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Leaf-First Zipper Semantics

Serguei Lenglet'? and Alan Schmitt?

! Université de Lorraine, Nancy, France
2 Université Sorbonne Paris Nord, Villetaneuse, France
3 INRIA, Rennes, France

Abstract. Biernacka et al. recently proposed zipper semantics, a se-
mantics format from which sound and complete abstract machines for
non-deterministic languages can be automatically derived. We present
a new style of zipper semantics, called leaf-first, in which we express
the semantics of two extensions of HOmw, a higher-order version of the
m-calculus: one with passivation and the other with join patterns. The
leaf-first style is better suited than the original one to express phenom-
ena occurring in process calculi semantics such as scope extrusion, which
is observable with passivation and complex with join patterns.

Keywords: Process calculi - Abstract machines - Scope extrusion.

1 Introduction

In concurrency theory, abstract machines are used as an implementation model [9,
11}(18}/20126], in particular to study the distribution of computation |1}|12H14)
16[21]. The design of these machines is often ad-hoe, following principles which
apply to the considered calculus only. Besides, some of the machines are not com-
plete, i.e., there exist reduction paths of the language which cannot be simulated
by its abstract machine |9}11},/13}/18.[26]. To overcome these issues, Biernacka et
al. [2,3] recently proposed Non-Deterministic Abstract Machines (NDAM), a
generic design of abstract machines for non-deterministic languages. An NDAM
explores the term in the search for a redex, making arbitrary choices when sev-
eral paths are possible. The machine backtracks when it reaches a normal form,
annotating it to not try it again, thus avoiding infinite loops during the search.
As writing the definition of an NDAM can be tedious, the authors also pro-
pose a sound and complete automatic derivation procedure from a zipper se-
mantics, a format in between a Structural Operational Semantics (SOS) [22]
and a context-based reduction semantics |78]. Like in a SOS, a zipper semantics
explores a term with structural rules, but it remembers its position in the term
using an evaluation context, a syntactic object that represents a term with a
hole [§]. A zipper semantics respecting some properties can then be augmented
into an NDAM by adding the annotations and backtracking mechanisms.
Biernacka et al. [2] define a zipper semantics for several calculi including
HOm [23], a process calculus where messages are executable terms. Like the
m-calculus [24], HO7 features name restriction, a construct which restricts the
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scope of a communication channel, hiding it to the outside. When a communi-
cation happens between a sender and a receiver, it may be necessary to enlarge
the scope of restricted names to include the receiver: this phenomenon is known
as scope extrusion. Biernacka et al. consider a variant of HOx with eager scope
extrusion, where the scope of all name restrictions around the message output
are extended to include the input. In contrast, in lazy scope extrusion, only the
restrictions of the names occurring in the message contents are extended.

While the difference between lazy and eager scope extrusion cannot be ob-
served in HOm, it may lead to distinguishable behaviors in calculi with localities
and passivation [1,/17], a feature used in component models to interrupt and
capture the state of running components [25]. Lazy scope extrusion is also quite
intricate in presence of join patterns |11], where a single receiver may receive mes-
sages from different senders at once. The scope of lazily extruded names should
encompass the process sending the message and the receiver, and no more. With
several messages emitted at once, the scopes of names restricting two distinct
messages are different and depend on the respective output processes.

In this paper, we encode lazy scope extrusion in various settings by defin-
ing a new format of zipper semantics, called leaf-first. Our contributions are:
we express the semantics of HOn with passivation and lazy scope extrusion in
our new leaf-first format, and we show that our approach can also handle an
extension of HOm with join patterns. Our format respects the zipper semantics
requirements, so we can apply Biernacka et al.’s derivation procedure to obtain
an NDAM from it, and we get for free abstract machines for these calculi.

The paper is organized as follows. Section |2 presents the syntax and lazy
semantics of HOm with passivation; we recall an example illustrating how we can
distinguish lazy from eager scope extrusion in that calculus. We then present a
leaf-first zipper semantics for this calculus, that we prove equivalent to the usual
one. Section [3] follows the same structure for HOm with join patterns. Section [4]
discusses related work and concludes. The appendix contains the missing proofs.

2 HO= with Passivation

We present the lazy semantics of HOnP (HOn with passivation) |17], that we
characterize using the new zipper semantics style we propose in this paper.

2.1 Syntax and Lazy Semantics

Syntax. HO7P [17] is a higher-order calculus—where messages are executable
processes—extended with hierarchical localities and passivation. We assume
countable sets of channel names, ranged over by lowercase letters a, b, etc, and of
process variables ranged over by X, Y, Z. The syntax of processes is as follows.

PQ.RSMK:==X|0|P|Q| aX).R | aMK | va.P | alP]

Informally, O is the inactive process, the parallel composition P || @ is execut-
ing P and @ concurrently, va.P restricts the scope of channel a to P, an output
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a(M)K is sending M on a and continues as K, while a(X).R is waiting for a
message M on a to continue as R where X is replaced by M. A process may run
in a locality a[P], which can be passivated (dissolved) at any time, interrupting
the execution of P and saving its current state in a message on a.

For readability, we often use S to denote a sending process, R a receiving
one, M a message, and K a continuation, but these all stand for processes. In
examples, we also often omit 0 in output continuations or in parallel processes,
abbreviating a(P)0 as a(P) and P ||0 as P. The scope of name restriction ex-
tends to the right as much as possible, writing va.(P || Q) as va.P | Q.

Scope extrusion. The scope of a in va.P is restricted to P, so that a commu-
nication on a is possible inside P only. It does not prevent communication on
other names, but the scope of restricted names present in a message has to be
enlarged to prevent them from escaping their binder. For example, we have

b(X).(X || 2(0)) || vad.b(@(0)) || d(0) = va.a(0) || (0) || vd.d(0)

The scope of a is extended to include the receiver, a phenomenon known as scope
extrusion. The scope of d, however, remains the same: we only extend the scope
of names occurring in the message. The scope extrusion is thus said to be lazy.

In va.P, a is bound in P, and a(X).R binds X in R. We write fn(P) for
free names of P, defined as expected. To avoid unwanted captures (in particular
during scope extrusion), we henceforth assume bound names and variables to
be pairwise distinct, and distinct from the free names and variables of all the
processes under consideration, using a-conversion if necessary. This convention
matters for instance for the rules OUTPAR, OUTLOC, and TAUCOM of Figure

Lazy semantics. Given an entity ranged over by e, we write ¢ for a sequence
(e1...e,). We write () for the empty sequence, €’ - € for the extension of a
sequence to the left, and &1 - e for the concatenation of two sequences. We
write P{Q/X} for the usual capture-avoiding substitution of X by @ in P.

We define the labeled operational semantics with three judgments: P = P’

for silent steps, P M) R for a process that inputs the message M on a, and
P v a(M)
names in Z} We give the rules in Figure|l} except the symmetric counterpart of
the rules marked with (s), a convention we follow from now on.

A transition P = P’ can be decomposed as follows. First, we apply the
rules TAUPAR, TAULOC, and TAUNU to reach the parallel composition of the
communication. At this point, rule TAUCOM is applied, with two premises. In
one premise, output rules OUTPAR, OUTLOC, OUTEXTR, and OUTNU are applied
until the messaging process. The last two rules are for name restriction, the
former is used when the name needs to be extruded (it is free in the message
contents), while the latter is used when no extrusion is needed. The message may
be the result of an output (rule oUTOUT) or a passivation (rule OUTPASSIV).
In the other premise of the TAUCOM rule, the input is reached through rules

K for a process that outputs the message a(M) while extruding the
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OUTPAR_) outLoc

outOUT ouTPAssIv pY b.a(M) K P v B a(M) K

— — (s)
— a(M) a(P) vb.a v a
ank 2 ko ap) X0 pio P00, k0 o[P] LEEOD, g
OUTEXTR ouTNUu

VB a(M) VB a(M)
P—K c#a c € fn(M) P—K c#a c ¢ fn(M)
- _ —_ _
ve. P M) K ve. P M ve. K
INPAR INLoc INNU
p 20, pr p A, pr P r  c+a
s I
PIQ M, p@ b[P] 220, p1p) ve.P 2 ye R
TAUCOM R
ININ p a(M) R Q vb.a(M) K "
a T - §
a(X).R M r{M/XY PlQ5vb.R|K
TAUPAR TAULOC TAUNU
PL P (s) PL P PL P
A 8 - s -
PlQ L P|Q a[P] = a[P] ve.P 5 ve P!

Fig. 1. Lazy Semantics of HO7P

INPAR, INLOC, and INNU, and the actual input is done in rule ININ. Finally, the
conclusion of TAUCOM restores the name restrictions that have been extruded.

Ezample. We show the difference between lazy and eager scope extrusion in
a calculus with passivation. We write a(X).P as a(-).P if X is not free in P.
Let P = af[vc.b(0)¢(0) || c(1).c(1).d(0)] || b(.).a(X).X || X. We communicate on b
and then passivate the locality on a, duplicating its content. With eager scope
extrusion, the scope of ¢ is expanded outside a:

P % veale(0) | e(2).c().d(0)] || a(X).(X || X)
% ve2(0) || e()-c()-d(0) | (0) | e()-c()-d(0)

The name c is then shared between the copies of the duplicated process, and
a message output on d becomes possible after two communications on ¢. With
lazy scope extrusion, the scope of ¢ does not change:

P 5 afvee(0) | e(D).c).d(0)] || a(X).X || X
= ve.(€(0) || e(2)-c().d(0)) || ve.((0) || e().c(-).d(0))

Each duplicated process has its own copy of ¢, and it is no longer possible for
the message output on d to trigger.
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2.2 Root-First Zipper Semantics

Zipper semantics exhibits the step-by-step decomposition of a term into a context
and a redex. Like a SOS [22], it traverses a term in the search for a redex using
structural rules. It also makes explicit the current position in the term using an
evaluation context, like in context-based reduction semantics [8]. We represent
a context as a stack of elementary contexts §, called frames, of four kinds.

E,F,GH:=e | §:E Fa=||P | P | va| d]

Each frame corresponds to a set of similar structural rules in the definition of
the lazy semantics. The decomposition process happening in a zipper semantics
makes it more convenient to interpret a context inside-out: the topmost frame
is the innermost one in the term. We define the operation of plugging P inside
a frame F[P] and inside a context E[P] as follows.

J[PIZP  (3:E)[P] 2E[3[P]]
IIQIPIEPIQ @QINPIZQIP  (wa)[P]ZvaP (a])[P] 2 a[P]

We use contexts to indicate where the current focus is when exploring a term: for
instance, E[P || Q] means that the current focus is on the parallel composition.
To focus on P, we consider (|| Q::E)[P]: going further down the term consists
in pushing a frame on top of the context. In contrast, going towards the root
amounts to popping the top frame from the context.

In most semantics of process calculi based on labeled transitions, an input
a(X).R communicates with an output a(M)K even if they are not directly in
parallel. The zipper semantics therefore aims at decomposing a term as a redex in
some evaluation context E, the redex itself being of the form F[S] | G[a(X).R]
or Gla(X).R] || F[S] with S = a(M)K or S = a[M]. The strategy followed
by Biernacka et al. |2, Appendix C] to decompose a HOm process P proceeds
in three steps: starting from the top of P, search for the parallel composition
of the communication, building E at the same time. At that point, P is de-
composed as E[P; || Py]]. Then, look for the output in either P; or P, decom-
posing it as F[a(M)K]. At the same time, F is split into F and F,, so that
[F) contains the parallel compositions and [, the name restrictions of F. Fi-
nally, look for the input in the other process, decomposing it as Gla(X).R].
Once all the ingredients have been found, the result of the communication is ei-
ther E[[IFV [F K] | G[[R{Q/X}m]]] or E[[IF,, [GIR{Q/X}]| 1FH[[K]]]]]]. We refer
to such an exploration strategy as root-first, because it starts the decomposition
with the operator at the root of the redex (the parallel composition).

In the final result, the scope extrusion is eager because F, collects all the
enclosing name restrictions of I, not only those restricting the free names of M.
The problem is that the decomposition of F happens while going through the
sending process, while the message M is not yet known: when we reach it, the de-
composition of F is already over. Therefore, while a root-first strategy is enough
to express the A-calculus or a process calculus with eager scope extrusion, it is
not fit to represent the semantics of a calculus with lazy scope extrusion.
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Fig. 2. Leaf-First Zipper semantics for lazy HOnP

2.3 Leaf-First Zipper Semantics

As said before, finding the extruded names in F[a{M) K] requires us to know M
when going through F. We therefore search for the output first, then for the
parallel composition and the input. Because the output is a leaf of the redex, we
refer to such a strategy as a leaf-first zipper semantics. It is defined in Figure 2}

A zipper transition P —,5 P’ is defined using three auxiliary transitions (or
modes) out, par, and in. The out mode looks for a message either from an output
or a passivation. The rule init starts the search at the top of the term. The rules
outParL, outParR, outLoc, and outNu change the current focus to a subterm.
When we apply the rule outOut or outPassiv, the initial term is decomposed as
Efa(M)K] or E[a[P]], and we switch to the par mode.

The par mode searches the parallel composition which separates the output
and input processes, computing on the way the extruded names. The transition
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N
Kb ,a,M
E

ing K (the continuation of the output) and T (the extruded names) while doing
so, and remembering that M is sent on a. The rules outOut and outPassiv ini-
tialize the par mode with the proper continuation and with an empty sequence
of extruded names. If the context is of the form vc::[E, the name restriction
ve surrounds the message output, so we should check that it does not prevent
the communication on a, hence the premise ¢ # a in rules parNu and parExtr.
If ¢ occurs free in the message M, it must be extruded, and it is added to the

par P’ goes through E looking for the parallel composition, construct-

sequence ? in the rule parExtr. Otherwise, it is added to K in the rule parNu.
A locality is moved from the context to the continuation (rule parLoc). If
the context is of the shape || Q::E or Q| :: E, we consider a process of the form
E[K || Q] or E[Q || K] and we have two possibilities. If @ is not the process
receiving the message, then @) has to be added to the continuation, and we
continue searching for the receiver in E (rules parL and parR). Otherwise, we have
found the parallel composition where the communication takes place, which is

where the extruded names b should be restricted. We remembir this position
with E, and search for the input in ¢ with a transition @ Mm P,
where G is the context surrounding @ up to the parallel composition (initially e),
and § records if the continuation K is to the left (then § = K'||) or to the right
(then § = || K) of @ (rules parlnL and parlnR).

The in mode is then going through the receiving process, pushing the con-
structs on the context G (rules inParL, inParR, parLoc, and inNu). Once the input
a(X).R has been found, all the pieces have been collected for the communication

to happen, resulting in E [[y_l;&[[G[[R{M/X}M]] . For instance, if we start from
a process E[F[a(M)K] || G[a(X).R]], then § = F'[K] || where F’ is what is left
%

from F after removing the restricted names b .

2.4 Properties of the Leaf-First Semantics

Correspondence results. We state how the leaf-first zipper semantics relates to
the lazy semantics of HO7P; the proofs can be found in Appendix [A]

N
s 3 M
Theorem 1. If R w);n P’, then R RASLONY for some R’ and P’ =
KB ,a,M VB a(M)

_>

Elv b FIG[R]]. If E ————par P’, then for all S ———— K, we have
E[S] 5 P'. If P S0y P, then E[P] = P'.

From the last item, we deduce that P —,s P’ implies P — P’. For the reverse
implication, given P = P’, we make explicit the contexts in P and P’, writing

%

them as P = E[H[a(M)K] || R] and P' = E[v b .G[K] || R], with R 2“2 R/,
and H built from b and G. From there, we can reconstruct the zipper derivation;
the proof is in the appendix.

Theorem 2. If P 5 P', then P —,, P'.
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Derivation into a NDAM. The semantics of Figure [2] fits the zipper semantics
generic format [3|: each traversing rule (distinct from init and inCom) has exactly
one premise, and is decomposing its source term one operator at a time.

A zipper semantics can be derived into an NDAM if it satisfies some prop-
erties, like being machine constructive: in each rule, it should be possible to
construct the terms in the premise from those of the conclusion. This property
holds if the meta-variables (of processes, contexts, names, etc) of the premise are
included in those of the conclusion, as one can check in Figure [2| The semantics
should also be reversible: conversely, we can recreate the terms in the conclusion
from the premise, to allow for backtracking. It is the case because for each rule,
the meta-variables of the conclusion are included in those of the premise.

Finally, the zipper semantics must be terminating, ensuring that the search
for a redex in the NDAM does not infinitely loop. To prove it, it is enough to
exhibit a strictly decreasing size on transitions such that the size of the premise
is smaller than its conclusion. For each rule, the source term of the premise is a
subterm of the source term of the conclusion, except when changing mode. We
therefore consider a lexicographic ordering on modes first, so that out > par > in,
and then on the size of the source term of the transition.

3 HO= with Join Patterns

We consider HO#nJ, an extension of HOn with join patterns [11], where an input
may receive an arbitrary number of messages simultaneously.

3.1 Syntax and Lazy Semantics

Syntazr and informal semantics. We let £ range over message patterns, which

can be seen as multisets of elementary inputs a1(X1)|...|a,(X,) where the X;
are pairwise distinct. We change the input process with £ > R.
Ex=a(X) | £|¢ PQ,...:=X |0 | PlQ| &R | aMYK | va.P

A communication happens when enough message outputs are in parallel to fulfil
the message pattern of an input. Like in HO7m or HO7P, name restriction delimits
the scope of names, and lazy scope extrusion may be necessary during commu-
nication. However, to keep it as lazy as possible, restricted names should not be
extruded further than the parallel composition enclosing the sender and receiver.
Consider the following example, where £ = a1(X1) | a2(X2) | as(X3) | as(X4) and
we abbreviate b(0)0 as b for any b. We number the parallel compositions in the
redex, which has the same parallel structure as in Figure

P ((wbar®) k) | (vevdas0)Ks | as(@) k) || (vease) Kol ‘¢ F))
P yb.ud.((Iﬁ 12 (ve. K |)° K3)) | ye.(K4H4R’))

The scope of ¢ is unchanged, while b and d have been extruded to include ||1,
and e to include ||*.
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Lazy semantics. We let p range over pairs (a, M) of a message and its output
channel. Given a sequence ?, we define the sequence of communication names
inductively so that cn(()) = () and cn((a, M) - ) = a-cn(7), and the set of
message names as mn(()) 20 and mn((a, M) - 7) 2 fn(M)Umn(7).

We assume an operator {m ? which checks that there are as many messages
in 7 as names in the pattern £ and computes the possible matchings as substi-
tutions. For example, a(X)|a(Y)n(a, P), (a, Q) generates X — P, Y — @ and
X = Q,Y — P. We let 0 range over these substitutions, and write 6 € §l?
when 6 is a possible matching between & and ?, the latter considered as a mul-

tiset. Formally, we write & for the multiset union, and we define a(X)m(a, M) =

{wr M} and (& |&)m T 2 {6100, |6, € & mpl,60; € omps, T :HE’J@)}
We define a labeled semantics for HO7wJ in Figure [3] Pure input transitions

P i; R describe a process P inputting the messages 7 to yield R. Pure output
—

transitions S Qh) K describe a process S emitting the messages 7 with ex-
%

truded names b to yield K. Mixed input/output transitions P zno P’ describe

a process P that emits some messages which, combined with messages ?, trigger

an input and result in P’. Finally, silent transitions P = P’ describe a process

that does an internal communication: we define them as a notation, standing for

P ﬂno P’, an input/output transition with no message received.

A derivation tree of a transition is best described following a path from the
root of the source process to the receiver. Upon encountering a name restriction
in input/output mode (rule IONU), we check that it does not prevent communi-
cation. For a parallel composition, there are two cases: either one of the process
is not involved in the communication (rule IOPAR), or it is. In that case, one
process must only contain outputs, while the other either contains both an input
and outputs (rule I0BOTHIO), or only an input (rule I0BOTHIN). In both cases,
the messages and extruded names are collected in the output-only premise, and
these messages ? are added to the ones 7 received up to this point in the other
premise. The name restrictions are restored at this point, as it is the parallel
composition closest to both the newly collected messages and the input.

On the output-only side, messages are collected by rule oUTOUT; name re-
strictions are either added to the label for extrusion with rule OUTEXTR, or
left in place in rule OUTNU; parallel composition either explores both processes,
merging their results (rule OUTBOTH), or only one of them (rule OUTPAR). Note
that output rules always collect at least one message.

On the input-only side, name restrictions are left in place (rule INNU), paral-
lel processes only result in the exploration of one of them as there is a single input
(rule INPAR), and the actual communication occurs in rule cOM, where the col-
lected messages are matched against the input pattern. Input/output rules and
input-only rules are very similar and could be merged. We keep them separate
as it simplifies the proof that the zipper and lazy semantics coincide.

4 As bound variables in a join pattern are distinct, #; and 62 have disjoint domains.
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Fig. 3. Lazy Semantics for HOxJ

3.2 Leaf-First Zipper semantics

Informal description. The HOnJ zipper semantics collects all the messages by
alternating between the out and par modes, before looking for the input. Dur-
ing the search, we record the positions where the extruded names should be
restricted using contexts stored in a global stack. We also use a local stack to
record checkpoints when collecting several messages in a row. We illustrate how
the search proceeds using the process in Figure |4, where we represent only the
communicating outputs and input, and number the parallel compositions be-
tween them. The dotted lines show the exploration of the term within the out
mode in red and the par mode in blue.

We start by looking for an output, say M; (step 1), and then switch to the
par mode to look for ||2, computing K; and extruded names b_1> while doing so
(step 2). We create a checkpoint (b1, M;,Eq, K1) on the local stack, where Eo
represents the position of HQ, and then look for the next message Ms. After
finding it (step 3), we go back to ||3 (step 4), computing K5 and b_2> We create a
checkpoint (by, Ma, E3z, K2) on the local stack, where E3, represents the position
of ||* relative to ||, before searching for Ms (step 5). We then go back to ||,

computing K3 and b3 (step 6).
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@ (My) > @3 (Ms)

Fig. 4. Example of Process Exploration

To continue exploring, we pop the local stack to get back Ess. We also com-
bine the continuations Ks3 = K| K3 and the names l;g) = b_2>b—3> We go
through Eg2 (step 7) to get back to H2 We pop the local stack again to get Eo
and create K93 = K7 || K23 and 51—2—; = by - ba3. The search goes through Ey to
find ||* (step 8). Because ||* separates My, My, and Ms from the input, it is where
b123 should be restricted: we create a checkpoint (IE;, (M, My, M3),Eq, K123)
on the global stack, where E; records the position of ||'.

We search for My (step 9), then go back to ||4, building K4 and b_4> (step 10).
Because ||4 is where we restrict by, we add a checkpoint (by, My, Eyq1, K4) on the
global stack, where E4; records the position of ||* relative to ||'. We then look
for the input R and compute the result Eq [[V@.Klgg ||1 E41 [[Vb_i.K4 ||4 R’]]ﬂ for
some R’ by repeatedly popping the global stack (step 11).

This derivation collects the messages in the order My, Ms, M3, M. 1t is
possible to collect them in the order My, Mz, My, My, or My, Mz, My, My, or
Ms, Mo, My, M,. However, the design of the zipper rules forbids the remaining
orders. Roughly, when considering the topmost parallel composition (here ||1),
the search starts on the other side of the input, so starting with M, is not
possible. Besides, we go from one message to the nearest one, so starting from Ms,
it is not possible to go to M; and then back to Ms.

Formal definitions. The zipper semantics of HOnJ is defined in Figure [5} To
make it reversible, we need more complex data structures than just sequences to
collect extruded names and messages; we explain why in Section We define
a structure of names @ and of pairs p as follows:

ab:=(0]ablald pa:=aP)|plq

We abbreviate a structure a; - . .. a, -() as (a1, . .., a,) or @. These structures re-
flect the process from which they are generated. For example, the structures cor-
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init outParL outNu outOut
Py ::E,m, = E,m, K,(),(a,M),n,
P e, c,¢ e P Py I P2 TP wt P ) P va::E,m,p t P E 0,(a,M),m,p - P
s
/
P = P Py|| Py 2520 P va.P =50 w P a(MYK 2%, P’
parL parNu
K || K2,a,p,7, K.b,p,m, ~
e nat i | LeERETL P g en(p) a ¢ mn(lp)
” Ko E Mpar P vaE K,b,p,m,p par p
parExtr parHoleL
K,a-b,p,m, ~ K1 || K2,a1 || az,p1 || 2,7,
E o P‘ffﬂpar P ag¢en(lpl) aemn(p) E 1l 2a1\a2p1\p2ﬂppar P "
e KB P o K@ .52, @ P EK ) i op P
parOutR parOutRp parlnR
P o, (a,p,E,K|)::m,p wut P, P e, c.(a,pE,K|)::p ot P, R o, (a,pE,K|)::p . P, ( )
pup S = S — S
| PuE 22me, P | PE Z8Rer, p! | R:E Z2ker, o pf
mPaITII%“EP / inNBa“lEp / inCom
P ————n P P——=iw P ad¢cn(p(p)) 0 € Emp(p)
o M s
E E E
Py || Py =2, P va.P =2, P’ > R =2, p[E[RA]]

Fig. 5. Zipper semantics for HOmJ

responding to va.(ai(Py) | vb.veaz(Py)) are a- (() ||(b,¢)) and (a1, P1) ||(az, P2).

We define a flattening | - | from structures back to sequences as follows:
A T A N ~NA 2
101=0 a6 = [al - [b] |a-b] = a- 0]
A 1T A~
(e, P)| = (a, P) a6 = al- [b]

The syntax of stacks is v :=€ | (a,p,E,F)::y where § is either || K or K ||
for some K. We let p range over global stacks and 7 over local ones. We extend
plugging to global stacks, and define p(p) as the pairs occurring in p.

A S A ~
e[Pl=P (@ p,E,3) = p)[P] = plE[v|al. F[P]]]
A S A~
p(e) = () p((@,p, E, )= p) = [Pl -p(p)
The rules for the output P mout P’ and input modes R M;n P’ are
roughly the same as in HO7wP. The stacks 7, p are passed along without being

modified; p is used in the axiom inCom to compute the final result. The transition
K,a,p. . . . .
E Mpa, P’ is looking for the nearest parallel composition which separates

the last found output to the rest of the redex, building K and @. The rules, parNu,
and parExtr are the same as in HO7P, only adapted to the multiple messages p.
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When the context is || P:: E, i.e., the term is E[K || P], we have several pos-
sibilities. If P is not part of the communication, it is added to the continuation
(rule parl). If P contains at least one output but not the input, we apply the
rule parOutR to look for the next output in P and create a checkpoint on the
local stack. That checkpoint is popped when we apply parHoleL: after finding all
the messages in P, we restore E to continue the search in that context.

The next possibility is that P contains at least one output and the input: we
apply parOutRp to look for the next output in P and create a checkpoint on the
global stack to remember that [E is where the names @ should be restricted. The
rule parOutRp applies only when the local stack is empty, meaning that we are
done collecting messages on that side of the parallel composition. The final case
is when P contains only the input: we switch to the in mode and creates the last
checkpoint on the global stack. As in the previous case, the local stack must be
empty. We illustrate these rules on the example of Figure

Back to the example. We start with empty local and global stacks. After reaching
ar(M), we go back to ||* to search for the next messages: at that point, the
derivation looks like the rule on the left below. The process Pog3 contains az(Ma)
and az(Ms): we use similar naming convention for processes henceforth. Let

m 2 (bAl7 (a1, My),Eq, K1 ||?) :: €. We look for My and then go back to ||*, where
we apply parOutR again to search for Mj (right rule).

parOutR parOutR
o.(b1,(a1,M1).Ez K1 ||*) i e e / o.(ba,(az,M2) B3z, Kz |°) i 71 e /
Pa3 out P P out P
2 K1,b1,(a1,My),e,e , 3 K2,b2,(az,Ms),m1,€ ,
H P23::E2 —‘_)par P || PS::ESQ parP

After finding M3, we go back to ||3 again and pop the local stack to restore Egs
and continue the exploration of the term.

parHoleL
K> ||® K3,b2 || b3,(a2,M2) || (a3, M3),m1 ¢
E3o

K3,b3,(a3,M3),(b2,(az,Mz2),Es2, K5 ||®) :: 71 €

/
par P

/
par P

We go through Ejs to reach ||2, and apply parHoleL again to restore E,.

parHoleL

K1 |2 Ka3,01 || b2s,(a1,M1) || P33, €,€ ,
K, par P

° K23,b/2\3,i)§§,(l;1,(a1,M1),E2,K1 ||2) €€

/
par P

The next step is when we get to ||1, where we create a checkpoint on the global
stack (left rule below). Let p; El (b123, D123, E1, K123 Hl) :: €. We then look for My,



14 S. Lenglet and A. Schmitt

and go back to ||*, where we create the final checkpoint (right rule).

parOutRp parlnR
¢,(br23,p128,E1, K123 ||1) :: ’ o, (ba,(aq,Mq),Eq1,Kq [|*) :: p1 ’
P4R out P PR in P
1 K123,0123,123,€,€ , 4 Ka,b1,(aa,Ma),e,p1 ,
|| P4RIZE1 —>parP || PR:ZE41 parP

Let p2 = b47 ag, My),By1, Ky ||4 : p1. Once we find the input, we can compute

the ﬁﬂ result P/ = Q[[R/H for some R/, and one can check that po[R'] =
E; [vbio3. K123 ||' Ea1[vbs . Ka ||* R']], as wished.

3.3 Properties of the Zipper Semantics

Correspondence results. The correspondence proofs (in Appendix between
the zipper and lazy semantics follow the same strategy as in HO7P: using the
information stored in the label, we reconstruct the source and target terms of a
zipper transition. For example, for each checkpoint (@, p,E, K ||) :: of a local or

global stack and for any S J&, K, we know that the source process at this

point is of the form E[S || R] and the target process is E[v|al.K || R'], where R
and R’ are computed recursively from -.

Theorem 3. If P —,, P, then P = P’.

For the reverse implication, for any transition P = P’, we can decompose P
and P’ with a global stack p and sending processes. We then reconstruct the
zipper derivation starting with the input mode, then alternating between the
par and out modes for each output, reasoning by induction on the size of p.

Theorem 4. If P 5 P', then P —,, P'.

Derivation into an NDAM. The rules of the zipper semantics have been designed
to be machine constructive and reversible. In particular, using complex data
structures for extruded names and messages ensures that the rules parHolelL and
parHoleR are reversible: a structure a; || @z uniquely decomposes into @3 and az,
while a sequence d can be split in two in many ways.

For termination, we consider a lexicographic ordering with three sizes on
transitions. The first one is the number of pairs p in the label of the transitions,
including the stacks. It is constant on all rules except outOut, where it is strictly
increasing between the conclusion and the premise, but bounded by the total
number of outputs in the process. The second one is constantly equal to 0 for the
out and in modes, and equal to the sum of the sizes of all contexts occurring in
the transition (including in stacks) in par mode, where the size of a context is its
number of frames plus one. It is designed to be strictly decreasing between the
conclusion and the premise on all the rules defining the par mode. In particular
for parHoleL and parHoleR, the size of the conclusion is equal to the size of the
premise plus one. The last ordering is the subterm ordering for terms at the
source of the transition, already used in HO7P. It is strictly decreasing on the
rules of the out and in modes, except outOut which has already been covered.
As a result we can derive a sound, complete, and terminating NDAM for HO=J.
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4 Related Work and Conclusion

Related work. Section discusses the root-first zipper semantics |2] for HOm
with eager scope extrusion. As far as we know, its derived NDAM is the only
machine proposed for a variant of HOw. We discuss next the other machines for
higher-order calculi and for calculi with join patterns that we are aware of.

The notion of join patterns comes from the join calculus |11], whose initial
semantics takes the form of a chemical abstract machine, where messages can
be seen as as molecules free to move around in a solution until all the messages
required to trigger a join-pattern are present. The machines for the languages
with passivation Kell |1] and M [13] (which also features join patterns) also
rely on this chemical design, typically implemented as message queues. A major
drawback of this approach is that it ignores the syntactic structure of processes,
making proofs on such structure quite complex. Our approach, on the other
hand, preserves the syntactic structure as much as possible, which allows us
to prove an operational correspondence between the lazy and zipper semantics
(and therefore the NDAM), and not only an observation-based equivalence [1].
This comes with a cost: as the syntactic structure of the term is preserved, the
extruded names may enclose unrelated processes even with lazy scope extrusion.
Structural congruence would be able to move these unrelated terms around, at
the cost of the operational correspondence proof.

A strength and limitation of the join calculus is that it uses the same con-
struct for restriction, reception, and replication. More precisely, definitions &; >
Ry AN...N& > Ry, are replicated inputs which restrict the names (J; cn(§;). As a
result, the receivers for a given name are fixed. This reduces the expressive power
of the calculus [19], but it allows for efficient implementations as long as join
patterns are linear |[10]. HO7J is more permissive, as name restriction and input
are separate constructs, and although our approach is not as efficient as the join
calculus, our use of zipper semantics lets us derive an abstract machine [3].

Conclusion. Zipper semantics decomposes a term into an evaluation context
and a redex. Biernacka et al. [2|3] define zipper semantics where the search for
the redex starts by the operator at its root; instead, we look for an operator at
its leaves. This style is well-suited to express the semantics of calculi with lazy
scope extrusion, as knowing the message first lets us limit scope extrusion to
the sent names. In particular, we are able to express the semantics of a calculus
with join patterns, where the scope of extruded names is not the same for all the
messages. As a result, we get for free a sound and complete abstract machine
for this language. It shows the expressiveness of leaf-first zipper semantics.

Leaf-first zipper semantics is well-suited when the result of reduction de-
pends on information at the leaves of the redex, like message output w.r.t. scope
extrusion. Other examples are distributed calculi which restrict communication
through locality boundaries [4H6,/15}/25]. In such cases, we need to know the
message contents to determine whether it can be sent outside of a locality, so a
leaf-first semantics should be more appropriate.
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A Proofs for HOnP
Lemma 1. For all P = P’, we have E[P] = E[P'].

Proof. By induction on E.

Theorem 5. The following holds:

5
1. 4f R_)M)in P’, then there exists R’ such that R M R and P’ =
Elv b S[G[R]]];
K, a,M VT a(M)

2. if B —=2 . P/, then for all S such that S ———= K, we have E[S] =
P/’.
3. if P 5o P, then E[P] 5 P'.
G, 0,0, MEF
Proof. We prove the first item by induction on the derivation of R —————"";,
P’. The result holds directly in the case of rule inCom.

—
. G, b ,a,M,E,3 .
For inParL, we have R; || R a—?nn P’ with Ry in P

M
By the induction hypothesis, there exists R} such that Ry 2D, R} and P’ =

— — , —
Elv o S[(| Rz :: G)[Er]]]. But E[v b S[(|| Rz :: G)[R1]]] = E[v b S[G[Ry || R
Because Ry || R2 RCLON R} || Rz, the result holds with R" = R || R2. The proof

is similar with the rules inParR, inLoc, and inNu.

| Ro:G, b ,a,ME,§

. . . . K,F,a,M
We prove the second item by induction on the derivation of E —a>par P

— —
K,b,a,M . e, b,a,MEK
For parlnL, we have | R::E %par P’ with R —H>in P'. By

_>
the first item, there exists R’ such that R D R and P! = Efv b .(K | R)].

- _
Let S such that § “2 " K Then (IR=E)[S] = E[S| R], and we have

T - ..
E[S||R] — E[vb.(K| R')] by the communication rule and Lemma (1} The
result holds as wished. The proof is similar in the case of parInR.

— —
For parL, we have | Q::E Mpar P’ with E M)par P Let S
- _ - _
such that § M K; then S||Q M K || Q. By induction, we have

E[S||Q] & P/, ie., (| Q::E)[S] = P’, as wished. The proof is similar for parR,
parLoc, parNu, and parExtr.

We prove the third item by induction on the derivation of P Eout P.
K,(),a,M
For outOut, we have a(M)K En,ut P’ with E 0. par P’. We have

a(M)K 2OBM), K, so by the second item, we have directly E[a(M)K] = P’.
For outPassiv, we have a[P] Eout P’ with E Mpar P’. Because we have
a[P] nar), 0, by the second item, we have directly E[a[P]] = P’.
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. P ::E . .
For outParL, we have P || P, gout P’ with P, H2—>out P’. By induction,

we have (|| Py E)[P1] = P, ie., E[P || P,] = P’, as required. The proof is
similar for outParR, outlLoc, and outNu.

Corollary 1. If P —,, P, then P 5 P'.

Proof. The transition P —,s P’ implies P <oy P’, which implies P = P’ by
the third item of the theorem.

Lemma 2. If R "™ R’ then for all G, E, B, and 3 € {P|, | P}, we have
—
a %

R &L MES, B Y FIGIR]I]-
Proof. We proceed by induction on the derivation of R M RIFR = a(X).R,
then the result holds directly by rule inCom.

Suppose R = R; || Re with Ry @D, R} and R’ = R} || R2. By induction, we

R2:G, b ,a,MEF — -

have Ry -2 o E[vb S[(| Ra = G)[R]]] = E[v b FIG[R, || Ra]]]

%
Efv b .F[G[R']]]- We conclude with the rule inParL. The proofs for the remaining
cases are similar.

. - .ol . .
Given a sequence b, we write b_> for its reverse. Given a context E and a
b

sequence b , we define the set E & b of their interleavings as follows.

GeE& b GeE& b

ecel() 3’::(@6(3::1@)&?> Z/CL.Z:GGE&(G'?)

G[[K]],?,CL,I\/I K,(),a,M
_—>

-1
Lemma 3. IfE par PP andHe G& b, then HHE ———,,

P/

ﬁ
Proof. We proceed by induction on the size of G plus the size of b . It they are
both empty, then the result holds directly.

-1
Let H € G&:E> such that H = H' ::: §. Suppose § is the last frame of G, i.e.,

/ —
G =G’ :::§ for some G, and H' € G’ & F~!'. We have E wpar P,

—

G'[K], b ,a,M . .
which implies §:: E [[]]—a>par P’ by applying the rule corresponding to
-1

%
the frame (parL, parR, parLoc, or parNu). Otherwise, § is the last name of b

-1
ie, § = vc, ? = c-? for some ? and ¢, and H' € G & ? . We have

G[K],e- ¥ ya,M G[K], ,a,M
i LA SN

E par P’, which implies §::E —————,, P’ by applying the

rule parExtr.

In both cases, we have H' ++F :: E Mpar P’ by the induction hypothe-

sis, but H' 4 §::E = H' ::: § + E = H ++ E, hence the result holds.

Lemma 4. If P S P, then E[P] Zou P
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Proof. By induction on E.

-
Lemma 5. Let P M K. Either there exist G, H, and K’ such that K =

-1
G[K'], P = H[a(M)K'], and H € G & T , or there exist G, H such that
-1
K =G[o0], P=H[a[M]], nd He G & &

N
b .a(M
Proof. By induction on the derivation of P % K. In the base cases, the

result holds with G = H = e.

ve- b @(M) v @(M)
RN

Suppose ve. P’ K with PP ——% K and ¢ € fn(M). By induc-
tion, suppose there exist G, H', and K’ such that K = G[K'], P’ = H'[a(M)K'],

and H' € G & v 1. Then G and H 2 H' ::: ve satisfy the conditions. The proof

is the same in the passivation case.

v (M) ) v a(M) . .
Suppose Py || P, ——— K || P> with P, ———= K. By induction, sup-

pose there exist G, Hj, and K7 such that K7 = G1[K1], Pi = H;[a(Q) K],

——1
and H; € Gi & b . Then G = Gy || P2 and H E Hj ::: || Py satisfy the con-
ditions. The proof is the same in the passivation case, and the remaining cases
are similar.

a(M) a(M)

Lemma 6. If P = P’, then there exgt sz K, R R, and E
such_;fhat P =E[S||R] and P =E[vb .(K||R")], or P=E[R| S] and P’' =
E[v b .(R' || K)].

Proof. By induction on the derivation of P = P’.
Theorem 6. If P 5 P', then P —, P'.

N
Proof. By Lemma@ the_r)e exist § L2HM) K, R R and E s%:)h that P =
E[S||R] and P =E[v b .(K | R)], or P =E[R|| S] and P =E[v b .(R' || K)].
W.l.o.g., we consider the first case, the other being symmetric. Suppose we are
in the first case of Lemma [5f there exist G, H, and K’ such that K = G[K'],
P—H[aMK],and HeG& b .
7,0, MEK |

a(M)

By Lemma we have R in E[[I/?.(K || R)] = P’, which implies
—
|R:E K, b ,a,M

—-1
————par P’ by rule parlnL. Because K = G[K'| and He G& b
we can apply Lemma |3/ to get HH || R::E

K’ 0,a,M
L H+||R:E _ .
we obtain @(M)K' ——————,ut P/, and then (H+H || R:E)[a(M)K'] —ou P’
with Lemma [4] One can check that P = (H-++ || R:: E)[a(M)K'], and therefore
we have P —,s P’, as wished.
If we are in the passivation case of Lemma [5] the reasoning is the same,
except we use the rule outPassiv after applying Lemma [3]

par P’. From rule outOut,
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B Proofs for HO=xJ

Given a frame § of the form K || or || K, we define the swapping of K with S,
written F{K/S}, as follows.

(K IN{EK/SY2 S| (|K){K/SY =S

We then define a special plugging operation on local and global stacks: given a
(local or global) stack v, a sequence of processes to swap in frames, and a
process P, we define (y @ ?)[P] as follows.

(e@()[P| 2P

~ % % .
(@, E,§) 7 @S- 9P| 2 (v S EF{K/SHPI if §= | K or § = K |
We first state how zipper transitions relates to lazy transitions.

Theorem 7. The following holds:

1. ifR T P’, then there exists R’ such that R Mi R’ and P' = p[E[R']];

2. if E mpa, P, = (aA%,pE,E},S%)::...::(@,ﬁ,E}’,SQ‘)::e, and p =
(ad, pb, EL, §1) oo x(al, pit B B0 e, then for all S 2P K and
vlaillpll — — ,
St ——=, K}, we have (p @ Sy)[(m @ S1)[E[S]]] — P'.
. E,m, SN T oom N n) .. _
3. if P =254 P o= (al, p,EL 3D oo i(al, p BN, ) e, and p =
.~ B el
(a3, P, BS, 83) ... =(ay, py', BY', §5') €, then for all S} o K}, we

have (p @ Sy)[(x @ §)[E[P])] > P

Proof. The first item is by induction on the derivation of R Ep—nn P’. In the
case of the rule inCom, we have R =£>R”, 0 € Em|p(p)|, and P’ = p[R"O[]]. It

is easy to check that R Mﬂ R"0, hence the result holds with R’ = R"0. The

inductive cases are straightforward.
The second and third items are proved by mutual induction on their deriva-

tion. The base cases are rules parInR and parlnL; we handle the first one, the other
K,a,p,e,p a,p,EK|)::p .

o P/ with R SOPERDER 5

Let p' = (a,p,E, K ||) :: p. By the first item, there exists R’ such that R Mﬂ R

and P’ = p’[[ﬁ’ﬂ. One can prove by induction on p’ that (p' @ S- §2>)[R] 5 P,
but (p' @ S-S9)[R] = (p @ S2)[E[K || R]], hence the result holds.

Most of the cases are straightforward by induction: parL, parR, parExtr, parNu,

outParL, outParR, and outNu. For outOut, we have a(M)K M)out P’ with

E w) o P’. Because a(M)K v()-(a,M) o K, we have (p @ §2> @)
P P

i T . . . C o
S1)[E[a(M)K]]] — P’ by the induction hypothesis, which is exactly what we
want.

being symmetric. We have | R::E
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K,a,p,m, . o (a,pE.K|)::m,
For parOutR, we have | P:: E —*2™% P’ with P S@PEK)me, out P’
v[al.|p]

Let § 7L g We have (p g@)[((a,ﬁ,ﬂ, K|):m@ is}’)[PH > P’ by the
gduction hypothesis, bgt> (p@Sgll((Zi,:ﬁ,E, K|):m@S-5))[P]] = (p@Sy)[(r@
SHIELS || P]]] = (p @ S2)[(w @ S1)[(]| P::E)[S]]], hence the result holds. The

parOutL case is symmetric.

K,a,p,e,p

For parOutRp, we have || P:: E ———=,, P’ with P SS@PEED b,

P
out

Let S Mo K. We have ((a,ﬁ,E,KH)::pE@> Sgg)[P] L>_>P’ by the in-
duction hypothesis, but ((a,p,E, K ||)::p @ S-S2)[P] = (p @ S9)[E[S || P]] =

%
(p @ S2)[(]| P::E)[S]], hence the result holds. The parOutlLp case is symmetric.
K2,a3,p2,(a1,p1,E, K1 ||) i 7m,p p!
par

In the case of the parHoleL rule, we have e
with E par P’ Let S
St s w)o K, || Ka. Let §i> such that §1> =S §i> By induction,
we have (p @ 5)[(r @ S])[E[S} || ST 2 P', but (»@ 53)[(r @ S))[ELS} || ST =
(0 @ S)l((@1, 71,8, K4 ) =7 @ 1 SIs]) = (9@ 5){(r @ S}ELS | 8])) =
(p@Ss)[((a1,p1,E, Ky ||) :: ™ @ S7)[S]], as wished. The parHoleR case is symmet-

T1C.

Ki || Kz,a1 || @2,p1 || p2,m.p vlaz|.|pz|

o Ks; then we deduce

Lemma 7. If P ="% .. P, then E[P] 2% oy P'.

Proof. By induction on E.

N
Lemma 8. If P MO K, then there exist H, G, and K’ such that K =

1
GIK',H=G& b, and P = H[a(M)K'].
Proof. As in HOm.

o
Lemma 9. If P M)o K with sz(?) > 1, then there_)eacist H, @, a1, @, p1,
P2, G, Py, Py, K1, and Ky such that K = G[K, | K2, b = |d - (@1 | @2)], P =

il pal, H=G&a ™", P=H[P, | o], P, 2P, g, ana py 12172, g,

VBB
Proof. By induction on P ——, K.

GIK]., @ -b,5,m.p
—_—

Lemma 10. If E par P, then for all H € G & 7_1, we have

H++ E 202m0,  pr,
Proof. As in HOm.

Lemma 11. IfE X520 prgpng p AU Cpe ihen BIP) 27 o P

Proof. We proceed by induction on sz(|p|). If p = (b, M), then @ = @

and
by Lemma 8 there exist H, G, and K’ such that K = G[K'], H G &
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G[K'],@,(b,M),x,p

@', and P = H[b(M)K']. We have E
HHE Mpar P’ by LemmaF Applying rule outOut, we obtain

par P, which implies

BMYK EHETL, P and by Lemmalr] we get (H 4+ E)[b(M)K'] ZHEme,

P'. Because (H-+E)[b(M)K'] = E[H[b(M)K']] = E[P], the result holds.
Suppose the result holds for 1 < sz(|p|) < n — 1, and assume sz(7') = n. By
Lemma|§|7 there exist H, a’, |a1|, |az|, p1, p2, G, P1, P2, K1, and K5 such that K =
=R — - o ——1
G[K1 | Ko, @ = o' - (laa| az]), p = p1[|p2, H = G & o', P =H[P || P],

v|ail.|p] v|az|.|p| GIK: || Kalla' - (@ | @) .5 || B3.m.p
py 2P K and Py 22202 K, From E par

e~ =
P’, we deduce H-HE Ko || Kot | G271 | P2 o0 par P’ by Lemma Using rule

K3,a2,p2,(a1,pr, HHE, Ky ||) :m,p . .
par P’. By the induction hy-

parHoleL, we get e

o, (a1,pr,H+HE,Ky ||) :m,p .
(@157 il out P’: with rule parOutR, we de-

pothesis, we have P,
duce || Py::(HHE) mpar P’. By the induction hypothesis, we have
(H++E)[P, || Po] 22544 P’, and because (H+E)[P, || Po] = E[H[P; || P,]] =
E[P], the result holds.

Lemma 12. For all P zno P, there exist p, S; M)O K;, and R Mi
R’ such that P = (p @ ?)[R] and P’ = p[R'].

Proof. By induction on P zno P

vlail.|pil

Lemma 13. For all P 5 P’, there exist p of size at least 1, S; o K;

and R %; R’ such that P = (p @ ?)[R] and P' = p[R'].
Proof. By induction on P = P’.

Lemma 14. For all R li R, E, and p, we have R Lo p[E[RT]-

Proof. By induction on R zﬂ R.

Theorem 8. If P 5 P', then P —, P'.

vlai|.1pil

Proof. By Lemma there exist p of size at least 1, S; ————, Kj;, and
R Mi R’ such that P = (p @ ?)[R] and P’ = p[R']. By Lemma
we have R~ P'. Because p is of size at least 1, there exists p’ such that
p=(a1,p1,E1,T1)::p'. W.lo.g., we assume §; = K ||. By rule parInR, we have

then || R By SRtbPLe,  pr By Lemmalll] we have By [S) || R] 255 ou P'.
/ .vevpl / Rz ? ) V“ft‘lﬁzl )

For all p/, Q ——ou P', K, such that S; —————, K;, we prove as an

intermediary result that (p’ @ S)[Q] —2 P’ holds by induction on the size of p’.

e,c,€

If p/ is empty, then we have in fact Q ——,,: P/, and we conclude directly.
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Otherwise, there exists p” such that p’ = (a3, p2, Ea, §2) : p”’. W.lo.g., we as-
sume F2 = K> ||. By rule parOutRp, we have then || Q :: Eo Mpa, P'. By
N

— —
Lemma we have Ea[S2 || @] —_>,>)ut P’. Let S’ such that ? = S5 -5" By the

induction hypothesis, we have (p” @QS")[Ea[Sz2 || Q] =2 P, i.e., p/ [[?]}Q —s P/,
as wished.

- —
Let S such that S = Sy -5, From the intermediary result, we deduce (p’ @

SE[S: || R]] =2 P', but (¢ @ §)[E4[S1 | R]] = (p@ §)[R] = P, hence the
result holds.
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