and O, respectively.

The syntax includes constructs for inaction (0); action prefix (;r.P); guarded replication (!7r.P), i.e. infinitely many occur-
rences of P in parallel, which are triggered by prefix r; restriction ((vx)P); parallel composition (P | Q ); located processes
(I[P]); and process variables (X). We omit 0 whenever possible; we write, e.g., [{{((X).P)) instead of [{((X).P)).0.

Name x is bound in (vx)P and process variable X is bound in [{(X).Q)). Given this, the sets of free and bound names for
a process P—denoted £n(P) and bn(P)—are as expected (and similarly for process variables). We rely on expected notions
of a-conversion (noted =) and process substitution: we denote by P{Q/X} the process obtained by (capture-avoiding)
substitution of Q for X in P.

Operational semantics. Adaptable processes are governed by a reduction semantics, denoted P — P’, a relation on processes
that relies on structural congruence (denoted =) and contexts (denoted C, D, E).

Definition 3.5 (Structural congruence). Structural congruence is the smallest congruence relation on processes that is gener-
ated by the following rules, which extend standard rules for the -calculus with scope extrusion for locations:

PlQ=Q|P (vx)0=0 (w)I[P1=I[(vx)P]ifl #Xx
P|(Q]R)=(P|Q)]|R wx)(vy)P = (vy)(vx)P Im. P=n.P|!mw.P
P|0O=P Q| (wx)P=(vx)(Q | P)ifx¢ fn(Q) P=QifP=4 Q

Contexts are processes with a hole [e]; their syntax is defined as follows:

Definition 3.6 (Evaluation contexts). The syntax of contexts is given by the following grammar:

Clo]::=[o] | I[C[e]] | C[o]| P | (vX)Cle].
We write C[Q] to denote the process resulting from filling in the hole [e] in context C with process Q.

Reduction — is the smallest relation on processes induced by the rules in Fig. 4, which we now briefly discuss:

e Rule (R-IN-Out) formalizes synchronization between processes x.P and x.Q, enclosed in contexts C and D, respectively.

e Rules (R-SuB-UprD) and (R-OB-UrD) formalize the equations (1) and (2) given in the Introduction. They implement sub-
jective and objective update of a process located at location [ that resides in contexts C and E. In general, we shall use
one of these two rules, not both.

e Rule (R-STR) is self-explanatory.

We write —* to denote the reflexive and transitive closure of —.

10
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4. The notion of encoding

Our objective is to relate compensable and adaptable processes through valid encodings (simply encodings in the follow-
ing). Here we define a basic abstract framework that will help us formalize these relations.

An encoding is a translation of processes of a source language into the processes of a target language; this translation
should satisfy certain correctness criteria, which attest to its quality. The existence of an encoding shows that the target
language is at least as expressive as the source language.

To define valid encodings, we adopt five correctness criteria formulated by Gorla [12]: (1) compositionality and (2) name
invariance (so-called structural criteria) as well as (3) operational correspondence, (4) divergence reflection, and (5) success sen-
sitiveness (so-called semantic criteria). Structural criteria describe the static structure of the encoding, whereas the semantic
criteria describe its dynamics—how the behavior of encoded terms relates to that of source terms, and vice versa. As stated
in [20], structural criteria are needed in order to measure the expressiveness of operators in contrast to expressiveness of
terms. As for semantic criteria, operational correspondence is divided in completeness and soundness properties: the for-
mer ensures that the behavior of a source process is preserved by the translation in the target calculus; the latter ensures
that the behavior of a translated (target) process corresponds to that of some source process. Divergence reflection ensures
that a translation does not introduce spurious infinite computations, whereas success sensitiveness requires that source and
translated terms behave in the same way with respect to some notion of success.

Following [12], we start by defining an abstract notion of calculus, which we will later instantiate with the three calculi
of interest here:

Definition 4.1 (Calculus). We define a calculus as a triple (P, —, =), where:

e P is a set of processes;

e —> is its associated reduction semantics, which specifies how a process computes on its own;

e ~ is an equality on processes, useful to describe the abstract behavior of a process, which is a congruence at least with
respect to parallel composition.

We will further assume that a calculus uses a countably infinite set of names, usually denoted A/. Accordingly, the
abstract definition of encoding refers to those names.

Definition 4.2 (Encoding). Let Ns and N; be countably infinite sets of source and target names, respectively. An encoding of
the source calculus (Ps, —>, Xs) into the target calculus (Py, —>, &) is a tuple ([], ®[) where [-] : Ps — Pt denotes
a translation that satisfies some specific correctness criteria and @] : N —> Mt denotes a renaming policy for [-].

The renaming policy defines the way names from the source language are translated into the target language. A valid
encoding cannot depend on the particular names involved in source processes.

We shall use the following notations. We write —* to denote the reflexive, transitive closure of —. Also, given k > 1,
we will write P —¥ P’ to denote k consecutive reduction steps leading from P to P’. That is, P —>¥ P, holds whenever
there exist Py, ..., Py such that Py — P — -+ —> Py —> Piy1.

For compositionality, we use a context to combine the translated subterms, which depends on the source operator that
combines the subterms. This context is parametrized on a finite set of names, noted N below, which contains the set of free
names of the respective source term. In a slight departure from usual definitions of compositionality, the set N may contain
transaction names that do not occur free in the term. As we will see, we have an initially empty parameter on the encoding
function that is accumulated while translating a source term.

For operational correspondence our encodings follow more strict criteria than in [12]. For divergence reflection we will
use the following definition:

Definition 4.3 (Divergence). A process P diverges, written P —>@, if there exists an infinite sequence of processes {P;}i>o
such that P = Py and for any i, P; —> Pj41.

To formulate success sensitiveness, we assume that both source and target calculi contain the same success process v;
also, we assume that |} is a predicate that asserts reducibility (in a “may” modality) to a process containing an unguarded
occurrence of v'. This process operator does not affect the operational semantics and behavioral equivalence of the calculi:
v can not reduce and n(v') = £n(v') = bn(v') = @. Therefore, this language extension does not affect the validity of the
encodability criteria, except for success sensitiveness.

Definition 4.4 (Success). Let (P, —,~) be a calculus. A process P € P (may)-succeeds, denoted P |}, if it is reducible to a
process containing an unguarded occurrence of v/, i.e., if P —* P’ and P’ = C[v'] for some P’ and context C[e].

The following definition formalizes the five criteria for valid encodings:

11



J. Dedeic, . Pantovi¢ and J.A. Pérez Journal of Logical and Algebraic Methods in Programming 121 (2021) 100675

Definition 4.5 (Valid encoding). Let Ls = (Ps, —>, ~s) and Ly = (Py, —>, &) be source and target calculi, respectively,
each with countably infinite sets of names As and M. An encoding ([-], ¢[.), where [-] : Ps —> Pr and @] : Ns —> M,
is a valid encoding if it satisfies the following criteria:

(1) Compositionality: [-] is compositional if for every n-ary (n > 1) operator op on Ps and for every set of names N there is

an n-adic context cgp[.l, ..., o] such that, for all Pq,..., Py with £n(Pq,..., P;) CN it holds that [op(P1,..., Pp)] =

C8, [IPA]. - ... [Pal]-
(2) Name invariance: [-] is name invariant if for every substitution o : Ns —> AN there is a substitution o’ : Nt — N
such that (i) for every a e Ng: ¢ Jlo@)= o’((p[[Aﬂ (@)) and (ii) [o (P)] =o' ([P]).
(3) Operational correspondence: [[ﬂ is operational corresponding if it satisfies the two requirements:
a) Completeness: If P —> Q then there exists k such that [P] — ¥~ [Q].
b) Soundness: If [P] —{ R then there exists P’ such that P —% P’ and R —{~¢ [P'].
(4) Divergence reflection: [-] reflects divergence if, for every P such that [P] —¢, it holds that P —&.
(5) Success sensitiveness: [[-] is success sensitive if, for every P € P, it holds that P | if and only if [P] {.

Concrete instances. We now instantiate Definition 4.1 with the source and target calculi of interest:

Source calculus: C* The source calculus will be the calculus of compensable processes with discarding semantics defined
in §3.1. The set of processes, which we will denote C, will contain only well-formed compensable processes (cf.
§3.2). We shall consider the reduction relation — defined at the end of § 3.1. We shall use structural congruence
(Definition 3.2) as behavioral equivalence.

Target calculi: S and O There will be two target calculi, both based on the calculus of adaptable processes defined in §3.3.
The first one, with set of processes denoted S, uses subjective updates only; its reduction semantics is as given in
Fig. 4, with updates governed by Rule (R-Sus-UpD). Similarly, the second calculus, with set of processes denoted
O, uses objective updates only; its reduction semantics is governed by Rule (R-OB-UpD) instead. In both cases, the
structural congruence of Definition 3.5 will be used as behavioral equivalence.

As already mentioned, in § 8 we shall consider three variants of the source calculus C (cf. Definition 8.1).

The purpose of = in the definition of operational correspondence is to abstract away from “junk” processes, i.e., pro-
cesses left behind as a result of the translation that do not add any meaningful source behavior to translated processes.
As we will see, our translations do not pollute: the inactive process 0 will be the only possible junk process. As such, it is
trivially inactive junk in the sense that it does not perform further reductions on its own nor interact with the surrounding
target terms. This is why it suffices to use structural congruences on source and target processes as behavioral equalities.

We now move on to present our encodings of C into S and O. To compare these two encodings, we shall define the
abstract notion of efficient encoding—see Definition 7.1.

5. Encoding C into S: the case of subjective update

We shall now present our first encoding, which translates the calculus of compensable processes (C, our source calculus)
into the calculus of adaptable processes with subjective update (S, our target calculus). We shall prove that this translation
is valid, in the sense of Definition 4.5. Before giving a formal presentation of the encoding, we introduce some useful
conventions and intuitions.

5.1. Preliminaries

Recall the base sets defined in Definition 3.1; in particular, N; denotes the base set of transaction names. Our encodings
rely on the following notion of path, a sequence of transaction names:

Definition 5.1 (Paths). Let Nt" (with k € N) be the set of sequences/tuples of names in N;. These sequences will be denoted
by w, i, ...; we assume they have pairwise distinct elements. We obtain paths from the concatenation of such sequences
with ¢ (the empty path) at the end; paths are denoted by p, o/, ... (ie, p = ue, p’ = p’e,...). We will sometimes omit
writing the tail ¢ in p. By a slight abuse of notation, given a transaction name t and a path p, we will write t € p if t
occurs in p.

We also require sets of reserved names. We have the following definition:

Definition 5.2 (Reserved names). The sets of reserved names N and A are defined as follows:

o N7 ={hy | x € N;} is the set of reserved synchronization names, and
. J\/}r ={pp | p is a path} is the set of reserved location names.
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If t1,t2 € N; such that t; #tp then hy, # hy, and py; # pr,. We let N7 C N\ N; and Ns NN = 0. In what follows we shall
use the set Ny =AU (N; UNT) for adaptable processes.

We will find it convenient to adopt the following abbreviations for adaptable processes.

Convention 5.1. Recall that [{((X).Q)) and I{(X).Q} denote subjective and objective update prefixes, respectively.

n
e We write []I[X;] to abbreviate the process I[[X1]] ... | [[Xal.
i=1
e We write t{(T)) to denote the subjective update prefix t{((Y).0)), which “kills” both location t and the process it hosts.
This way, for instance:

s[ELcIT T E(T) —> s[0] (11)
Similarly, we write t{j} to stand for the objective update prefix that “kills” t and its content.
e We write t(((Y1, Y2,..., Yn).R)) to abbreviate the nested update prefix t({((Y1).t(((Y2).--- .t{((Yn).R))--- ))). For instance:

s[eftatal 111611 €] 11 (X, Xo).(lXa 11 aIX2D) ] —* s[e[e] 1alal 1 a1b1].

Similarly, t{(Y1, Y2, ..., Yp).R} will stand for the objective prefix t{(Y1).t{(Y2).--- .t{(Yy).R}---}}.

5.2. The translation, informally

Transactions, protected blocks, and the extraction function that governs compensations (cf. Fig. 1) are the distinguishing
constructs in compensable processes; they represent the most interesting process terms to be addressed in our encodings.

We shall use paths (cf. Definition 5.1) to model the hierarchical structure induced by nested transactions. A path can
represent and trace the location of the transactions and protected blocks in a process. Our translation of C into S will be
indexed by a path p: it will be denoted [-], (cf. Definition 5.5 below). This way, e.g., the encoding of a protected block
found at path p will be defined as:

[{P)]p = Pp[[[Pﬂs]

where p,, is a reserved name in /\/',r (cf. Definition 5.2).

A key aspect in our translation is the representation of the extraction function. As we have seen, this function is an
external device, embedded in the operational semantics, that formalizes the protection of transactions/protected blocks.
Our translation explicitly specifies the extraction function by means of update prefixes. We use the auxiliary process
out®(ly, I, n, Q), which moves n processes from location /; to location I,, and composes Q in parallel. Using the no-
tations from Convention 5.1, it can be defined as follows:

Q ifn=0

out®(h. k2. n, Q)= LK. X (TTRIXT1 Q) ifn >0
i=1

(12)

Example 5.2. Consider the process:

s[t[hlal [ l1[b] | c] out®(1, 12, 2, Q)]

We have two reductions:

s[e[lalal 1 Ib1 1] 1 h (X, X2).(LIXaT 10X2] | )] —2 s[t[c] 1 lal [ b1 1 Q).

The first reduction corresponds to the synchronization between [1[a] and 1 (X1, X2).(I2[X1] | [2[X2] | Q))), while the second
is the synchronization between [1[b] and 11 {((X2).(l2[a] | l[X2] | Q))). Fig. 5 depicts these interactions using boxes to denote
nested locations.

5.3. The translation, formally

Our translation of compensable processes into adaptable processes relies on a process denoted extr((t,l,[3)), which
uses out®(l1,l, n, Q) to represent the extraction function (Definition 5.4). We need the following functions.

Definition 5.3. Let P be an adaptable process.
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Fig. 5. Example 5.2: Illustrating out®(ly, I, 2, Q).

(1) Function nl(l, P) denotes the number of occurrences of locations [ in process P. It is defined as follows:

nl(ly,L[P])=nl1h,P)+1iflL =D nl(ly,L[P]) =nldy,P)iflh #1;
nl(, (vx) P) =nl(, P) nl(,P|Q)=nl{,P)+nld, Q)
nl(,0)=nl({,!'T.P)=0 nl, I{((X).Q))=nl1,{(X).Q}) =0

(2) For a transaction name t and a process P, function ch(t, P) returns h;.0 if P equals to an evaluation context with the
hole replaced by h.P’ (for some P’), where the hole is not located within p; ,, and returns 0 otherwise. It is defined
as follows:

ch(t,ht.P) =h;.0 ch(s,h;.P)=0 ch(t,7.P)=0if w #h;

ch(t, I[P]) = {0 if1=pep

oh(t.P) otherwise ch(t,P| Q)=ch(t,P)|ch(t,Q) ch(t, (vx)P)=ch(t, P)

ch(t,0)=ch(t,X)=0 ch(t,!r.P)=0
We are now ready to define process extr((t,lq,[)):

Definition 5.4 (Update prefix for extraction). Let t, I;, and [ be names. We write extr((t,[;,l;)) to stand for the following
(subjective) update prefix:

extr(t,l, b)) =t((Y).L[Y]lch(t,Y) [out®(1, L, nl(,Y), () .he)). (13)

Intuitively, process extr((t,l1,l2)) serves to “prepare the ground” for the use of out®(ly, I, n, Q) which is the one that
actually extracts processes from one location and relocates them into another one. Once that occurs, location ¢ is destroyed,
which is signaled using name h;.

We are now ready to formally define the translation of C into S.

Definition 5.5 (Translating C into S). Let p be a path. We define the translation of compensable processes into subjective
adaptable processes as a tuple ([],. ¢[q,) where:

(a) The renaming policy ¢[ 7, : Ne —> P(Ny) is defined as:

{x} if x e NV

11,0 = {x,hx} U{pp:xep} ifxel

(b) The translation [-], :C — S is as in Fig. 6.

Some intuitions are in order. Our renaming function focuses on transaction names: if x is a transaction name, then it is
mapped into the set of all (reserved) names that depend on it, including reserved names whose indexed path mentions x.
Otherwise, x is mapped into the singleton set {x}.

We now explain the process mapping in Fig. 6, which is parametric into a path p that records the hierarchical structure
induced by nested transactions. This way, a process P € C is translated as [P],, i.e, P under the empty path &. Unsur-
prisingly, the main challenge in the translation is in representing transactions and protected blocks as adaptable processes.
More in details:

e The translation of a protected block found at path o will be enclosed in the location p,.
e In the translation of t[P, Q] we represent processes P and Q independently, using processes in separate locations. More
in details:
- The default activity P is enclosed in a location t while the compensation activity Q is enclosed in a location p,. That
is, Q is immediately treated as a protected block.
- The translation of P is obtained with respect to path t, p, thus denoting that t occurs nested within the transactions
described by p.
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[(P)]p = po[[P]e]
[P, @11y =¢[[PIe.p 16 (extr(t. pep. Pp) | PoLIQIE])
la.P], =a.[P],
[a.P], =a.[P],
[E.P], =Ehe[P],
[o], =0
[(wx)P], = wx)[P],
[P11P2]p =[P1l, I [P2]p
[tw.P], =![m.P],

Fig. 6. Translating C into S.

- In case of a failure signal £, our translation activates process extr{(t, p; ., pp)) (cf. Definition 5.4): it extracts all
processes located at p¢ , (which correspond to translations of protected blocks) and moves them to their parent
location p,.

- The structure of a transaction and the number of its top-level processes change dynamically. Whenever we need to
extract processes located at p; ,, we first substitute Y in process out® (cf. (12)) and in function ch(t, -) (cf. Defini-
tion 5.3), by the current content of the location t.

- We use the reserved name h; (introduced by extr((t, p¢p,Pp))) to control the execution of failure signals; it is par-

ticularly useful for error notifications that occur sequentially (one after another in the form of a prefix, e.g. t.ty..... th)-

Once the translation of protected blocks has been moved out of ¢, the location only contains “garbage”: we can then

erase the location t and its contents. To this end, we use the prefix t{(f)) (cf. Convention 5.1), which is also introduced

by extr({(t, pt.p. Pp))- B

- In case of an internal error notification t, function ch(t, -) is particularly useful: it searches for processes of the form
ht.P within the current content at t and replaces them with h;.0. This is done before the update prefix t(({)) deletes
both location t and processes located at t, as described above. Notice that we would need to preserve synchroniza-
tions between input h; and its corresponding output h;.

With the above intuitions, translations for the remaining constructs should be self-explanatory.
5.4. Translation correctness

We now establish that the translation [-], is a valid encoding (Definition 4.5). To this end, we address the correctness
criteria: compositionality, name invariance, operational correspondence, divergence reflection, and success sensitiveness.

Our results apply for well-formed processes as in Definition 3.4; we briefly discuss this condition. Consider P =
t [a | t2 [b,E],&] | t1 | t2, the ill-formed process presented in (5). Intuitively, P is not well-formed because it can either com-
pensate t1; or t; in a non-deterministic fashion: if t; is compensated then the failure signal on t; will not be able to
synchronize; if t; is compensated then t; can still be compensated. That is, P —>* (b) | (@). Consider how this possibility
would be mimicked by [P]e, the encoding of P:

[P)e =ta[al e2[B] 1 2. (2(().Ea1YT L o2, ¥) 2. | Py [B1) ]
1. (160N -BIYT T eh(tr, ¥) | out® (pey, e n1(Pey, V). 61 (D)-Fep)) | pel@l) 1T hey 1B,
—2t1[al &2[b] 1 2((V).La0Y1 | ch(tz, V) | E24(F)-iep) | ey (D]
|61 ((Y).01[Y T ] eh(tr, Y) | out®(pey, Pe, nL(Pey, Y, 61 {(EN-he)) | pel@l | he, | e,
—* pelb] | pelal | he,.

Hence, when applied into ill-formed processes, our encoding induces target processes with “garbage processes” (such as hy,
above), which do not satisfy operational correspondence as defined in Definition 4.5. Specifically, the soundness property
would not hold, because [P]e would have behaviors not present in P. A similar conclusion can be drawn for the other two
ill-formed processes presented in (5).

5.4.1. Structural criteria
The compositionality criterion says that the translation of a composite term must be defined in terms of the translations
of its subterms. The translation is initially parametrized with & (i.e., without external names); afterwards, when applied to
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nested subterms, the list of parameters is extended with transaction names p, as specified in Definition 4.5. Accordingly,
we consider compositional contexts that depend on an arbitrary list p of external transaction names. Nevertheless, our
encoding still preserves the main principles of the notion of compositionality. We can translate compensable terms by
translating their operator without need to analyze the structure of the subterms. Another peculiarity appears in the process
extr((t, pt,p, Pp)), which is defined in Definition 5.4. It depends on the function nl(ly,Y) that dynamically counts the
current number of locations [; in the content of t. To mediate between these translations of subterms, we define a context
for each process operator, which depends on free names of the subterms:

Definition 5.6 (Compositional context). For every process operator from C, we define a compositional context in S as follows:

Cpy.plel=pp[lel] Ci,p.pler. o2l =t[[e1]] | t. (extr((t, pr.p. Pp) | Pp[[e2]]) C|le1,e2]1=1[e1]][e2]
Cale]=a.[e] Cale]=a.le] Cple]l=t.hi.[e]  Cuxlel=(vx)[e] Ciy [o]=!r.[0]

Using this definition, we may now state the following result:

Theorem 5.3 (Compositionality for [-] ). Let p be an arbitrary path. For every process operator in C and for all well-formed compens-
able processes P and Q it holds that:

[{(P)]p = Cy,p [[P]e] [t1P, Q11 = Cit,1.p [[PTi.p- [Qe] [P1Q1,=C [[Pp.[Ql,]
HG-P]]p=Ca‘P[P]}p] [£.P], = Gz [[Pl,o] [(vx)P)]p = Cowm [[P1p]
[a-P1p = Ca.[[Plo ['7.Pl, = Cix [[P],]

Proof. Follows directly from the definition of contexts (Definition 5.6) and from the definition of [-], : C — S (Fig. 6). See
§B.1 at page 40 for further details. O

We now consider name invariance. We will say that a function o : N — N; is a valid substitution if it is the identity
except on a finite set and it respects syntactically the partition of N into subsets As; and A, i.e., o (Ns) € N and o (V) €
Ne. If p=t1,...,ty, &, we write o (p) to denote the sequence o (t1), ..., 0 (t;), £. We now state name invariance, by relying
on the renaming policy in Definition 5.5(a).

Theorem 5.4 (Name invariance for [-] ,). For every well-formed compensable process P and valid substitution o : No — N there is
ao’: Ng —> Ny such that:

(i) for every x € N : @, ,, (0 (X)) = {0’ () 1y € @1, ®}  and (i) [0(P)]o (o) =0 ([P],).
Proof. See §B.2 at page 41. O

5.4.2. Semantic criteria
We prove the three criteria, following the order in which they were introduced in Definition 4.5: operational correspon-
dence, divergence reflection, and success sensitiveness.

Operational correspondence. Among the semantic criteria, operational correspondence is usually the most interesting one, but
also the most delicate to prove. We aim to establish a statement of operational correspondence that includes the number
of reductions required in S to correctly mimic a reduction in C. This will allow us to support our claim that subjective
updates are more efficient than objective updates (cf. Definition 7.1). To precisely state completeness results we introduce
some auxiliary notions.

Definition 5.7. Given a compensable process P, we will write pb(P) to denote the number of protected blocks in P—see
Fig. 7 for a definition.

Given a transaction t[P,Q ], the following lemma ensures that the number of protected blocks in the default activity P
is equal to the number of locations p; , in [P]; , (Definition 5.3).

Lemma 5.5. Let t[P,Q ] and p be a well-formed compensable process and an arbitrary path, respectively. Then it holds that pb(P) =
nl(pe,p, [[P]]t,p)-

Proof. By induction on structure of P.

e P=0or P=m.Py or P =!m.Pq: By Definition 5.3, Definition 5.7 and Definition 5.5, we can derive n1(p¢,p, [P]t,p) =
0 =pb(P).

16



J. Dedeic, . Pantovi¢ and J.A. Pérez Journal of Logical and Algebraic Methods in Programming 121 (2021) 100675

pb((P)) =1 pb(P | Q) =pb(P) +pb(Q) pb((vx)P) = pb(P)
pb(I7r.P) = pb(7.P) =0 pb(t[P,Q]) =0 pb(0) =0

Fig. 7. Number of protected blocks for discarding semantics.

e P = (P1): By Definition 5.3, Definition 5.7 and Definition 5.5,
n1(pep, [(P1)]e.p) =01 (Pep. P [P1]: [y =1 =pB((P1)).

P = s[P1,Q41: By Definition 5.5, [s[P1,Q1l]:,p = s[[[Pl]]s,t,p] I's. (extr((s, Ps.t,p. Pe.p) | Pe.pl[Q1]e]). Noticing that
nl(pe,p, [P1]se,p) = 0, by application of Definition 5.3 and Definition 5.7, we get nl(ps,p, [S[P1,Q11]cp) =0 =
pb(s[P1,Q1]).

P = P | Qq: By Definition 5.3 and Definition 5.5, n1(p¢,p, [P11Q1]t,p) = n1(Pe,p, [P1]e,p1[Q1]t.p) = n1(Pe,p, [P1]e,p) +
nl(pt,p, [Q1]e,p)- By induction hypothesis, we conclude nl(p; p, [P11Q1],p) = pb(P1) + pb(Q1).

e P = (vx)Pq: By Definition 5.3 and Definition 5.5, nl(ps,p, [(VX)P1]c,p) = nl(pe,p. WX)[P1]t,p) =01(pe,p. [P1]e.p)- By
induction hypothesis and Definition 5.7, n1(ps,p, [(VX)P1]c,p) = pb(P1) =pb((vX)P1). O

The following example illustrates this claim.

Example 5.6. Let P = t[P1,d] be a well-formed compensable process, with default activity Py = (a) | (b) | c. By Fig. 7, we
have pb(P1) = 2. Also, by Definition 5.5, we have:

[PLo =t[[P1]ep | 1t-(extx(t. pep. P} 1 Do [d]).

such that [P1]t,» = pr.p[a] | pt,p[b] | c. Now, by Definition 5.3 it is clear that n1(p¢,p, [P1]t,p) = 2.

For the proof of operational correspondence, we introduce a mapping from evaluation contexts of compensable processes
into evaluation contexts of adaptable processes.

Definition 5.8. Let p be a path. We define mapping [-], from evaluation contexts of compensable processes into evaluation
contexts of adaptable processes as follows:

[lellp=[e]  [(Clello=ppl[Clelle]  [ClelI P, =[Clell, I[Pl,  [(vx)Cloll, = (vX)[Clel],
[¢[Clo1, Q1] = [[Clollcp] | £ (extT L, Pep. Do) | PoI1Q]])

Convention 5.7. We will use [C],[P] to denote the process that is obtained when the only hole of context [C[e]], is
replaced with process P.

We now state our operational correspondence result:

Theorem 5.8 (Operational correspondence for [-] ). Let P be a well-formed process in C.

(1) If P — P’ then [P]e —>¥ [P’]s where for
a) P=E[C[a.P1]| D[a.P3]] and P’ = E[C[P1] | D[P3]] it follows k =1,
b) P = E[C[t[P1,Q]] | D[t.P2]] and P’ = E[C[extr(P1) | {Q)]| D[P>]] it follows k = 4 + pb(P1),
¢) P=Clu[D[u.P1],Q]] and P’ = C[extr(D[P1]) | {Q)], it follows k = 4 + pb(D[P1]),
for some contexts C, D, E, processes P1, Q, P> and names t, u.
(2) If[P]e —™ R with n > O then there is P’ such that P —>* P’ and R —>* [P'].

Proof (Sketch). Here we present an overview to the proof and some auxiliary results.

(1) The proof of completeness is by induction on the derivation of P —> P’ and uses:
e Proposition 3.1 (page 7) for determining three base cases. Below we illustrate one of them: the case (b) in which
reduction corresponds to a synchronization due to an external error notification for a transaction scope.
e Definition 5.5 (page 14), i.e., the definition of translation.
e Lemma B.1 (page 43), which maps evaluation contexts in C into evaluation contexts of S.
e Lemma B.6 (page 45), which concerns function ch(-, -).
We discuss completeness for the particular case (b). We consider P = E[C[t[P1,Q]]| D[t.P3]], with m = pb(P4), and
P’ = E[C[extr(P1) | (Q)]| D[P2]]. We have the following derivation, where p, p’, and p” are paths to holes in contexts
E[e], C[e], and D[e], respectively:
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[PLe = [EICIt[P1, Q11 | DIEP211]e = [EL[ [CI¢1P1, Q1L | [DIE.P21], ]
= [ELe [ICT, 1t1P1, Q11,1 | IDDoIEE Pl 1]
= [[Eﬂs[[[Cﬂp[t[[[Pﬂ]r,pf] | t. (extr((t, pe.p» Do) | pp/[[[Qﬂg])] | [D]p[Ehe.[P2] 1]
—> [EL[ICTp[¢[[P1]e.pr] | extx(E, Pt o) | P11 ] DD olhe [Pl 1]
—> [EL[ ICTo e[ [P11e.pr] | oE, [P1]:, )

| OUt (Be,prs P s 0L (Bt [Pl ) » €GO | P L1QUET] 1 IDLlhe. [P2,01]

—"1 [ELe[[CDp[[oxtr(P1) ] e 1 @)L ] | [P [he-[P2],]
—> [E1: [ [CT, [Textr(Py) 1 (Q)1,] 1 IPL,[1P2]]

= [Ee [[Clextr(P1) 1 (@)1, 1 [DIP21], |
= [E[Clextr(P1) | {Q)11 DIPa1I]e

= [[P/ﬂs

Therefore, we can conclude that for [P]; —>* [P]. such that k=4 +m.
For more details see B.3.1 (page 42) and §B.3.4 (page 54).

(2) The proof of soundness is by induction on n, ie. the length of the reduction [P], —" R. We rely crucially on two
lemmas (Lemma B.10 and Lemma B.11). Lemma B.10 concerns the shape of processes R and P’, whereas Lemma B.11
ensures that the obtained adaptable process R can evolve until reaching a process that corresponds to the translation
of a compensable process. More in details:

By analyzing the processes obtained by translating the composition of a transaction and its externally triggered failure
signal (and its computation), we come to Lemma B.8 (page 46), which identifies processes that are created before a
synchronization on hy.

Similarly, the analysis of the processes obtained by translating a transaction and its internally triggered failure sig-
nal (and its computation) leads us to Lemma B.9 (page 49), which identifies processes that are created before a
synchronization on hy.

In the statement of Lemma B.8 and Lemma B.9 we use the definition of intermediate processes given by Definition B.2
and Definition B.3, respectively. The proofs proceed by case analysis for the step R — R'.

Lemma B.10 (page 50) is about the shape of process R, and also ensures that there is a process P’ with an appropriate
shape. The proof proceeds by induction on n. The base case uses Lemma B.4 (page 44); in the inductive step, we
exploit the fact that the target term Ry has a specific shape, which is in turn ensured by Lemma B.8 and Lemma B.9.
Lemma B.11 (page 54) ensures that the adaptable process obtained thanks to Lemma B.8 and Lemma B.9 can evolve
until reaching a process that corresponds to the translation of a compensable process.

For full details see B.3.1 (page 42) and §B.20 (page 55). O

In Theorem 5.8, Case (1) concerns completeness, while Case (2) describes soundness. Case (1)-(a) concerns usual syn-
chronizations, which are translated by [-], with an additional synchronization (on name h;). Cases (1)-(b) and (c) concern
synchronizations due to compensation signals; here the analysis distinguishes four cases, as the failure signal can be exter-
nal or internal (see page 6) and the transaction can be replicated or not. In all cases, the number of reduction steps required
to mimic the source transition depends on the number of protected blocks of the transaction being canceled. We illustrate
this with an example.

Example 5.9. P = s[t[(a) | (b) | c,d],O] | t.5 is a well-formed compensable process. By the LTS of C (cf. Fig. 2), we have:

P 5 s[(a) | (b) | (d),0115 > (a) | (b) | (d).

The encoding of P is obtained by expanding Definition 5.5:

[Pl = s[t[pes[al I pes[b] 1 €] 1t.(exex (e, pes, psh | ps[d])] I's.extx(is, s, pe) [ EheShs
—O 5[ pslal | ps[b] I ps[d] ] I 5.t (5. ps. pe)) 150
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—>7 pelal | pe[b] | pe[d] = [(@) | (b) | ()]

Let us write Py to denote the process (a) | (b) | c (the default activity of transaction t) and P, to denote the process
(ay | (b) | (d) (the process obtained above). Our operational correspondence result ensures that k in [P], —k [P2]e is
equal to

k= 4+ pb(P1) + 4+ pb(P3)
for transactiont  for transaction s

=64+7=13

Let us analyze in detail these reduction steps:

i) The first step corresponds to the synchronization between t and t.
ii) Once process extr((t,p;s,ps)) 1is released, the second step is a synchronization on update prefix
EG(Y)-LLYT [ eh(t, Y) | out®(pes. Ps. nl(Pes. Y). £(f).h))) and location t[pes[a] | pe.s[b] I c].
iii) Since we get process out®(prs, ps, 2, t{(T).ht), the third and fourth steps correspond to synchronizations between

locations p; s[a] and p¢ s[b] with the (nested) update prefix pr s (X1, X2).ps[X1] ] ps[X21 | £{(T)).ht)), which relocates the
encoding of protected blocks.

iv) The fifth step is the synchronization between update prefix t((})) and location t[...], whereby the location is deleted
together with its content (cf. equation (11));

v) The sixth reduction step is a synchronization on name h;, which enables behavior corresponding to the encoding of
transaction s.

To encode the failure of transaction s, we repeat the exact same steps as before. For location s we have one more reduction
step, because in process out®(ps, pe, 3, s{(T)).hs) we have three locations ps[...] that have to be relocated on location
pel.. .1

We illustrate the encoding also on the Hotel booking scenario discussed earlier (§ 2, Example 2.1, page 4).

Example 5.10. Recall process Reservation from Example 2.1. We have:

[Reservation], = t[book.pay.invoice] | t.(extr((t, p;, pe)) | pelrefund]) | book.pay.t.h.refund
—3 t[invoice] | t{((Y).t[Y]| ch(t,Y | out®(p;. pe. nl(p:. Y). t{().he)))
| pe[refund] | hy.refund
—> t[invoice] | ch(t, invoice) | out®(p¢, pe, nl(pe, invoice), £ .he)
| pe[refund] | hy.refund
= t[invoice] | out®(p;. pe. 0, t{(T)).he) | pe[refund] | hy.refund
= t[invoice] | t{(i)).h¢ | pelrefund] | he.refund
— pel0].

Therefore, we get [Reservation], —>7 p,[0]. There are three reduction steps, denoted —>3, as a result of synchronizations
on input prefixes: book, pay and t with corresponding outputs. Now, the structure of the default activity of transaction is
changed and we have one reduction step for updating its current content. After that, there are three more reduction steps:
one for erasing the location t and its content, and two reduction steps as result of synchronizations on input names h; and
refund with corresponding outputs.

Divergence reflection. In the following, we are going to prove that the encoding does not introduce divergent computations.
We need the following definition, which counts all protected blocks in process P.

Definition 5.9. Given a well-formed compensable process P, we will write npb(P) to denote the number of protected blocks
in P—see Fig. 8 for a definition.

Notice that npb(P) is different from pb(P) in Definition 5.7. The difference is in the definition for processes (P) and
t[P,Q]. In Definition 5.7 we count all processes that may become protected, e.g., after a reduction of the considered com-
pensable process. Intuitively, with npb(P) we are looking for protected blocks at all levels of the observed compensable
process.
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npb({P)) =1+ npb(P) npb(P | Q) =npb(P) + npb(Q) npb((vx) P) = npb(P)
npb(!7r.P) =npb(w.P) =0 npb(t[P,Q]) =1+ npb(P) + npb(Q) npb(0) =0

Fig. 8. Number of protected blocks.

To establish divergence reflection, we relate a sequence of adaptable processes and a sequence of compensable pro-
cesses. One reduction of an adaptable process from the sequence corresponds either to one reduction of the corresponding
compensable process or to equal consecutive compensable processes. This reflects that a single reduction of compensable
processes is mimicked by several reductions of a corresponding adaptable process. The following lemma proves that such
a relation does exist, providing also the upper bound for the number of successive, non-equivalent, adaptable processes
with the property that their corresponding adaptable processes are equal. This last property directly induces that the set of
compensable processes is infinite, too.

Lemma 5.11. Let {R;}i>0 be a sequence of adaptable processes such that R; — Ri;1, with Ro = [Po] p, for some compensable process
Pg and path p. Then for every i > 1 there is P; such that

(i) Ri —* [Pi]p,
(ii) Pj_1 = Pjor Pi_1 — Pj,and
(iii) Rj# Riy1#...#Rijymand P; = Pjy1 =... = Pjyp imply m < 4 4 npb(Py).

Proof. See §B.4 at page 57. O

The following theorem concerns infinite reduction sequences: it says that an infinite reduction sequence originating from
a target term can only arise from an infinite reduction sequence of a corresponding source term. Hence, it suffices to
establish divergence reflection, as in Definition 4.5:

Theorem 5.12 (Divergence reflection for [-] ). Let {R;}i>o be an infinite sequence of adaptable processes such that
(1) Ro = [Po] for some Pg and p, and (2) Ri —> Rjyq foranyi=>D0.
Then there is an infinite sequence of adaptable processes {P}} j=o such that

(3) Py = Po, and (4) Pj. — P}H forany j > 0.

Proof. By Lemma 5.11, there is a sequence {P;}i>o such that
(i) Ry —* [Pi]p and (ii) Pj_q1=Pjor Pi_1 —> P;.

Consider now a sequence of compensable processes Py, P{, P}, ... such that

(1) P;._l — P;., for any j > 1, and

(2) for every i there is j such that P; = P;.

By Lemma 5.11, at most 4+npb(Pp) reduction steps from the sequence {R;};>o correspond to one reduction step of {P;}jzo.
Hence, the number of processes in {P;-}jzo is not less than the number of processes {R;}i>o divided by 4 4+ npb(Py). Since
the sequence {R;}i>o is infinite, the same holds for {P}}jzo. O

Success sensitiveness. To prove that the translation satisfies success sensitiveness we need first to extend Definition 5.5 with
[vlp=v.

Further, we adapt the definition of may-succeed (Definition 4.4) to adaptable and compensable processes. It is defined
in exactly the same way for the two calculi, but it relies on different definitions of operational semantics and evaluation
contexts.

Definition 5.10. Let P be an adaptable/compensable process. We say that P may-succeeds, denoted P |}, if P —* P’ and
P’ = C[v'] for some process P’ and evaluation context C[e].

Theorem 5.13 (Success sensitiveness for [-],). Let P be a well-formed compensable process and p an arbitrary path. Then P || if and
only if [P], |

Proof. See §B.5 at page 58. O
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[a]1[[b]ic|loutet.h.lh,.2.Q) | 2| | clzi@. [a]i[b]1Q}|1z01 || [c|i[a]i[b]1Q

Fig. 9. Example 6.2: Illustrating out®(t,l1, Iz, 2, Q).

6. Encoding C into O: the case of objective update

Having detailed a valid encoding of compensable processes into adaptable processes with subjective update, in this
section we turn our attention to the case of adaptable processes with objective update, in which a located process is recon-
figured in its own context by an update prefix residing at a different context (cf. §3.3). Here we define a translation [[-]]f,
which we prove to be a valid encoding (cf. Definition 4.5).

6.1. The translation, informally

To encode transactions and their extraction function we use the auxiliary process out®(t,ly,l>, n, Q), which is similar
to the process out®(ly,l, n, Q) (cf. (12)) that we used in the encoding [-],.
Using objective update prefixes, we define this auxiliary process as follows:

Q ifn=0

out®t.h. L. n. Q)= (X1, ... Xn).221(2). [T BIXi1| Q)).z[0]  ifn > 0.
i=1

(15)

It is instructive to compare processes out® (12) and out® (15), because differences between them will reflect directly
on the efficiency of our encodings. These differences concern parameter n:

Remark 6.1 (Comparing out® and out®). Consider the case n > 0: while in out® the process ﬁ [[X;i]| Q appears enclosed
inside an update prefix on name z;, in out® this is not the case. In out®, once n updates orllzr:ame I; have been executed,
the resulting process ]£[ I>[P;]1] Q will be enclosed in a (wrong) location (say, t). Process ]EI I[P;]] Q must be relocated
and t must be deleteld:.]In (15), this relocation is achieved via a synchronization on name,:zlt. In contrast, because out?®
uses subjective updates, process reconfiguration follows in the opposite direction. This ensures that, after n updates, process
ﬁ I[P;]| Q will remain in its original location, and so no relocation using z; is needed—see Example 5.2 and Fig. 5.

i=1

Example 6.2 (Example 5.2, revisited). Consider process P’ = s[t[h[a] | l1[b] | c] | out®(t,ly, I, 2, Q)], similar to the process
in Example 5.2. P’ has the following reductions, which are illustrated in Fig. 9:

P'= s[t[llal LB €] 1 {(X1, X2).2((2).1X1] | 12[X21 | Q1) [0]
—2s[t[c12((2)Llal | kb1 Q)] | 10]]
— s|t[c] ILlallLib] 1 Q|
In this case, the wrong location is t: the last reduction is needed to move process Ix[a] | Iz[b] | Q out of z.

Notice that the number n of protected blocks in the default activity of the transaction scope is directly related to the
number of reduction steps induced by our translations. If n =0 then the number of reduction steps will be the same for
subjective and objective updates; otherwise, if n > 0, the translation with subjective update will exhibit less reduction steps
than the translation with objective update.

6.2. The translation, formally

The function for determining the number of locations nl(:,-) in an adaptable process and the function ch(t,-) are as
introduced in Definition 5.3. We now define process extr{t, 1y, l»}:
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[(P)]3 = p,[IPIE]
6P, Q15 =¢[[PI2, | 1t (extrit, pep. pp} | PLIQI2))
[[a.P}]g =a.[[P]]f,
[a.P]g =a.[P]j
[£.P]S =the.[P]3

Fig. 10. Translating C into O.

Definition 6.1 (Update prefix for extraction). Let t, I, and I be names. We write extr{t,l,l>} to stand for the following
(objective) update prefix:

extr{t,li, b} =t{(Y).t[Y]] ch(t,Y) | out®(t,l1, I, n1(l,Y), t{i}.he)}. (16)

The intuitions for process extr{t,li,l>} are just as for process extr((t,l,lz)) given in Definition 5.4. We can now
formally define the translation of C into O:

Definition 6.2 (Translation C into O). Let p be a path. We define the translation of compensable processes into objective
adaptable processes as a tuple ([-]9, @[]3) Where:

(a)

_ ] H{x ifx e Vg
11, = (X, hy, Zx} U (pp :x€p} ifxeN; (17)

(b) [H]g :C —> O is as defined in Fig. 10 and as a homomorphism for other operators.

Intuitions for the translation of t[P,Q] are as in the case of subjective update. For erasing the location and all unneces-
sary processes in it, in this case we need an update prefix t{f} (cf. Convention 5.1).

6.3. Translation correctness

We prove that the translation [[]]z is a valid encoding (cf. Definition 4.5). We thus consider the five criteria: composi-
tionality, name invariance, and operational correspondence, divergence reflection, and success sensitiveness.

6.3.1. Structural criteria

The first property is compositionality. Compositionality for [[]]f) as well as compositionality for [-], (cf. Theorem 5.3)
includes a path p in its formulation.

Theorem 6.3 (Compositionality for [[]]2 ). Let p be an arbitrary path. For every process operator in C and for all compensable processes
P and Q it holds that:

[P =Co.p[IPIS]  ILP,QIIS = Cuaao [[PIE, 1QIE] [P 1QIZ=Cy [IPI3. [QI3]
laPl3=Ca[IPI]  [EPI3=Cp[1PI3] [0 P)]3 = Com [1PI3]
[a.P1S = Ca | [PI2 ['7.P]S = Cr. [[[P}]g]

Proof. Follows directly from the definition of contexts (Definition 5.6) and from the definition of [[]]/O) :C — O (Fig. 10)
and has the same derivation as the proof of Theorem 5.3. O

The second property is name invariance with respect to the renaming policy in Definition 5.5 Case (b).

Theorem 6.4 (Name invariance for [[«]]g). For every well-formed compensable processes P and substitution o : N; —> N there is
o’ : Ny —> N such that:

(i) for every x e Ne - ppe (0 () ={0'(y):y € gpps®}  and (i) [o (P)]5,) =o' ([P]5).

Proof. The proof proceeds in the same way as the proof of Theorem 5.4 by using [-]9 instead of [-],. O
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6.3.2. Semantic criteria
We consider operational correspondence, divergence reflection, and success sensitiveness.

Operational correspondence. As before, we are interested in precisely accounting for the number of computation steps induced
by our translation. We need the following definition.

Definition 6.3. Let P be a well-formed compensable process, then function z(P) is defined as follows:

[0 ifpb(P)=0,
Z(P)_{l if pb(P) > 0.

The number of reduction steps required for translating a transaction scope depends on the number of protected blocks
in its default activity. As already mentioned, if the default activity contains at least one protected block then the translation
of the transaction has an update location on name z; (it occurs in process out®, cf. (15)); otherwise (if the number of
protected blocks is zero) the number of reduction steps is the same as in the subjective case. This fact is presented by using
the function z(P) in the following theorem for operational correspondence.

Theorem 6.5 (Operational correspondence for [-]2 ). Let P be a well-formed process in C.

(1) If P — P’ then [P]2 —>* [P’]S where for
a) P=E[C[a.P1]| D[a.P3]] and P’ = E[C[P1] | D[P3]] it follows that k = 1.
b) P = E[C[t[P1,Q]] | D[t.P2]] and P’ = E[C[extr(P1) | {Q)] | D[P>]] it follows k = 4 + pb(P1) + Z(P1),
¢) P=Clu[D[u.P1],Q]] and P’ = C[extr(D[P1]) | (Q)], it follows k = 4 + pb(D[P1]) + Z(D[P1]).
for some contexts C, D, E, processes P1, Q, P and names t, u.
(2) If[P]S —™ R with n > O then there is P’ such that P —>* P’ and R —>* [P]$.

Proof (Sketch). We present an overview to the proof, giving pointers to results in the appendices:

(1) The proof of completeness is by induction on the derivation of P — P’ and uses:
e Proposition 3.1 (page 7) for determining three base cases. Below we illustrate one of them: the case (c) in which
reduction corresponds to a synchronization due to an internal error notification for a transaction scope.
e The definition of translation, given in Definition 6.2 (page 22).
e Lemma B.1 (page 43) and Lemma B.6 (page 45) hold also for translation [[]],‘3 and their role is explained in the proof
sketch of Theorem 5.8 (1).
Now, we illustrate case (c). Therefore, we consider P = C[u[D[u.P1],Q]], with m = pb(D[P1]), and P’ = C[extr(D[P1]) |
{Q)]. We have the following derivation where paths p, p’, and p” are paths to holes in contexts E[e], C[e], and DJe],
respectively:
[P]g = [ClulD[u.P11,Q1]g = [CIZ[[u[D[u.P11,Q1]7]
= [CIStu[[D.P111S,] . (extr{u, pu.p. Pp} 1 PLIQIEN]]

= [CI[u[[DIg ,[@-hu.[P1]91] 1 u.(extr{u, pup. pp} | PpIIQIED]
—> [CI2[u[ID1 [ [P115]]
| ul(Y)-uLY ]| eh(w, ¥) | out (U, Pup. P BL(Pup. ¥, ulflh)} | polIQI2]
—> [CI[u[IPIg, p[hu- 1115 1] T ehcu, DTG, [ [P115 ])
| OUE° W, Pup. P L(Pup: [DIF o[- [T D) uthhhu) 1 P, 1QIE] ]
— 42 [P fextr(DIPYDIS | L | pol1QIS1]

—> [CI2Lextr(DIP1DIS | P, [Q1E1]
— [Clextr(D[P1]) | (Q)]2
=PI

Therefore, the number of reduction steps is k =4 +m + Z(D[P1]) =5+ m.
For more details see B.3.1 (page 42) and § C.1.1 (page 62).
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(2) To prove soundness, we follow the same ideas as for the proof of soundness for [-], (Theorem 5.8 (2)). The proof is by
induction on n, i.e., the length of the reduction [[P]];’, —>™" R, and proceeds as for Theorem 5.8 (2), because the auxiliary
results that we used for [-], hold also for [-]$. Most notably, we rely crucially on two lemmas: Lemma B.10, which
concerns the shape of processes R and P/, and Lemma B.11, which ensures that the obtained adaptable process R can
evolve until reaching a process that corresponds to the translation of a compensable process.

For more details see B.3.1 (page 42) and § C.1.1 at page 64. O

In Theorem 6.5, Case (1) concerns completeness, while Case (2) describes soundness. The following example illustrates
the operational correspondence property:

Example 6.6. Let P be a process as in Example 5.9 (page 18). Expanding Definition 6.2 the following holds:

(PIg = s[e[pesal l pes[b I €] 1¢.(extrit, pes, s} | ps[d])]] I's.ext(s, ps. pe} I EheSihs
= s[t[pesfa] | pes[b] 1] IE(eLOV)IY T eh(E, V) 10U (L, pes. P 0L (Pes, V). t(1) ) | ps[d]) ]
| s.extr(s, ps, pe} | t.he 5.hs
—2 s:t[pt,s[a] | pes[b] ] out®(t, pes, ps, 2, tfihhe) | ps[d]] | s.extr{s, ps, pe} | he.5.hg
—2 s-t[Zt{(Z).ps[a] | ps[b] 1 t{t}.he}] 1z 0] | ps[d]] | s.extr(s. ps. pe) | .5 hs
-3 sjPS[a] | Ps[b] | Ps[d]] | s.extr{s, ps, ps} | 5.hs
—8 pelal | pe[b] | pe[d]

[{a) | (b) 1 (d)]g-
We have [P]2 —* [P2]2 with k =15:
k=4+pb(P1) + Z(t[{a) | (b) | c,d]) +4 + pb(P2) + Z(s[(a) | (b) | (d),0])

for transaction t for transaction s

=44+2+14+4+3+1=15.

We briefly analyze the reduction steps that are related to the translation of transactions on name ¢t and s:

- For location t there are 7 reduction steps: synchronization on t and t, updating location t, two steps as relocation
of process on location p;s by process out® on location ps, update on location z;, erasing location t using t{f} and

synchronization h; with corresponding output h;.
- For location s there are 8 reduction steps, one more step than for location t; because now location s contains three
processes on location ps that have to be relocated on location p, by using process out®.

Example 6.7. Recall process Reservation from the hotel booking scenario (§2, Example 2.1, page 4). We use encoding with
objective update:
[Reservation]? = t[book.pay.invoice] | t.(extx{t, p;, pe} | pe[refund]) | book.pay.t.h;.refund
— 3 t[invoice] | t{(Y).t[Y]| ch(t, Y)
| out®(t, pr, pe. nl(pe, Y). t{i}.ho)} | pelrefund] | he.refund
—> t[invoice] | ch(t, invoice) | out®(t, p¢, ps . nl(p;, invoice), t{T}.h)
| pelrefund] | he.refund
= t[invoice] | out®(t, p;. pe. 0, t{f}.he) | pelrefund] | he.refund
= t[invoice] | t{f}.h; | pelrefund] | he.refund

—3 pel0]

Therefore, we get [Reservation]? —>7 p¢[0] and so the number and justification for the obtained reduction steps is the
same as in Example 5.10. This is because the transaction t does not contain protected blocks. In turn, in our encodings,
this means that there are no differences between processes out® and out®, i.e., they are equal to some process Q. In this

example, Q = t{()).h;.

24



J. Dedeic, . Pantovi¢ and J.A. Pérez Journal of Logical and Algebraic Methods in Programming 121 (2021) 100675

Divergence reflection and success sensitiveness. We close our analysis of correctness for the translation [[~]];’, by considering
divergence reflection and success sensitiveness. We state the corresponding results; their proofs proceed similarly as for
Theorem 5.12 and Theorem 5.13, respectively.

Theorem 6.8 (Divergence reflection for [[-]]g). Let {R;i}i>0 be an infinite sequence of adaptable processes such that
(1) Ro = [Po]} for some Pg and p, and (2) Ri —> Rjyq foranyi>D0.
Then there is an infinite sequence of adaptable processes {P;} j=0 such that

(3) Py = Py, and (4) P; — P;'+1 forany j > 0.

Theorem 6.9 (Success sensitiveness for [[~]]z). Let P be a well-formed compensable process and p is an arbitrary path. Then P |} if and
only if [P]5 U.

7. Comparing subjective vs objective updates

Having introduced two encodings of compensable processes into adaptable processes, here we compare their efficiency.
We define efficiency in abstract terms, considering the number of reduction steps that a target language requires to mimic
the behavior of a source language:

Definition 7.1 (Efficient encoding). Let L; = (P;, —;,~) (with i € {1,2,3}) be calculi as in Definition 4.1. Suppose [-]; :
P1 —> P2 and [-]2 : P1 —> P3 are encodings as in Definition 4.5. We say that [.]; is as or more efficient than [-] if for
every process P from Pp the following implication holds (with k1, ky > 0):

If P — P"and [P]; —*' [P]; and [P]; —>*2 [P'], then k; < k.
We then have the following theorem:
Theorem 7.1. The encoding -], : C —> S is as or more efficient than [-]3 : C — O.

Proof. The proof follows directly the operational correspondence results for each encoding, given in Theorem 5.8 and The-
orem 6.5. Let P be a well-formed compensable process such that P —> P and [P], —* [P'], and [PIs —k2 [P .
Based on Proposition 3.1, we consider the following three cases, for some contexts C, D, E, processes P1, Q, P, and names
t,u:

a) Case P=E[C[a.P1]| D[a.P3]]: Here Theorem 5.8 and Theorem 6.5 ensure that k; =k = 1. Thus, update prefixes make
no difference when encoding usual input-output synchronizations.

b) Case P = E[C[t[P1,Q]]| D[t.P>]]: In this case, Theorem 5.8 ensures ki =4 + pb(P1), while Theorem 6.5 ensures k; =
4+ pb(P1) + Z(P1).

c) Case P = C[u[D[u.P1],Q]]: Here Theorem 5.8 ensures ki = 4 + pb(D[P1]) and Theorem 6.5 ensures k, = 4 +
pb(D[P1]) + Z(D[P1]).

Thus, in all three cases ki <k;; by Definition 7.1 we conclude that [-], is as or more efficient than [-][3. O

Let us dwell a bit on the content of the previous theorem, to understand better the differences between the two en-
codings (and between objective and subjective update). Recall that the main difference between our encodings is in the
auxiliary processes

extr(t,li,l2) and extr{t,l,[}

which are used in the encoding of transaction scopes in the subjective and objective case, respectively. In turn, those
auxiliary processes rely on processes out®(ly, I, n, Q) and out®(t,ly, I, n, Q) (cf. (12) and (15), respectively), which
extract n processes located at [; in Q and relocate them to .

A closer look at out®(ly, I, n, Q) and out®(t, 1y, I, n, Q) reveals that they differ in the use of name z, which is used
in the objective case (when n > 0) but not in the subjective case. The use of z; appears indispensable: under a semantics
with objective update, after n updates, the located processes will stay at the wrong location (i.e. t). To avoid this, we use z;
as an auxiliary location. This auxiliary location enables us to move processes out of t and to relocate them to their parent
location.

This synchronization step on name z; is the key to the efficiency gains obtained when moving from objective to sub-
jective updates—clearly, the improvement will be proportional to the number of compensation operations in the source
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process. Consider again Example 5.9 and Example 6.6, which translate process P = s[t[(a) | (b) | c,d],O] | t.5 using subjective
and objective updates, respectively. Here the subjective encoding outperforms the objective encoding by two reduction steps.
In Example 6.6, these two steps correspond to two synchronizations on name z;, which are not needed in Example 5.9.

Finally, as the proof of Theorem 7.1 makes explicit, the two encodings are equivalent, in terms of efficiency, when
n=0 in out®(;, I, n, Q) and out®(t,ly, I, n, Q). This is because in this case we do not need to save any process
from the default activity of the transaction scope—we need an equal number of reduction steps for achieving operational
correspondence.

8. Extensions

In this section we discuss extensions to the source calculus of compensable processes that we have considered here, and
how our encoding into (subjective) adaptable processes can account for such extensions.

8.1. Extensions to compensable processes
In the paper [15], Lanese et al. present different variants of the calculus of compensable processes:

e compensations may admit static or dynamic recovery (i.e., recovery without/with compensation updates); and
e nested transactions and protected blocks can be kept after failures via discarding, preserving, and aborting semantics.

Up to here, we have considered compensable processes with discarding semantics (§3.1). We now discuss and explain the
main differences with respect to the other alternatives.

Static compensations. To motivate the differences between discarding semantics and preserving and aborting semantics, we
consider their corresponding extraction function. The extraction function for preserving and aborting semantics (denoted
extrp(-) and extra(-), respectively) are different from the function for discarding semantics (cf. Fig. 1) only when the process
P is a transaction scope:

e extrp(P) keeps protected blocks and transactions at the top-level in P. Other processes are discarded.

extrp(t[P1,Q]) =t[P1,Q] (18)

e extra(P) keeps all protected blocks in P, including protected blocks from all nested transactions in P and their respective
compensation activities. Other processes are discarded.

extra(t[P1,Q]) = extra(P1) | (Q) (19)

This way, discarding, preserving, and aborting semantics define different levels of protection for protected blocks. As an
example, consider the process P = t[t1[P1,Q1] | t2[(P2),Q2]| (P3),Q5] (cf. (4)), where process P1 does not contain pro-

tected blocks and transaction scopes. Writing L>D, L>p, and a to denote the LTSs induced by the different extraction
functions, we would have:

Discarding: f|P —>p (P3)](Qs)
Preserving: t|P —>p (P3)|t1[P1,Q1]]t2[(P2), Q211 (Qs5)
Aborting:  E|P —>a (P3) | (P2)|(Q1)1(Q2)1(Qs)

Unlike the discarding semantics, the preserving semantics protects also the nested transactions t; and t;. The aborting
semantics preserves all protected blocks and compensation activities in the default activity for t, including those in nested
transactions, such as (P;). Therefore, aborting semantics preserves more behaviors than discarding semantics (including
protected blocks in nested transactions), while preserving semantics has the highest level of protection.

Dynamic compensations. Compensations can be dynamic rather than static, in the following sense: given a transaction t[P,Q ],
process P can use compensation updates to specify an update for the compensation behavior Q. This is achieved by the
operator inst|AX.Q|.P, where AX.Q is a function (with parameter X) that represents the compensation update. As a
simple example, consider the following transition:

t[inst[AX.R].P1,Q] > t[P1,R{Q/X}] (20)

This way, inst|AX.R].P produces a new compensation behavior R{Q/X} after an internal transition. As variable X
may not occur in R, this step may fully discard the previous compensation activity Q. A compensation update has priority
over other transitions; that is, if process P in transaction t[P,Q] has a compensation update at top-level then it will be
performed before any change of the current state.
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Definition 8.1. Building upon the syntax in § 3.1, we shall write Cp and Ca o denote compensable processes with preserving
and aborting semantics, respectively. Also, we write C* to denote compensable processes with compensation updates.

Remark 8.1. The notion of well-formed compensable processes (cf. Section 3.2) extends to Cp and Ca as expected. For C*,
the definition of well-formed processes must account for compensation updates (cf. Remark 8.8). Our translations of Cp, Ca
and C* into S will be defined for well-formed compensable processes.

8.2. Extensions to our (efficient) encoding

We discuss key modifications required to encode Cp, Ca and C* into S. We focus on S as target language, as we have
already seen that this language induces encodings that are more efficient than encodings into O. In all cases, we focus on
highlighting the modifications required to define the translations, omitting details on their associated correctness properties.

8.2.1. Translating Cp into S
The translation Cp into S, denoted (-),, uses very similar ideas as the encoding [-],. This way, the translation of a
protected block found at path p, is defined as:

{P)p = Pp[(]PDs]-

To encode a preserving semantics we extend the base sets given in Definition 5.1 as follows:

o NI ={hy, jx,7x | x € N} is the set of reserved synchronization names;
o N/ ={py.Bp | pis a path} is the set of reserved location names.

We extend the set of reserved location names with name f,, because besides protected blocks we have to keep transactions
that are in default activity P (cf. (18)) in the case that a failure signal exists. We use a revised auxiliary process, denoted
outp®(t, 11,1’1,12, l/2 , n, m), which (i) moves n processes from location [ to location 1’1; (ii) moves m processes from location
I to location I,. To define process outp®, we need some auxiliary notions. In the case, when we move m processes from
location I to location [ it will be necessary to remove some names from the path in processes that are enclosed in I,. The
following function removes a name from a path:

Definition 8.2. Let p =t1,...,t, be a path and r be a name in N;. We define the function p/r as follows:

t1,t2, ... b1, b1, ..., by ift =T

p/r=
0 ifti#Arand1<i<n.

It should be noted that name r can occur only one time in p (cf. Definition 3.4 (i)).
The following definition serves to remove names mentioned in an adaptable process. This is important: if a transaction t
had nested transactions and location name ¢ is lost, then we have to remove t from all the paths that contained it.

Definition 8.3. Let P be an adaptable process, and let p be a path that contains name s. The function £(P, s) is defined as

follows:

I[E(Pq, 5)] if P=I[P1]and ¢ N/
PosslEP1, )] if P =py[Py]
BpslE€P1, )] if P=p,[P1]
E(P1,5) | E(Py,s) ifP=Pq1]| Py

E(P,s)=1 m.E(P1,5) if P=m.Pq
Ir.E(Pq,S) if P =!mw.Pq
(wx)E(P1,S) if P = (vx)Pq
0 ifP=0
X if P=X.

Definition 8.4. Let [ be a name and P an adaptable process. Function top(l, P) denotes the list of location names from P
that are nested (at top level) in I. It is defined as follows:

_ "y ifl'=land P=1"[Q]| R for some Q, R and " € \;

e otherwise

top(, P| Q) =top(, P)Utop(, Q) top(,0) =top(, X) =0
top(l, (vx)P) = top(, P) top(l, 7.P) = top(l, !7w.P) =0

top(l,I'[P])
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tsp(t[P,Q]) =1 tsa(t[P,Q]) =1+tsa(P) ts(r.P)=ts((P))=0
ts(P|Q)=ts(P)+ts(Q) ts((vx)P)=ts(P) ts(I7.P) = ts(0) =

Fig. 11. Number of transactions.

For the definition of outp®(t, P, 11,13, 12,1, , n, m) we introduce the following auxiliary processes:
n
Outpi(t, ll s l{] ) n) = ll «(Xl DR} XH)' <1_[ l/] [Xl] | t«T))’jt'rt> »;
i=1

k=1

outps(t,t1,....tm, I 15, b b, n,m) =1 (X1, ... X)) (Y1, ..o, Yin).

(H! Xil I e (H (L (Vi O e Ly (- X) mﬁ)) | t«T»E) -

k=1
The auxiliary process outp®(t, P, 11,14, 12,1, , n, m), where top(lz, P) ={t1,...,tyn} for m > 0,is defined as follows:
(T jere ifn,m=0
£t 0,1, n) ifn>0,m=0
S(t. P "L _ outpl(, 1,15, i , 21
Outp (a 3115117 2 angm) outpg(t,ﬁ,...,tm,lz,l/z,m) 1fn=0,m>0 ( )
OUtpg(t,fl,~.-,tm,l1,1/1,12,l’2,n,m) ifn,m>0

The following example illustrates process outp® (cf. (21)). A more detailed explanation is given later on.

Example 8.2. We illustrate the revised auxiliary process:

[ %}

t[h [c] ] 11[d] | e] | outpsS (L. 1y, 11,2)]

e[l T hId) 1 e] [ GO, Xo)- (51X 1 X 14T o))
e[l 1] 1 ). (el 1 X1 () Tere))

tfe] 14 Lel 111 ey-Tere

el 11| ere]

Il
(%}

l

—

1%}

—>

(%]

Above, the two reduction steps are used for relocation of I1[c] and l{[d] that are nested in location t (with omitted
trailing occurrences of 0). The third step is the synchronization between update prefix t{({)) and location t[e], where the
update deletes the location and its content.

In order to give a precise account of the number of computation steps used by our translation, we use pb(P) (as before)
but also one additional notion. Given a compensable process P, we will write tsp(P) and tsa(P) to denote the number of
transactions in P for preserving and aborting semantics, respectively. Whenever a notion coincides for the both semantics,
we shall avoid decorations P and A. The function ts(-) is presented in Fig. 11. It should be noted that the number of
protected blocks and transactions in the default activity of the transaction scope correspond to the number of locations p; ,
and B , after the encoding of protected blocks and transactions in this transaction.

The last ingredient we need to translate Cp into S is the following auxiliary process.

Definition 8.5 (Update prefix for extraction). Let t, I, I be names and P is an adaptable process. We write
extrp(t, P,I1,1},12,1,)) to stand for the following (subjective) update prefix:

extrp((t, P,I1, 1, b, 1)) = t{((Y).L[Y]| ch(t, V) | outp®(t, P, 11,11, 1,15, nl(ly, Y), nl(lz, Y))) (22)
Now, we may formally define (-),:

Definition 8.6 (Translating Cp into S). Let p be a path. We define the translation of compensable processes with preserving
semantics into (subjective) adaptable processes as a tuple ((-) o, ‘/’(]'Dp) where:
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((PY)o = pPo[(PDe]
(]t[P,Q]D,o :ﬁp t[(]PDt,p] | t. (extrp((fa (]PDt,pvpt.pa ppvﬂt,pvﬂp» | pp[(]QDp])] | jt-ﬁp«(x)-x»ft-th
(a.P)p, =a.(P),
@p), =a.(P),
(€.P)p =t.he.(P)p
Fig. 12. Translating Cp into S.
pba((P)) =pbp((P)) =1 pbp(t[P,Q]) =0 pba(t[P,Q]) =1+ pba(P)
pb(inst|AX.Q].P)=0 pbp(inst|[AX.Q].P)=0 pba(inst[AX.Q].P)=0

Fig. 13. Number of protected blocks for preserving and aborting semantics and dynamic recovery.
(a) The renaming policy ¢(,), : Ne — P(N) is defined with

] {x) if x e N

- 23
(%, hy, jx, x}U{pPp, Bp :Xx€p} ifxeN; (23)

@), ®
(b) The translation (-), : Cp — & is as in Fig. 12 and as a homomorphism for other operators.

Consider the translation of t[P,Q]: as in the encoding [-], (cf. Fig. 6), the structure of a transaction and the number
of its top-level processes dynamically changes if there is a failure signal; whenever we need to extract processes located at
pt,p and Bt , we will first substitute Y in process outp® (cf. (21)) by the content of the location t and count the current
number of locations p¢ , and B . The translation of the transaction body P with location t is nested in location f,, and
the compensation activity Q is encoded as a protected block and nested in location p,. If P contains n top-level protected
blocks and m top-level transaction scopes (with n,m > 0) when the failure signal t is activated, after synchronizations on
t and updates, the translation will release n + m successive update prefixes by using auxiliary processes outp®. Indeed,
thanks to processes outp®, n protected blocks at location p¢ , and m transaction scopes at location B¢, will be moved
to their parent locations (p, and B,, respectively). Subsequently, there is a synchronization on location t that discards it
with its content. After that, there are synchronizations on names ji, By, rt, and h¢. As we explained before, we use function
E(P, s) (cf. Definition 8.3) when we have to take the name s out from all the paths that contain it.

The following example illustrates the translation.

Example 8.3. Notably, P = s[t[v[b,O],c] | (d),o] | .5 is a well-formed compensable process. By the LTS (cf. Fig. 2), we have

P S5 s[v[b,01 (c) | (d),0115 —>5 v[b,0] | (c) | (d).

We have that pbp(P) =0 and tsp(P) = 1. Let P1 =t[v[b,0],c]: by Fig. 13 it follows that pby(P1) = 0; by Fig. 11 that
tsp(P1) = 1. We have a sequential error notification such that activation starts from nested transactions on name t. By
expanding Definition 8.6, we have the following translation and derivation:

1PDe = B [ B[ e[ e[ V][] 1v- (extrp(v, Bhy.cs Brucs: Pess Brcs: Besh) | 1iv-Bes (00X Fohy |
| (extrp(t. (vID,0l)es. Pes. Ps. Prs Bs) | Ps[c]) | e As((X)-X) 7 e | ps[d]
5. (extxp((s, (P1 | (d))s. Ps. Pe. Bs, Bel)) | 1 Js-Bel(00-X) Fs.hs | Ehe S
= e[ Bs[t] s v[B] 1 V- (exexp((v. hv.cs. Pues, Prs: Bues. Besh) | Liv-Bes(CO.X) P |
| € (¢((V)LLY] | oh(t, Y) | ouep™(t, (vIB,O)es. Pes. Ps: Bros: s+ n1(Pes. ¥), nl (s YD 1 psc]) |
| JeBs ()X Tehe | ps[d] |
5. (extxp((s, (P1 | (d))s. Ps. Pe. Bs. Bel)) | 1 Js-Bel(00-X) Fs.hs | Ehe S
> Be[s[ B[ v[b] 1 - (extrp((v. Bv.s. Pu.s. Bs. Bu.ss B) | Liv-Bs(( X)X Pk | ps[c] | ps[d]]
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5. (SUCNLIYT [eh(s. ) | outp*(s. (P | (d))s. Ps. Pe. fs. B . L (Ps. ¥). nl (s, Y)))) |
| Js Be (X0 X)) Fo s | S hs
— e[ v[b] 1 v. (extrp(v. B)v, v, e By Bed) | 1v-Be (X)X TRy | pe[c] | ped]
= (vIB,011 (¢} | (@)

Therefore, the number of reduction steps is k = 17. Indeed, we have 8 reduction steps for location t and 9 reduction
steps and for location s:

i) the first step is a synchronization on name t;
ii) now the process extrp((t, (v[b,0])t.s, Pt.s. Ps. Br.s» Bs)) is released and the second step is synchronization on update
prefix t{((Y).t[Y]| ch(t,Y) | outp®(t, (v[b,01)e.s, Pr.s, Ps, Br.ss Bs» n1(Prs, Y), nl(Bs, Y)))) and location

t[Bus[v[b] 1V (exr(v. Bhv.es: Pucs: Prss Brcs: Bush) |1 v Best(COX)Fr b |
iii) as a result, process

outp*(t, (VI,00)cs5. Prs, Ps. Frss B+ 0. 1) = Bus{((V). (e (BIEY, O] L je-Bs (). X)) Tehe) 1 )-T0))

triggers the third step: the synchronization of location S s[...] with update prefix S; s{((Y)....));

iv) the fourth step is the synchronization between update prefix t{(f)) and location t[...], where the update deletes the
location and its content (cf. (11));

v) the fifth step is a synchronization on name j;, which enables an update on B;{({(X).X));

vi) the sixth step is a synchronization between B {((X).X)) and ﬂs[ . ] which deletes the location fSs;
vii) the seventh step is a synchronization on name r;, which releases the process
B[v[b] 1V (extrlv. Bhy.s. Pus, ps: Bu.ss BN) | 17 Bs (0O X0 T e
viii) the eighth step is a synchronization on h;, which activates visit to location on name s.

At this point, we have the same reduction steps but for location s. We have one more reduction step, though, since in

process outp®(s, (P1)s, s, Pes Bs, Be» 1, 1) we have a location ps[...] that has to be relocated to p,[...]. Consequently, we
have 9 reduction steps for handling the location on name s.

We conclude by illustrating the translation on Example 2.1 (cf. page 4).

Example 8.4. We consider the hotel booking scenario where the client cancels a reservation after booking and paying. In
compensable processes for preserving semantics we have that:

Reservation —r>p t[pay.invoice,refund] | pay.(invoice + t.refund)

—T>p tlinvoice,refund] | invoice + t.refund —T)p (refund) | refund —T>P (0).
We apply the translation (cf. Definition 8.6) on process Reservation:
(Reservation)s = f¢ [t[book.pay.invoice.] | t. (extrp((t, book.pay.invoice., pt, Pe, B, Be)) | pg[refund]>]

| je.Be {(X).X)).Te.hy | book.pay.t.h;.refund

—38, [t[invoice] [ £{(Y).t[Y] | ch(t, Y)
| outp® (¢, book.pay.invoice., pe. pe. fr. B n1(pe, Y), nl(f Y)) | pelrefund |
| je-Be (((X). X)) Fe.he | he.refund

—> B[ t[invoice] | £((1)Je.re | pelrefundl] | je.B: (X)-X) Tk | he.refund

—>3 pelrefund] | refund

—> pe[0]

Therefore, (Reservation), —>10 p.[0]. There are three reduction steps, denoted —>3, as a result of synchronizations on
names book, pay, and t. Now, the structure of the default activity of transaction is changed and we have one reduction
step for updating its current content. After that, there are six additional reduction steps: one for erasing location t and

its content, a synchronization between j; with j, an update on location g [ﬁrt | pelref und]] with B¢ (((X).X)), and three
reduction steps that result from synchronizations on names r¢, h;, and refund.
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(P, =Pp[IPDe]
(tLP,Q1D, =t[(PDe ] I 7e. (extralt, b, Pp) | PpLIQDe]) [ELLY)LIYT] TE(Y).he))
la.P), =a.{P),
{a.r), =a.({P),
(]f.PDp =f.ht.0PDp

Fig. 14. Translating C; nto S.

8.2.2. Translating Cp into S
The translation Ca into S, denoted {-),, also relies on the key ideas of our encoding [-15- The translation of a protected
block found at path p is defined as before:

1(P)D, = po[(P)]

To translate aborting semantics for a transaction t[P,Q] we use the base sets in Definition 5.1. The set of reserved location
names is kept unchanged and the set of reserved synchronization names is extended such that AT = {hy, kx,7x | x € N;}. We
need some additional auxiliary processes.

The aborting semantics keeps not only top-level protected blocks of a transaction, but also protected blocks from nested
transactions (cf. (19)). To handle this, we define the activation prefixes of a process, which captures the hierarchical struc-
ture of its nested locations. Nested locations arise as a result of a translated transaction with its nested transactions. The
activation prefixes contain the names of the nested locations. These names originate exclusively from its corresponding
transaction name and the names of its nested transactions (i.e., locations on names p, are not included in the activation
prefixes).

Definition 8.7 (Activation Prefixes). Given a located process I[[P], we denote by St(I[[P]) the containment structure of process
I[P]: the labeled tree (with root I) in which nodes are labeled with names from AN; such that sub-trees capture nested
locations. The activation prefixes for I[P], denoted 7;(P), are obtained by a post-order search in St(/[[P]) in which the visit to
a node labeled I; adds prefixes 7, .kj;.

Example 8.5. Given I[P] with P =Ii[lz[py[m1]] | m2] | I3[m3 | ls[m4] | Is[ms]], by Definition 8.7 we have the activation pre-
fixes:

Ti(P) =71, ki, Ty Ky, Ty ki, Tig kg T kg Tk

A failure signal extracts all nested protected blocks and erases nested locations; our translation does the same with the
corresponding located processes and nested locations. We define the following auxiliary process:

Definition 8.8 (Update prefix for extraction). Let t, Iy, and I, be names. We write extra(t,l1,l»)) to stand for the following
(subjective) update prefix:

extra((t,l, b)) =t((V).t[Y] | ch(t,Y) | out®(, L, n1(l, Y), t((1).k)). (24)
The translation (-}, is defined as follows:

Definition 8.9 (Translation C, into S). Let p be a path. We define the translation of compensable processes with aborting
semantics into (subjective) adaptable processes as a tuple ({-) . ®,) where:

(a) The renaming policy P, : Ne — P(Ny) is defined with

)= {x) if x € N
Prr, 0 = (X, e, ke, X} U{pp :x€ p} ifxe M

(b) The translation {-), :C —> S is as in Fig. 14 and as a homomorphism for other operators.

Consider the translation of t[P,Q ]: the presence of a failure signal dynamically changes the structure of a located process
on transaction name (e.g. t) and the number of its nested processes. Therefore, we need first to substitute Y in activation
prefixes 7¢(Y) by the content of location t. For the same reason, whenever we need to extract processes located at p; ,
we will substitute Y in process out® by the content of the location t. Also, we count the current number of locations p¢, ,
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using function nl(-,-) (cf. Definition 5.3). As in the translation for C into S, we use the reserved name h; to control the
execution of failure signals.
The following example illustrates the translation.

Example 8.6. Let P =s[t[(a) | (b) |c,d],0] | .5 (the same as in Example 5.9). By the LTS (cf. Fig. 2), we have:

P 5 asl(a) | (b) | (d),0]15 > (a) | (b) | (d).

We apply the translation {-), on P and illustrate its behaviors:

1P)e = s[¢[pesfa] | es[b] €] I re.(extralt. pes. ps) | ps[d] [ELL(LYTI TeY) Be)) |
I rs.(extrals, s, pe)) | 5.5((Y)SIYT] T (¥).his) | Ehe 5.
—2s[t[pesla] | pes[b] €] I7e.(extrat, pes. ps) | ps[d])] I Teke he | . (extrads. ps. pe))
|5.54(Y).STYT1 T5(Y).Fig) | he 5.hs
—>7 s ps[a] 1 ps[b] 1 ps[d]] I75.(extras. ps, pe) 15:5(Y) SIYTI (V). h) | 5hs
[a] 1 ps[b] 1 ps[a]] 17 (extrals. ps. ped) I Foks b | hs
—8 pe[a] | pe[b] | pe[d].

The total number of reduction steps is k = 19. We have 9 steps for location t and 10 steps for location s:

- s[ps

i) the first step is a synchronization on name t; .
ii) the second step is the synchronization between t(((Y).t[Y]| T¢(Y).h;)) and t[pes[a] | pes[b] 1 c];
iii) the third step is synchronization on name r¢, where 7; comes from 7;(p¢s[a] | pe.s[b] | ©) =Tr.ke;
iv) now the process extrp((t, prs., ps)) is released and the fourth step is the synchronization between update prefix
E((Y).L[Y] | eh(t, Y) | out® (prs, Ps, nl(pes, Y) . t{(f).ke))) and location t[pes[a] | pes[b]|c];
v) we get process out®(prs, Ps, 2, t{(t)).jr), which triggers the fifth and sixth reductions: the synchronizations between
peslal and pes[b] and update prefixes pe s{((X1, X2).ps[ X111 ps[X2] [ t{T). je));
vi) the seventh step is the synchronization between update prefix t(()) and location t[c], where the update prefix deletes
the location together with its content (cf. (11));
vii) the eighth and ninth reduction steps are synchronizations on names k; and h;.

At this point, we have the same reduction steps for location s. We have one more reduction step, though, since in pro-

cess outs(ps, pe. 3, s{T).ks) we have 3 locations ps[...] that have to be relocated to pgl[...]. Consequently, we have 10
reduction steps for handling location s.

We close this section by illustrating the translation on Example 2.1 (cf. page 4).

Example 8.7. We consider once again the hotel booking scenario. Using compensable processes with aborting semantics we
have that:

Reservation —T>A t[pay.invoice,refund] | pay.(invoice + t.ref und)

= a tlinvoice,refund] | invoice + t.refund —» (refund) | refund — (0).
We apply the translation in Definition 8.9 to process Reservation:
(Reservation), = t[book.pay.invoice] | r;. (extra((t, Dt. e |p5[refm])
[ t.t((Y).L[Y]] T:(Y).h)) | book.pay.t.h;.refund
—* t[invoice] | re.(t((Y).L[Y]] ch(t, Y)
| out®(pe, nl(pe, Y), t(i) k) | pelrefund]) | Fekehe | he.refund
— 2 t[invoice] | out®(pe, pe., 0, t{(i).ke) | pelrefund] | ke.he | he.refund
= t[invoice] | t((i)).k; | pelrefund] | ke.h; | he.refund
— pe[0] = (0),.

32



J. Dedeic, . Pantovi¢ and J.A. Pérez Journal of Logical and Algebraic Methods in Programming 121 (2021) 100675

The three steps taken at the beginning are explained in all variants of this example (cf. Example 8.4). The fourth step is
the update on location t; the fifth step is a synchronization on name r;; the sixth step is again an update on the location t;
the seventh step is a synchronization on name k;; the eighth step deletes location t with its content; the last two steps are
synchronizations on names h; and refund. Therefore, we get (Reservation), —10p,[0].

8.2.3. Translating C* into S
The translation C* into S, denoted [-]%, extends the key ideas of the encoding [-],. The set of reserved location names N
is unchanged and the set of reserved synchronization names is extended such that N = {hy, my, kx, Uy, Vx, €x, 8x. fx | X € Nt}
The function for determining the number of locations (cf. Definition 5.3) is extended as follows:

nl(, inst|AY.R].P) =nl(, P). (25)

We will use process out® as defined for [-], (cf. (12)). We need some additional auxiliary processes.

Definition 8.10 (Update prefix for extraction). Let t, I, and I, be names. We write extr((t,[1,[2)) to stand for the following
(subjective) update prefix:

extr({t,l1, L)) =t((Y). (f[Y] lch(t,Y) lout®(y, 12, n1(l,Y), m_t~E~t«T»-h_t))» (26)

The intuition for the process extr((t,!l;,l;)) is the same as in the translation of C into & with static recovery (cf.
Definition 5.4). The only difference is in the third parameter for process out®, which enables us to have a controlled
execution of adaptable processes, which is important to establish operational correspondence. The prefix t((f)) and name h;
have the same roles as in [-],. The differences concern names m; and k;: while name m; ensures that every translation
of compensation Q is updated if the translation of compensation update exists, name k; controls the execution of failure
signals.

Remark 8.8 (Well-formed processes with dynamic recovery). We revisit the notion of well-formed compensable processes, now
with compensation updates. We first present a non well-formed process P1, and its transition:

x  Py=tilinst[AX.6[X,al]b,c] | 1 | &2 = t1[b,talc,all | 1 | . (27)

Process P has concurrent error notifications (on t; and t3), and a pair of nested transactions (i.e., (t1,tz)) that is hard
to capture properly in the representation that we shall give in terms of adaptable processes. In contrast, we would like to
consider as well-formed the following process P (where t1 #t3), and we present its transition:

P =t;[inst|AX.6[X,al).b,c] | T1.&a = ti[b,talc,a)] | Fr Lo (28)

For C* processes, the relation for well-formed compensable processes (cf. Fig. 3) should be extended with the following
rule:

(W-INST)
. . . _ S t__
5 Aq |y];81;p1 P Ty A; lmz Q T3 A3 |y3:,63:p3 R fL(P(P),P(Q),P(R)) =T, A) I"NA" =0
UviiUsi: Vi
i=1 i=1 i=1
where
Y1 x (Y Uys) =t/ t"):t' ey1 At €y Uys) and {t} x §={(,t):t' €8} (29)

and P(P) = (I'1, A1, y1,81), P(Q) = (I'2, Az, ¥2,82) and P(R) = (I'3, A3, 3, 83) and

[ (P(P),P(Q),P(R)) =(T1 U UT3U (1 x ()2U¥3)), A1 UAZUA3U({t} x (61 UsUs3Uy1 Uy Uys)))
(30)

Rule (W-INsT) specifies the conditions for t[inst|AX.R].P,Q] to be well-formed; it relies on the key ideas of the Rule
(W-TRANS). Therefore, § = {t}. The set of pairs of parallel failure signals is the union of the respective sets for P, Q and R
and the set whose elements are pairs of failure signals; in the pair, one element belongs to the set of failure signals of P,
the second element is from the union of sets of failure signals of Q and R. This extension with ;7 x ()2 U y3) is necessary
for t[inst|AX.R].P,Q], because P may contain protected blocks which will be composed in parallel with R{Q/X} in case
of a failure signal. The set of pairs of nested transactions is obtained from those for P, Q, and R also considering further
pairs as specified by {t} x (61 US,Ud3 Uy Uy, Uys) (cf. (29)). The rule additionally enforces that the sets of parallel failure
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[e(P, Q1]

([P, | 16 (exEx4t. Peps o)) Imepo[ve(CO-(X | el Fe Beke))])
| ve[ue ((2)-Z 1 e [QI21 1 fr-ee ((X)-X).g0))]

[inst[AY-RIPI:, = ue[ec(V).@uc((2)-(Z | ed[RIZ1 1 fiee(00.X)-20M)-(Frec0D] 1 [PIZ,

[P = p[IPD:]
[a.PT} = a[P]},
[a.P];, = a[P]}
[t.P, = the.[P]}
[¥I5 =Y

Fig. 15. Translating C* into S.

signals and nested transaction names in the parallel composition are disjoint. For example, for process (28) above we can
derive:

?; {(t1,t2)} |ﬁ ti[inst|AX.t2[X,al].b,c] | t1.t>.

2h it}

In contrast, process (27) does not satisfy the predicate, since its sets of pairs of parallel failure signals and nested transaction
names are not disjoint: they are both equal to {(t1,t2)}.

Using these modifications, the translation of C* into S extends Definition 5.5 (page 14) as follows:

Definition 8.11 (Translating C* into S). Let p be a path. We define the translation of compensable processes with dynamic
recovery into (subjective) adaptable processes as a tuple ([[»]]ﬁ;, (p[[,]]})) where:

(a) The renaming policy

(x) = {x} ifx e N
L' = {X, hy, My, Ky, Uy, Vi, €x, 8x, [ U{pp 1x € p} ifxeN;.

(b) The translation [[}]2 :C — S is as in Fig. 15 and as a homomorphism for other operators.

Key elements in Fig. 15 are the translations of t[P,Q] and inst|AY.R].P1, which are closely related to each other.
Indeed, these translations share location names u¢, v¢, and e; (as well as names f; and g;) in order to account for the
possible replacement of Q in t[P,Q] with R in inst|[AY.R].Pq, using updates.

As stated earlier, inst |AX.R].P produces a new compensation behavior R{Q/X} after an internal transition. The follow-
ing statement formalizes the encoding of process R{Q/X}:

Lemma 8.9. Suppose R is a well-formed compensable process. Then [R{Q/X}]% = [R]]%{[[QM/X}.

Example 8.10. Let us consider the process [t[inst|AX.R].P; ,Q]]]ﬁ. Some intuitions follow:

i) In [inst|AX.R].P1], we find process [R]} on location u, which is composed in parallel with process [P]f ,. This
location may synchronize with the update prefix on name u; that is implemented in [[t[P,Q]]]}O: such a step would
move [R]} from location ¢ to location v, leaving [P]} , in t.

ii) In the translation of ¢[P,Q], process [Q]’ resides in location e;. This location may synchronize with the update

prefix implemented in [inst|[AX.R].P1]} ,, which contains [R]}: such a step allows us to obtain [[R]];{[[QM/Y} (cf.
Lemma 8.9).
iii) The translations use synchronizations on f;, e, and g; to preserve operational correspondence.

More concretely, consider the following step (cf. (20)):
P =t[inst|AY.R]|.P1,Q] N t[P1,R{Q/y}] =P
We then have the following, using S to stand for t. (extr((t, Dt, Pe)) |mt.pg[v[(((X).(X | u[[ﬁ.ﬁ.kt])»]):

34



J. Dedeic, . Pantovi¢ and J.A. Pérez Journal of Logical and Algebraic Methods in Programming 121 (2021) 100675

[P]% = [t[inst[AY.R].P1,Q1]%
= r[[[insthY.RJ.mu?] 1S 1ve[ue((2)-(Z 1 e[[QIT1 fr-ec(((X).X).g0)]
= t[ut[ef«w).@.ur«@).(z lec[[R]}1 1 ft.et<<<X>.X>>.gt>>>)».(ﬁef[m>] | m?] B
[ ve[ue((2).(Z 1 ec[[QIF1 ] fr-eel((X).X).g0))]
— f[[[l’lﬂ?] IS 1ve[ec (V). ue((2)(Z | ecl[RIF1 | fe-ec((X).X)).gOMN).(fe-ec[0])
lec[[QIE11 frer(((X).X).gt]
— r[mﬁ] |S 1 ve[Bete((2).(Z | ecl [RIMICTA | free 0. X800 | Treel0] | feeel((X).X).g¢]
—2e[IPiE] 151 ve
= [t[P1,R{Y/ )1}

Therefore, [P]* —>> [P']%. As mentioned above, the first and second steps are updates on locations u and e, respec-
tively. The three other steps are: a synchronization on f;, an update on location e;, and a synchronization on g;.

[
[ue((2).(Z | ec[[RI (1211 | feee((X).X)).g00]

9. Related work

Studies on the expressiveness of process calculi have a long history and constitute a vibrant research area. We refer
the reader to [21] for a recent account on modern approaches to formal comparisons between different process calculi. In
this paper, we have followed Gorla’s framework for formalizing encodability and separation results [12]. With respect to
the criteria in [12], our definition of valid encoding (Definition 4.5) presents the following differences. First, to account for
the paths p in which transactions reside, we consider a notion of compositionality that is slightly less flexible than Gorla’s.
Second, we rely on a form of operational completeness that, unlike Gorla’s, explicitly describes the number of steps required
to mimic a step in the source language. Finally, we consider a new criterion, called efficiency, which allows us to precisely
compare our two main encodings (Definition 7.1). We do not know of prior works using criteria similar to efficiency.

The closest related works are by Lanese, Vaz, and Ferreira [15] and by Lanese and Zavattaro [16]. The work in [15], al-
ready mentioned in the Introduction, analyzes the expressive power of the compensation calculus focusing on three different
specification mechanisms for compensations: static recovery, parallel recovery, and dynamic recovery. The authors show that
parallel recovery (where the compensation is dynamically built as the parallel composition of compensation elements) can
be compositionally encoded using static recovery; they also show the impossibility of encoding dynamic recovery using
static recovery. The work in [16] sheds further light on the fundamental differences between static and dynamic recovery:
it is shown that termination (i.e., the absence of an infinite computation path starting from a given process) is a decidable
property for processes with static recovery but undecidable for processes with dynamic recovery.

Our expressiveness results complement the findings in [15,16] by implementing static and dynamic recovery in compens-
able processes using the different process framework defined by adaptable processes. In the same line, although slightly less
related, Vaz and Ferreira [24] study criteria for determining when a compensable process is correct and establish that self-
healing compensations are correct. The criteria in [24] are different from the notion of well-formed compensable processes
that we developed to formalize our encodings, for which error notifications are crucial.

Bravetti and Zavattaro [4] compare the expressiveness of variants of Milner’s CCS extended with the interrupt operator of
CSP, the try-catch operator for exception handling, and operators for replication and recursion. Their comparison is based on
the (un)decidability of existential and universal termination problems: the former concerns the existence of one terminating
computation, whereas the latter asks whether all computations terminate. They prove that in CCS with replication there
is no difference between interrupt and try-catch: universal termination is decidable while existential termination is not. In
contrast, in CCS with recursion and try-catch, the universal termination problem becomes undecidable, thus revealing an
expressiveness gap with respect to the language with recursion and interrupt.

10. Concluding remarks

In this paper, we have developed rigorous connections between programming abstractions for compensation handling
(typical of models for services and long-running transactions) and for run-time adaptation. Specifically, we compared from
the point of view of relative expressiveness two related and yet fundamentally different process models: the calculus of
compensable processes [15] and the calculus of adaptable processes [3]. We developed two encodings of compensable
processes (with static compensations under discarding semantics) into adaptable processes with subjective and objective
mobility.

We have shown that our encodings are correct up to five well-established criteria [12]: name invariance, composition-
ality, operational correspondence (divided into soundness and completeness properties), divergence reflection, and success
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sensitiveness. Our encodings not only constitute a non trivial application of two sensible forms of mobility for adaptable
processes; in our view, they also shed light on the (intricate) semantics of compensable processes. We compared our en-
codings from the point of view of efficiency, a comparison criterion formally defined in terms of the number of target steps
required to mimic a source step. In this sense, subjective mobility allows us to encode compensable processes more effi-
ciently than objective mobility. The efficiency gains induced by subjective mobility depend on the number of compensation
actions in the source process.

Our encodings are robust because of the correctness criteria they satisfy, but also because they admit extensions to dif-
ferent variants of compensable processes. Indeed, we have informally discussed how to extend our encoding into subjective
adaptable processes so as to account for compensable processes under preserving and discarding semantics and with dy-
namic compensations. These extensions require targeted modifications that largely preserve the essence of the encoding for
discarding semantics.

Interestingly, our work uncovers an interesting dichotomy: should one appeal to objective or to subjective updates? A
subjective update would appear more “autonomous” than an objective update, because it is determined by a located process
itself, not by its environment. Still, we believe that the choice between objective and subjective updates largely depends on
the application at hand: it is easy to imagine practical scenarios of dynamic reconfiguration for which each form of update
is better suited. Hence, a general specification language should probably include both objective and subjective updates.

In future work, we would like to further study the connection between subjective and objective updates. An initial
insight is the following: subjective updates can represent objective updates, at least in an ad-hoc manner. Consider process
S=Cq[I[P1] R1] | C2[I{(X).Q}.R2], which, as we have seen, reduces to C1[Q {#/X} | R1] | C2[R2]. Now consider S’, a process
similar to S but with subjective update prefixes:

S"=CGi[IPTIRK)-X) | R1] | Co[1(((X).1l[Q1)-R2]

In S/, we assume that name [; does not occur in P, Q, R, and R,. Using two reductions, S’ emulates the movement
induced by the reduction step originated in S:

S"— C1[0 1 1 ((X). X)) | R1] | C2[l1[Q {P/X}].R7]
—> C1[Q{P/X} | R1] | C2[0| Ry ]

That is, the update prefix I;({(X).X)) serves as an “anchor” to bring the reconfigured process Q {P/X} back to its original
context Cj.

Similarly, we can represent subjective updates using objective prefixes. Consider process L = Cq [I[P] | R1] |
C2[14(X).Q)).Rz2], which reduces to C1[0] R1] | C2[Q{P/X} | R2]. Now consider process L’:

L' = Ci[IIPT1 R1] | C2[l{(X).1{(Y).Q}.0).R2 | 1 [0]]

As in process S’, in L’ we assume that name [y is fresh; also, we assume that P and Q do not contain free occurrences of
variable Y. Process L’ uses two reduction steps to mimic the reduction step originated in L:

L' — Ci[l{(Y).Q{P/X}}.0| R1] | C2[R2 | l1[0]]
—> C1[0| R1] | C2[R2 | Q{F/x}]

Here, we use location [1[0] to bring the reconfigured process Q {P/x} back to its original context C».

Crucially, these examples show that the ability of emulating a certain style of process mobility (subjective or objective)
comes at the price of additional reduction steps, which could entail inefficient encodings. This observation reinforces our
claim that a specification language should natively support both forms of update.

Having addressed the encodability of compensable processes into adaptable processes, we plan to consider the reverse
direction, i.e., encodings of adaptable processes into compensable processes. We conjecture that an encoding of adaptable
process into a language with static compensations does not exist: compensation updates inst|[AX.Q |.P seem essential to
model an update prefix [{(X).Q }.P—the semantics of both constructs induces process substitutions. Still, even by considering
a language with dynamic compensations, an encoding of adaptable processes is far from obvious, because the semantics of
compensation updates dynamically modifies the behavior of the compensation activity, the inactive part of a transaction.
Formalizing these (non) encodability claims is interesting future work.
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Appendix A. Omitted proofs and definitions for Section 3
A.1. Proof of Proposition 3.1 (page 7)

Lemma A.1. Let P be a compensable process.

() Ifp 2 P/ then P = Cla.P{] and P’ = C[P1].
(b) If P —) P’ then P = C[t[P1,Q1]] and P’ = C[extr(P1) | {Q1)].
(¢) If P 2> P’ then P = C[X.P1] and P’ = C[P1]

for some context C, names t, a, x and processes P1, Q1.

Proof. The proof is by induction on the derivation of P 2, P/, in each case. O

We repeat the statement from page 7:

Proposition 3.1. Let P be a compensable process. If P —5 P’ then one of the following holds:

(a) P=E[C[a.P1]| D[a.P;]] and P" = E[C[P1] | D[P:]],
(b) P =E[C[t[P1,Q11| D[t.P]] and P’ = E[C[extr(P1) | (Q)1| D[P2]],
(c) P=C[t[D[t.P1],Q]l and P’ = C[extr(D[P1]) | (Q)],

for some contexts C, D, E, processes P1, P2, Q and names a, t.

Proof. The proof proceeds by induction on the inference of P 5 P’. We will show that the proposition is true for the
base cases, whereas the inductive step follows directly. By the LTS in Fig. 2, in accordance with the Rules (L-Comm1) and
(L-REc-IN) we have two possible cases as follows:

(a)-(b) By Rule (L-Comm1) we have: P = P/ | P/, P] = Py, P, — PJ, P'=P{| P] and by Lemma A.1, we conclude that:
(a) P, =DIa.P2], P} =D[P;], P} =C[a.P1], and P} = Crpy, or
(b) P, =DI[t.P;], P; = D[P,], P/ C[t[P1, Q]]] and P{ = Clextr(P1) | (Q1)].

(c) By Rule (L-REc-IN) we have: P =t[P], Q], P} LR P = extr(R) | (Q) and by Lemma A.1, we conclude that: P} =
D[t.P1] and R = D[Pq],

for E[e] = [e] and for some contexts C, D, processes P1, P2, Q1, P}, P}, P{, P}, Q, and names a,t. O
A.2. Properties of well-formed processes (Definition 3.4)

In the following we are going to prove that well-formed processes always evolve into well-formed processes. Before
giving the statement we show its supporting results.

Lemma A.2 (Inversion lemma). For some 'y, A1, ¥1, 681, P1, ['2, A2, V2, 82, D2, the following holds:

1) IfT; A |— OthenT, A, y,§ areempty setsand p =1;

2) IfT; A |? t.P then thereis y' such thaty =y’ U {t} and T; (2)| PandA @.
3) IfT; Al——— a.PthenT'; |— Pand A=@andp =1;

4) IfT; A|—:paPthenI‘ Q)l—; Pand A=@,6=0%andy =0;

5 IfT; A |——— (VX)P thenT; A |———— P;

6) IfT; AIWP( ) then p = TandF A|— P forsome p’ € {T, L};
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7) IfT; Alf ’nPthenF’(/)l—_ m.PandT=y xyand A=W, §=@and p =1;
)IfI‘A|—Y P|chenI‘1,A1| PandI‘z,A2|y5pQandF_F1UF2U(y1xyz)andA:A1UA2and
; P1 2,02:P2

y = y1Uy2and8_51U82andp pzvpzandFsﬂAf:Q);
9) IfT; A |y—6p t[P,Q] thenT'1; Aq |ml PandT'y; Ay WZ QandT'=T1UTMN U xy2)and A = A1 U AU ({t} x

GrUsUyUpm)andy =y Uysand§=861US and p=py vV pa and TSN AL =@,

Proof. The proof follows directly from the auxiliary relation for well-formed compensable processes, cf. Fig. 3. O

In the following we introduce auxiliary statements that are needed for proving that well-formedness of compensable
process is preserved by the rules in Fig. 2.

LemmaAJ3.IfT; A le t[P, Q] then there are A1, 81 such that T, Aq |y—

T P|(Q)and A1 C A.

Proof. Let I"; A |WP t[P,Ql.

- By Lemma A.2 it follows I'}j; A} |=—— = P and I'); A} |——— i
801 185:P5

({ty x ByUs,Uy/Uy))) and y = )/]U)/2 and p_plvp2 and s NAL=g.

- By formation on Rule (W-BLock) we get that I'); A/, |;/’—5“T (Q).
2°72

- By formation on Rule (W-PAR) we get that ', A4 m P |(Q) where A; =A] UA/ and it is clear that A; C A.
5015

Q where '=T}UT, U (y{ x y) and A=A UA,U

- It should be noted that for A7 C A, based on basic properties of set operations from I'* N A = ¢, that it follows
NAL=¢. O
1

Lemma A4.IfT; A |y_8p P then there are T'1, A1, 1,81 and py such that T'1, Aq lm extr(P) and '1 € T', A1 C A and
503 1:01:P1
necy.

Proof. The proof proceeds by induction over the structure of process P. We consider one base case and the three most
interesting cases of the six cases for process P, and they are: parallel composition, protected block and transaction scope.

Base case: The statement holds for P =0 since extr(0) =0 and ¢; ¥ —— TTL 0.
Induction step:
e Casel:let P=P | Q' and I'; A |f P'|Q’.

- By Lemma A.2 it follows I‘/,Aq | o, P’ and T; A} |=—— T, Q’, where I' =T, UT, U (yf x yy) (cf. (7)), A =
AJUA), §=87U8) and p = p] vpz, and hold that I N Af =g.
- By deﬁnition of extraction function (cf. Fig. 1) we get: extr(P’ | Q") = extr(P’) | extr(Q").

- For process P’ by induction hypothesis there are I'f € I'} and A7 € A} such that: I'}; A] | extr(P’).

- Similarly, for process Q" by induction hypothesis there are I') € I', and A7 € A/, such that: F” A” | -epmnme, TaTel extr(Q).
extr(P') | extr(Q") where 't =T7 U T, U (yl X ¥y, A1 =
ATUAY, 81 =6{ U8, and py = p{ v pj, also holds I'{ N AL =0.
- It is easy to conclude: I'y €T, A1 C A and y; Cy.
e Case2: let P = (P) and T; A |————p (P’y. By definition of extraction function (cf. Fig. 1) we get: extr((P’)) = (P’).

Therefore, it is easy to be concluded that the statement holds.
e Case3: Let P=t[P’,Q']and I'; A |—_ t[P’,Q"].

p’ AN / 1 / ’ / A/ /
e and T A |——— 2,S,sz,where F=T{UlU@Q xyy), A=A UAU

({t} x (U, Uy{ Uyy)), §=35,U8, and p = p} Vv p), also condition I N A’ =@ holds.
- By deﬁnltlon of extraction functlon (cf Fig. 1) we get extr(P) = 0. Therefore, statement holds directly.

u 6” p//

- By formation on Rule (W-PAR) we get: T'y; Aq \y s
1,01

- By Lemma A2 we get: I'}; A} f=——

For all other cases for the process P the proof follows directly, because of definition of extraction function. O

Lemma A5.IfT; A |y—5p P | Q then there are I'1, A1, y1,81 and p such that T, A1 | I extr(P)|Q andT"1 CT',A1 C A
185 1 1

and y1 Cy.
Proof. Let T'; A |—— P .
|y;8;p IQ
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- By Lemma A.2 we get I'j; A |—=—— T, P and I'}; A} | —=—— T Q where I' =T, UL Uy xy)) (cf. (7)), A= AjUA, y =
2 27 2

YiUyy,8=2587U8 and p = p] v p) and condition I'* N A" =@ holds.
- For process P by Lemma A.4 there are I') €I} and A € A’ such that: I'}; A} |———; T extr(P).

- For processes extr(P) and Q by formation on Rule (W-PAR) the following holds Fl, Aq |y P
1:01:P1

extr(P) | Q where

D =T{UT, Uy xy)), A1 =A7UA, y1 =y"Uy,, 81 =48]/ U8, and p; =p7 v p, and T N Atl = holds by basic
propertles of set operations. O

We may now prove a soundness result, which ensures that well-formedness is preserved under LTS rules. We repeat the
theorem’s statement at page 9:

Theorem 34.IfT; A |Wp Pand P> P’ then there are TV C I and A’ C A such that T'; A/|m P’

Proof. The proof proceeds by induction on the depth of the derivation P =P
Base cases: In the following we consider four base cases.

o Base case 1: Assume that I'; A |Wp t.P and if the last applied rule is (L-Our) then t.P L p. By Lemma A.2 Case 2)

we get ['; ¢ |7yu(t};5;L P

e Base case 2: Assume that T"; A le a.P and if the last applied rule is (L-Our) then a.P A, P. By Lemma A.2 Case 3)
it holds that I';  |— P ’
yid; L

e Base case 3: Assume that I'; A IWP a.P and if the last applied rule is (L-IN) then a.P = Pp. By Lemma A.2 Case 4) we
have that I"; ¢ |— o

o Base case 4: Assume that ['; A |T t[P,Q] and if the last applied rule is (L-Rec-Our) then t[P,Q] LN extr(P) | (Q).

- By Lemma A.3 there is ", A’, ¥’, 8 and p’ such that A’ C A and the following holds: T”; A’ '_——57-’ 1 (Q).

- By Lemma A.4 and Lemma A.5 we finally get: I'}; A} |—m extr(P) | (Q) where I'; €T, A] C A and y; C y.
1°%1°F1
Induction step:

e Case 1: Assume that I'; A |——p P11 Q and if the last applied rule is (L-PAr1) then Py = Piand P1]Q =, PilQ.

- By Lemma A.2 Case 2) the following holds: I'1; Aq | P Py and I'y; Ay | o Q suchthat T=T1 U U (yy x
1:P1 823
12) (cf. (7)), A=A1UA2, Yy =y1Uy2,8=681U& and p p1V p2 and condltlon 'S N Al = @ holds.
- By induction hypothesis there are I'; €Ty and A} C Ay, such that T'}; A} | o P’
1

- We get that condition (A} U A)EN (T, UT2 U (¥4 x ¥2))° =0 holds based on ba51c properties of set operations.
- For processes P} and Q by formation on Rule (W-PaR) we get: I”; A’ |m P71 Q where I"=T7 U, U (y; x
Y2), A=A Ul y =y{Uy,,8§=8U& and p=p) Vv pa.

e Case2: Assume that T; A \Wp P|Q and if the last applied rule is (L-Commi1) then P - P’ and Q N Q' and
PIQ - P'|Q".
- By Lemma A.2 Case 2) the following holds: I'1; Aq |— P and I'y; Ay | Q suchthat T=T1 UL U (1 x

12),A=A1UAy, Yy =y1Uy,8=481Ud and p = p4 \/pz and condition I’ N A’t # holds.

- For process P’ by induction hypothesis there are I'; € 'y and A} C Ay, such that I'}; A} f—=—— T, P’
1°F1
- For process Q' by induction hypothesis there are I', C T and A}, C Ay, such that I'}; A/, | R Q.
2 2
- We get that condition (A} U A%)'N (T} UT, U (¥ x ¥4))° =¥ holds based on basic properties of set operations.
- For processes P’ and Q' by formation on Rule (W-PAR) we get: [; A’ | P’| Q" where I" =T} UT, U (y{ x

V), A=A UAL y =y/Uy,,§=8,U8), and p =p} Vv pj.
e Case 3: Assume that y x y; A |— I .P and if the last applied rule is (L-REP) then 7 .P 25 P and !7.P 25 P/ | ! .P.
- By Lemma A.2 we get I'/; @I— m.P and A =.

- By induction hypothesis there is l‘/ C T such that I'}; ¢ 'T’
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- For processes !7r.P and P’ by formation on Rule (W-PAR) we get: I'y; Aq | v P’ |!m.P such that 'y =T} U (¥ x
1:01:P1

1), A1=0,y1 =y Uy’, 81 =8U8 and p; = p Vv p’. Condition I' ﬂAﬁ = () holds by basic properties of set operations.

o Case4: Assume that I'; A |~y_~5fp t[P,Q] and if the last applied rule is (L-REc-IN) then P L, P’ and t(P,Q] LN

extr(P’) | (Q).
- Using assumption and by Lemma A.2 we get that for process P the following holds: T'y; Aq |V D
1:01,P1

I'1, A1, 91,61, p1-
- By induction hypothesis there are I'; €Ty, A} € Aq such that T'}; A} |—=——, P

P for some

Y1:81:p5
- For transaction t[P,Q] by Lemma A.3 there are A’ C A and I''; A’ —— T P|{(Q).
- For process P’ by formation on Rule (W-PAR) and by set operations’ propertles the following holds:
T2: A2 e P 1(Q).

- Applying Lemma A.4 on process extr(P’) and Applying Lemma A.5 we finally get: I'}; A/, |W, extr(P’) | (Q) where
2
I, STy, A, C Ay and y) Cys.
e Case5: Assume that I'; A —— t[P,Q] and if the last applied rule is (L-Scope-Ourt) then P 2, P’ and t[P,Q] LN

y:{thp
t[P’,Q].
- By Lemma A.2 we get: I'1; Aq |— P and I'y; Ay | Qand I'=T1UTL U1 x¥2), A=A1U AU ({t} x
(51U Uy Uy, ¥y =71U s, 8 = {t} and p=p1 Vv p2, also condition IS N A = ¢ holds.
- By inductive hypothesis there are I') € I'1, A7 € Ay and &, y{, p} such that T'}; A} |

/

Hisp,

- Based on set operations’ properties for T =T7 UT2 U (y1 x ¥2) and A = AJ U Ay U ({t} x (81 U8 U y1 U yn)) the
condition T N A = ¢ holds too.

- For process Q and obtained process P’ by formation on Rule (W-TRANs) we get: I'; A’ |

t[P’,Q], where

I =T/ Ul U (¥ x y2). A=A, UAU({t} x (51 Usa Uy Upa)). ¥ =¥ Uya. 6 =1t} and pe "%’qpv .
e Case 6: Assume that I'; A |— (vx)P and if the last applied rule is (L-REs) then P 25 P and (vx)P LN (vx)P’.
- By Lemma A.2 we get: T A |y— P.
- By inductive hypothesis there are I" CT', A’ C A, ¢/, 8, p’ such that I''; A’ |————— P’

Sy
- For process P’ by formating on Rule (W-REs) the following holds: I'; A’ 'T’ (vx)P'.

e Case 7: Assume that T'; A —— r (P) and if the last applied rule is (L-BLock) then P 2, P’ and (P) LN (P').
- By Lemma A.2 we get: I'; A |—p
- By inductive hypothesis there are I" CT', A’ C A, y’, 8, p’ such that I''; A’ |y,— P’

;850
- For process P’ by formating on Rule (W-BrLock) the following holds: T'; A’ | (PY. O

In the following, we provide proofs that both encodings are valid, i.e. we prove that compositionality, name invariance

operational correspondence, divergence reflection and success sensitiveness are satisfied. We separate these results into two
sections, one section for results related to the encoding of C into S and the other one for the encoding of C into O.

Appendix B. Results related to encoding of C into S (§ 5)
B.1. Proof of compositionality results: Theorem 5.3

We repeat the statement in page 16:

Theorem 5.3 (Compositionality for [-] ,). Let p be an arbitrary path. For every process operator in C and for all well-formed compens-
able processes P and Q it holds that:

[(P)p = Cp,p [[Pe] [tlP,Q1]p = Cir).p [[PIc.p. [Q]e] [P1Ql,=C, [[P]p.[QIp]
[a.P]p =Ca. [[[P]]p] [t.P1p =C: [[P],] [(wx)P)]p = Cax [[P1 5]
[a.P]p =Ca ([Pl ['7.P]p =Cir. [[[P]]p]

Proof. Follows directly from the definition of contexts (Definition 5.6) and from the definition of [-], : C — S (Fig. 6).
Indeed, for all operators and all well-formed compensable processes P and Q we have:

[P1QI,=Cy [[P]p-[QIo] =PI, I Q1,
[t(P, Q11 = Cer,1.p [[Ple.p- [QTe] = t[[Plc.p] I t- (extr((t, pe.p. D)) | PoL1QTe])
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[(P)]p =Cy.p [[PTe] = po[[PIe]
[a.P]p = Ca. [[P]p] =a.[P],
[a.P], = Ca [[P],] =a.[P],
[t.P], = C;. [[P]p] =t.he.[P],
[(vX)P)]p = Cax [[P]p] = W0)[P],
['7.P]p =Cix. [[7.P]o] =![.P],. O

B.2. Proof of name invariance results: Theorem 5.4

We repeat the statement in page 16:

Theorem 5.4 (Name invariance for [-] ,). For every well-formed compensable process P and valid substitution o : No — N there is
ao’: Ny — N such that:

(i) for every x € Ne : @, (@ () = {0’ (1) : y € op, @) and (i) [0 (P)]o(py = o' ([P]p)-

Proof. We define the substitution o’ as follows:
o) ifx=aorx=t
CT/(X) = hg-(t) if x= h[ (B])
Pop) ifx=p,.

Now we provide proofs for (i) and (ii):

(i) Since N; = N; UNs, we consider two sub-cases for x:
e if x € N; then it follows that:

{0’y e, @r={o"(y):ye{xl}={o’'®)}={o®)} =9, 0 X).
e if x e \; then:
- by Definition 5.5: ¢, , (0(X)) ={0(X), ho (x)} U{Po(p) : 0 (%) € 0 (0)}
- by definition of o':
(0. hot} U{Po(p) 1 0(X) € 0(p)} = 10" (%), 0" (h)} U {0 (py) 10" (X) €0/ (p)} = {0/(¥) 1y € (x. L U {0/ (9) 1 y €
{Ppro@ea(lt={c'W:yepp),®}
(ii) The proof proceeds by structural induction on P. In the following, given a name x, a path p, and process P, we write
ox,0p, and o P to stand for o (x), o (p), and o (P), respectively.
Base case: The statement holds for P =0: [0 (0)]s, =0¢'([0],) < 0=0.
Inductive step: There are six cases, but we content ourselves by showing the following three cases: transaction scope,
protected block, and input/output prefix. The proof for all the other cases proceeds similarly.
e Case 1: Assume that P =t[P1,Q1]. We first apply the substitution o on process P:

[o (t[P1,Q1D]op = [otlo (P1),0(Q1)]]op-

By expanding the definition of the translation in Definition 5.5, we have:

[o(t[P1,Q1D]op = O't[[[o(Pl)ﬂat,ap] |ot. (extr((at, Pot.ops Pop) | pa,o[[[o'(Ql)]]e])
By induction hypothesis it follows:

[o (t[P1,Q1D]op = Gt[a/ (leﬂt,p)] |ot. (extr((Ot, Potops Pop)) | pap[al ([[Ql]]s)]) (B.2)
On the other side, when we apply definition of substitution o’ on [P], the following holds:
o’ ([[t[Pl,Ql]ﬂp) =0’ (t[ﬂplﬂt,p] | t. (extr((t, Pt.os Do) | pp[[Ql]]a]))
= O”t[d/ ([[Plﬂt,p) ] |o't.(extr(o’'t, Po't.o'ps Po'ph | po’p[U/ ([[Ql]]a)])

Given that it is valid o’/(t) = o (t) (cf. (B.1)), it is easy to conclude that (B.2) is equal to (B.3).
e Case 2: Assume that P = (P1). We apply substitution o on process P:

[o ((P1))]op = [{o (P1))]op
By Definition 5.5, [0 ((P1))]op = Pop[[o (P1)]e], and by induction hypothesis:

(B.3)
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o ((P1))]op = Pop [U/([[Pl]]s)]- (B4)

On the other side, when we apply substitution ¢’ on [P], the following holds:

o' ([{P1)]p) = 0" (Dp[[P1]e]) = Porp [0’ ([P1]e)]. (B.5)
Based on definition of the function ¢”, i.e. ¢'(py) = po(py and o’(t) = o (t) (cf. (B.1)), it is easy to conclude that (B.4)
is equal to (B.5).

e Case 3: Here we distinguish two sub-cases. In the first sub-case we consider input on name a € N (proof follows
similarly for output). In the second sub-case we consider that the output message is an error notification on name
teMN;.

e Case 3a: Assume that P =a.P. We apply substitution o on process P:
[o(@.P))]sp =[oa.o(P1)]ep.

Next, we apply Definition 5.5: [0 (a.P1)]sp = 0a.[o (P1)]sp. By induction hypothesis it follows:
[o(@.PD)]sp = Oa.G/([[P]]]p). (B.6)
We now apply substitution ¢’ on [P],:

o'([(@.P)]p) =0'(@.[P1]p) = o'a.0"([P1]p)- (B.7)
By definition of o’ (cf. (B.1)), 6/(a) = o (a) and so we conclude that (B.6) is equal to (B.7).
e Case 3b: Assume that P =t.P1. We apply substitution o on process P:
[ot.PD]op =[ot.o(PD]op-

Next, we apply Definition 5.5: [0 (t.P1)]op = 0t.ho¢.[0(P1)]sp. By induction hypothesis:

[0 E.PD]op = 0L.hor.0([P1],p)- (B.8)

We apply substitution ¢’ on [P],:

o' ([(t.P1)]p) = o' he.[P1] ) = 0"t hgre.0" ([P1]p)- (B.9)
By definition of o’ (cf. (B.1)), o’(a) = o (a) and so we conclude that (B.8) is equal to (B.9). O

B.3. Proof of operational correspondence results: Theorem 5.8

We now shall prove that the translation [-], satisfies operational correspondence (completeness and soundness). The
statement and its proof are presented in Appendix B.3.4 (page 54). We first present an overview to the proof and some
auxiliary results.

B.3.1. A roadmap for the proofs
Part (1) of Theorem 5.8 is completeness, i.e.,

If P — P’ then [P]e —* [P']e

where k > 1 is given precisely by our statement. This property ensures that our translation faithfully simulates the behavior
of compensable processes. The proof is by induction on the derivation of P —> P’ and uses:

Definition 5.5 (page 14), i.e., the definition of [-],;

Proposition 3.1 (page 7) for three base cases; as key to proving the operational correspondence.

Lemma B.1 (page 43), which maps evaluation contexts in C into evaluation contexts of S;

Lemma B.6 (page 45), which shows that ch(t, [P],) = 0 for all [P],. Its proof uses two auxiliary properties of translated
terms: Lemma B.2 (page 44) and Lemma B.5 (page 45);

e Definition B.2 and Definition B.3 (page 46 and page 49). These definitions formalize the intermediate processes that
appear during derivation.

Part (2) of Theorem 5.8 is soundness, i.e.,

If [P]e —" R then there is P’ such that P —* P’ and R —* [P’]¢
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This property ensures that target terms never exhibit behavior that can not be attributed to some compensable process.
As usual, proving soundness is more challenging than proving completeness. Our proof is by induction on n, i.e., the length
of the reduction [P], —" R. We rely on several auxiliary results:

e Lemma B.10 (page 50) is about the shape of process R, and also ensures that there is a process P’ with an appropriate
shape. The proof proceeds by induction on n. The base case uses Lemma B.4 (page 44); in the inductive step, we exploit
that the target term R; has a specific shape, which is in turn ensured by Lemma B.8 (page 46) and Lemma B.9 (page 49);

e To prove Lemma B.4 we use Lemma B.2, Corollary B.3 (page 44) and Definition 5.5;

o In the statement of Lemma B.8 and Lemma B.9 we use the definition of intermediate processes given by Definition B.2
and Definition B.3, respectively. The proofs proceed by case analysis for the step R — R’, using Lemma B.7;

e Lemma B.11 (page 54) ensures that the adaptable process obtained thanks to Lemma B.8 and Lemma B.9 can evolve
until reaching a process that corresponds to the translation of a compensable process.

Using these guidelines as a proof sketch, we now introduce all the ingredients of the proof in full detail.
The same road map, with modified definitions, lemmas, and theorems for translation [-]9, will be used also for the proof
of operational correspondence for the translation with the objective update, i.e., Theorem 6.5.

B.3.2. Auxiliary results for completeness
To simplify proofs of correctness, we start by defining a mapping of evaluation contexts for compensable processes (cf.
Definition 3.3) into evaluation contexts for adaptable processes (cf. Definition 3.6):

Definition B.1. Let p be a path. We define the following mapping [-], from evaluation contexts of compensable processes
into evaluation contexts of adaptable processes:

[lellp =[]  [{CleD)]p =ppl[Clel]le]  [Clel| P]p=[Clellp |[P]p,  [(vx)Cle]], = (vX)[Cle]],
[t[C[e],Q]1]p = t[[[c[ﬂ]]t,,o] [t (extr((t, Pt.ps Do) | p,o[[[Q]]e])

Lemma B.1. Let P be a well-formed compensable process, C[e] an evaluation context, p an arbitrary path, and p’ the path to the hole
in C[e]. Then, [C[P]], = [C[]]o[[P] 1.

Proof. The proof proceeds by induction on the structure of C[e].

Base cases: Assume that C[e] = [e] then C[P]=P, and [C[P]], = [P]p.

Inductive step: There are four cases to consider. They all proceed by Definition 5.5, Definition B.1, and the inductive
hypothesis:

e Case 1: Assume that C[e] = (C1[e]) then C[P] = (C1[P]).

[CIP1, = [(C1IPD]p % ppLIC1IPILe] 2 poL[Ci[o1]e[[P] 11 = PoL[Ci[o11][[P], ]
Def.

="[Clel],[[P],]
o Case 2: Assume that C[e]=C1[e]]| Q then C[P]=C1[P]] Q.

Def.

[CIP1], = [C1IP11 @1, = [C1[PT], 1 [Q1, 2 [Cilol]p([P],11[Q1,
= [C1[e]1 QI,[[P], = [Cle1l,[[P], ]
o Case 3: Assume that C[e] =t[C1[e],Q] then C[P]=t[C1[P],Q].

[CIP1], = [(C1 P, Q 1), E e[[C11PT]e. o] 1. (eXEx(E, Pr.ps o) | PpLIQLE])

2 e[ [Crlolle o LIPT 1] I £ (extr (it Pe.o. Pp) | PoLIQ]e])
= (t[[C1Lo1]e.po] I £ (extr((t, Pe.o. Pp)) | PoLIQED) ) [[P] ]
= [Clell,[[P1]

e Case 4: Assume that C[e] = (vx)Cq[e] then C[P]= (vx)C1[P].

Iz

[CIPIL, = [0 CiIPT], = ) [CiIPI], 2 (o [Ciloll o I[P ] = [Cloll,[[P],] ©
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B.3.3. Auxiliary results for soundness
For the proof of soundness, we will need the converse of Lemma B.1, which is stated by the following two results.

Lemma B.2. Let P be a well-formed compensable process and p a path. If [P], = C[P’] then there are Cq[e] and Py such that
Cle] =[C1[e]], and P’ = [P1] ,/, where p’ is the path to the hole in C1[e].

Proof. The proof is by induction on structure of context C[e].
Base case: If C[e] =[e] and [P], = P’ then it follows directly that C1[e] =[e] and P; = P.
Inductive step:

e Case1: C[e] =I[C'[e]] and [P], =I[C'[P']].

By Definition 5.5, we have that I =p, and there is P{ such that [P{], = C’[P’]. By the induction hypothesis, there are

Cile] and Pq such that C’[e] = [C/[e]], and P’ = [P{],, where p’ is the path to the hole in C}[e]. By Definition B.1,

Clel = p,l[C;lel] 1= [(C;[o])],, and hence Cy[e] = (C}[e]).

e Case2: C[e] = (vx)('[e] and [P], = (vX)C'[P].

By Definition 5.5, there is P} such that [P}], = C'[P’]. By induction hypothesis, there are Ci[e] and Py such that

C’[e]=[C}[e]], and P’ =[P1],, where p’ is the path to the hole in C}[e]. Now, we have that C[e]= (vX)[C}[e]], =

[(vx)Ci[e]], and hence Cq[e] = (VX)C][e].

e Case3: Cl[e]=C'[e]| Q and [P], =C'[P']] Q.

By Definition 5.5, we have two possibilities:

(i) If Q =t.(extr({t, ptp, Pp) | Pp[[Q’]s]) and C'[P'1=¢t[[P}]:. ] for some ¢, P}, Q’, then [P}], = C;[P’] for some
C}, P'. By induction hypothesis, there are C{[e] and P1 such that Ci[e] = [C{], and P’ = [P1],/, where p’ is the
path to the hole in C][e]. We complete the proof by choosing Ci[e] =t[C][e],Q'] and P’ =[P1]; ..

(i) If C’'[P'1=[Q1], and Q =[Q2], for some Q1, Q2, then, by induction hypothesis, there are C}[e] and P; such that
C'[e] =[C[e]], and P’ =[P1],, where p’ is the path to the hole in C}[e]. In this case, Ci[e]=C}[e]| Q2. O

As a direct consequence of Case 3 in the previous proof, we can identify two possibilities for a process that is obtained
via our translation and equals to a parallel composition of processes.

Corollary B.3. Let P be a well-formed compensable process and p a path.
If[P], =C[P'1| D[Q'] then either:

(i) there are C1[e], D1[e], Py, and Q1 such that
- Cle]=[C1[e]]p
- D[e] =[D1[e]],
- P'=[Pq], and Q' =[Q1]y, where p’ and p" are paths to holes in C[e] and D[e], respectively.
(ii) there are C1[e], Q,t such that Q' =t. (extr((t, Ptps Pl | pp[[[Q]]g]), D[e] =[e], and C[e] =t[C1[e]].

The proof of soundness proceeds by induction on n. The base case uses the following lemma. In cases (b) and (c), we use
a process of the form Ifl)([[P]][,pw, [Q]e), where t is a name and “1” intuitively denotes the first intermediate process in the

translation. In fact, processes of the form It(p)([[P]][,pm, [Q]e), with p > 1, to be introduced in Fig. B.17, will be important in
the proof of soundness.

Lemma B.4. Suppose [P], —> R. Then one of the following holds for P and R:

a) P=E[C[a.P1]| D[a.P;]] and R = [[E}]p[ﬁc]]m [[P1]o 11 [D]p, [HPZ]],O”]] or

b) P = E[CIE.P1]1 DIt[P2, Q11 and R = [EL[[Cl o, the. [P 11 1 [T L1V ([P2]: o [Q1)]]
where ItV ([P2]c.p. [Qlle) = t[[P2]e.pr] | extr((t. pepr. por) | Ppr[[Q]e] o

¢) P= E[u[C[H.P1], Q1 and R = [E]| O ([C]u,py [h-[P1],1. [Q10)
where 0" ([Clu, [hu-[P1]5/1. [QTe) = u[[Cllu.py [hu-[P1]p1] | eXtr (L. pupr. Po)) | PoLIQeL,

for some contexts C, D, E and processes P1, P2, Q. Also, paths p, o, and p” are paths to holes in contexts E[e], C[e], and D[e],
respectively.

Proof. The proof is by induction on the reduction [P], —> R. There are three base cases, which can be obtained by
applying Rule (R-IN-Ourt)) with x =a or x =t.
a) [P], = E'[C’[@.P}1] D'[a.Py]] —> E'[C'[P}]| D'[P}]] = R:
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[Pl = [E]pl[S]a . [S],, = C'[a.P}{11 D'[a.P}] (by Lemma B.2)
= [E]olIClp [[S1] o1 1 [D] o, [[S2] o710, [S1], =a.P}., [S2],» =a.P,  (by Corollary B.3)
= [E]ol[Clp;[@.[P1]p1 | [D]p [a.[P2] o7 1), [P1lpr = P, [P2]pr = P (by Definition 5.5)
= [E]olIClp,[[a.P1],11 [D]p, [[a.P2] 711 (by Definition 5.5)
= [E[C[a.P1]| D[a.P2]1], (by Lemma B.1)

where [D],, [e] = D'[e], [C[e]],, = C'[e], and p1, o’ and p” are paths to holes in E[e], C[e] and D[e], respectively.
b) [P], = E'[C'[E.P}]] D'[t.P}]] —> E'[C'[P}]1 D'[P}]] =R and D'[e] # [e]:
By Lemma B.2, Corollary B.3 and Definition 5.5, we get the following derivation:

[Plo = [E]pl[S]pi]. [T, = C'[£.P}11 D"[t[P5] | t.P}]
= [E]ol[Clp: [[S1]p11 [D] g L[S2D 10, [S1]pr =E.P{. [Salpr =tIPS] | £.P,
= [ELolICTpi [Ehe.[P1] o 1 [D] gy [EL[P2] o] he.[P1]pr = P, [P2] o = P3,

[t (?Xtr«ty Pt Ppr ) | pp”[[[Q]]E])], extr{(t, pep, Do) | pp”[[[Q]]E] = Pé
[E1oLIC] py [E-P1] o1 I [D] o [[E[P2, Q1] p 11
= [E[C[t.P1]] D[t[P2,Q 1],
where [D],, [e]= D"[e], [C[e]],, = C'[e], and p1, p’, p” are paths to holes in E[e], C[e], D[e], respectively.
9 [[P]]p = E/[C/[E.P;] | D’[u.Pé]] — E’[C’[P;] | D’[P’z]] =R and D’[e] =[e] and C'[e] =t[C"[e]]:
By Lemma B.2, Corollary B.3 and Definition 5.5, we get the following derivation:

[Pl, = E'u[C'[W.P{I]|u.Py]
= [E]pl[S]p]. [S]py = ulC"[@.P{1] | u.P
= [E]p[ul[P Tu.p] [P Tu,py = C"[u.P}]
| u. (extr{(U, Pupy, Por)) | Ppy [[Q]e])], extr{(t, Pu,pys Ppr ) | Ppi [[Q]e] = P)

= [E]plul[Clupi [[u-P1]p 1) | . (extr (U, pu.py. Do) | Ppr[[Qe)]
= [E[uIC[t.P11,Q11],-

where [C[e]];, o, = C"[e] and p; and p’ are paths to holes in E[e] and CTe].

Note that since we analyze only one (first) reduction step, i.e. [P], —> R, the case of a reduction derived by Rule (R-
Sus-UpD) is excluded by definition of translation.

Finally, the inductive step considers cases when the last step was derived by Rule (R-STR). In that way, we get case with
“=" instead of “=" in the three base cases. O

Starting from an adaptable process P that results from our translation, we single out those processes that P reduces
to but that do not correspond to the translation of any compensable process. Such processes always appear after a syn-
chronization on some name t and before synchronization on the reserved name h;. We will first consider computations of
a process that results from translating the parallel composition of a transaction and its failure signal (possibly with some
continuation). Recall that function ch(t, R) (cf. Definition 5.3) checks whether R is structurally equivalent to a process of
the form C[h;.S], for some context C[e] and process S: if this is not the case, then ch(t, R) =0. In a process obtained from
our translation, process h.S always occurs within a process of the form t.h;.S (cf. Fig. 6), directly implying that any process
[P], cannot be congruent with C[h,.S]. This is stated by the following lemma.

Lemma B.5. Let P be a well-formed compensable process. If [P] ,=.Q then w =aorw =aor w =t, for some a € Ns and t € \;.
Proof. Follows directly from definition of the translation (cf. Definition 5.5). O
Lemma B.6. Let P be a well-formed compensable process, t a transaction name, and p a path. Then, it holds that ch(t, [P],) = 0.
Proof. By contradiction. Suppose, for the sake of contradiction, that ch(t, [P],) = h;.0. Then, [P], = C[h;.S]. By Lemma B.2,
there are Cq[e] and Q such that [Ci[e]], = C[e] and [Q], =h;.S, where p’ is the path to [e] in Ci[e]. But this contradicts
Lemma B.5: it is not possible that [Q ], =h;.S since, necessarily, h; is a reserved name in A ; by Definition 5.2, N] NN; =
@ and N NNs=0. O
In studying the processes that are obtained by translating the parallel composition of a transaction and its (externally

triggered) failure signal (and its computation), we come to the lemmas that identify processes that are created before a
synchronization on h;.
LemmaB.7. If [E],[P]] Q = C[S] where S =7 .R or S = v then there exist contexts E’, E”, and E" such that:

1. [E[e]l], = [E'[e]]p | [E"]p[S] and for S = 7 .R it holds 7 € {x, X}, or

2. P=E"[S] or

3. Q = E"[S].

Proof. The proof proceeds by induction on the structure of context C. O
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Fig. B.16. Process ]ip).
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[©) t[[Plep] L) | pol[Q]e]

3) he | ppl[Q]e]

® [ 1PAPlp.[Q]e) for nl(pep. [Plep) >0 |
M t[[P]e.o] I extr((t. pep. Po)) | PoL[Q]e]

=t[[Ple.p] EQY)LIYT I eh(t, Y) | out®(Pe.p. Pp. nl(Pep, YD, t(TNhON | Po[[Q]e]
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Fig. B17. Process 1P ([P];.,, [Q]¢) with p > 1.

The following definition formalizes all possible forms for the process Iﬁp)([[P]]t’p, [Q]Je)- Recall that function nl(, P),
defined in Definition 5.3 (1), returns the number of locations I in process P.

Definition B.2. Let P, Q be well-formed compensable processes. Given a name t, a path p, and p > 1, we define the
intermediate processes pr)([[P]]t,p, [Q]e) (Fig. B.17) depending on m =nl(p; p, [P]t,p):

1. if m=0 then p € {1, 2, 3};

m
2. otherwise, if m > 0 then [P]; p = [] pe,p[[Pr]e] IS and pe{1,...,m+3}.
k=1

Fig. B.16 illustrates how intermediate processes relate to the encoding of well-formed compensable processes.

Lemma B.8. Let P be a well-formed compensable process such that

b [[Pl]]a = [[E]]s [[[Gﬂp [[[C]]p’ [[[f[Pt’ Qt]]]p”] | [[D]]p’ [[E-Stﬂp”’] I Ml] | M2] | M3 and
o [Pile =" R=[ExDe [[G1lo [ €L [17 APDe - [Q11) | 1IDAL [hecISel o] 103 ] 15 ] 1 1,

where Iﬁp)([[Pt]]t’pn, [Q¢]e) in R is as in Definition B.2.
If R —> R’ then either

) R =[Ede [ 61l [ [Crlor [ 17 APk 1Q700) | VDAL, [he.[ScD o] 1 05| 1 M3 1 a5 0r
) R = [Ea]l [ [Gal [ ICal [17 AP{ e Q1)) 1 D2, (RISl ] 1M7] 1 M5 ] 1 M5,
where

en>1;

e p is the path to holes in [E[e]]¢ and [Ex[e]]s and k € {1, 2};
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e o' is the path to holes in [G[e]] 5, and [Gy[e]], and k € {1, 2};
e p” is the path to the hole in [C[e]] ,» and [Ci[e]],,» and k € {1, 2};
e p"" is the path to hole in [D[e]] ,» and [Di[e]] ,» and k € {1, 2}.

Proof. It is important to notice that the path to If([P[]]t,pn, [Q:]e) in R is the same as the path to [t[P;,Q{]],~ in [Pq]e.
This means that we will identify all possible transformations of [t[P¢,Q;]],~ that can appear during computations of [P1]e,
before the synchronization on h;. By Definition 5.5, we get:

[P1]e =[ETe[[G1o[ICT o [t[[Pele.or ] I t.(extr(t, Pe.pr. Do) | Ppr[[Qtle])]
| [D]p[E-he.[Se] o] | M1] 1 M2] | M3

We continue with the proof by case analysis for the step, R —> R’, that can be realized. The analysis depends on the shape
Iﬁp)([[P{]][’pn, [Q{]¢). Hence, there are multiple cases, for p € {1,...,m + 3} and m > 0. We detail only one case, namely
p =1; all other cases proceed similarly.

If p=1 then

R=[Exle [ 16110 [[C1l [V APk 1Q110) ) 1101 [ ISelp] 1 M3 ] 1 M5 ] 1 3. (B11)

In the analysis, we will use the following representation of process R:

(B.10)

R =[E1],[P']| M5 where
P' =[Gl [[C1llp [1" APl Q11| 1IDALpr [he-[el ] 1 M3 ] 1 M3

For R —> R’ we analyze the following two sub-cases, based on the rules from reduction semantics for adaptable processes:
Rule (R-IN-OuT) and Rule (R-SuB-UpD) (cf. Fig. 4).

(B12)

A) By using Rule (R-IN-OUT): R = E[C[R.P] | D[X.Q]] — E[C[P] I D[Q]] = R’. Therefore, we have:

R = E'[x.Q] where E'[e] = E[C[X.P] | D[e]] and
R = E"[x.P] where E”[e] = E[C[e] | D[x.Q]].

In (B.12), based on Lemma B.7 for R = E’[x.Q ], the following holds:
(i) [Ealoll, = [Eqlo1], | [Ef],lx.Q1, or
(ii) P’ =E"[x.Q], or
(iii) M =E"[x.Q].
In the following, we present detail analysis only for case (i). Proofs of cases (ii) and (iii) follow in a similar way, i.e.,
with the case analysis that is result of applying Lemma B.7.
Therefore, if (i) holds then R = [E1],[P'] | M5 = [E{],[P'1| [E{],[x.Q]1| M5. For R = E”[x.P] the following holds based
on Lemma B.7:
() [E}lo1], = [E5le1l, | [E5],[%.P], or
(b) P’ =EJ'[X.P] or
(c) M5 | [E{]p[x.P]1=EY'[X.P].
In the following we analyze the sub-cases. It should be noted that in all sub-cases, the obtained process R’ corresponds
to the case II) from the statement:
(2) R=[E5 1P, | [E5Lp0%P11 [E]o0x.Q11 My —> [E5TP'T], | [ESDo0PT1 [E{]o[Q11 My =R, or
(b) R=[E1]p[E5[x.P11 | E{[x.Q] | M5 —> [E1]o[E5[P11| E{[Q]| M5 =R’, or
(c) we distinguish two cases based on Lemma B.7:
o M, = E%" [x.P] and it follows

R=[E{],[P'11[E{],[x.Q1| EY[X.P1—> [E;1,[P'11 [E{1,[Q1| E[P1=R’, or
o [E{]ole1=[EV[e]], | [EY],[X.P] and it follows:

R=[EV],[P11E{[X.P]| | E{[x.Q1| My —> [EV],[P'1| EYIP]| | E{[Q]I M} =R

=
=

By using Rule (R-SuB-UPD):
R=E[c[itP1] 1 D[I(C0.Q).5]] — E[c[o] 1 D[Q(P/x)15]] =R"

Therefore, we have that R = E’[I{{(X).Q)).S] such that E’[e] = E[C[I[P]]| D[e]]. In (B.12), based on Lemma B.7, the
following holds:
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(i) M’3 = E"I1{(X).Q)).S], or
(i) P" = E"[I((X).Q)).S].
By Definition 5.5, for every process P; a location name in [P1] is either a transaction name or a reserved name Ps.p
for some s, p. Therefore, if interaction on them exists then they should be part of some process 1§">([[P;]]S,,,, [Qe). ie.,
1 _
IV (IPs.p, [Q4e) = S[[P4Ls,07] ISU(Y).S[YT I eh(s. Y) | out®(ps o7+ Ppr . nl(Ps . Y) . s{(1).hs)))
[ Pp/[[[Qs/}]a]

(cf. Fig. B.17 for the other forms). This directly provides that process in the form s[P] (i.e. ps,[P]) and update
s{(X).Q).S (i.e., ps,p{((X).Q).S) have to be in parallel composition.
In the following, we analyze cases (i) and (ii). It should be noted that in all obtained cases and sub-cases, except sub-
case (2.2.2) below, we have that process R’ corresponds to the case I) from the statement. Process R’ obtained in (2.2.2)
corresponds to the case II).
(1) If (i) holds, then R = [E1],[P'T| E”[I{(X).Q).S], cf. (B.12). In the following we analyze where location I[P] can
occur. We have the following cases:
- E”[e] =E/'[e] | I[P] and for this case it follows that:

R"=[E1]¢ [P'] | M4 where M4 = E{'[Q{P/X}| S]1]0, or
- [E1]ple] = Ea[e] | I[P]| M}
R"=[Ez]¢ [P'] | M5 where M5 =0 E”'[Q{P/x}| S].
(2) If (i) holds then
E"1(X)-Q)-RI=[G1l [ [C1] [V (AP{1e. . [Q{1) | 1ID1T [he.[Selo ] 1 M7 ] 1 M3,

In the following analysis we consider two sub-cases:
(2.1) By exploiting (i) it holds that [G1],[P"]| M/, where

P’ =[Cilly [18" AP{lepr- 1Q11)] 1ID11r [he-[Se] ] | M} and
M’2 = E{[I{((X).Q").R".
We have that E"’[e] = E{’[e] | [[P] and for this case the following holds:
R =[E1]e [[G1lo [P"] | M3] | M3.
(2.2) By exploiting case (ii) it holds that [G1],[P"]| M,
P’ = E"lI((X).Q)-R1 = [Cilly [1{" (APle,pr- 10710 ] 11011, [he[Sc] ] 1 M.

We consider the following two sub-cases:
(2.2.1) By exploiting case (i) it holds [C1],[P"1| M for

P" =[C1], I:It(U([[p;]]t’p,/, [[Qt’]]g)] | [D1],r [ht.[[st]]pm]
M} = E{'[I{((X).Q").S].

We have that E”’[e] = E{[e] | [[P] then the following holds:
R =IExle (1611, [P 1 M3) 1 M3] | M5,

(2.2.2) By exploiting case (ii) it holds [C1],[P"'1]1 Q" for

P = E"[I{(X).Q).R1 = 1" ([P{]e.p". [Q{]e) and
QW = [[Dlﬂp’ [ht~[[stﬂp/”] I M s

and follows directly that
1V (IPJep. 1Q(1) —> 12 [Pk, o7 [Q{T6) for nl(pe pr. [Pl ) > 0, or
IV ([PJepr. 1Q10e) —> 12 [Pk [Q{]e) for nl(py pr. [P],pm) = 0.

Therefore, process R’ is as presented in the following, where 152)([P;}]t,p”, [Q{]¢ has an appropriate
form, that is described above:

48



J. Dedeic, . Pantovi¢ and J.A. Pérez Journal of Logical and Algebraic Methods in Programming 121 (2021) 100675

@ | 0 ALl [Pl [Q1e). 01 (Pup. [FLplhu[P]p]) =0
(1) U[HF]]ﬂ[hu-[[P]]p’]] | extr{u, pup, pp) | Pp[[[Qﬂs] o
= u[[Flplhu-[P1o1] 1 uq(Y)-ulY] | ch(u, Y) L u(b)-hu)) | pol[Q]e]
) u[[F]plhu.[PTo 1] 1 hu T u ).y | ppl[Q]e]
3) hy [ h | ppl[QJe]
@ pol1Ql:]
@ | 0P AR [PLp1. [Q1e). 01 (Pup. [FLplhu[P]p]) > 0 |

(1 u[[[F]]p[hw[[P]]p’]] | extr{U, pu,p, Pp) | Pp[[[Qﬂs] -
= u[[F]plhu.[P]p 1] lul(Y)ulY]l ch(, Y) [ out®(Pup. Pp. n1(Pup. Y), u{d)-h)) 1 pp[[Q]e]

m—j — j
(J+2) u[[F]plhy.[P] o] 1 by Ipu,p(((Xu..-,mej).(kl_[ Pl Xl [uf).hu)) | kl_[ Pol[Pilel I ppl[Q]e]
=1 =1

0<j<m-1

(m+2) u[[F'1plhu.[P]p1] | k[[1 Pol[PJe) 1 hu | pol[QTel [ ul(t).hu

(m+3) [T ollP el 1 hu | pol[QIe] 1 hy

k=1

(m+4) H pp[[[P;,(]]s] |p,o[[[Q}]e]
k=1

Fig. B18. Process 0% ([F],[hy-[P] 1, [Q]e) with ¢ > 1.

R =[Ex]: [[G11, [IC10 [12 AP{Te - 1QL1: | 1ID11 [ IS ] 1MG] I M5] 105, 0
(B.13)

The following lemma formalizes all possible forms for the process Oﬁq)([F]]pm (hy.[Pu]l o1, [Qy]e) for m >0 and q €
{1,...,m+4}.

Definition B.3. Let P, Q be well-formed compensable processes. Given a name u, paths p, o/, and q > 1, we define the
intermediate processes O{,")([F]}p[hu.[[P]]p/], [Q]e) (Fig. B.18) depending on m =nl(py,p, [F]s[hu-[P]o]):

1. for m =0 we have q € {1, 2, 3, 4}, and

m
2. for m >0 and [F],lhu.[P]p']1 =TT Pu.pl[P,Je] 1S we have g € (1,....,m+4}.
k=1

We now continue with the analysis of adaptable processes that can be obtained starting from the translation of a trans-
action that contains failure signal in its body, which is triggered internally.

Lemma B.9. Let Py be a well-formed compensable process such that

o [P1]e =[Ele [[G]p [[L]p [[ulF[T.Pul,Qull,or] | M1] | M2] | M3, and
o IPle =" R= B (61T [Tl [ O (TF ot [Pl o). [QuT) | M5 ] 103 ] 10,

where Oﬁq)([[F]]pn [hy.[Pullt,p1, [Qule) in R is a process from Definition B.3.
If R —> R’ then either

D R =[Exe [[611 [ [0 AR Lo Tha- IPu]e o1, [Q41e) | 17 1 M5] 1 05, 0
) R’ = [Esle [[G21, [[Lal,r [0 (IF2D o tha [Pu]i o). 1QUT) | 1 M7] 1M5] 1 M3,
where:

en>1;
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[P]e

[PDe

R

Fig. B.19. Diagram of Lemma B.10.

p is the path to hole in [E]¢ [e];

p' is the path to hole in [G] , [e] and [Gk], [e] and k € {1,2};

p" is the path to the hole in [L] ,/[e]; [Li] 7 [e] and k € {1, 2};

p"" is the path to the hole in [F] ,»[e] and [Fy] ,/[e] and k € {1,2}.

Proof. By Definition 5.5, we get:

[P1]e = [E]e [[Glp [[L]p [u[[F]pr [0-hu [Pul pr]] 1 u.(extr((u, pu,pr. Ppr)) | Ppr [[QuleD] | M1] | M2] | M3

and the proof continues by case analysis for the step, R —> R’, that can be realized. The proof follows the same idea that
is presented for the proof of Lemma B.8. O

The following lemma is crucial for the proof of soundness and it is illustrated in Fig. B.19. Also, we will use the following
abbreviations, where we use i, ¢, k, w as indexes of t,u and F:

(p)
B =10 (P, e 104, e,

Ol(g)kw = Ol(f?k,w([[FCvk’W]]p” [huc,k.w‘[[P”c.k,wﬂpm]’ [[Ql/lchywl]g)'

Lemma B.10. Let It(ipk)w and 0, be processes from Definition B.2 and Definition B.3, respectively. If [P]. —>™ R, with n > 1, then

Uc k,w
1)
z Sw Ik Tk
R= l—[ [[EWHS[ HHGKWHPW [H[[Ci,k,w]]p,’ﬁw [Iépk)w] | H[[Djvk,wﬂp,’gw [hfj,k.w -[[Sfj,k,w]]p,’{fw]
w=1 k=1 i=1 j=1 (B.14)
my
| [Titesnlyy, [080,]]]
c=1
and P —* P’, where P’ is of the following form:
2)
z Sw I Tk
P'= l_[ Ew[l_[ Gk,w[l_[ Ciskow[tikowPeij s Qrigl] | 1_[ Djkw[Eikow-Stipw]
w=1 k=1 i=1 j=1 (B.15)
m
| 1_[ LC,k,W[uC,k,W[FC,k,W[m'Pukavw]a Quc,k.w]]]’
c=1
for some Ev[e], Gk wle], Cik wlel, Dji wlel, and Lc i wlelwherew e {1,...,z}, ke {1,...,sw}ie{l,....k}, je{l,...,n}, and
cel{j,...,m}.

Proof. The proof proceeds by induction on n.
Base case: Assume that n=1, i.e. [P] — R. By application of Lemma B.4 there are three possible cases:

a) P=E'[C'[a.P1]| D'[a.P2]] and R = [[E/]]s[[[c/]]p[[[m]]p/] | [[D/]]p[[[PZHp”]]-
In this case we have: z=1 and s; =0 and it holds Eq[e]=[e] | E’[C’[a.P1]| D’[@.P2]] and P =P’

50



J. Dedeic, . Pantovi¢ and J.A. Pérez Journal of Logical and Algebraic Methods in Programming 121 (2021) 100675

b) P= E’[C’[t[Pz,Q]] | D'[t.P1]] and

R= [[E/]]s[[[cl]]p[t[[[ljé]]t,p’] [ extr((t, pt,o» Dp)) | pp’[[[Q/]]s]] [ [[D/ﬂp[ht-ﬂpl]]p”]}

In this case we have: z=1,s; =1,ly =1,r; =1 and m; = 0. Therefore, the following holds: E1[e] =[e], G1 1[e] = E'[e]
Ci1.1[8] = C'[o]. D1.11[e] = D'le]. Pr; y, = P2. Qeyyy = Q. St,,, = P1 and I[) = t[[Py];. ] | extr{t. pepr. por) |
po[[Q]e] and P =P’

¢) P=C'[u[D'[u.P1],Q]] and R= [[C/]]a[u[[[D/]]u,p[hu.[[Pﬂ]p/]] | extr{(u, pu,p P | pp/[[[Q’}]g]].
In this case we have: z=1,s1 =1,l1 =0,r1 =0 and m; = 1. Therefore, the following holds: Ei[e] = [e], G1 1[e] =
C’[e],L1,1,1[6]=D'[e], Py, ,; = P1, Qu;;; = Q and

I, = u[[D Tuplhu.[P1]p1] | extr(u, puy. po) | Py1[Q el and P =P,

Inductive hypothesis: Assume that the statement holds for n — 1 reduction steps, i.e., if [P]¢ —"=1 R, then the statement
holds.
Inductive step: We consider that [P]. —"~! Ry — R. We know, by inductive hypothesis:

1) Ry has the following form:

z Sw I Tk
R1 = 1_[ HEW]]EI:H[[GR,W]],OW[H[[Ci,k,wﬂpli w [Itlpk)w | HﬂDj,k,wﬂpli w [htjvkyw-Hstj,k,w]]p,gw]
w=1 k=1 i=1 " j=1 " '
my

I n[[LC.k,W]],OI:. [O'ch)k w]]]
c=1

2) P —* P” such that P” has the following form:

Tk

l_[ Ew[l_[ka l_[ClkW t]kW Pt,kwaQt,kW | nDjkW[t]kW Stjkw]

w=1 k= i=1
my

I 1_[ Lejew [uc,k,w [Fc,k,w[uc,k,W-Puc.k,w], Q”c,k,w ]]] .
c=1

We continue with the proof by case analysis for the last step, Ry —> R, that can be realized. In the following we consider
six interesting cases.

(1) Let It(]) be a process that has the form as presented in Definition B.2 where t =t111,Gi[e] = G1 1[e],Ci[e] =
C1.1,1le], D1[e]=D1,1,1[e] and
1
R, = [[E1]]g[[[G1,1ﬂp1 [[[C],m]]pm [151)11([[1%1 1 1]]t,p”7 [[Qt/“‘]]]s)] | [[Dl.lﬂ]]m,l [ht1.1.1-[[5t1.1.1]]p{”1]
| M{] 1 M5] | M3,
According to the Lemma B.8, it follows that R{ —> R such that R has the form
)

R E[[E1]]6[[[Gl,lﬂp[[[cl,l»l]]l)’[ t1,1,1 ([[Pfl 1, 1]]&,1,1.,,0”’ [[Qt/L],]]]E)] | [[D]]]/)/ [htl.l.l '[[stl.l,lﬂpw]
| Mi] | M3] | M3, or

R= HE/I]]‘E[[[G{l,lﬂp[[[ca.l,l]]/)/[ t1,1, 1([[1);/1 1, 1ﬂt1 1,1,0” [[Qﬁ 1, 1]]5)] | [[D/l,l,lﬂp’ [hfl,l,l '[Stl,l,l]]/)m]

" 1" 1 (B.16)
| M{]1 M3] | M35.

Here we comment case II), while case I) follows the idea that is given in case a) from Base case.
In case when we get the form II) it directly follows that P” = P’.
Similarly, for all 151)([[P[]]t,p~, [Q{]e) with t e {t21.1,..., ti,s,2)-

Similarly, for cases 155141 (le/'],l,l]]tl.l.hp”’ ﬂQt/l,m]]s) where p €{2,4,...,m+3}.
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(2)

—
W
—

Let O{,l) be a process that has a form as presented in Definition B.3, where u = u1,1,1,Gi[e] = G1,1[e], L1[e] =
Ly1,1[e], F1[e] = Fq,1,1[e] and

1
Ri = [Exle [[G1alor [[Laaly, [O8 (F10alpr gy -[Pus Do) 1@ 1) | 1ME] 1 M5] 1 05,

According to the Lemma B.9, it follows that Ry —> R such that R has the form

D R=[Exe [[61.11 [[1.0100 [0 P 11Tl [Puy 0 Do) 1QG D) | 1M ] 105 ] 1 M5, or
1)

1
R = [E]e [[[6/1,1]]0 [[[Lﬁ,m]]p’ [051),1,1([F§,1,1ﬂp”[hu~ﬂpu1‘1‘1ﬂul,l,l,p”’]a [[Qﬁqm]]e)] I M/{] | M/z/] | M3.
(B17)

Here we comment on the case II), while case I) follows the idea that is given in case a) from the base case.
In case when we get the form II) it directly follows that P” = P’.

Similarly, for all 03" ([F]p»hu-[Pule. o], [Q]e) With u € {tuz 11, ..., Um,, s,.2)-

Similarly, for cases Oﬁq)([[F]]pn[hu.[[Pu}]t,pw], [Q/]e) where g € {2,4,...,m+4}.

Let 153) be a process that has the form as presented in Definition B.2, where t = t1.1,1,G1[e] = G1,1[e], Ci[e] =
C1,1,1[e], D1[e] = D1,1,1[e] and

R] = [[E]]]S[[[Gl,l]]/h [[[CLL]]],O]J [hﬁ:]y] | ppiJ[IIQ[{]JJ]]E]]

[ [D1.1.1]p1, [hf1,1,1-[[5t1,1,1]]p{’_1] | M/l] | M/Z] I M/3'

According to the Lemma B.8, it follows that we can derive Ry —> R such that R has the form of (B.16) or

R= [[Elﬂg[ﬂc],l]]m [[[Cl,l,l]]pm [p,oﬁy1 [[[Qt/lvm]]él] | [[Dl,lylﬂpm [[[Stl,l.l]]p{/yl] [ M/l] [ M/Z] [ M/3 (B.18)

In case when we get the form (B.18) it holds that P” — P’ where:

P'= E1[Gra[Crial(@h, ) D1alSer ]I Mi] I M3 | 1 M5

I n
=E; I:G],l [1_[ CI{,],] [ti,l,l [me)] ’ Qf,‘)])]]] I l_[ D/]"L‘l [tj,],lnst]"]}]]
i=2 j=2
mp
[ l_[LC,],][uc,l,l[Fc,l,l[uc,l,l-Puc_1_1]9Quc_1_1]]:|
c=1
z Sw I Tk
I l_[ Ew[l_[ Gk,w[l—[Ci,k,w[ti,k,w[Pt,-{k_w’ Qti,k,w]] | 1_[ Dj,l<$w[tj.l<,w-5tjvkyw]
w=2 k=1 i=1 j=1
my
[ 1_[ Lc,k,w[uc,k,w[Fc,k,w[uc,k,w-PuC,kyw], Qucykw]]],
c=1

such that:
- Cyq1le]=Cza1le] I N, where N=Cq,11[(Q/, ;)] and C; ; ;[e] =Cj11[e] for i€ {3,....11}, and
- D/Z.l,l[.] = D231_]][0] | N1, where N1 = D1,1,1[St1,1,1] and D;,],l[.] = Dm,][o] forie {3, ook }

Similarly, for all I ([P{]¢p7, [Q/]e) With t € {t2,1.1, ..., bi,s,2)-

Similarly, for 1™ ([P{].. . [Q{]) in Definition B.2.

OE,3) is a process that has a form as presented in Definition B.3, where u = uq,,1,G1[e] = G1 1[e], L1[e] =

L11,1[e], F1le] = F1,1,1[e] and

Ri = [Exle [ 611001 11111005, [Pusan Va1 9p01Q , Je1] 1M5] 1M3] 1 M3,
According to the proof of Lemma B.9, it follows that and Ry — R such that R has the form (B.17) or

Ri = [Exle [[Gralp [ [Lraalyy, [Porl1QLy e | 1M5 ] 1M5 ] 1 M5, (B19)
In case when we get the form (B.19) it holds P” —> P’ where
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P'=Eq[GralLiaal(@, , 11 M{] M3 Mg
I s

=E1[Gral [ ] CoratinatPess Qe 11 T Dyt [517-S6504]

i=1 j=1

my
| T L fe Pt et T Puy 1y Quer, 1]

c=2
Sw lk
I l_[ Ew[l_[ka l—lczkw tlkw[Pt,kwaQtlkW | HD]kW t]kw Stjkw]
w=2 k=1 i=1 j=1
My
[ l_[ Lc,k,w[uc,k,w[Fc,k,w[uc,k,w-PuC,k.w], Quc.k,w]]],
c=1

such that L’lm[o] =1Ly11[e]| N, where N=1L111[( {ll ;)] and L 1ale1=Li11[e] forie{3,...,m}.
Similarly, for all Of?)([F]]pn (hu-[Pule, ], [Qple) with u € {uz 1,1, .. ., Ung,s,z)-

Similarly, for case of o{,m+3)([[1-‘]]p,, [hy.[Pullt,p], [Qy]le) in Definition B.3.
(5) In this case let us consider the following context:

G1.1[e] =G q[e]] Carrnralta+n1alPeq 1115 Qe T D+ n1alta+11,1- St syia 1 (B.20)
Therefore, the following holds:

I
Ry E[[E1]]8[[[Gl,1]]p1[n[[ci,l,ﬂ]p{1 It,pl)l | HHD] 1 1]]p”[hf111 [[Stjn]]p ] I M/l] IM;] IM%
i=1 j=1
Ik
E[[El]]s[[[c l]]pl H[[Cl 1 1]];)11 Iépl)l | H[[DJ 1 1]]p11[hf111 IIStjll]],Dl 1]

j=1
| [[C(11+1)1,1ﬂpgyl[t(11+1)1,1[[[P]]t(,ﬁmj,p;',]] [t 11.1-(eXE (i 11)1.15 Peg 1.0y, > Py ) 1Py [TQIeD]

[D(Tﬁ-l)l 1]],01 1[t(r1+1)1 1 ht(r1+1)1 1° [[St(rlJrl)l 1]]p4’1] I M/] I MZ] I M3

For process R, which is obtained from R; —> R, one possible reduction is caused by synchronization on name input
ter1+1)1,1, as presented in the following:

I
RE[[El}]é‘[[[c/l.lﬂpl[l_[[[CiJ.]]]m1 [P 11 l_[[[D111]]pH[hf111 [Stj11d0y, ] B21)
i=1 .

(1) / / /

[ [[C(thl)l,lﬂp{J[It(,ﬁ,m.l] I [D(r1+1)1,1ﬂph[hf(rﬁmj‘[[St(r]+1)1,1ﬂp{1] | Ml] | MZ] I M3’
where IV —¢ ([P I s Jlextr(t p sy WD [[Q Iel

fa1+11,1 (hi+D11 La+11,1 Lap+11,1:P1 1 hi+D1.1, Lo 40110117 F P11 P11 Ly +n1,1 el
In case when we get (B.21) it follows that P = P’.
It should be noted that here we considered one particular case. Precisely, we consider scenario where for transac-
tion t(11+1)1,1[Pt<11+1>1.1’Qta]mm] error notification comes from context D, +1)1,1[e], but that is not the only possible
case. For the other cases, when the error notification t,_ );,7 comes from some other context, i.e. from Dj 1 1[e], j €
{1,....r1} or Ciq11[e],i€{1,...,11} or G {[e] or Eq[e], discussion follows similarly.
In this case let us consider that:

—~
(2]
fa?

G1,1[e1 =G 1[e] | Lamy+1),1,1 [Ucmy+1), 1,1 [F @mt )1, 1 (@ am+10,1,1-Pugny 4101115 Qumy 410.1.11] (B.22)
Therefore, the following holds:

Ri= [[Elus[ucaﬂm[F[[[Lc,l,1upg,1 [132),]

[ [Lmi+1),1 1]]p1 ) [U(m1+1) 11L[F me+1),1 1ﬂpg'1[u(m,<+1) 11wy 100 - [Py .1 le/' 11

| tmy+1),1,1-(€XE X (Uamy 410,115 Pugny 111,07, Poy ) 1 P oy, LQugny 1,11 ]eD) | Mi]| M’] | M3
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For process R, which is obtained form Ry —> R, one possible reduction is caused by a synchronization on name
Um,+1),1,1, as presented in the following:

my
1
R= [[Elﬂc“[[[c/l,lﬂpl[l_[[[LC,l,l]]p{_l [0 11 i+, 110pr [0y oy I MA] M’z] | M3, (B.23)
c=1

(1) —
O”(m1+l),1,1 - u(ml‘H)xlq][[[F(ml‘ﬁ‘]),l-]]]p{/’][hu(m1+l),1,1'[[Pu(mlJrl),l,l]]p{/,l]]

| extr{(Uamy+1).1.15 Pugny 11y 11001 > Py ) 1 Pyt LT Qugn, 41y.1.1 ]

In case when we get (B.23) it follows that P = P’. O

Lemma B.11. Let processes Iﬁp)([[P{]]t,pn, [Q/]¢) and Oi,q)([[F]]pw [hu.[Pulp1. [Qy]e) be defined as in Definition B.2 and Defini-
tion B.3. For any contexts C, D, and L the following holds:

C[1P ([P{Ie. o [Q{1e)] | D[he-[Selp] —* C[[extr (DI 1 1(QNT ] 1 D[[Selo] and (B.24)
L0 ([F1prthu-[Pul o1, [QL]e)] —* L[extr(F1[PuD]p | [(Q) ] (B.25)

Proof. The proof proceeds directly by application of the reduction rules from Fig. 4. O

B.3.4. Operational correspondence
We repeat the statement at page 17:

Theorem 5.8 (Operational correspondence for [[-]¢). Let P be a well-formed process in C.

(1) If P — P’ then [P]s —X [P']e where for
a) P=E[C[a.P1]| D[a.P3]] and P’ = E[C[P1] | D[P2]] it follows k =1,
b) P =E[C[t[P1,Q]] | D[t.P2]] and P’ = E[C[extr(P1) | {Q)]| D[P>]] it follows k = 4 + pb(P1),
¢) P=Clu[D[u.P1],Q]] and P’ = C[extr(D[P1]) | {Q)], it follows k = 4 + pb(D[P1]),
for some contexts C, D, E, processes P1, Q, P and names t, u.
(2) If[P]e —™ R with n > O then there is P’ such that P —>* P’ and R —>* [P'].

Proof. We consider completeness and soundness (Parts (1) and (2)) separately.

(1) Part (1) - Completeness: The proof proceeds by induction on the derivation of P — P’. We consider three base cases,
corresponding to cases a), b) and c) of Proposition 3.1 (page 7). In all cases, we use Definition 5.5 and Lemma B.1
(page 43).

a) This case concerns an input-output synchronization on a name a € Nj;. Therefore, we observe that P = E[C[a.P1] |
D[a.P3]] and P’ = E[C[P1] | D[P3]], and we have the following derivation:

[Pl = [E[Cla.P1]]Dla.P2]]]e

[E][[C[a.P111 Dla.P21],]

[E]e[[CTplla-P1] o1 1 [D]plla.-P2]p1]

= [EJe[[CTpl@.[P1] 11 [D]pla.[P2] p1] (B.26)
—> [EDe[[CIpL[P1],] 1 [D]pl[P2] 1] :
= [E]¢[ICIP1]1D[P21],]

= [E[C[P1]1] D[P2]]]s

= [[P/]]e

Therefore, the thesis holds with k = 1.
b) This case concerns a synchronization due to an external error notification for a transaction scope. We consider P =
E[C[t[P1,Q]]| D[t.P3]], with m = pb(P1), and P’ = E[C[extr(P1) | (Q)] | D[P>]]. We have the following derivation:
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[Pl: = [EICIt[P1, Q11| DIE.P2I):
[ELe [[CIeLP1, @1, | [DIEP21], ]

= [ELs| [CIplLELP1, QL1 | [DDoI[E-P2 1]

= [EL[ICT[t[P1ep] 16 (exEx e, P Do) | P IIQIED | L IDIoIEhe.[P2] 1]
—  [EL[ [T, [ AP Tk [Q1] 1 DDl [Pl
—"2 [ [CTo[[1{™ > [P1le Q1] 1 DT [he-[P2],]]
— [ELe | [CDo[Textr(P1) 1 (@)1 ] 1 [DDo[[P2] ]

[E]e | [Clextr(P1) | ()11, | [DIP21], ]

[E[Clextr(P1) | (Q)]| DIP211]e

[P]e

Since we have that the error notification is external, in extr((t, p;,,, pp)) (cf. Eq. (13)) we get that ch(t, [P1],) =0.
(cf. Lemma B.6 for more details). The order/nature of these reduction steps is as follows:

i) The first synchronization concerns t and t.

ii) The following m + 2 synchronizations can be explained as follows:

- First, we have a process relocation through the update of location t, as enforced by the definition of process
extr. Process Ifl)([[m]]t,p/, [Q]e) is as in Definition B.2 (Fig. B.17); as shown in Fig. B.16, there are two possi-
bilities for reduction, depending on m.

- Subsequently, thanks to process

OUts(pt,p/v pp’ ’ nl(pt,p/7 leﬂt,p’) ) t«T»h_f)

we have m reduction steps that relocate processes on location p¢ , to location p,, as also shown in Fig. B.16.
- The final reduction corresponds to the erasure of the location t with all its contents, obtained by updating prefix

t{(T)-

iii) Finally, we have a synchronization between h; and h¢, which serves to signal that all synchronizations related to
location t have been completed.
Therefore, we can conclude that for [P], —>* [P such that k=4 +m.
¢) This case concerns a synchronization due to an internal error notification (i.e., the error comes from the default
activity of transaction). Here we have P = C[t[D[u.P1],Q]], with m = pb(D[P]), and P’ = C[extr(D[P1]) | (Q)].
Then we have the following derivation:

[Ple = [ClulD[u.P1],Q]1]le
= [Cle[[ulD[E.P11,Q1],]
= [Cle =u[[[D[E«P1H]u,p] | u. (eXtr«t, Pu,p> Do) | pp[[[Q]]e])]]]
= [Cle _U[[[Dﬂu,p[ﬁ~hu~ﬂpl]]p/]] | u.(extr{{u, pup, pp) | pp[[[Q]]s])]
—  [Cle[0" ([Dlu,plhu.[P1],1, [Q])]
—m2 [ [0 ([D]u.plhu-[P1],1. [Q])]
—  [Cle [0 P ([D]uplhu-[P1] 1, [Q]e)]
= [Cle _[[eXtr(D[Pl])]]p | Pp[[[Q]]s]]
= %c[fxtr(D[Pﬂ) 1(Q)]Ie
P,

Process OEQ)([D]]u,p[hu.ﬂPﬂ]pr], [Q]e), where g € {1,...,m + 4}, is as in Definition B.3. It should be noted that the

location on name u and its content will be erased before interaction on name h, and hy (cf. Fig. B.18 for q = (m +2)
and g = (m + 3)). Therefore, in this case, the role of function ch(u,-) is central: indeed, ch(u, [[D]]u,p[hu.[[l’l]]pr])
provides the input h, which is necessary to achieve operational correspondence.
The order/nature/number of reduction steps can be explained as in Case b) above. We can then conclude that
[P]e —* [P'] such that k =4+ m.

(2) Part (2) - Soundness: Given [P]; —" R, by Lemma B.10, process R has the following form:

z Sw Ik Tk
R= l—[ [[Ewﬂe[ l—lﬂck,w]]/)w [l_[[[civk’wﬂﬁfgw [Iépk)w] [ H[[Dj,k,wl]p,’cw [htj,k,W '[[Stj,k,w]]p;/éw]
w=1 i=1

k=1 j=1

My
| TTikeswl,y, [0, 1]
c=1
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[P]e
IIPN]]S
R
s [P']e

Fig. B.20. Diagram of the proof of soundness for [].

Also by Lemma B.10, we have P —* P” where

Tk

l_[ EW[]_[ka l_[ClkW tlkw[Pt,kw9Qt,kW | HD]kw[t]kw Stjkw]

w=1 k= i=1
my
| H Le e, w [uc,k,w[Fc,k,w[uc,k,w'Putvkvw]a Qucyk_w]]]y
c=1
where by successive application of completeness it follows that [P]. —* [P"]e.

By Lemma B.11, i.e., by [, successive applications of (B.24) and my successive applications of (B.25) on process R, it
follows that:

z Sw I
R—>" TTIEwle[ [ T1GkwDow [T T0C Doy, [lextrcPy, DLy, 110QL, iy, ]

w=1 k=1 i=1
Tk

| [TDskwlpy, [1Se0lop, ] |1"[[[Lckwﬂp X CFewlPugy, DLy, 11Q, )1z, T]]

j=1

Tk

= [[]'[ EW[]'[GkW ]'[clkw extr(Py, ) 1(QL I ] Pikw[Stin]

w=1 =1 j=1

my

| TT LekowlextrCFesmPuci, D 1(Q0, ][I

c=1
= [[P/]]E.

Therefore, it follows that

Tk

]'[ EW[]'[GkW ]'[clkw extr(Py, ) 1(QL ] Pikow[Stin]

w=1 =1

j=1
my

| TT Lekow[extrCFesmPuci, D 14Q0, ]
c=1

Also, by Proposition 3.1, i.e., by I, successive applications of case b) and my, successive applications of case c) on process
P”, it follows that P” —* P’.

By successive application of (B.3.4) - Completeness on the derivation P” —* P’ it follows that [P”]s —>* [P']¢. The
proof scheme is shown in Fig. B.20. O

Example B.12. The example presented in Fig. B.21 illustrates the proof of soundness (Fig. B.20).
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[P]e = [tl(al@),00 1 €] ufu,0]]
=t[peelalal] [t (extr(t, pre, pel) | Pe[0]) | Ehe —
| u[t.hy] |u. (extr{u, pue, Pe)) | P[0])

¢ Vhe L u[iha] L. (extr(u, pus . pe) | pe10])

(1 =¢[peelat@] lexcr(e, pee. pe) | pel0]) *

[(@1@)1(0) | uf,01];
ItV 1he 0y

(08" =ulhu] 1 extr(u. pue pe) | pelol)

[P"]e =[@la) 1 (0)1 (O]
V1 he10f”

(11" =t[pe.c10101] | extr(t, pes . pe) | pel0])

|

R=p:[0]0]]p:[0]] O

*

[P'le =[(010)(0) | (0)]¢

Fig. B.21. Example for operational soundness.
B.4. Proof of divergence reflection results: Theorem 5.12

In this section we shall prove that divergence reflection holds for the translation [-],. The proof relies on the following
lemma, which was given in page 20:

Lemma 5.11. Let {R;};>¢ be a sequence of adaptable processes such that Ri —> Ri41, with Ro = [Po] ., for some compensable process
Pg and path p. Then for every i > 1 there is P; such that

(i) Ri —* [Pi],,
(ii) Pi_1 = Pjor Pi_1 — P;, and
(iii) Ri#Riy1# ... #Riymand P; = Piy1 =... = Piyp imply m <4 4 npb(Py).

Proof. The proof for (i) and (ii) proceeds by induction on i.
Base case: Assume that i = 1. By the proof of Lemma B.10, i.e. its Base case, we have three cases:

a) Po = E[C[a.P]]| D[a.P2]] and Ry = [[E]}g[[[C]]p[[[PQ]]p«] | [[D]]p[[[Pz]}pu]:I = [P1]p, it follows Pq —> Py (cf. Proposi-
tion 3.1(a)).
b) P = E[C[t[Pz,Q]] | DIE.P}]] and

Ry = [[E]]g[[[c]],,[t[[[lvgﬂt,p,] | extr((t, ey, P | Do [[Q TN [[D]]p[ht.[[P;]]pm]]. There is P; such that by Lemma B.11
(B.24) it follows Ry —>* [P1] . Also, it follows Pq —> Py (cf. Proposition 3.1 (b)).

¢) Po = C[u[D[T.P}],Q]] and Ry = [[c]]g[u[[[D}]u,p[hu.[[Pg}]p/]] | extr{(it, pu.pr. o) | pp/[[[Q/]]g]:I. There is P; such that
by Lemma B.11 (B.25) it follows Ry —>* [P1],. Also, it follows Po —> P; (cf. Proposition 3.1(c)).

Inductive step: By inductive hypothesis, there are processes P1, ..., Pj_1, P; such that Ri_y —* [P;_1], and either P;_; =
P; or Pi_y — P;. Let us now consider R; — Ri+1 (i.e., [Po]p —{ Ri — R;11). By the proof of Lemma B.10, i.e., its
Inductive step, we get that there is P;jy; such that either P; = Piyq1 or P; — Pj+1 (cf. for example (B.16) and (B.18)). By
Lemma B.11 it follows Ri+1 —>* [Pit1]p.

Now, we are going to prove the last assertion in the statement. In the following, we give guidelines on how to obtain
the proof since it follows from (the proof) of Lemma B.10:

57



J. Dedeic, . Pantovi¢ and J.A. Pérez Journal of Logical and Algebraic Methods in Programming 121 (2021) 100675

(1) The form of process R; is given with (B.14), and process P; has a form given with (B.15).
(2) In the proof, its Inductive step, we consider only cases such that R; # R;y1; and P; = P;;1. Therefore, we consider

the cases in which intermediate processes It(ipk)w and Off?kw inside process R; (cf. Definition B.2 and Definition B.3,

respectively) have been changed.

(3) From Fig. B.17 and Fig. B.18 we obtain the form and the number of all intermediate processes. We remind the reader that
the number of intermediate processes directly depends on the number of protected blocks in the observed transaction,
more precisely in its compensation activity (cf. for example Fig. B.16).

(4) We conclude, for each I € {1,...,m} it follows that m is at most 4 + npb(Py), i.e,, m=4+ pb(Q’) <4 + npb(Py), for
some Q' that appears in Pg. O

B.5. Proof of success sensitiveness results: Theorem 5.13

Here we shall prove that success sensitiveness holds for the translation [-],. The first part of the statement

P | implies [P], §
follows directly from operational completeness (Theorem 5.8(1)) and Lemma B.1. The proof for the opposite direction

[P]p U implies P |}
is derived through the following steps:

e By Definition 5.10, if [P], { then [P], —* R and R = C[v] for some context C[e].
e By Lemma B.10, we conclude that process R has the form given in (B.14).
e Assuming that R = C[v'], we identify all possible positions of v" in the form (B.14). For that purpose, we introduce some
auxiliary lemmas:
- By Lemma B.7, either v* appears at top level of some context (in parallel), in a form [C’[v']],, or it is nested inside
some locations. There are four additional nested places that we consider separately and list in the following items.

Lemma B.13 considers the case with Iﬁp)([[Pl}]t,p, [Q1]e) =C"[v1 and nl(p¢,p, [P1]t,p) =0 and p € {1, 2, 3}, where
1§P)([[pl]]t,p, [Q1]e) is given in Fig. B.17.

- Lemma B.14 considers the case with It(p)([[Pﬂ]t,p, [Qi]e) = C"[v'] and nl(p¢,p, [P1]r,p) =m >0 and p €{1,2,...,
m + 3}, where Iﬁp)([[mﬂt’p, [Q]e) is given in Fig. B.17.

Lemma B.15 considers the case with O,(lq)([[F]]p[hu.[[Pﬂ]p/], [Q1]e) = C"[v] and nl(py,p, [F]plhu.[P1],]) =0 and
p €1,2,3,4}, where 0 ([F]plhu.[P2] ], [Q1]e) is given in Fig. B.18.

Lemma B.16 considers the case with O{lq)([[Fﬂp[hu‘[[Pl}]p/], [Q1]e) =C"[v1 and nl(py,p, [F]plhy.[P1]p D) =m >0

and p e (1,...,m+4}, where 0\”([F][hy.[P2],1. [Qi]e) is given in Fig. B.18.
e Finally, after identifying the place of v/, using (B.15) of Lemma B.10, we get the proof.

We proceed to introduce the auxiliary lemmas that consider nested appearances of v'.

Lemma B.13.Let t be a name, p a path, and P, Q well-formed compensable processes such that nl(p;,,[P]:,p) = 0. If
I;p)([[P]][,p, [Q]e) =CI[V], for p € {1, 2,3} and some context C[e], then

(i) either [P]e,p = C1[V],
(i) or [Q: = C1[V1]

for some context C1[e].
Proof. There are three possible forms of Igp)([[P]}t’p, [Q]e). given in the first three rows of Fig. B.17.

o pef{l,2: Ift[[P]ip] IR I Ppl[Q]c1=Clv]and (R=t{(Y).t[Y]]| ch(t,Y) | t{{}.h;} or R =t{}}.h), by Definition 3.6, we
have the following two possibilities:
(i) Cle]=t[Cile]] IR | ppl[Q]e] and C1[v']1= [P]t.p. or
(ii) Cle]=t[[P]c.o] I R | pplC1le]] and C1[vI=[Q].

e p=3:1Ifh| ppl[Q]Js1=C[v], by Definition 3.6, C[e] =h | pplCile]] and therefore C1[v1=[Q]s. O

m
Lemma B.14. Let t be a name, p a path, and P, Q well-formed compensable processes such that [P]¢.» = [] pe.p[[P;Je11S with
k=1
nl(pe,p, [Plt,p) =m. Iflﬁp)([[P]}t,p, [Q]e)=CL[v] for p €{1,...,m+ 3} and some context C[e], then
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(i) [P ]e =Cilv], or
(ii) [Q]e =Cilv], or
(iii) S=Cq[Vv]
for some context C1[e] and k € {1, ..., m}.

Proof. The proof is similar to the proof of Lemma B.13 and follows directly from Definition 3.6, and Fig. B.17. O

Lemma B.15. Let u be a name, p a path, and P, Q well-formed compensable processes such that nl(py,p, [F]plhu.[P],1) = 0. If
O,(lq)([[F]]p[hu.[[P]]pz], [Q]e) =CIv], for p € {1, 2,3, 4} and some context C[e], then

(i) either [F]p[hy.[P] ] =CilV],
(i) or [Q]e = C1[V]

for some context C1[e].

Proof. The proof is similar to the proof of Lemma B.13 and follows directly from Definition 3.6, and Fig. B.18. O

m
Lemma B.16. Let u be a name, p apath, and P, Q well-formed compensable processes such that [F] p[hy.[P]p'1 = [T pu.pl[P;]el 1S
k=1
withnl(py,p, [Flplhy.[P] 1) =m. I)‘O&q)([[F]]p[hu.[[P]]pr], [Q]e) =CL[V] for p e {1,...,m+ 4} and some context C[e], then

(i) [[Fﬂp[hu-ﬂpﬂp’] =C[v]or
(ii) [Q]e =Cilv], or
(iii) [Py]le =1LV,

for some context C1[e]and k € {1, ..., m + 4}.
Proof. Similar to the proof of Lemma B.13 and follows directly from Definition 3.6 and Fig. B.18. O
Now we repeat the statement at page 20:

Theorem 5.13 (Success sensitiveness for [-] ). Let P be a well-formed compensable process and p an arbitrary path. Then P |} if and
only if [P], |

Proof. (=) Let P |}, ie, P —* P’ and P’ = C[v']. By Theorem 5.8 (B.3.4) - Completeness we have that [P], —k [P'lp=
[C[v'1]p- By Convention 5.7 and Lemma B.1 it follows:

[ClplvI=[Clello[[v]pT,

where o' is a path to hole in context C[e]. By [v'], = v' we have that [P], —>* [C[e]],[v']. This implies that [P], .
(«<) Conversely, let [P], U, i.e., [P], —* R and R = C[v']. By Lemma B.10 it follows:

z Sw Ik T
C[‘/] = l—[ [[EWHS [ Hﬂck,wﬂpw [l—[[[ci,k,w]]p,’( w [It(lpk)w] I HHDj,k,W]]p,’( w [htj.k.w '[[Sfj.k,w]]ﬂ,i’w]
Wt pale i1 ’ j=1 ’ ’ (B27)

My
| l_[ [[Lc,k,w]]p,gvW [Ol(l‘z),k.w ]]]
c=1

By Lemma B.7, Lemma B.13, Lemma B.14, Lemma B.15, and Lemma B.16 we analyze all possible places where v occurs in
(B.27). By Lemma B.7,
(1) either

Ik Tk

Clvl= [[E”]]a[‘/] I l_[ [[E:/vﬂa[ H[[Gk,W]]Pw[l_[[[Ci,k,w]]p;W [It(,p,zw] I n[[Dj,k,W]],o[{VW [htj,k.w‘[[stj,k.w}]plzw]
w=1 k=1 i=1 j=1
my

| l—[[[Lc,k,w]]p,Q,W [Ol(i?k.w]]
=1
¢ (B.28)
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(2) or, there are w € {1,...,z} and Cq[e] such that

Sw I Tk
Ci[v]= l_[[[Gk.W]],Dw [ Hﬂci’k'wﬂpl:_w [Iapk)w] | HﬂDj’k’Wﬂpl:.w [htj,k,w-[[stj,k,w]]/)ﬁw]

k=1 i=1 j=1

(B.29)
my
| n[[Lc,k,wﬂp,Qw[O'S?k,w]]]
c=1
By Lemma B.7,
(2.1) either
Sw i Tk
STIAE] (e PR AT I (7% P N L% P Lo N I T P L P P
k=1 i=1 =
. (B.30)
| [Tikekuly, [08),,1]]
c=1
(2.2) or, there are Cy[e] and k € {1, ..., S, } such that one of the following three cases holds:
(221) CGIv1= [l [17]:

li
(2211) either C[v1= ¢/ 1 V11 I [ o L0 ]
i=

(2.2.1.2) or, there are Cs[e] and i € {1, ..., [} such that
Clv1=1P (P, oo [Q7, e
Assume that nl(py,,, Hpéi.k,wﬂt’p”) =0 and p €{1, 2, 3} (other cases are similar). By Lemma B.14,
(221.21) [P, Tr.pr = Calv'], or
(2.21.2.2) [Q]e = Ca[v]
for some Cyle].
(222) CIV1=Djkulpy, [Atyen-ISunlp, |: By Lemma B7,

(LT P LT T P 2Ot P 7 L2 P LT AT P B

(223) CGUVT=[Lekwly, [0, ]
(2231) either Ca[v1=[L, ]y, [v]] [[Lg.kqw]]pkw[oﬁ?k,w]
(2.2.3.2) or, there are C4[e] and c € {1, ..., my} such that

Calv]= Of’?k,w(ﬂFC,k,W]]PN [h“c,k,w'ﬂpuc.k.w]]pm]’ IIQllc.k,w}]‘g)'

Assume that n1 (uck,w, 0", [Fekwlp[hucyp -[Puckwlp~1)) =0 and q € (1,2, 3, 4} (other cases are

similar). By Lemma B.15,

(2.2.3.2.1) either [Fck w]prlMug g -[Pucynlpm] =Cs50v]

(22322) or, [Q; , ,Je) =Cs1V]

for some CsJe].

In all the cases listed above, it follows directly by Lemma B.10 that P || since

z Sw I Tk
P= H Ew [ H Gk,w[l_[ Ci,k,w[ti,k,w[Pt,-_k,W ’ Qt,-,k‘w]] | l_[ Dj,k,W[tj.,k,W'Sfj,k‘w]
w=1 k=1 i=1 j=1 (B.31)
my ’
| TT Eesom e komlFeomTeim Pucson 1 Ques 11
c=1

Other cases are similar. O
Appendix C. Results related to encoding of C into O
C.1. Proof of operational correspondence results: Theorem 6.5

In this section we shall prove that operational correspondence (completeness and soundness) holds for the translation
[H}g. Most of the lemmas, definitions, and theorems we have introduced to prove the operational correspondence for the
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® [ VAP, [QID) for nl(pe,. [PIE,) =0 |

M t[[PI2, ] 1 extxit, pe.p. Po} | PHIIQIN = ¢[IPTE ] IE((V)-LYT T eh(e, V) 164} i T ppl[QTE]

@ ([[PIE ] I £} -he 1 po QI

3) he | pol[QI¢]

® | 1PAPR,. [Q19) for nl(pe,. [PI7 ) > 0 |

M t[ﬂpﬂﬁp] [ extr{t, prp. Pp} | Pp[[Q]2] _

=t[[P]f,] It{(Y).tIY]| ch(t, Y) | out®(t, pr.p, Pp > nl(Pep, Y), t{i} he)} [ Ppl[Q]5]

@) t[[PI ] 1 Pepl(X1s ..y Xm)-Zt{(Z).(kl—I Pl Xkl | t{i}.he) 1200 | pol[Qc]2]
=1
m—j _ j

G+2 | 1P, 1 PeplXa s X )20 ( TT PplXel LG | TT polIPLIZINT 1261011 poL[QeIE]

k=1 k=1

1<j<m-1

m+2) t[IP'12, |zt{<2>.ln PolIPIST I t{T)he}] [ 2001 | p,ol[Q]E]
k=1

(m+3) t[IP'12 ] | ,1_11 PolIPLICT I tfThhe | pplIQIE]

(m+4) kr[ Pol[PIS1 1 he | pol[QIS]
=1

Fig. C.22. Process Ifm([[P]]Ep, [QIg) with p>1.

translation with subjective update (Theorem 5.8), can be easily adapted for the translation with objective update. Therefore,
we will re-use the following statements for [H}g, assuming the expected modifications:

e Definition B.1 (page 43) and Lemma B.1 (page 43), that are related with a mapping of evaluation contexts for C into
evaluation contexts of S;

e Lemma B.2 (page 44) and Corollary B.3 (page 44), are the converse of Lemma B.1,

e Lemma B.6 (page 45), shows that ch(t, [P]3) = 0 for all [P]? and use Lemma B.5 (page 45), for the proof.

e Lemma B.7 (page 45), identifies processes that are created before a synchronization on h;.

We first present an overview of the auxiliary results (and proofs) that are different from those presented in B.3. The follow-
ing definition formalizes all possible forms for the process Iﬁp)([[P]]ffp, [QI9.

Definition C.1. Let P, Q be well-formed compensable processes. Given a name t, a path p, and p > 1, we define the inter-
mediate processes pr)([[Pﬂgp, [Q]?) (Fig. C.22) depending on m =nl(py,p, [P]7 ):

1. if m=0 then p e {1, 2,3};
m

2. otherwise, if m > 0 then [P]¢, = [] pe,p[[P,J211S and p € {1,...,m +4}.
k=1

The following lemma formalizes all possible forms for the process Off”([F]]g// [hu.[[Pu]]g,,,], [Q;1e)-

Definition C.2. Let P, Q be well-formed compensable processes. Given a name u, paths p, p’, and q > 1, we define the
intermediate processes O{,q)([[F]}g[hu.[[P]]g,], [Q]9) (Fig. C.23) depending on m =n1(pu,p. [F]3thu.[P]5D:

1. for m =0 we have q € {1, 2, 3, 4}, and
m

2. for m > 0 and [[F]]g[hu.[[P]];,] =’]_[] Pupl[PJ11S we have g€ {1,...,m+5}.
k=

The following lemmas, which we established for the translation with subjective update [.],, hold also for translation
with objective update [[]],‘3 the difference is that they use Definition C.1 and Definition C.2 instead of Definition B.2 and
Definition B.3, respectively:

61



J. Dedeic, . Pantovi¢ and J.A. Pérez Journal of Logical and Algebraic Methods in Programming 121 (2021) 100675

@ [ 0P FRh [PI1. 1Q12). 1 (pup. [F3Thu.[PI} 1) =0
(M u[[[Fﬂz[hu-[[Pﬂ;/]] | extr{u, pup,Pp}l Pp[[[Qﬂgo]i

= u[[FISThu-[PIS 1] 1 uf(Y).ulY] [ eh(u, Y) Tuih-h} | ppl[QI2]
) u[Fphu-[PTS ] 1 hu Tulf)-hu | ppl[Q]2]
3) hy [y | pol[QI2]
@ polQIE]
@ | 0 AR5t [P, [QID). nl(pu.p. [F51h.[PI5 D) > O |
) u[[FISthu.[PIS ] 1 extr{u, pup. po} | PoL[QIZ] _

= u[[[F]]f;[hu-[[P]]Zr]] [uf{(Y).u[Y]|ch(u,Y)|out®(u, Pups Pp>nl(Puyp,Y), u{t}.hu)} | Pp[[[Q]]S]
) u[[FIpthu-[PTOA] T hu | pupf (X1, s Xm)-2ud(2)-( TT PolXid | u((F)-hu)}).2ul01 ] pol[Q2]

k=1
(G+2)

m—j . Jj
T<j<m—1 | u[[FI3thu.[PI3 11 pu,p{(x1,...,xmfﬂ.zu{(Z).(’n Po[Xicd 1 u((T).hy) | ’1'[ LA
k=1 k=1
| hu 1 zu[0] | PoI[Q]2]

m+2) u

—

m—j _ Jj
[F131ha[PTS 11 zu{(Z)v(,H PolXied [ ud(t)-hu)}] [ hu | zu[0] | kﬂ pol[PI211 PollQI2]
k=1 =1

m N
(m+3) u[FIgthu-[PISA] 1 TT PolIPLIRY hu | P IIQIRT| uff)hu
k=1
m+4) | T1 pollPJ21Tha I Pol[Q2) | hu
=1
m
(m+5) [T pollPIET 1 PHIIQIE]
k=1

Fig. €.23. Process 0. ([F]3[hy.[P]51, [Q]) with g > 1.

Lemma B.10 (page 50), is about the shape of process R in [P]s —>" R, and also ensures that there is a process P’ with
an appropriate shape. The proof proceeds by induction on n.

Lemma B.4 (page 44), is used as the base case in the proof of Lemma B.10;

Lemma B.8 (page 46) and Lemma B.9 (page 49) are used in the inductive step of the proof of Lemma B.10.

e Lemma B.11 (page 54), ensures that the adaptable process obtained thanks to Lemma B.8 and Lemma B.9 can evolve
until reaching a process that corresponds to the translation of a compensable process.

C.1.1. Operational correspondence
In the following we repeat statement at page 23.

Theorem 6.5 (Operational correspondence for [-]2). Let P be a well-formed process in C.

(1) If P — P’ then [P]2 —* [P’]S where for
a) P=E[C[a.P1]| D[a.P3]] and P’ = E[C[P1] | D[P3]] it follows that k = 1.
b) P =E[C[t[P1,Q]1]]| D[t.P2]] and P’ = E[C[extr(P1) | {Q)] | D[P>]] it follows k = 4 + pb(P1) + Z(P1),
c) P=C[u[D[u.P1]1,Q]11 and P’ = Clextr(D[P1]) | (Q)], it follows k = 4 + pb(D[P1]) + Z(D[P1]).
for some contexts C, D, E, processes P1, Q, P> and names t, u.
(2) If[P]S —™ R with n > O then there is P’ such that P —>* P’ and R —>* [P]S.

Proof. We consider completeness and soundness (Parts (1) and (2)) separately.

(1) Part (1) - Completeness: The proof proceeds by induction on the derivation of P —> P’. We have three base cases,
corresponding to cases a),b) and c¢) of Proposition 3.1 (page 7). Also, we prove all cases by using Definition 6.2 and
Lemma B.1.

a) This case corresponds to an input-output synchronization, such that a € N;. Therefore, we observe that P =
E[C[a.P1]| D[a.P3]] and P’ = E[C[P{]| D[P,]]. The derivation that corresponds to this case is as the derivation
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presented in Part (1) - Completeness case (a) for translation with subjective update (cf. derivation (B.26)). Therefore,
the thesis holds with k= 1.

b) This case corresponds to a synchronization due to an external error notification for a transaction scope. Therefore, for
this case we consider that P = E[C[t[P1,Q]]| D[t.P>]] and P’ = E[C[extr(P1) | (Q)]| D[P>]]. We will consider two
sub-cases depending on whether process P contains or not protected blocks. Below, we will use that m = pb(P1).
(i) In this sub-case m = 0. Therefore, we have the following derivation:

[P]2 =[EICIt[P1,Q11| DIt.P211]2
=[E)S[[CtlP1, QUL | [DIE.P1]S
=[E1[ICI3UIELP1, QU511 IDISITE. P23 1]
ED2 [ICISIE[IP1D ] V€ (extxit, De v, b} | D [IQIS)T IDISIE A [P2]S 1]
— [ER[ICIS[1" APAIE - [QID | 1 DT e [P2] 51
—2Epe Il [ “)([[P]utp/, Q1] 1[DT5 [he. P15 ]]
[
ERR

— [E[leng (1@ ] 1 IDIg[PaIg ]
[CrQ)g | [[D[Pzﬂ]p]
=[E[C[{Q)]1| DIP21]g
=[P]2
Thus, the number of reduction steps is k = 4. Notice that here —2 tells us that there have been two reduction
steps: the first one is an update on location name t; the second reduction step “kills” with t{f} both the location
t and the process it hosts.
(ii) In this sub-case we consider m > 0, i.e., this is when there is at least one protected block in the default activity
P1. We have the following derivation:
[PIZ = [EICIt[P1,Q111 DIE.P211]2
[EJ2| [CletPr, I3 | [DIE-P21]S
[ED| [CTITEP1, QI 11 DIITE- P21 ]
[ET2 | [CTSUeIP1]E ] 1 €. (extr(t. pepr. ppr) | P IIQIEN] | [[D]]g[f.ht.[[Pz]];,/]]
— [ER[ICIS[" AP1IE - QD] 1 [DI e [P215 1]
—m3 (e[ [T [ K™ AP . 1Q12)] 1 D3 [he-1P15, ]
— [ER ncr[[[extr(m)ﬂ% | P 1QIE] 1 IDI3[1Pa15 ]
[ETS[[Clextr(P1) | (Q)IIS | [DLP21I3]

[E[Clextr(P1) | (Q)]1 D[Pz]]]]O
P12

Therefore, k =4 +m + z(P1) =5+ m, where:
- 4 steps are as described in Section B.3 and under a semantics with objective update, after m updates, processes
located at p; , will stay at location ¢, and
- Z(P1) gives 1 more step; as we explained in the main part of the paper, to avoid leaving such processes in the
wrong location, the translation in [9] use an (objective) update on auxiliary location z;, so to take them out of
t once m updates on p; ,» have been executed. This additional synchronization step on name z is the key to
the efficiency gains when moving from objective to subjective updates (cf. Definition 6.3, page 23).
¢) In this case we consider that error notification arrives from the default activity of transaction; the error notification
is internal. Again, according to Proposition 3.1 we consider the following case. Let P = C[u[D[u.P1],Q]] and P’ =
Clextr(D[P1]) | {Q)]. Letting m = pb(D[P1]), we consider two sub-cases: the first case is when m =0 and the second
is when m > 0:
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(i) If m =0 then there is the following derivation:
[Plg = [ClulD[u.P1],QI]g
= [CI2[[ulD[u.P1],Q1]7]
= [Clgr[[Dru.P11]5 ,] | u. (extr{u, pup, pp} | PpIQILI)I]]
= [CI2w[IDIg plu-hu.[P119,1] | u.(extr{u, pu,p, Pp} | PpIIQIZD]
[cIg[08" (IDIgThu.[P11S1, [Q12)]
—3 [CIg[08 (D15 [P1]S1, [Q12)]
= [P
Therefore, the number of reduction steps is k = 4.
(ii) If m > 0 then there is the following derivation:
[P1g [ClulD[u.P1], Q]]]E
= [CIZ[[ulD[u.P1]1,Q1]3]
[[C}]g[u[[[D[u.Pﬂ]] P ] | u. (extr{u, Pu,ps Pp} | pp[[[Q]]S])]]]
= [CI21u[[D]g ,[why.[P1]S 1] | t(extriu, Pu.p. o} | PoL[QIED]
—  [CI2[ 0 (D3I P13 [QID)]
—smi3 12 0 DIy [P1131. [19)]
— [0 (DI [P115). [Q12)

[Cl2| [extr(DIP1DI3 | polIQI2] ]
[Clextr(D[P11) | (Q)]2
= [P
Therefore, the number of reduction steps is k=4 +m + zZ(D[P1]) =5+ m.
(2) Part (2) - Soundness: The proof for soundness follows the approach described in detail for encoding with subjective
update (cf. proof for soundness B.20). Therefore, given [P]® —>" R, by Lemma B.10 (which also applies to [H}g), process
R has the following form:

R= HHEW}]S[H[[Gk WIS, ]‘[uclkwuo 1] |]‘[[[D]kwu LT

My
| l_[[[Lc,k,w]];,/( Oz(fi)kw]]]
c=1 "

where I§f£ " and Of,‘?kyw are processes from Fig. C.22 and Fig. C.23, respectively.
By Lemma B.10, we have P —* P” such that

Tk

z Sw I
= l_[ EW[]—[kaw[l_[Ciskxw[tivk»W[Pfi,k.w’Qti.k,w]] | l_[ DJ',k,W[tJ',k,W'Sfj.k,w]
w=1 k=1 i=1

j=1
my
| 1_[ Lekw [uc,k,w [FekwlUckw-Pucrwls Quew ]]] )
c=1

where by successive application of completeness it follows that [P —* [P"]S.
By Lemma B.11 (which also applies to [[-]]‘;), i.e,, by I, successive applications of (B.24) and my, successive applications
of (B.25) on process R, it follows that

R —" l_[ [Ew]g [H[[Gk Wﬂpw H[[CI k, w]]O [[[eXtr(Pg,-,k‘w)]];’:’W | [[(Qt/,-_,gw)]];lgw]
w=1 k=1 i=1 ' '
Tk

|1'[[[D,kwﬂ ISl |1'[[[Lckwﬂ° [Textr(FeswlPucie DIy 1TQ,, )5y, ]]]

Tk

= [[]_[ EW[nGkW ]_[c,kw extr(Pf,, ) 1(QL M1 T Djkew[Stjn]
w=1

=1 j=1
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my
| T ek oxteFe Py D 14Q1, T2

c=1
= [P]2.
Therefore, it follows that
z Sw I, Tk
P'= [T Ew| TTGkw[TTCikwlexrcPy, ) 1(@0, D11 TT Pikw[Strin]

w=1 k=1 i=1 j=1

my
| TT Lok [extr (P Puci, D 14Q0, ]

c=1

By Proposition 3.1, i.e., by I successive applications of case b) and m; successive applications of case c) on process P”,
it follows that P” —>* P’.
By successive application of (C.1.1) - Completeness on the derivation P” —* P’ it follows that [P"]2 —* [P']2. O
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