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—— Abstract

Non-deterministic abstract machine (NDAM) is a recent implementation model for programming
languages where one must choose among several redexes at each reduction step, like process calculi.
These machines can be derived from a zipper semantics, a mix between structural operational
semantics and context-based reduction semantics. Such a machine has been generated also for the
A-calculus without a fixed reduction strategy, i.e., with the full non-deterministic S-reduction.

In that machine, substitution is an external operation that replaces all the occurrences of
a variable at once. Implementing substitution with environments is more low-level and more efficient
as variables are replaced only when needed. In this paper, we define a NDAM with environments for
the A-calculus without a fixed reduction strategy. We also introduce other optimizations, including
a form of refocusing, and we show that we can restrict our optimized NDAM to recover some of
the usual A-calculus machines, e.g., the Krivine Abstract Machine. Most of the improvements we
propose in this work could be applied to other NDAMs as well.
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1 Introduction

Abstract machines are first-order tail-recursive transition systems for term reduction. Known
examples of machines for languages based on the A-calculus include SECD [38], CEK [31],
and the KAM [37]. They serve as an operational semantics [38, 31, 30] or an implementation
model [35, 40] of programming languages, but are also relevant in proof theory [37], higher-
order model checking [45], or as cost models [10], to name but a few applications.

Abstract machines for the A-calculus usually implement a deterministic strategy which
selects a specific redex at each step [26, 30]. In contrast, a Non-Deterministic Abstract
Machine (NDAM) [14] may choose any of the available redexes: it explores the term, making
an arbitrary choice when several are possible, e.g., going left or right of an application. If
the machine focuses on a subterm which cannot be further reduced, it annotates it and
backtracks to make a different choice. Annotations prevent the machine from visiting an
already explored subterm.

NDAMs have been originally developed as an implementation model for non-deterministic
languages, in particular, for process calculi. However, considering an NDAM for the A-calculus
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without a fixed reduction strategy is worthwhile too, at least from the theoretical point of
view — one can expect that such an NDAM should subsume various deterministic reduction
strategies or abstract machines, and, therefore, play a role of a unifying framework in which
one can study and compare them. Moreover, such an abstract machine should be readily
adjustable to account for the A-calculus extended with concurrency primitives.

Defining an NDAM can be hard, so the framework in [14] comes with a sound and complete
automatic derivation procedure from another semantics format called zipper semantics, which
is a middle ground between a Structural Operational Semantics (SOS) [43] and a context-
based reduction semantics [31, 25]. Like an SOS, a zipper semantics explores a term with
structural rules, but it remembers its position in the term using an evaluation context, i.e., a
term with a hole [31]. Zipper semantics and their derived NDAMs have been presented for
process calculi [46, 39], but also for the A-calculus without a fixed reduction strategy.

As a result of the generic derivation procedure, the NDAM for the A-calculus cannot be
perfectly tailored for it, and, moreover, it inherits some of the artifacts from the underlying
zipper semantics. In particular, it relies on substitution, an external operation which replaces
all the occurrences of a variable at once, traversing the entire term. A more elementary and
efficient implementation of S-reduction that is traditionally used in abstract machines uses
environments, i.e., delayed substitutions, where a variable is looked up only when needed,
and closures are built [38]. The goal of this work is to obtain an environment-based NDAM
for the A-calculus without a fixed reduction strategy.

To this end we first define a zipper semantics with environments for the A-calculus
without a fixed reduction strategy. It is inspired by Aoy, a classic calculus with explicit
substitutions [24]. It turns out that we only need to implement a small subset of the rewrite
rules of Curien et al’s calculus in our zipper semantics. Then, the NDAM automatically
derived from the zipper semantics itself uses environments.

Unfortunately, the derived NDAM still suffers from performance issues. For example, it is
not in refocused form [26, 27]: after a S-reduction, the NDAM reconstructs the whole term
before looking for the next redex. The reason is that an NDAM should be able to find any
redex, even the ones next to the root. As a compromise between efficiency and completeness,
we let the machine reconstruct an arbitrary part of the term from the contraction site. It does
not reconstruct the whole term after each S-reduction, but it may still reconstruct enough of
it so that it can find S-redexes closer to the root. We also propose other optimizations, in
particular related to the way the NDAM manages annotations.

The end product is an optimized NDAM for the A-calculus with environments. By
restricting its behavior, we are then able to express some of the existing A-calculus machines
or strategies, as we expected. For example, if we forbid the exploration step which goes under
a A-abstraction, we restrict ourselves to weak strategies. In addition, if we always go left
of an application, we simulate the KAM [37]. We can also encode more complex strategies
like full normal order by enforcing priorities on the machine steps of the optimized NDAM.
We thus demonstrate that NDAMSs can be brought closer to usual, more efficient abstract
machines designed for a specific reduction strategy.

Contributions. Our contributions are as follows:
We define a zipper semantics with environments for the A-calculus, using a subset of a
known calculus with explicit substitutions.
From the zipper semantics we derive a correct-by-construction non-deterministic abstract
machine for the A-calculus with environments and without a fixed reduction strategy.
We optimize, in a provably-correct way, the derived NDAM with optimization techniques
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that we devise to improve the performance of NDAMs in general, which are either generic,
like a form of refocusing, or language-specific, like a better management of annotations.
We provide an OCaml implementation of the optimized machine to experiment with.
We show that the optimized NDAM we obtain is able to express many of the existing
machines designed for a specific reduction strategy.

Structure of the paper. Section 2 recalls the definition of the zipper semantics with
substitution, which we characterize with a zipper semantics with environments. In Section 3,
we first present the NDAM derived from the environment-based zipper semantics, and then
define a more optimized machine. In Section 4, we show how to obtain previously known
machines from the optimized NDAM. Section 5 discusses related work and Section 6 concludes
the paper. The appendix contains the proofs missing from the paper.

2 Zipper Semantics

We present the zipper semantics of the A-calculus with environments and prove its equivalence
with the substitution-based variant.

2.1 Syntax and Substitution-based Zipper Semantics

We present the syntax of the A-calculus where variables are represented with de Bruijn
indices. We let n, m, p range over indices, i.e., natural numbers, and define the syntax of
M-calculus terms, ranged over with ¢ and s, as follows.

t,su=At|n|ts

A de Bruijn index counts how many A-abstractions separate the variable from its binder. For
example, using more familiar named variables, A\.0 stands for Az.x, and A.\.1 for Ax. A\y.x. We
use a de Bruijn representation for the environment-based calculus (Section 2.2), to prevent
unwanted name captures when moving an environment inside a A-abstraction. We write
t{s/n} for the capture-avoiding substitution of n with s in ¢, defined as follows, using the
auxiliary renaming operation on indices (t); [28].

(1 t2){s/n} = t:1{s/n} ta{s/n} (t t2)7 2 (81)7 (to)T
(A){s/n} 2 Nt{s/n+ 1} MDD 2N
m—1 ifm>n N >
A " . - e é m+n 1Um2=>p
m{s/n} = ¢ (s)n Tfm—n (m), {m £ m < p
m ifm<n

The goal of zipper semantics is to go through a term looking for a redex, using an
evaluation context to remember the current focus in the term. We represent evaluation
contexts E, F as stacks of elementary contexts §, called frames.

EF:=F:E|m Fu=not|to] A

In defining the zipper semantics, it is convenient to interpret contexts inside-out: the topmost
frame represents the innermost construct. We define a plugging operation for frames §(t)
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appL appR lam
¢ Ds::Eevt/ s to:E o S/ " )\::]Eevt/ IamB
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Figure 1 Zipper semantics of the substitution-based lambda-calculus

and contexts E(t) as follows.

The definition of the zipper semantics is in Figure 1. Informally, ¢ Be\, t’ means that E(¢)
reduces to ¢’. The rules appl, appR, and lam are going through the term looking for a redex.
For example in applL, ¢ s reduces to ¢’ in E if ¢ reduces to t' in o s::[E. We see that the focus
changes from ¢ s to t, resulting in pushing o s on top of E. When we focus on a A-abstraction
inside a context o s:: [E, we recognize a redex, and we can -reduce with the axiom lamf3.

A reduction step is defined as a transition ¢ 1>e\, t’. The semantics of Figure 1 is a slight
optimization of the original zipper semantics for the A-calculus [14], where the axiom lamf3
is split in two rules. It is however straightforward to prove that the two zipper semantics
coincide, and therefore our semantics also characterizes the usual context-based reduction
semantics of the A-calculus [14].

2.2 Environment-based Zipper Semantics

Our goal is to replace substitution with environments, while still being able to reduce
an arbitrary (S-redex, including under a A-abstraction. To this end, we take inspiration
from Aoy [24], a calculus with explicit substitutions and strong reduction. The syntax of
environments €, ¢ and of closures ¢, d are as follows.

e, u=1id |1 |l-€|ecog | e eydz=le] | Aeled Lku=t|c

Closures extend terms by pairing them with an environment t[e]. Environments are like
explicit substitutions in Aoy. An environment /- e maps O to [ and the variables n > 1 are
mapped by e. The identity environment id maps variables to themselves. The composition
€o ¢ is such that € is applied first, and then ¢.

Whenever an environment € is applied to the body of a A-abstraction \.l, it is lifted f}e to
avoid index clashes. Informally, € should not be applied to 0 in [, as 0 is bound by the A, and
the occurrences of 0 in the image of € should not be captured by that A. To avoid this, we
shift (1) the result of the application of e. To summarize, fte acts like 0-eo1: the variable 0
is mapped to 0, and any n > 1 is mapped by € and the result is then shifted. This reminds
that the lift construct is not mandatory in calculi with explicit substitutions, as its behavior
can be expressed with the other constructs [1, 24]: we use it because it is more convenient in
proofs, in particular to prove termination results.

The zipper semantics for the environment-based A-calculus is defined in Figure 2. It takes
as source a term or a closure [, but always results in a closure c. As in the substitution-
based calculus, we use a context to remember the current position when exploring . With
environments, context frames are built from terms or closures: § ::=ol |l o| A. An evaluation
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env appL appR lam var
Eece& o (k[€]) -E.& (€D o-E,E X-EfE E,n,x
l —ev C l —————ev C k? ———ev C Z —ev C € —var C
E.£ E.& E,£ E,.& E,le
lle] = Ik S c lk o cC Al —Se C n ——e C
consN consZ
lam En,E E.£
B € —yar C | e C
0k-EE E,nt+1,6 E,0,€
PWRSLELSN ) Joe ZPHLE e e 205 e
id! shift liftN liftZ comp
E,n,* E,n+1,x En,te& E,0,* En,pe&
€ —var C € ———var C € ———var C ¢ ——rar C € ——var C
. E,n,le E,n,le E,n+1,& E,0,'¢ E,n,E
id —var C T —var C TTE —var C ’ﬂ‘ﬁ —var C €0 ¢ —var C

Figure 2 Zipper semantics for the environment-based A-calculus

context E, I is still a stack of frames interpreted inside-out, and we plug terms or closures
inside a frame or a context. The plugging operation is defined as in Section 2.1.

The zipper semantics uses an extra argument to record what the current environment is
while exploring [. To this end, we define an option type £, F, which we call local environment,
signalling whether the environment is defined or not.

EF u=x%]le

When £ = %, the local environment is not (yet) defined. Although x could be seen as id,
we distinguish the two to make explicit the absence or presence of an environment. We
extend the following constructs to local environments and overload some of the symbols.
The rationale behind these definitions is explained when we detail the rules of the zipper

semantics.
A A A A
I[x] =1 c-x=c-id cox =le x = %
A A A A
[le] = I[€] c-le=c-e €1 0lea =lejoen e = e

Zipper semantics transitions are of two kinds: [ %ev c means that [ with local environ-
ment £ inside E is reducing to ¢, i.e., E(I[£]) is S-reducing to ¢. The transition e MM, c
means that solving n in the environment € @ £ results in a term or closure which itself reduces
within E to ¢: E(n[ee&]) is f-reducing to ¢. The rules defining the semantics implement
some of the rewriting rules of Aoy.

The transition [ E8—>e\, ¢ is going through [ until it finds a S-redex, keeping track of the
current environment £ while doing so. We start with an empty context and an undefined
environment | 5, ¢. When we focus on a construct l[e] (rule env), we set the local
environment to !e if it was undefined; otherwise, we compose it with ¢. The definition of e
reflects these two cases.

In the application case (rules appL and appR), we pack the local environment with the
term or closure pushed on the context. In the body of a A-abstraction, the local environment
becomes 1€ (rule lam): if it is undefined (£ = %), it remains so in the body of the abstraction,
which explains why {* is defined as x. Otherwise, £ = l¢, and ¢ is lifted. For a variable n
(rule var), &€ should be defined as !e for some ¢, so that we can resolve n in € using the var
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1>

214 [n+11(c ) = [n](e)
0 [n+1](he) £ [nl(eo)

[1[ea]D(e
[l 2] (e
[A.2](e

[n] (€1 0 €a

[[7](ex)](e2) [0](c-¢)
l(e) [2] (e) [0] (fre)
)
)

1>

[
ALl (fre) [n](id
[Ind(e)](e2) [n] (T

1>

>

2)
)
)
)

Figure 3 Translation from closures to terms

transition, explained below. Finally, if we focus on a A-abstraction A.l in the appropriate
context o k- E, we can [-reduce, which consists in pushing k on top of &; if £ = x, then this
operation creates the environment & -id (rule lamf).

The transition e Mx,a, c resolves n in €, using £ to handle compositions. Initially in
rule var, & is set to x. If € = €; o €9, then we focus on €; and remember €3 in £ (rule comp).
More generally, the transition e E’L’*ma, c is solving n in €, while € mva, c is solving n
in €0 ¢. For example, the rule shift says that resolving n in 1 o ¢ consists in resolving n + 1
in ¢. Similarly, solving n in id o ¢ requires solving n in ¢ (rule id!).

As explained before, ffe maps 0 to 0 (rule liftZ) and any n > 1 is solved in € and then
shifted (rule liftN). The rules consN and consZ deal with environments [ - € as expected: if
n > 1, then we look for n — 1 in €. Otherwise, [ is the expected result, and we switch to a ev
transition to continue the search for a redex.

The var transition is not defined when £& = % and the environment is id, T, or ffe with
n = 0, i.e., in the cases producing a variable (respectively n, n + 1, and 0). The zipper
semantics is solving a variable to find a S-redex, and turning a variable into another variable
does not help in that regard.

2.3 Properties of the Environment-based Zipper Semantics

We state the main properties of the environment-based zipper semantics: the proofs are in
Appendix A. We first show it corresponds to the substitution-based semantics. To this end,
in Figure 3 we define a translation [[](¢) from closures to terms: [I](€) =t means that the
term or closure [ under environment e translates into the term ¢. The translation is defined
first by case analysis on the term or closure [, to push the environment € to the leaves of [.
At the level of variables, it then computes how an index n is translated by case analysis on
the environment.

We write [[{] as a shorthand for [I](id). The equations defining the translation contain the
rewrite rules we need from the ones defining Aoy. We can derive some of the remaining rules
of Aoy as properties of the translation: for example, we can show that [I](f+id) = [I](id)
(Lemma 7) or that [{J(ec®) = [[I](e)](¢) (Lemma 12). The proofs are usually by induction
on the size of pairs (I, €), strictly decreasing between the left-hand side and right-hand side
of each equation defining the translation (see Appendix A). The size is the same as in the
proof of termination of rewriting in Aoy [24, Proposition 4.2], and relies on the fact that we
use lift; the proof would be more complex without lift [1].

The main result relates S-redexes on both sides.

» Lemma 1. Foralll, k, €, [i[k-€]] = [{](1re){[k]/0}.

Curien et al. prove a similar result when relating Aoy to the plain A-calculus [24, Proposition
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4.11]: rephrased in our setting, they prove that given two terms ¢ and s, [¢[s-id]] = t{s/0}.
We generalize their result to any closures [, £ and any environment e. With this result, we
can relate the two zipper semantics.

» Theorem 2. If! B ¢, then [I] L Ic].

For all t 1>e\, s, there exists ¢ such that t i>e\, c and [c] = s.

The environment-based semantics is equivalent to the substitution-based one, which itself
characterizes a context-based semantics of the A-calculus [14].

The environment-based zipper semantics also satisfies the properties required so it can be
derived into an NDAM [14]. In particular, it must be machine constructive: in each rule, it
is possible to construct the terms in the premise from those of the conclusion. The semantics
must also be terminating, ensuring that the search for a redex in the abstract machine does
not loop infinitely. To prove it, it is enough to exhibit a strictly decreasing size of transitions
such that the size of the premise of each inductive rule is smaller than that of its conclusion.
The definition of such a size is already necessary to prove Theorem 2, and can be found
in Appendix A on page 19. We point out that the size is strictly decreasing because we
distinguish x from id, which allows us to give different sizes for both. Replacing x with id
would make the zipper rule id! in Figure 2 not terminating.

The original theory [14] requires the zipper semantics to be reversible, which is the reverse
of being machine constructive: for each rule, the terms in the conclusion can be deduced from
those in the premise. This property makes it easier to design the backtracking mechanism
of the derived machine. The zipper semantics of Figure 2 is not reversible: in rules consN
and consZ, respectively [ and € in the conclusion do not occur in the premise. We also need
to inverse the operator e in rules env, liftN, and comp. We show in Section 3.1 that we
only need a small change in the derivation procedure to allow backtracking for these rules.
However, we argue that the derivation procedure could easily be adapted to account for
non-reversible zipper semantics in many cases.

3 Non-Deterministic Abstract Machines

We discuss the shortcomings of the NDAM derived from the environment-based semantics,
and present an optimized abstract machine dealing with these issues.

3.1 Derived Abstract Machine

A zipper semantics is not yet an implementation, as it does not explain what to do when
several rules can be applied during the search for a redex, like in the application or A-
abstraction cases. The automatically derived abstract machine (DAM in short) augments
the zipper semantics with a backtracking mechanism and annotations to handle these cases.

Roughly, each zipper rule becomes a forward step, which focuses on a subterm. When
several rules can be applied, the machine chooses arbitrarily one of them, e.g., going left or
right of an application. Because of this non-determinism, it can make a wrong choice and
focus on a subterm which cannot reduce. In such a case, the machine annotates the subterm
as a normal form, and then switches to a backward mode, in which it undoes enough steps to
return to the last configuration it made a choice, to make a different one if possible. The
forward steps may focus only on subterms without annotations, ensuring that the machine
cannot make the same (wrong) choice twice. The DAM relies on a stack 7 to remember in
which order the forward steps have been applied. The backward mode then uses this stack
to undo the steps in the reverse order.
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Formally, we let X, A range over annotations, and we extend the syntax of terms, closures,
and environments with annotations.

Y, Au=0]ev|var t,su=n> | ATt t@% s
€, ¢ n=1id” | 17| I e | €§¢)|ﬂ‘26 c,d =1 | \=.c| c@¥d

We use | and k to range over (annotated) terms and closures. The machine annotates
a term or closure with ev and an environment with var. We write an(l) or an(e) for the
topmost annotation of [ or e: for instance an(l @* k) = 3. We write [T and e™*" for the
operation of annotating the topmost construct of [ or e: for example, (I @* k‘)ﬂv =[Q%k
independently of 3. Contexts in machine configurations are built of annotated terms, closures,
and environments.

The syntax of the stack 7 is of the shape m ::= p(€) ::w | A where A represents the empty
stack, p ranges over the names of the zipper rules in Figure 2, and € represents information
stored in the stack, which might be needed to make backtracking possible. In most cases, é
is empty.

The DAM is defined in Figure 4; we discuss some of the steps here. Machine configurations
(I|E, &, m)ey and (e |E,n, &, m)yar reflect the transitions of the zipper semantics. Each zipper
rule is turned into a forward step, where the conclusion and premise of the rule are respectively
the source and target of the step. The stack 7 also records the rule being applied. For
example, the rules applL, lam and consN translate as steps D1, D3, and D14, respectively.
Each forward step has a side condition which checks that the new subterm under focus is
not annotated, thus ensuring it has not already been visited.

If no forward step applies to the current term, then a switching step annotates it
and changes to the backward mode bev or bvar. The configurations (7 |l,E, E)pey and
(| €, E,m, E)yar then discriminate on 7 to undo the last applied rule. Each forward step has
a mirroring backward step to undo it. The switching steps are steps D7 and D21 for the ev
and var modes respectively, and the backward steps corresponding to applL, lam and consN
are steps D8, D11, and D22, respectively.

Finally, when the machine finds a redex, it applies the axiom lamf (step D6). The machine
constructs the result of the S-reduction plugged inside E. After reduction, some annotations
may no longer be valid, so to be safe, the DAM erases all of them: the operation |I| sets
every annotation in [ to (.

Reversibility. In the the original derivation procedure [14], the role of 7 is mainly to record
which rules are being applied, to know in which order to undo them if needed. We go beyond
that design in this paper, and use 7 to also store some information to be able to backtrack
even in the case of non-reversible zipper rules. We argue that what we do is generic enough
to be added to the original derivation procedure.

The rules consN, consZ, and liftZ are not reversible because some entities of the conclusion
of the rule do not occur in its premise. It is easy to automatically collect such missing entities,
and record them in the stack m. For example, the steps D14 and D15—corresponding to
consN and consZ—remember in 7 the part of the environment which is discarded, either its
head or its tail.

A rule may be not reversible also because it relies on an external operator which is not
injective, like o. In that case, we need to provide extra operations and remember some
information in the stack to be able to invert it. By its definition, ¢ # £ = le; 0 €5 because either
e=-¢c and £ = leg, or € = €1 0 €9 and £ = +. To distinguish between the two possibilities, we

remember in the stack 7 a boolean b defined by an operation £ Z & which evaluates to T
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(n? | E, e, 7)ey

(

UEDnt

>var

1| E, &, consO(e€) :: ey
|E, n,*,id!::

>var

| E,n+ 1,%,shift :: 7)yar

>var

(e
(
(e
(e
(€| E,n, 10 o £, liftN(E = %) ::
(
(
(

7| €™ E,n, E)pvar

<l e|E,n+1,E T)var
<l €|E,0,E, Thyar

— (1d” | E, n, e, m)var
<T |E,n,!e, Thyar

M| Eyn 41,8, 7)var
(11|, 0, lez, T)var
(

61062|E n, &, Tvar

Figure 4 Derived Abstract Machine

*) o

if

7T>var

>var

otherwise

._1(b7 5/) =

(€.€)

if an(e;) =0

otherwise

if e~ 1(,&")

if o7 1(b,&") =

=(10.¢)

(623 5)

if &€ = x, and to L otherwise (cf steps D4, D18, and D20). We then define the invert of e,

written e~ !, such that e~

LT, leyoeg) =

(61 062,*) and e~

1(J_, !61 o 62) =

(e1,'e2), and use it
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(L @% 13| E, E)ey — (|0 (I2[€]) - E, E)ey if £, THI, (01)

(L @% 1y |E, E)ey = (lo| (L[E]) 0-E, E)ey if £ LK1y (02)
AL E, E)ev = (LA ENE)ev if £, L1 (03)

(U[e)” |E, E)ey = (1| E, €0 E)ey (04)
(n|E,le)ey — (€| E,n,*, (n,€))var (05)

Ao cEE)ev = (E|lc-E]")rec (06)
(n|E,*)ey = (E|n[1d]®)bev (07)

(c]|Ey%)ey — (E]cT®)pey otherwise (08)

(0 1-E|)pew = (@ 1| E,#)ey (09)

(1o-E|C)bey — (1@ ¢|E, %)ey (010)

A E[c)pey = (M| B, %)ey (O11)

(] Chpey — (C)nf (012)
(I-e|E,n+1,&, P)yar = (€| E,n, &, P)ar (013)
(1-€|E,0,&, P)ar = (| E,E)ey if £, infun(E) /1 (014)
(id|E,n, e, P)yar — (€| E,n, %, P)yar (015)
(T1E,n,le, P)yar = (€| E,n+ 1, %, P)yar (016)
(fe|E,n+1,&,P)yar = (€| E,n, 1 0 &, P)yar (017)
(1e|E,0,!9, P)var = (¢|E,0,%, P)yar (018)
(1062|En€P>Va,—><61|En6205 P)yar (019)
(9| E,m,E, (n,€))var = (E|n[€]*)pev otherwise (020)
G1LE| e = (E|c@? ) (021)

(15 E|c)rec = (E]1Q% ¢) e (022)
(AE|hrec = (E|N.0)rec (023)

(E|c)rec = (| E,*)ev (024)

Figure 5 Optimized Abstract Machine

in the backtracking steps D10, D26, and D28. Defining ¢~ or Z cannot be done for any
non injective operator, but if they exist, such operations could be provided to the automatic
derivation procedure with the zipper semantics.

3.2 Optimized Abstract Machine

Being the result of a generic procedure, the DAM is not optimized for the particular case of
the A-calculus with environments. We explain how to optimize it, resulting in the Optimized
Abstract Machine, defined in Figure 5.

Bypassing the bvar mode. The DAM does not exploit the fact that solving n in € is
syntax-directed: at most one zipper rule applies to a given n and €. Suppose the machine
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Before exploration After exploration Backtrack (DAM) Backtrack (OAM)
¢ ¢ ¢ ¢

MG l l L
$
Q@ Q @) Q@
o~ PN N
li+1 [€i+1] li+1 li+1 [eH_ﬂev li-‘rlev
l [6 ] lm lm [Gm]ev lmev
n n[e] nev dev

Figure 6 Differences between the DAM and OAM when backtracking

configuration D = (n* | E, e, 7)e, initiates a sequence of steps D —™ D/ such that no

forward step applies to D,,,. The DAM then backtracks: starting with D/, and for each
step, it applies the switching step to add the annotation, and then a backward step. In the
end, we need 2m steps to add the annotations and get back to D. Instead, the switching
step from D7, could restore D directly, meaning that we no longer need backtracking steps
for the var mode, nor annotations for environments.

To implement this change, whenever we start solving n inside € in the OAM, we remember
the initial values of the variable and the environment as a pair (n, €) in the var mode (step O5).
We let P range over such pairs. The pair is passed along in steps 013 to O19, and is discarded
if the variable can in fact be solved in step O14. If variable resolution fails, the “otherwise”

step restores the initial values as a closure n[e]® annotated as a normal form (step 020).

Refocusing. The DAM is not in refocused form: after S-reduction, it plugs the resulting
closure into E before looking for the next redex. This is necessary for the machine to be
complete w.r.t. the zipper semantics, so that it is able to reach any available redex, including
those in E. A middle ground between performance and completeness is to reconstruct an
arbitrary part of the context E, while still having the possibility to recreate it completely.

In the OAM, S-reduction produces a closure in the context E (step O6). The OAM then
enters the rec mode dedicated to partially reconstruct the full closure using E. The steps 021
to 023 push the current top frame of the context on the closure. At any point, step 024
may conclude the reconstruction and restart the machine in the ev mode to find the next
redex. The reconstruction being non-deterministic itself, the machine may reconstruct fully
using the whole context, meaning that any redex in E is still reachable, and the machine is
still complete w.r.t. the zipper semantics.

Removing the stack m. The stack 7 is used for backtracking, mainly to remember in which
order to undo forward steps. To simplify the machine, we would like to use the context E for
that role, as it uniquely changes when the rules applL, appR, and lam are applied. However,
it stays the same when env or var are applied (cf. Figure 2). The idea is then to undo the
former steps, but not the latter ones. Such a change entails significant differences in the
behavior of the OAM compared to the DAM, that we illustrate on an example in Figure 6.
The first picture represents a possible exploration path in a closure, which goes through
several constructs ly[e1] ... Ly, [em]. Along this path, the two machines collect € ... €, and

11
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combine them into an environment € (second picture).

If solving n in € produces a normal form d, the DAM restores the closure in its original
shape while adding annotations, up to some application where it stops backtracking and
starts exploring another path. Concretely, the DAM undoes the variable resolution steps,
annotates n as a normal form, and puts back the environments (e; . .. €,,) at their original
position. The OAM backtracks up to the same application, annotating all the constructs on
the way, but without undoing the variable resolution steps—leaving d in place—or restoring
(61' SRS Em).

In practice, the OAM does not feature the stack 7, and there are only three backtracking
steps (09 to O11) which mirror the steps O1 to O3. The steps O4 and O5 cannot be reversed.
A construct I[e]* in the OAM is therefore either yet to be traversed, or is of the form n[e]®
after a failed variable resolution. If we go through a plain term (without any [[¢]*), we might
reach a variable n with the local environment x. To be uniform, we create an annotated
closure n[id]® (step O7), turning the plain term itself into a closure. Unlike in the DAM,
plain terms cannot be annotated in the OAM: only closures are annotated.

Keeping annotations. Instead of erasing all the annotations after S-reduction as in the
DAM, we would like to keep as much of them as possible. Suppose the S-redex is ()\@.l) @’k
in some context E and current environment £. The normal forms in E are still normal
form after the S-reduction, so if any of them are annotated as such, we should keep these
annotations. In contrast, the annotations in the body of the A-abstraction ! may no longer
be valid: a term 0% @®'{ is no longer a normal form if the S-reduction replaces 0 with a
A-abstraction. As an approximation, we ignore all the annotations inside [.

We therefore need a way to know if an annotation is in the body of a S-redex. We
notice that if solving a variable in a local environment £ produces a normal form, then the
machine adds an annotation and resets £ in the configuration to * (steps 020 or O7). We
then propagate the annotation upward from the leaves with the combinations of step O8
and steps O9 to O11. In that process, the local environment remains x. We have £ # x
only when we explore a closure for which we do not know yet if it is a normal form. This
observation is enough to know if an annotation is meaningful after a S-reduction. Let ¢ such
that an(c) = ev in some environment &; the annotation is valid only if £ = x. Otherwise, the
environment has changed after ¢ has been annotated and ¢ is in the body of a S-redex.

On top of that, we need to consider a particular case. Suppose we look for a re-
dex in ()\@.O @’ l) @? A\? k, starting with the A-abstraction on the right, annotating it as
(\2.0@% 1) @% A k. After S-reduction and solving 0, we get (A\*.k) @?[[¢]® in the envir-
onment * (with € = A*V.k-1id); according to the previous criterion, the annotation of the
A-abstraction is valid, preventing the machine to S-reduce further. For a A-abstraction, to be
a normal form means it is not in the function position of an application. If a A-abstraction
ends up in such a position after a S-reduction, we need to ignore its annotation.

Consider a local environment £ and a term or closure . We use booleans T, L, ranged over
by b, to indicate whether [ is in the function position of an application. Given a context E,
the function infun(E) returns T if the hole of the context is in function position (E =o1-E'),
and L otherwise. We write £, b+ [ if the annotation of [ is still valid, i.e., with £ = x, and [
is a closure ¢ such that an(c) = ev, and in the case where [ is a A-abstraction, with b = L.
Otherwise, we write £, bt/ 1. We use this predicate as a side condition of the steps O1 to O3
and step O14, meaning that we can take these steps if the new subterm under focus is not
annotated, or its annotation is meaningless. There is no side condition for step O4, because
for this step, the local environment € @ £ cannot be x by definition of e.
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Example. We show a machine run starting from ¢t = (A\?.0@% \?.1)@?(\?.0)@"1, i.e.,
(Ax.z Ay.x) (Az.z) z. To simplify, we omit empty annotations and the symbol @ if it is not
annotated, writing for instance t as (A\.0 A.1) (A.0) 1

The machine may go right of the topmost application, focusing on an unsolvable variable,
since £ is x for now. The machine annotates it and backtracks.

(|, 5)er 22 (1] (A0 A1) (A0) o3 k) 2 (A0 AT) (A0) o m | 1[id]* Dper

QL0 (A0 A1) (\0) 13 | m, 4)ew 2 O
The machine has no choice but to go left of the application. Then it might go left again, and
inside the body of the A-abstraction.

01 (l}(l;(l;) (OAXT| A0 X000 1[1d]® i myx)ey 20,

The term 0 A.1 is a normal form, so the machine annotates it and backtracks.

05 =8 (A0 0050 1[1d]* = [ O[1d]™ @ A 1[1d]" )oe

OLL A O[] @ AV 1[1d] [0 A0 0 L[1d] = m, K)o 2 Oy

At this point, the machine S-reduces and switches to the rec mode, in which it may decide
to reconstruct the frame in the context. It then restarts in ev mode to find the next redex.

05 Y (0 1™ m | (O[1d*™ @ A 1[N0 - 1d])ree
%2 | (O[] @ A 1[1d]*)[A.0- 1d] 1[1d]) rec

O (0sd™ @ A~ (1) X0~ id] L] |m 4y 2 O,

The machine cannot go right of the application, because we have x, L |- 1[id]®: the annotation
is still valid. The machine therefore has to go left.

0, Y (0™ @ A A[1d) N0+ 1d] [0 1[1d]* :: m, )y

O (0[1a]® @ X®V.1[1id]® |0 1[id]® ::m,IN.0 - id)ey 20,

Because the local environment is no longer x, the annotations of the subterm under focus
are not valid and can be ignored. For instance, we can go right of the application and under
the A-abstraction to reach the variable.

Os 939?9?1 (1| A::0[1d]®[A.0-id] o::o0 1[1d]® = m, lid o (A0 - id))ey 2 0

Solving the variable in the var mode produces A.0, a normal form, annotated as such by the
machine, which then goes back to the first application in the context.

O =" (A0 A::0[id]®[A.0-id] oo 1[id]® w1 ey
= (A0 | A 0[1d]®[A.0-1id] oo 1[1d]® i my %) ey
= (0[Zd]®[A.0- id] A A 0[] |0 1[1d]® :: m, %)y

>

Or

The machine has no choice but to go left of the application, until it reaches the variable,
which can be solved.

07 QOO 1 2y 2 O] 20 1] ::m, lid o (A0~ 1d))er

OPQLIOLSOLL )0 A= A O[] 110 1[1d) 4y 2 O
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The machine may then S-reduce and not reconstruct anything from the context.

Og O_>60_2>4<0[>\ev.>\ev.0[ﬂ~/ﬂev +id] o T[] , x)e 2 O

The variable can be solved immediately, producing a A-abstraction. A S-reduction is then
possible, without any reconstruction because the context is empty.

Og —* DAY O |0 L[1d]® 22 m, %Yoy —* ((AYO[])[L[1d]® - 1d] | W, *)ey

The machine has to go through the resulting closure to annotate it as a normal form, pushing
the environment 1[id]® - id in the body of the A-abstraction while doing so. The run ends
with (A®.0[f(1[1d] - id) o 1] )u-

Implementation. We have implemented the OAM as a skeletal semantics [19] from which we
extract an OCaml program that evaluates all possible reductions from a starting term. The
implementation is very close to the formal definition of the OAM and is available online [13].

3.3 Correspondence between the DAM and the OAM

To relate the OAM and the DAM, we define an equivalence = between OAM and DAM
machine states, and prove that from a sequence of OAM steps, we can build a sequence of
equivalent DAM steps and conversely. We let O and D range over the machines states of
the optimized and the derived machines, respectively. We informally explain the ingredients
needed to define ~; the formal definitions and proofs are in Appendix B.

Consider two similar runs of the OAM and DAM from the same starting point: after
doing the same [-reductions, they are at the same position in the closure. As explained in
Figure 6 some environments may be pushed to the leaves and some variables may be solved
in the OAM, but not in the DAM. Besides the closures on the OAM side may contain more
annotations than on the DAM one, but some of these annotations could be meaningless.

We relate two states O and D by pushing all the environments to the leaves, and then
solving all the variables, which is exactly what the translation [-] of Figure 3 is doing. We
define two similar translations on annotated closures or terms [-], (for the OAM) and [-],
(for the DAM) which produce annotated terms. The translation [-], also removes meaningless
annotations, by using the same criterion as in Section 3.2. We then compare the results r,
and rq of these translations using a predicate >, which checks that the two annotated terms
are the same, except that r, may contain more annotations than rq.

We extend [-],, [-]; and > to contexts frame by frame, and we write O = D if either:

0= <l |Ea €>eva D= <k | IF,J:? 7T>evv [[l]]o(g) > [[kﬂd(‘/_:)? and [E]]o > [[F]]d;

O = {E|c)oews D = (7 | K, F, Foen, [elo() > [K]4(F), and [E], o [F;

O = (ehats D = {das, and [c]y(x) > [d] ().

The equivalence is defined only on the modes which are common to both machines. Equivalent
machine states can be considered as synchronization points between the OAM and DAM
machine runs. In particular, the contexts E and F of two equivalent states have the same
shape, so the machines are at the same position in the term or closure being explored.

We extend the equivalence to sequences of machines states, writing (Op, Oy ...0;) =
(Do, Dy...D;) if Og = (I,m,%)ey, Do = (I,m, %, A)e, for the same I, O; —* 0,11 and D; —*
Djsq for all 0 < j <4, and O; = D; for all 0 < j < 7. The correspondence theorems then
state that given two equivalent sequences, if one of the machines is doing a step, then we can
find equivalent states to continue the sequences.
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» Theorem 3 (OAM implies DAM). If (Og, 01 ...0;) = (Do, D1 ...D;) and O; — O, there
exist OiJrl and 'Di+1 such that O —* Oi+1, D; —* Di+1, and Oi+1 ~ 'Di+1.

» Theorem 4 (DAM implies OAM). If (O, O ... O;) ~ (Do, Ds ... D;) and D; — ', there
exist Oi+1 and Di+1 such that D' —* Di+1, Ol —* Oi+1, and Oi+1 ~ Di+1.

We sketch some of the cases of Theorem 3, the proofs for Theorem 4 are similar. Step 020
of the OAM (Figure 5) is matched in the DAM by a sequence of bvar steps which produces
an equivalent configuration. Applying the axiom (step O6) leads to the rec mode, in which
a number m of frames of E are reconstructed. If E contains n frames in total, the DAM
matches by applying its S-reduction step (step D6 in Figure 4), which rebuilds the whole
context, and then it gets to the same position as in the OAM with n — m forward steps.

A backward step of the OAM, e.g. step 09, is not necessarily matched by the corres-
ponding step in the DAM—step D8 in Figure 4—because the DAM may have to undo steps
corresponding to the applications of the rules env or var. We prove that we can undo them
first and then apply step D8 in the DAM. Finally, suppose a valid annotation in the OAM
has been erased at the same position in the DAM. The subterm under focus is still a normal
form, so the sequence which added the annotation on the DAM side before its erasure can
still be applied to that subterm to restore the annotation.

4 Recovering Known Strategies and Abstract Machines

The OAM can be used to obtain specialized abstract machines that implement various
reduction strategies. A reduction strategy can be seen as a way to choose a particular redex.
In the OAM, the transitions O1, 02, O3 are navigating through the term or closure by going
left (/) or right (\,) of the application, or down under the lambda (1), respectively. By
controlling which of these navigation rules to apply and in which order, we can define various
deterministic or non-deterministic strategies. To define reduction strategies succinctly, we use
the phased format of strategies [17]. For example, the call-by-name strategy can be defined
as cbn = cbn; B, a strategy that navigates to the left of an application as much as possible
(iterating itself), and then tries to perform S-reduction. Formally, a strategy can be defined
as a set of term decompositions. The sequence of strategies r;s is a strategy containing any
decomposition in r, or a r-normal form that is in s. Furthermore, r U s is a strategy that
contains any decomposition that is in 7 or in s. If a term admits multiple decompositions,
according to r or to s, the strategy r U s is non-deterministic.

Krivine Abstract Machine. The Krivine Abstract Machine [37] implements exactly call-
by-name evaluation as defined above. In the OAM, it corresponds to restricting navigation
to only ., and removing , and |. Thus, we go left as much as possible, and if we reach a
A-abstraction, we try to apply step O6 to S-reduce. If it fails because the context is empty,
we are done, and we apply steps O8 and O12: the (annotated) lambda abstraction will be
returned as the normal form. If, on the other hand, we reach a variable, the machine tries to
solve it by rule O5. If it is a free variable, the machine cannot solve it and backtracks, thus
reconstructing the call-by-name normal form—an application of a (annotated) variable to a
number of closures (possibly none). An inspection of reachable machine configurations reveals
that excluding the two navigation rules further entails that rules 010, O11, and also O15-
018, 022, 023 are not reachable: environments are constructed using only two operators,
and thus the machine is significantly simplified. Moreover, the call-by-name strategy being
deterministic, the reconstruction transitions can be short-circuited and eliminated altogether.
The resulting machine is presented in Figure 7.
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(L @% 13| E, E)ey — (|0 (I2[€]) - E, E)ey it &, T 01)
(¥ |E, E)ey = (I|E,c0E)e, 02)
(n|E,le)ey — (€| E,n,*, (n,€))var 03)
Nolloc B E)e — (L|E,Nc-E))ev 04)
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Figure 7 Krivine Abstract Machine

Right-to-left open call by value. We consider a variant of the call-by-value strategy that
operates on open terms, and evaluates arguments in an application from right to left: it is
defined as rcbw = \rcbw; rebw; 5. This strategy can be realized in the OAM by keeping
~ and \, and forbidding |, but with the priority given to \,, applying it whenever possible
before we try /. Whenever we can apply the S-rule, the argument on top of the stack must
be a value, because of the precedence of \, over ,/: the machine only performs a restricted
[B-contraction, as in call-by-value. The resulting machine is closest to the variant presented
n [18], or it can be seen as a right-to-left variant of the CEK machine [31].

In contrast, we cannot obtain the left-to-right variant of call-by-value in a similar way.
To do it, we would need to prioritize . over \,, which in turn requires further inspection of
the top of the stack to make sure that g-contraction is only applied when the argument is a
value. Other similar call-by-value strategies [42, 7] cannot be expressed. It is due to the fact
that OAM only looks at the top-level constructor and no further.

Normal order. The normal-order strategy is a fully reducing strategy that can be seen as
an iteration of call-by-name until no redex is left anywhere in the term. Its phased form
is no = (B; »no;~\no) U lno. It is worth noting that in this case the sum of strategies U
does not produce a non-deterministic strategy, because (8; . no; \no) and }no each contains
decompositions of structurally different terms. Normal order is an example of a hybrid
strategy that does not behave uniformly, but the navigation steps depend on the context:
the | rule can only be applied when the lambda abstraction is not in the operator position.
A canonical abstract machine that implements normal order is Crégut’s KN machine [22]. In
the OAM, we first try to apply 3, then ./, then \,. Otherwise, we can try | (only when we
know that § is not applicable). This adjustment of OAM results in a variant of KN.

Weak reduction. A simple restriction that results in a non-deterministic strategy can be
obtained by removing the rule | from the OAM. This strategy can be described in the phased
form as weak = yweak U N\weak U 3.

Head reduction. Consider the following two strategies in phased form: head = (8; . head) U
thead and ihead = (ihead; 8) U Jihead. They both perform head reduction and compute
head normal forms (i.e., terms of the form Azy....Az,.y t1...¢,), but the first strategy is
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"outermost", and the second is "innermost'. The two strategies are deterministic, because for
each term only one of the U-substrategies can be used. If we restrict OAM in that we remove
the rule \, and order the remaining evaluation rules: first ./, |, and then 3, we obtain the
implementation of the thead strategy. If, on the other hand, we put these rules in the order:
[ first, then ., then |, we obtain the machine for the head strategy. In both cases, we can

further trim the machine by removing all the transitions made unreachable by removing \,.

Unexpressible strategies. We have remarked above that the left-to-right call by value is
not expressible in an instance of OAM obtained by restriction and prioritization only. The
same is true for any strategy that hinges on the same issue, like the fireball calculus [42, 7],
the non-deterministic variant of CbV where we can reduce freely to the left or to the right of
the application as long as it is possible, and only then we try to S-reduce. This strategy in
phased form is defined as cbw = (,/cbw U \,cbw); 3, but in fact this definition enforces that
[B-contraction will be applied only when the argument is a weak normal form. So it is not
possible to directly obtain this kind of behavior in the OAM without further inspection of
the stack in 06, as in the left-to-right call by value.

5 Related Work

Non-deterministic abstract machines for the \-calculus. In [14], Biernacka et al. present

a general framework for deriving non-deterministic abstract machines from zipper semantics.

One of the example derivations in their work leads to a non-deterministic abstract machine
for the A-calculus, where no reduction strategy is imposed and each redex in a given term
can be selected for contraction thanks to a loop-free backtracking mechanism encoded in
the transition system of the machine. The abstract machines of the present work follow the
same principles, but they are optimized crucially in two ways: they replace substitution
with environments and they are in the refocused form. Both these advancements greatly
improve the performance measures of the machines since they influence, respectively, how
substitution is implemented [6] and how term decomposition is resumed after a redex has
been contracted [26, 27].

A lightweight form of non-determinism is present in [3], a recent work by Accattoli and
Barenbaum who introduce an abstract machine for normal-order reduction in the A-calculus
that has a diamond property. Their machine is non-deterministic in that when dealing with
a partially normalized term of the form z ¢y ... t,, it can choose arbitrarily which argument
t; to reduce next. (The machine can also jump from one job to another when a normal
form has been reached, without a step-by-step backtracking.) The machine is diamond
non-deterministic, i.e., it satisfies the strongest, one-step form of confluence, which implies

that the choice of a reduction site does not affect the result, nor the length of the machine run.

The machines considered in the present work, as more general, obviously are not diamond
non-deterministic in this sense.

Explicit substitutions and environment-based abstract machines. In their pioneering
work on explicit substitutions, Abadi et al. [1] present an abstract machine for weak-head
normalization in the Ag-calculus that generalizes the KAM (originally featuring de Bruijn
indices and closures) to open terms. Full normalization is then achieved as an iteration of the
weakly normalizing machine. Substitutions from the calculus play the role of environments in
the machine, which makes the relationship between the calculus and the machine particularly
explicit. The Ao-calculus is also used by Crégut [22] for designing and establishing the
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correctness of his strongly normalizing abstract machines KN and KNL. Call-by-value and
call-by-name reduction strategies and their implementation on an environment-based abstract
machine are discussed in the context of a variant of Ao with names and garbage collection
by Rose [44].

In [23], Curien introduces a minimal weak non-deterministic calculus of closures Ap,
requiring a big-step reduction rule for term application, that allows him to express the
reduction strategies for the KAM and the Categorical Abstract Machine (CAM) [21], taking
advantage of the presence of closures in the calculus. The author also sketches a generalization
of the weak calculus to a strong version that accounts for full g-reduction, and is formalized
in [24] as Aoy

The full power of the Aog-calculus is then used in Hardin et al’s framework for reasoning
about the correspondence between several weak reduction strategies in Aoy, a subcalculus of
Aoy, and known abstract machines such as the KAM, SECD, CAM, and Cardelli’'s FAM [20].
Curien’s weak calculus of closures is, in turn, studied by Biernacka and Danvy [18] who
introduce its modification \p that, unlike A\p, makes it possible to define one-step reduction
strategies underlying abstract machines such as the KAM, CEK, and Leroy’s ZINC [40]. Tt
is shown that A\p and the abstract machines are in an intimate relation established by an
enriched refocusing. The calculus Ap is then used by Garcia-Pérez et al. [34, 33] to reconstruct
and prove Cregut’s KN correct in a very precise sense. In our case, the underlying small-
step semantics is zipper zemantics, rather than the more traditional structural operational
semantics.

Accattoli et al. [4] study the relationship between the linear substitution calculus (LSC) [11]
and a number of abstract machines for weak normalization, including the KAM, CEK, a
simplified version of SECD, the lazy KAM [22], and Sestoft’s call-by-need machine [47]
(ZINC is also sketched). It is argued that a weak version of LSC, a calculus with an explicit
representation of reduction contexts and a notion of (explicit) substitution at a distance, can
abstractly and effectively represent or distill, in the authors’ words, abstract machines for
weak normalization. Interestingly, the authors also introduce new machines inspired by LSC:
the Milner Abstract Machine (MAM) that uses only one, global environment and therefore
avoids the concept of closure at a cost of explicit a-renaming, and the Milner Abstract
machine by-neeD (MAD) that takes advantage of the single global environment introduced
in the MAM that facilitates sharing of computed values.

In [5], the above ideas are used to design the Strong Milner Abstract Machine, a machine
for normal-order strong normalization that features a single environment and is shown to
have a linear overhead both in the number of steps in a reduction sequence in LSC and in
the size of the initial term — Strong MAM is distilled (decoded) into LSC and analysed for
complexity. Such issues are central in Accattoli’s Useful MAM |[2], that is the first reasonable,
i.e., polynomially related to the cost model of RAM or Turing machines, machine for strong
normalization in the A-calculus in the literature. Useful MAM, however, is not studied
in the context of LSC or another calculus of explicit substitutions. In the same line of
work, Accattoli and Barras provide a thorough complexity analysis and comparison between
machines with local and global environments [6], whereas Accattoli et al. [7, 10], present
reasonable abstract machines for open call-by-value that rely on a global environment.

A special form of environments, called crumbled environments, is introduced in [9],
where Accattoli et al. study call-by-value evaluation of both closed and open A-terms.
Such environments stem from the representation of terms considered by the authors, i.e., a
representation with explicit sharing or explicit substitutions (in a new formulation), and they
encode evaluation contexts besides storing delayed substitutions. The crumbling technique is
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then used by Accattoli et al. to define a reasonable abstract machine, called SCAM, for strong
call-by-value [8]. Their work takes advantage of yet another calculus of explicit substitutions —
the value substitution calculus (VSC) and of the concept of implosive sharing known from the
literature on call-by-need [48]. Other reasonable abstract machines for strong call-by-value
and strong call-by-need have been derived through the functional correspondence [12] from
higher-order evaluators with heap-based sharing and local environments by Biernacka et
al. [15, 16].

In contrast to the above collection of results by Accattoli et al. and Biernacka et al.,
in the present work we do not consider any sharing-oriented optimizations that go beyond
the introduction of local environments, and we focus solely on the interaction of such
environments with non-determinism. Whether such optimizations can be incorporated in
NDAMs is a worthwhile question that requires further research.

6 Conclusion

We present an environment-based abstract machine for the A-calculus without a fixed
reduction strategy. To this end, we define a zipper semantics—inspired by a calculus of
explicit substitutions [24]—and derive an NDAM from it. We then optimize the NDAM so
that it requires fewer steps to find a redex. In the resulting OAM, we can recognize existing
deterministic machines by restricting and/or prioritizing steps.

Our work demonstrates that zipper semantics can be defined with environments instead
of substitution. It also shows that the derived machine can be used as a stepping stone
towards more optimized machines. Some optimizations are language specific, like knowing
which annotations to keep after reduction, but others could be made generic in the NDAM
derivation procedure. For example, it is always possible to bypass the backtracking steps of
a deterministic mode of the machine, like we do with the bvar mode in the OAM. Refocusing
is also possible as long as the stack 7 can be replaced by another element for backtracking,
such as the context E. In fact, the non-deterministic machines for the A-calculus with
substitution and for HOcore [14] could be automatically derived in the refocused form from
their respective zipper semantics.

We believe that our approach of defining a zipper semantics, optimizing the derived
machine, and possibly restricting it to make it deterministic is generic and can be used to
define non-deterministic and deterministic abstract machines for other calculi. In particular,
we would like to apply this technique to the A-calculus with futures [32, 41], and see whether
we can recover the different task creation strategies of this calculus, such as the eager
strategy [36] or the lazy one [29].

—— References

1  Martin Abadi, Luca Cardelli, Pierre-Louis Curien, and Jean-Jacques Lévy. Explicit substitu-
tions. J. Funct. Program., 1(4):375-416, 1991.

2 Beniamino Accattoli. The Useful MAM, a reasonable implementation of the strong A-calculus.
In Jouko A. Véidnidnen, Asa Hirvonen, and Ruy J. G. B. de Queiroz, editors, Logic, Language,
Information, and Computation - 23rd International Workshop, WoLLIC 2016, Puebla, Mezico,
August 16-19th, 2016. Proceedings, volume 9803 of Lecture Notes in Computer Science, pages
1-21. Springer, 2016. doi:10.1007/978-3-662-52921-8\_1.

3 Beniamino Accattoli and Pablo Barenbaum. A diamond machine for strong evaluation. CoRR,
abs/2309.12515, 2023. arXiv:2309.12515, doi:10.48550/arXiv.2309.12515.

4  Beniamino Accattoli, Pablo Barenbaum, and Damiano Mazza. Distilling abstract machines. In
Johan Jeuring and Manuel M. T. Chakravarty, editors, Proceedings of the 19th ACM SIGPLAN

19


https://doi.org/10.1007/978-3-662-52921-8_1
http://arxiv.org/abs/2309.12515
https://doi.org/10.48550/arXiv.2309.12515

20

Optimizing a Non-Deterministic Abstract Machine with Environments

10

11

12

13

14

15

16

17

International Conference on Functional Programming, Gothenburg, Sweden, September 1-3,
201/, pages 363-376. ACM, 2014. doi:10.1145/2628136.2628154.

Beniamino Accattoli, Pablo Barenbaum, and Damiano Mazza. A strong distillery. In Xinyu Feng
and Sungwoo Park, editors, Programming Languages and Systems - 13th Asian Symposium,
APLAS 2015, Pohang, South Korea, November 30 - December 2, 2015, Proceedings, volume
9458 of Lecture Notes in Computer Science, pages 231-250. Springer, 2015. doi:10.1007/
978-3-319-26529-2\_13.

Beniamino Accattoli and Bruno Barras. Environments and the complexity of abstract machines.
In Wim Vanhoof and Brigitte Pientka, editors, Proceedings of the 19th International Symposium
on Principles and Practice of Declarative Programming, Namur, Belgium, October 09 - 11,
2017, pages 4-16. ACM, 2017. doi:10.1145/3131851.3131855.

Beniamino Accattoli and Claudio Sacerdoti Coen. On the relative usefulness of fireballs. In
30th Annual ACM/IEEE Symposium on Logic in Computer Science, LICS 2015, Kyoto, Japan,
July 6-10, 2015, pages 141-155. IEEE Computer Society, 2015. doi:10.1109/LICS.2015.23.
Beniamino Accattoli, Andrea Condoluci, and Claudio Sacerdoti Coen. Strong call-by-value
is reasonable, implosively. In 36th Annual ACM/IEEE Symposium on Logic in Computer
Science, LICS 2021, Rome, Italy, June 29 - July 2, 2021, pages 1-14. IEEE, 2021. doi:
10.1109/LICS52264.2021.9470630.

Beniamino Accattoli, Andrea Condoluci, Giulio Guerrieri, and Claudio Sacerdoti Coen. Crum-
bling abstract machines. In Ekaterina Komendantskaya, editor, Proceedings of the 21st Interna-
tional Symposium on Principles and Practice of Programming Languages, PPDP 2019, Porto,
Portugal, October 7-9, 2019, pages 4:1-4:15. ACM, 2019. doi:10.1145/3354166.3354169.
Beniamino Accattoli and Giulio Guerrieri. Abstract machines for open call-by-value. Sci.
Comput. Program., 184, 2019. doi:10.1016/j.scico.2019.03.002.

Beniamino Accattoli and Delia Kesner. The structural lambda-calculus. In Anuj Dawar
and Helmut Veith, editors, Computer Science Logic, 24th International Workshop, CSL
2010, 19th Annual Conference of the EACSL, Brno, Czech Republic, August 23-27, 2010.
Proceedings, volume 6247 of Lecture Notes in Computer Science, pages 381-395. Springer,
2010. doi:10.1007/978-3-642-15205-4\_30.

Mads Sig Ager, Dariusz Biernacki, Olivier Danvy, and Jan Midtgaard. A functional corres-
pondence between evaluators and abstract machines. In Proceedings of the 5th International
ACM SIGPLAN Conference on Principles and Practice of Declarative Programming, 27-29
August 2003, Uppsala, Sweden, pages 8-19. ACM, 2003.

Malgorzata Biernacka, Dariusz Biernacki, Serguei Lenglet, and Alan Schmitt. Optim-
ized abstract machine implementation. Available at https://gitlab.inria.fr/skeletons/
lambda-am.

Malgorzata Biernacka, Dariusz Biernacki, Serguei Lenglet, and Alan Schmitt. Non-
deterministic abstract machines. In Bartek Klin, Slawomir Lasota, and Anca Muscholl,
editors, 33rd International Conference on Concurrency Theory, CONCUR 2022, September
12-16, 2022, Warsaw, Poland, volume 243 of LIPIcs, pages 7:1-7:24. Schloss Dagstuhl -
Leibniz-Zentrum fiir Informatik, 2022.

Malgorzata Biernacka, Witold Charatonik, and Tomasz Drab. A derived reasonable abstract
machine for strong call by value. In Niccold Veltri, Nick Benton, and Silvia Ghilezan,
editors, PPDP 2021: 23rd International Symposium on Principles and Practice of Declarative
Programming, Tallinn, Estonia, September 6-8, 2021, pages 6:1-6:14. ACM, 2021. doi:
10.1145/3479394.3479401.

Malgorzata Biernacka, Witold Charatonik, and Tomasz Drab. A simple and efficient im-
plementation of strong call by need by an abstract machine. Proc. ACM Program. Lang.,
6(ICFP):109-136, 2022. doi:10.1145/3549822.

Malgorzata Biernacka, Witold Charatonik, and Tomasz Drab. The zoo of lambda-calculus
reduction strategies, and Coq. In June Andronick and Leonardo de Moura, editors, 13th
International Conference on Interactive Theorem Proving, ITP 2022, August 7-10, 2022,


https://doi.org/10.1145/2628136.2628154
https://doi.org/10.1007/978-3-319-26529-2_13
https://doi.org/10.1007/978-3-319-26529-2_13
https://doi.org/10.1145/3131851.3131855
https://doi.org/10.1109/LICS.2015.23
https://doi.org/10.1109/LICS52264.2021.9470630
https://doi.org/10.1109/LICS52264.2021.9470630
https://doi.org/10.1145/3354166.3354169
https://doi.org/10.1016/j.scico.2019.03.002
https://doi.org/10.1007/978-3-642-15205-4_30
https://gitlab.inria.fr/skeletons/lambda-am
https://gitlab.inria.fr/skeletons/lambda-am
https://doi.org/10.1145/3479394.3479401
https://doi.org/10.1145/3479394.3479401
https://doi.org/10.1145/3549822

M

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

. Biernacka, D. Biernacki, S. Lenglet, and A. Schmitt

Haifa, Israel, volume 237 of LIPIcs, pages 7:1-7:19. Schloss Dagstuhl - Leibniz-Zentrum fiir
Informatik, 2022. doi:10.4230/LIPIcs.ITP.2022.7.

Matgorzata Biernacka and Olivier Danvy. A concrete framework for environment machines.
ACM Trans. Comput. Log., 9(1):6, 2007.

Martin Bodin, Philippa Gardner, Thomas Jensen, and Alan Schmitt. Skeletal semantics and
their interpretations. PACMPL, 3(POPL):44:1-44:31, 2019.

Luca Cardelli. Compiling a functional language. In Robert S. Boyer, Edward S. Schneider, and
Guy L. Steele Jr., editors, Proceedings of the 1984 ACM Conference on LISP and Functional
Programming, LFP 1984, Austin, Texas, USA, August 5-8, 1984, pages 208-217. ACM, 1984.
doi:10.1145/800055.802037.

Guy Cousineau, Pierre-Louis Curien, and Michel Mauny. The Categorical Abstract Machine.
Sci. Comput. Program., 8(2):173-202, 1987. doi:10.1016/0167-6423(87)90020-7.

Pierre Crégut. Strongly reducing variants of the Krivine abstract machine. High. Order Symb.
Comput., 20(3):209-230, 2007. doi:10.1007/510990-007-9015-z.

Pierre-Louis Curien. An abstract framework for environment machines. Theor. Comput. Sci.,
82(2):389-402, 1991. doi:10.1016/0304-3975(91)90230-Y.

Pierre-Louis Curien, Thérese Hardin, and Jean-Jacques Lévy. Confluence properties of weak
and strong calculi of explicit substitutions. J. ACM, 43(2):362-397, 1996. doi:10.1145/
226643.226675.

Olivier Danvy. From reduction-based to reduction-free normalization. In Pieter W. M. Koop-
man, Rinus Plasmeijer, and S. Doaitse Swierstra, editors, Advanced Functional Programming,
6th International School, AFP 2008, Heijen, The Netherlands, May 2008, Revised Lectures,
volume 5832 of Lecture Notes in Computer Science, pages 66—164. Springer, 2008.

Olivier Danvy and Lasse R. Nielsen. Syntactic theories in practice. Electron. Notes Theor.
Comput. Sci., 59(4):358-374, 2001.

Olivier Danvy and Lasse R. Nielsen. Refocusing in reduction semantics. Research Report
BRICS RS-04-26, DAIMI, Department of Computer Science, Aarhus University, Aarhus,
Denmark, November 2004. A preliminary version appeared in the informal proceedings of the
Second International Workshop on Rule-Based Programming (RULE 2001), Electronic Notes
in Theoretical Computer Science, Vol. 59.4.

Nicholas G. de Bruijn. Lambda calculus notation with nameless dummies, a tool for auto-
matic formula manipulation, with application to the Church-Rosser theorem. Indagationes
Mathematicae, 34(5):381-392, 1972.

Marc Feeley. An efficient and general implementation of futures on large scale shared-memory
multiprocessors. PhD thesis, Department of Computer Science, Brandeis University, 1993.
Matthias Felleisen, Robert Bruce Findler, and Matthew Flatt. Semantics Engineering with
PLT Redex. The MIT Press, 2009.

Matthias Felleisen and Daniel P. Friedman. Control operators, the SECD-machine, and
the A-calculus. In Martin Wirsing, editor, Formal Description of Programming Concepts -
III: Proceedings of the IFIP TC 2/WG 2.2 Working Conference on Formal Description of
Programming Concepts - III, Ebberup, Denmark, 25-28 August 1986, pages 193-222. North-
Holland, 1987.

Cormac Flanagan and Matthias Felleisen. The semantics of future and an application. J.
Funct. Program., 9(1):1-31, 1999.

Alvaro Garcia-Pérez and Pablo Nogueira. The full-reducing Krivine abstract machine KN
simulates pure normal-order reduction in lockstep: A proof via corresponding calculus. J.
Funct. Program., 29:e7, 2019. doi:10.1017/50956796819000017.

Alvaro Garcia-Pérez, Pablo Nogueira, and Juan José Moreno-Navarro. Deriving the full-
reducing Krivine machine from the small-step operational semantics of normal order. In
Ricardo Pefia and Tom Schrijvers, editors, 15th International Symposium on Principles and
Practice of Declarative Programming, PPDP ’13, Madrid, Spain, September 16-18, 2013, pages
85-96. ACM, 2013. doi:10.1145/2505879.2505887.

21


https://doi.org/10.4230/LIPIcs.ITP.2022.7
https://doi.org/10.1145/800055.802037
https://doi.org/10.1016/0167-6423(87)90020-7
https://doi.org/10.1007/s10990-007-9015-z
https://doi.org/10.1016/0304-3975(91)90230-Y
https://doi.org/10.1145/226643.226675
https://doi.org/10.1145/226643.226675
https://doi.org/10.1017/S0956796819000017
https://doi.org/10.1145/2505879.2505887

22

Optimizing a Non-Deterministic Abstract Machine with Environments

35

36

37

38

39

40

41

42

43

44

45

46

47

48

Simon L. Peyton Jones. Implementing lazy functional languages on stock hardware: The
Spineless Tagless G-machine. J. Funct. Program., 2(2):127-202, 1992.

David A. Kranz, Robert H. Halstead Jr., and Eric Mohr. Mul-t: A high-performance parallel
Lisp. In Richard L. Wexelblat, editor, Proceedings of the ACM SIGPLAN’89 Conference on
Programming Language Design and Implementation (PLDI), Portland, Oregon, USA, June
21-23, 1989, pages 81-90. ACM, 1989.

Jean-Louis Krivine. A call-by-name lambda-calculus machine. Higher-Order and Symbolic
Computation, 20(3):199-207, 2007.

Peter J. Landin. The mechanical evaluation of expressions. The Computer Journal, 6(4):308—
320, 1964.

Ivan Lanese, Jorge A. Pérez, Davide Sangiorgi, and Alan Schmitt. On the expressiveness and
decidability of higher-order process calculi. In Proceedings of the Twenty-Third Annual IEEE
Symposium on Logic in Computer Science, LICS 2008, 24-27 June 2008, Pittsburgh, PA, USA,
pages 145-155. IEEE Computer Society, 2008.

Xavier Leroy. The ZINC experiment: an economical implementation of the ML language.
Technical report 117, INRIA, 1990.

Joachim Niehren, Jan Schwinghammer, and Gert Smolka. A concurrent lambda calculus with
futures. Theor. Comput. Sci., 364(3):338-356, 2006.

Luca Paolini and Simona Ronchi Della Rocca. Call-by-value solvability. RAIRO Theor.
Informatics Appl., 33(6):507-534, 1999. doi:10.1051/ita:1999130.

Gordon D. Plotkin. A structural approach to operational semantics. Technical Report FN-19,
DAIMI, Department of Computer Science, Aarhus University, Aarhus, Denmark, September
1981.

Kristoffer H. Rose. Explicit substitutions — tutorial & survey. BRICS Lecture Series L.S-96-3,
DAIMI, Aarhus, Denmark, September 1996.

Sylvain Salvati and Igor Walukiewicz. Krivine machines and higher-order schemes. Inf.
Comput., 239:340-355, 2014.

Davide Sangiorgi. Bisimulation in higher-order process calculi. In Ernst-Ridiger
Olderog, editor, Programming Concepts, Methods and Calculi, Proceedings of the IFIP
TC2/WG2.1/WG2.2/WG2.8 Working Conference on Programming Concepts, Methods and Cal-
culi (PROCOMET ’94) San Miniato, Italy, 6-10 June, 1994, volume A-56 of IFIP Transactions,
pages 207-224. North-Holland, 1994.

Peter Sestoft. Deriving a lazy abstract machine. J. Funct. Program., 7(3):231-264, 1997.
doi:10.1017/s0956796897002712.

C.P. Wadsworth. Semantics and Pragmatics of the Lambda-Calculus. PhD thesis, University
of Oxford, 1971.


https://doi.org/10.1051/ita:1999130
https://doi.org/10.1017/s0956796897002712

M. Biernacka, D. Biernacki, S. Lenglet, and A. Schmitt

A Properties of the Translation

We recall the definition of the translation.

[{ex)l(e2) = [T (1) (e2) (1) [0](c-€) = [c] (6)
[l 2] (e) = [l (e) [i2](e) (2) [n+11(c-€) = [n](e) (7)
A1) £ AT (fe) (3) [0](fie) =0 (8)
[n](id) £ n (4) [n+11(f1e) = [nl(eo) (9)
[n)(1) £ n+1 (5) [n](eroe2) = [[n)(e)](e2)  (10)

We extend the translation to frames, contexts, and local environments as follows.

EErU o] 2o [A] £ A
[m] 2 m [3=E] = [3] = [E] () 2 1] [11(e) £ ()
» Lemma 5. For alll, €, [I](€) is a term.

Proof. We define two sizes [1, [2 on [, €, and [I](e).

L) 2 L)) RA() £ f2()f2(e)
L) 2 Lo +1 fo(lle]) 2 f2(1) fale) +1
J1(l1 12) 2 Ji(l)[1(l2) +1 J2(l1 12) 2 J2(lh) [2(l2) + 1
I ETOES JoOND) 2 fo(l) +2

[i(n) & 2+ (n) 21

e fi(id) 21
L) 22 Li(1) 22

file-e) 2 [i(e) + fie) fa(c-€) £ fa(c) + Jale)
fi(fe) £ fi(e) f2(fe) £ 4f2(e)

fileroes) 2 fi(e)fi(e2) faleroes) 2 fa(er)(fale2) +1)

The size [y is strictly decreasing on 1, 2, 3, 4, 6, 7, 8, and remains equal on the others. The
size [ is strictly decreasing on the remaining ones, so the lexicographic ordering of [, [7 is
strictly decreasing. By induction on that size, we easily prove the result. |

» Lemma 6. For alll, j, and h, [[IJ(1)](1") = [[J(17HH).

Proof. We prove that for all i, [[I](}’ Tj)]](ﬂl ) (e TjJrh) by induction on [, starting
with terms, and then generalizing it to all configurations. The only interesting case is the
variable case n. Suppose n > i. We can prove by induction on i that [[n]({? M (e Th) =
[00n — aADIE) - IOIA ) = [[In =i+ 1) - JOIA ") = [n+ 51 ") = n+
j +hand [n](4° W’I) =n+j+h
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If n < i, we can prove that [[a](h* )](1° 1) = [IIOJh™ )L . DA 1%) =
LO1) DL ) = I8 9 = and D1 1) = by ncactio on'

The result then extends easily on all configurations by induction. In the case l[e], we
conclude by applying the result on terms on [I](e). <

» Lemma 7. For alll, [I](fr<d) = [I].

Proof. We prove that for all h, [I](#"*! id) = [[J(1" id), following the same principle as in
the proof of Lemma 6. <

» Lemma 8. For allt, [t] =t.
Proof. By induction on ¢, using Lemma 7 in the A-abstraction case. |

» Lemma 9. For all n, h, m, € such that n > m and h > m, we have [n](}" €) =

[l — m] ("™ (™).

Proof. By induction on m. For m = 0, we have to prove that [n](f" €) = [[n](#t" €)], which
holds by Lemma 8.

Suppose n > m + 1, h > m + 1, and the hypothesis holds for m: then [n](1" ¢) =
[[n — m](#"*~™ €)](1™). Because n —m > 1, we get

[l — m (4"~ O](4™) = [[In —m — 1@ IDIO™)
M2 [ —m - (0 Q)

The result holds for m + 1, as wished. <

We make a heavy use of Lemma 9 in the following proofs, and do not necessarily refer to it
each time.

The proofs of many of the following lemmas are along the same pattern: by induction on
terms, then extend it to all configurations, and only the variable case is interesting. We only
detail the variable case for such lemmas.

» Lemma 10. For alll, i, and h, [[IJ(}")](M" 1%) = [IJ(+*").

Proof. We prove that for all 7, [[[J(17 ") ](4"+7 1%) = [I] (17 +*™"). In the variable case n,
if n < j, we get m on both sides.

Ifn > j, then [[n] (19 +")](H"* 1) = [[n — JJA" )T 1) = [[n + KD 1) =
[n— j]1(") = n i + h, and also [n] (47 1°7") = [n — jJ ") = n+i + h. <

» Lemma 11. For alll, €, and i, [[I](e)](+9) = [[L](t)] (1 €).

Proof. We prove that for all h, [[I[J(1" €)](4" 1°) = [1(1H" 19)] (1" €). In the variable case
n, if n < h, we get n on both sides.

Suppose n > h. Then [[n](1" J(1" 1) = [[[n — A)(](H")](1" 1*) and we have
[[R] A" AO1@ " €) = [[n — IR €) = [n+ il (4" €) = [[n — A)()] (1), We
conclude with Lemma 10. <

» Lemma 12. For alll, €, and ¢, [](eo¢) = [[1]()](¥).

Proof. We prove that for all i, [I[J(1t* (0 ¢)) = [[[J(1? €)](1* ¢). In the variable case n, if
n < i, then we get n on both sides. If n > i, then [n](f)’ (c09)) = [In—il(eop)(T =

[[ln — il()](@)](1"), and [[n)(1" J(1* ¢) = [[[n — (I ¢). We conclude with

Lemma 11. |
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» Lemma 13. For oll E, I, [E(D)] = [E{[])-

Proof. By induction on E. The m case_is easy.

We have [(o k= E)(1)] = [E( k)] = [EN([K]) = [ENE] [F]) = (o [¥] = [ED(ED)
[ok:EJ{[1]). The case ko::E is similgr.

We have [(A=E)(] = [EQD] 2 [ENIAD) = [EIAE)(fid)) 27 [ENALD) =
(A= [EDCED = [ = EJCI)-

» Lemma 14. For alll and h, [IJ(1") = ([])k.
(

Proof. We prove that for all i, [I]({* Th) = ([}, starting with terms. We proceed by
induction: the application case is easy.

I£0 = A, then A1 1) = ALIA 1) 2 Ay, = LI = (A

Suppose [ = n. If n > i, then [n](f 1") "= ° [n — i](1"™") = n + h = ([n]). Otherwise
[l (4" %) "= O] (0" 1" 01™) = n = ([n])?.

The proof then extends easily to configurations by induction. <
» Lemma 15. For alll, k, and h, [[J(t"™){[k]/n} = [I](+").

Proof. We prove that for all [ and i, [[] (4% 1" {[k]/h+i} = [[](4* 1"). Only the index case
n is interesting. Suppose n > 4. Then [n] (1" Th+1){[[k]]/h+i} = [n — i) (") {[K]/h+i} =
n+h+1{[k]/h+i} =n+ h and [n](1" 1) = [n — i ](A") = n+ h.

Ifi > n, then [n] (44 t" 1) {[k]/h+i} = [OJ(1* A" (A™){[k]/h+i} = n{[k]/h+i} =
nand [n](1 ") = [OJ(1* " t)I(") = n. <

» Lemma 16. For all, k, and e, [i[k-€]] = []] () {[£] /O}.

Proof. We prove that for all h, [I]({" (k-€)) = [[J(1"*! €){[k]/Rh}, starting with terms. The
interesting case is for a variable n, where we distinguish three cases.
Suppose n < h. Then

[) (0" (k-€)) = [[0] (4"~ (k- €)](1") by Lemma 9
=[0](1") =n by def
and
[) (0" ) {[k]/h} = [[0] (A" ) (t™){[K]/R} by Lemma 9
= [0J(t"){[k]/n} = n{[k]/h} by def
=n by def

Suppose n = h. Then

[P1(A" (k- €)) = [[0] (k- )] (+") by Lemma 9
= [#] (Th) by def
and
[PI(1"F {[k]/h} = [I01(fe)](+"){[k] /R } by Lemma 9
= [01(t"){[k]/h} = h{[k]/h} by def

= ([kD)¢ by def
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We conclude with Lemma 14.
Suppose n > h. Then

[2)(1" (k-€)) = [[n — h](k-€)](1*) by Lemma 9
= [[n—h—1](e](1") by def
and
[)(4" T {[k/R} = [In — b = 1J(]"FH){[K]/h} by Lemma 9

We conclude with Lemma 15.
It concludes the proof on terms, and we extend the proof easily to all configurations by
induction. |

» Lemma 17. For alll, €, and &, [I](ee &) = [[I] ()] (E).

Proof. By case analysis on &, using Lemmas 12 or 8 to conclude. |

» Lemma 18. IfI Mev ¢, then [I](€) ﬂ>e\, [c]-

Ife 2% ¢, then [[n](O](€) Ly ]

Proof. Most cases are straightforward by induction. We detail some for which we need extra
results.

env By induction, we get [{J(ee &) ﬂev [c], but we want [I[e]](£) ﬂev [c]. We get the
result by Lemma 12 if £ = ¢, and by Lemma 8 if £ = .

lam In the case £ = %, We need Lemma 8 to conclude.

lamp We want [A.1](e) —>ev [E( [k - €])] (where we might have e = id), i.e., A.[I]({}€) M)ev

[E(l[k - €])]. We have A.[I](fre) —>e\, IEN(fre){[%k]/0}). We conclude with Lemmas 13
and 16.
<

> Lemma 19. Let t e, 5. For alll, £ such that [I(E) =t, for all B such that [E'] =E

there exists ¢ such that ]E/—’g>e\, c and [c] = s.
For alln, €, € such that [[n](e)](E) = ¢t, for all E' such that [E'] = E, there exists ¢ such

E'\n,%,E
that € ——"5 ¢ and [c] = s.

Proof. We define an ordering on couples (I, &) and triples (n, €, &) as follows.
(1,€) > (k, F) if [1(1)([2(E )+ 1) > [1(k)(J2(F) +1);
(1,€) > (n, e, F) if [1(D)(J2(€) +1) > [2(e)([2(F) + 1);
(n,e,€) > (L,F)if [2()([2(E) + 1) > [1(D)([2(F) +1);
(n,6,E) > (n, ¢, F) if [2(€)(f2(E) + 1) > [2(d)(J2(F) +1).

where

[10[e) 2 (B () +1) L(x) 21

[ k) 2 f(0) + fu(l2) +1 f2(1€) £ fa(e)
EEFTNG) fr(id) 2 2
[i(n) =3 [2(1) 22

F(c-€) 2 [1e) + Jae)
L2(1€) £ 3fa(e)
fa(eroe) £ fa(er)(fale2) +1)
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The sizes have been chosen to be strictly decreasing between the conclusion and the premise
of a ZS rule.
We prove the two items simultaneously by induction on <. Let ¢ E)ev s.

Let I, £ such that [I](£) = t, and F such that [F] = E.
If | = n, then £ = le for some ¢, because [[](£) makes a transition and there is no
transition for variable in the substitution world. Because [1(n)(f2(€) +1) > [2(€)(J2(x) + 1),

we can apply the induction hypothesis on (n, €, %), and there exists ¢ such that e Mvar c
and [c] = s. We then conclude by applying rule consZ.

It 1 = U[d, then t = [11(&) = [I(O)E) = [VI(co&). Since fi(I)(f2(E) + 1) =
L) (f2(e) + 1) ([2(E) + 1) > [1()(J2(e)(J2(€) + 1) + 1) = [1(I')(J2(e # €) + 1), we can apply

F.eeo
the induction hypothesis on (I’,ee &): there exists ¢ such that I’ ’—E—ge\, c and [c] = s; we

conclude using rule env.
Suppose | =1y lg; then t = [I1](E) [12](€). There are two possible premises for ¢ L s
Suppose [11](€) ZEIEE, o Because (11 lo, ) > (11, &) and [o (12[€]) = F] = o [l2](€) = E,

15[€]) = F.E
we can apply the induction hypothesis: there exists ¢ such that [y %ev ¢ and

[c] = s. Applying appL, we get I l2 Mev ¢, as wished. The other case is treated similarly.
If I = AU/, then [NI](E) = AU](ME) = At. We have two possibilities. The in-

ductive case is treated like the application case. Otherwise, the transition ¢ Re\, S
comes from At/ 25 E{t'{s'/0}) with t = A.t' and E = o ¢’ :E’. Because [F] = E,
there exist k, F' such that F = ok F, [k] = &', and [F'] = E’. By lamfp, we have
Al w@v F(I'[(k-&)]). To conclude, we need [E'(I'[(k-&)])] = E(t'{s'/0}). By Lem-
mas 13 and 16, [E'('[(k- )] = [E'HI'TNE){[]/0}) = E(t'{s'/0}), hence the result holds,

Let n, €, £ such that [[n](€)](£) = t. We proceed by case analysis on e.
If e = id, then & = ¢’ for some €', because ¢ cannot be a variable. Because (n, id, le’) >
(n, €', %) and [[»](e")](*) = [[n](e)](id) = [[»](id)](l€’) = ¢, we can apply the induction

E' \n,*x

hypothesis on (n, €', %) to obtain ¢ such that e ——=,, ¢ and [c] = s. We apply rule id! to
conclude.
Suppose € = k- ¢ and n = 0. Because (0,¢,&) > (k, &) and [[0](e)](E) = [k](E) = t, we

can apply the induction hypothesis on (k, &) to obtain ¢ such that k Mev cand [c] = s.
We apply rule consZ to conclude.
The remaining cases are similar.

B Correspondence Between the DAM and the OAM

The main differences between closures in the OAM and DAM machine states is that some
environments [[¢] in the DAM may be pushed to the leaves in the OAM, and that some
variables n may be solved in the OAM but not in the DAM. These discrepancies can be erased
by adapting the translation to terms [-] of Figure 3, which pushes all the environments to the
leaves and solve all the variables. Closures in OAM states may also have more annotations
than in their DAM counterparts, because annotations are erased after S-reduction in the
DAM, but some of these extra annotations may be meaningless.

We adapt the translation of Figure 3 to our current problem. We define two translations
[1],(€) on the OAM side [I],(€) and the DAM side which go through I to push the envir-
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onments to the leaves. On the OAM side, it also keeps the meaningful annotations, and
discards the others. To do so, we use a translation [[l]]g(e) where b € {T, L} is a boolean
remembering whether the environment £ is x or not. We define 7¥ as X if ¥ =evand b= T,
and as () otherwise.

[1,(%) 2[4 (id) [14() 2 [1]4(iq)

[1,(e) 2 112 (e) [14(e) 2 [4(e)
[ex"Io(e2) & [ (eroes) if L £ [e]™T4(e2) = [iy(er 0 2)
[[n[el}z]]l;(eg) 2 (n,e1069,7%)

[ @7 ]o(e) 2 [L]%(e) @7 [ia]’(e) [0 @% 1]y (€) 2 [1a]l4) @ [la]4(e)
DE10(e) 2 A= [0 () INS.]4(e) £ AZ.[1]4(fhe)
[n]%(e) £ (n,e,0) [7]4(e) £ (n,e,%)

The two translations produce similar results, denoted 7, and rq, which mirrors the inital
annotated term or closure I, except the variables are turned into triples (n, €, ¥) containing
the variable itself, the environment for it, and its annotation. We recall that variables are
not directly annotated in the OAM, but may be annotated when paired with an environment
nle)®.

We check that r, contains more annotations than rq with the predicate r, > rq, defined
below. We use two operations ||(n, €, X)||, and ||(n, €, ¥)||; which solves n in e with the usual
steps, the result being a pair (I, &) or a variable m. The operation [|(n,€, )|, also checks
that the annotations of € correspond to X: an(e) = var iff ¥ = ev.

rcl,l>rc1, rgbrg YOA To D Tg YDA

rk@*r2p rl @ 2 AE 7o b A2 g

To # (n,e, Z) ||(n7¢’A)Hd = (k’f> To P [[k]]d(]:)
To D (’I’L, o, A)

[(n, 6,5l = [I(n, 0, A)[g=m  EL2DA
(n,e,2) > (n, ¢, A)

[ 6, B, = (1,E) (@, A)llg = (K, F)  [lo(E) > [K]o(F) X2 A
(n,&,X) > (n, ¢, A)

We extend the translations [-], and -], and relation > to contexts frame by frame.
We define an equivalence between machine states. We have O ~ D if either:
O=(|E,E)ev, D= (k|F, F,m)ev, [l],(E) > [K]4(F), and [E], > [F]g;

O = (E|)bev, D= (7| k,F, Fpev, [c],(*) > [E]4(F), and [E], > [F];
O = (¢)af; D = (d)nr, and [c]4 (%) > [d]4(+)-

We write (Og,01...0;) =~ (Dy,D;...D;) it Oy = I and Dy = Z; for the same ¢,
O; =% Oj41 and Dj —* Djyq forall 0 < j <4, O; = D; for all 0 < j < 4, and for all
switching step ¢ — ¢’ in the sequence Oy —* O;, there exists O; such that O, = ¢'.

The last condition ensures that all switching steps (where annotations are added) of
the OAM are matched by the DAM, adding an annotation at the same position (because
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contexts between related states must have the same shape). However, there are switching
steps from the DAM which are not matched by the OAM.

» Lemma 20. Let O ~ D such that O = (I |E,E)ey.
If [1],(€) = 1, Q% 1y, there exists D' such that D' = (k; QP ky |F, F',7')ey,, D —* D', and
O=~7D;
A similar result holds if [I],(€) = A1 or [1] (£) = (n, €, 0).

Proof. Let D = (k|F, F,m)e. Assume [I] () = l; @ I,. Because [I] (£) > [k](F), there
exist k1 and ko such that [k],(F) = ki @ ky. We prove that the derivation exists by
induction on the number of steps required to compute [k],(F) = k1 @Y k,. If that number is
0, then k is an application and the result holds by picking D’ = D.

Otherwise, we distinguish cases based on k. If k = k'[¢]2, then [k],(F) = [K'],4(¢[F)),
so [1],(€) > [K'](¢[F]) holds. The step D — (k' |F,¢[F],n")ey is possible for some 7",
otherwise k' would be annotated, and ki @° ky as well. We have O = (k" |F, §[F], 1" )ey, and
[£'T4(¢[F]) = k1 @° ky with one less step, so by induction, there exists D’ as wished such
that (k' |TF, ¢[F], 7" )ey —* D', from which we conclude D —* D'.

If k = m?, then ||(m,F,A)|, = (d, F") and [d]4(F") = k1 @ ky. Therefore d is not
annotated, A must be empty, and the environment in F” is not annotated: the sequence
D —* (d|F,F" 7" is possible for some 7. We have O ~ (d|F, F",7")e,, and by
induction, there exists D' as wished such that (d|F, F’, 7")ey —=* D’. We then conclude
D —*D.

The abstraction and variable cases are similar. |

» Lemma 21. Let O ~ D such that O = (E| ¢)pey-
IfE =cl' :: /| there exists D’ such that D’ = (appl:: 7’ |l1,0 (Io[F']) i F, F Vpev, D —=* D/,
and O = D';
A similar result holds if E=10"0z:E, E=X=E orE=m.

Proof. We detail only the first item, the other cases are similar. Let D = (7|, F, F)pey-

Because [E], > [F],, we have F = o (I[F']) :: " and = is of the shape 7"/ -+ appl::7’. When
we apply the rule appL in the DAM, the annotation set A must be empty for a valid
configuration, so A = (). We proceed by induction on the size of #”. If " is empty, then
pick D' = D and the result holds. Otherwise, we distinguish two cases.

Suppose m = env(e) :: 7. Then D — (I[e]2" |F, F", 7" )ey 2 D, with F = e o F"". Because
D is a backward configuration, we know [ is annotated, and D; can only do a switching
step D1 — (7" | 1[e]®, F, F" Vpev 2 D,. We have [y (F") = [ 4(e @ F") = [I]4(F), hence
we have [c], (%) > [I[e]*]4(F") and O = D,. We apply the induction hypothesis to Dy to
conclude.

Suppose m = cons0(e) :: 7. Then D — (12" €|F,0, F, 7" )yar 2 D,. Because D is a
backward configuration, we know [ is annotated, and D; can only do a switching step
Dy — (7" | €3 F, 0, F)pvar- In fact, there exists a sequence Dy —* (74 | n®, F, 1$)pey 2 Dy
which undoes all the var steps. Because ||(n, ¢,ev)||y = (I, F) and [c],(*) > [{]4(F), we have
lel, (%) > [n®]4('¢) and therefore O ~ Dy. We apply the induction hypothesis to Ds to
conclude. |

We write ||ro|| or ||rq]| for the forcing of r, or rq, where the variable triples are solved.

We extend [-] to annotated terms and closures so that it ignores the annotations.

» Lemma 22. For alll, £, we have ||[I],(E)] = [I](E) and ||[1]4(E)]] = [11(E).
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Proof. The definitions of [-],, [-], and [-] are almost the same if we ingore annotations. <
» Lemma 23. If [I] (&) > [k],(F), then [I](E) = [K](F).

Proof. We first prove the result on terms without the I[¢]* construct, which is easy by

induction on the derivation of >. We then show that [-], and [-], also preserves [-]. <
> Lemma 24. Ifro> 7y, ||rk]] = ||73|], and the annotations of r} and r3 are the same, then
To > 73,

If rl o rg, [|rE| = |I72||, and the annotations of rl and r? are the same, then r2 > ry.
Proof. By induction on the derivation of the > judgements. <

» Lemma 25. If [1],(€) > [k]4(F), then [I[E]],(*) &> [K[F]]4(*).
If ro > [E[F]] (%), then ro > [k]4(F).

Proof. We have ||[{],(€)|| = [1](€) = [I[€]](*) and similarly for [k],(F), so we can conclude
with Lemma 24. <

» Lemma 26. Let [E], > [F],, [c],(*) > [d],(*), and [I] (1E) > [k],(fF) such that all the
annotation sets are empty on the DAM side. Then E(l[c-E]) > F(k[d-? F]?).

Proof. We can prove that for all [, k, £, F, ¢, d, and n, [I] (£) > [k]4(F) and [c], (%) > [c]4(*)
imply [1],(E){[c],(x)/n} > [k]4(F){[d]4(*)/n}. The proof is by induction on the derivation
of [1],(€) > [k]4(F). The inductive cases are straightforward, and in the variable case,
we either change the variable the same way on both side, or we replace it with related
configurations, so the result holds.

So we have [1],(4€){[c],(x)/0} & K]y (1) {[d],(+)/0}, but then | [, (1) {[el, (+)/0H] =
&[] (*)/0} = [i[c- €]] by Lemma 16, and similarly on the DAM side. By Lemma 23,
we have [l[c-€]] = [k[d-F]]. Because there are no annotation on the DAM side, we
have I[c-£]° > k[d-° F]°. By induction on the size of the contexts, we then prove that
E(l[c- &)%) > F(k[d-? F]?), as wished.

<

» Theorem 27 (OAM implies DAM). If (Og, Oy ...0;) = (D, Dy ... D;) and O; — O, there
exist Oj11 and Diq such that O' —* Oi11, Dy —* Dit1, and O =~ Diyq.

Proof. We proceed by case analysis on O; — O'.

(O1) We have O; = (I; Q¥ 5 |E,E)ey — (I1 |0 (12[€]) = E,E)ey = O with £, TI1l;. We pick

011 = O'. Because O; is valid, ¥ cannot be a blocking annotation, and we have
[l @%15],(8) = [1], () @° [I5],(€). By Lemma 20, there exists D’ such that D' =
(k1 @ ky |F, F' 7Yy, Di =* D', and O; =~ D'. Because O; ~ D', we have in particular
[L],(E) > [k1]4(F") and [l2],(E) > [k2]4(F'), and since &, T /1y, there is no blocking
annotation in ky. Therefore we have D' — (k1 |o (ko[ F']) = F, F',7")ey = Djy1. From
[l2],(E) v [k2]4(F'), we deduce [I2[€]], > [k2[F']]4 by Lemma 25, so we have O;1 ~
Dit1.

(02)-(03) Similar to the case above.

(04) We have O; = (I[[e)® |E,E)ey — (I |E,c0E)e, = O'. We pick Or,1 = O" and Dryy = D;.

Because O; ~ D;, we have [l[e]”] (£) > [k]4(F), ie., [I],(c0&) > [k]4(F), therefore
Oi+1 ~ Dz’—i—l holds.
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(05)

Because [n],(l€) = (n,¢,0), by Lemma 20, there exists D’ such that D' = (n? |F, ', 7')ey,
D; —* D', and O; ~ D'. In particular, we have [n?],(F') = (n, ¢,0) for some ¢ with
(n,e,0) > (n,¢,0). From there, we distinguish three cases.

Suppose ||(n,€,0)|, = |[(n, ¢,0)||; = m. There is a one-to-one correspondence between
the equations defining | - ||, and || - ||, and the var steps of the OAM and the DAM, except
for the equations returning a variable, which can be replaced by the switching step of the
var mode. On the DAM side, by definition of || - ||,, we are sure that the environment is
not annotated because we start from a variable with no annotation. As a result, we can
build sequences O; —* (E|n[€]®)pey 2 O;y1 and D; =* (7' | n®, E, F')pey £ D;i1, and
check that we have O;11 ~ D;11, as wished.

Suppose [[(n,€,0)|, = (¢,€) with &, infun(F)t/c. Because (n,€,0) > (n, ¢, D), there exists
(d, F") such that ||(n,¢,0)||, = (d,F") and [c],(€) > [d]4(F"). In particular, d is not
annotated. As in the previous subcase, we can build sequences O; —* (¢|E, £)ey 2 Oit1
and D; —* (d|F, F',1")ey 2 Dip1 with Oy ~ D1, as wished.

Suppose ||(n,€,0)|, = (¢, €) with &, infun(F) ¢, i.e., £ = . Because (n,¢,0) > (n, ¢,0),
there exists (d,F") such that ||(n,¢,0)|, = (d,F") and [c] (x) > [d]4(F"). If d is
annotated, we conclude as in the first subcase. Otherwise, there exists O; such that the
annotation is added to c¢ at that point. By construction of the sequences of machine
states, D; = (7 | k;,F;, Fj)pev also adds the annotation. Because the DAM is sound w.r.t.
the ZS, [k;](&;) is a normal form. We have [c],(x) > [k;],(&;), which implies [c](x) =
[k;1(&;) by Lemma 23. We also have [c](x) = [d](F"), so [d](F") is a normal form.
Because the DAM is complete w.r.t. the ZS, there exists a sequence (d |F, F" 7")e, —*
(" | d+,F, F")pey, and then (7" | dT,F, F"Vpey —* (7" | n®, E, F)pey 2 Dri1. We also
have O; —* (E|n[€]®)pey = O;41 with O; 11 ~ Diy1.

We have O; = (A\=.1|ocE, ey — (E|l[c-E]")rec = O, Because O; is valid, ¥ cannot
be a blocking annotation, and we have [A*.[] (£) = A%.[I], (1€). By Lemma 20, there
exists D’ such that D' = (AN .k |F', F,7")ey, D; —* D', and O; =~ D'. Because O; ~ D/,
we have in particular [{] (1) > [k],(MF), F' = o d::F, [c], (%) > [d]4(*), and [E], > [F],-
Then D' — ([F(k[d-? F]°)| |m, %, A)e, = D",

Since [E], > [F],, the contexts are of the same size a. Let O" —* (Ey(I[c- £]?) | Eq—p, *)ev
Oj+1 be the sequence of b reconstruction steps taken by the OAM. Because [E], > [F],, the
contexts have the same shape, and because the annotations have been erased on the DAM
side, nothing prevents the DAM to match with D' —* (Fy(k[d-? F]?) | Fa_p, * | 7" )ey £
Dit1. Because [E], > [F], frame by frame, we also have [Ey], o> [Fp], and [Eq—s], >
[Fa—p]4- We conclude that O; 11 ~ D;;; with Lemma 26.

Similar to the first subcase of (O5).

The OAM does a switching step because all the subterms are annotated. We sketch
the application case, the abstraction one is similar. We have (c; Q% c3 |E, x)ey —

a

(E|ec1 @ cg)pey 2 O;11. Because O; is valid, ¥ cannot be a blocking annotation, and
we have [¢; @ o] (%) = [e1],(x) @° [ea], (*). By Lemma 20, there exists D’ such that
D = (ks @’ k, |F, ', 7"y, D; =* D', and O; = D'. If k; and ky are annotated, then
the DAM directly does the switching step. Otherwise, we prove as in the third subcase of
(O5) that the DAM adds the missing annotations, and then does the switching step to
Dit1. We can then prove that Ory1 =~ D;41.

We have O; = (o c:E|Dpey — (I @’ c|E,*)ey = O'. We pick O;1; = O’. By Lemma 21,

there exists D’ such that D' = (appl:7|l1,0 (I2[F]) = F, F)pey, D =* D', and O = D'.

Then D’ — (I; Q% Iy |F, F,7)ey 2 Dit1. Because O ~ D', we know [c1],(*) > [l1]4(F)
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and [ca], (%) > [l2[F]]4(x), which implies [ca], (%) > [l2]4(F) by Lemma 25. Therefore we
have [c; @? co] (%) & [I1 @° 1o],(F) and O;1 1 ~ Diyq
(010)-(012) Similar to the case above.

» Lemma 28. Let O = D such that D = (k|F,F,T)ey.
If [k]4(F) = k1 @2 kg, there exists O' such that O' = (I; Q% [y |F, & )e,, O —* O', and
O’ ~D;
A similar result holds if [k] ((F) = A2, or if [I] () = (n,€,0) and [k]4(F) = (n, ¢,0).

Proof. Let O = (I|E,E)ey. Assume [k],(F) = k1 @2 ky. Because [I],(£) > [k](F), there
exist l; and Iy such that [I] (£) = 1 @*l,. We prove that the derivation exists by induction
on the number of steps required to compute [I],(€) = I; @* I5. If that number is 0, then [ is
an application and the result holds by picking O’ = O.

Otherwise, the only other case is | = '[¢]*; then [I] (£) = [I'],(¢[€]), so [I'], ([€]) > [K](F)
holds. The step O — (I |F,€[€])ey is always possible. We have (I’ |E,€[€])ey ~ D, and
'], (e[€]) = l1 @* I3 with one less step, so by induction, there exists O as wished such that
(I'|E, €[€])ey —* O, from which we conclude O —* O'.

The abstraction and variable cases are similar. <

» Theorem 29 (DAM implies OAM). If (Og, Os ... O;) ~ (Do, D ... D;) and D; — ', there
exist Oi+1 and Di+1 such that D' —* D¢+1, Oz —* O¢+1, and Oi+1 ~ Di+1.

Proof. By case analysis on the step D; — D’.

(D1) We have D; = (ky @* ko |F, F, m)ey — (k1|0 (k2[F]) = E, F,7")ey = D’ with ev ¢ an(k;).
By Lemma 28, there exists O’ such that O’ = (I; @* Iy |E, &)y, O; —* O, and O’ =~ D;.
Because O’ ~ D;, we have in particular [I;],(£") > [k1]4(F) and [l2],(E") > [k2]4(F). We
distinguish two cases.

If &, T, we have O — (k1|0 (12[€]) = E,Eev = Oiy1, and we pick D1 = D'
From [l2] (") > [k2]4(F), we deduce [l2[€']], > [k2[F]]4 by Lemma 25, so we have
Oit1 = Dit1.

Otherwise, there is a blocking annotation on /;. By the same reasoning as in the proof
of Theorem 27 (subcase O5), we can prove that the DAM generates an annotation on
k1: there exists a sequence D' —* (kj Q¥ ko |F, F,m)ey = Dy41 such that ev € an(k}).
In fact, all the subterms of k] must be annotated, and it must also be the case of the
subterms of I;. By picking O;,1 = O’, we have O; 1 ~ D; ;1 as wished.

(D2)-(D3) Similar to the case above.

(D4) We have D; = (k[¢]® |F, Fley — (k|F, 0 F)e, = D'. We pick Dy 41 =D’ and Oy = O;.
Because O; ~ D;, we have [I] (£) > [k[#]2]4(F), ie., [[],(€) > [k] (¢ eF), therefore
O;+1 =~ D;41 holds.

(D5) Because D; is valid, we have D; = (n? |E,1¢, m)ey. If [ (E) & (n,$,0) with [I] () #

(n,€,%), then ||(n,¢,0)||y = (d,F') and [I],(£) > [d]4(F'). By definition of || - ||,, the
environment ¢ does not have blocking annotations, and there is a one-to-one corresponding
between the definition of || - ||, and the var step, so there exists a sequence D; —*
(d,F|F"|7")ey = Diy1. By choosing O;1 = O;, we have the required result.
If [1],(£) = (n,€,ev), then | = n[e]* and £ = : we have a valid forward machine state
with a blocking annotation, a contradiction. If [I],(£) = (n,€,0), by Lemma 28, there
exists O’ such that 0" = (n|E,le)ey, O; —* O, and O’ =~ D;. From there, we distinguish
three cases, and we conclude for each of them as in the proof of Theorem 27.
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(06)

(D7)

(D10)

(D8)

(D9)-(D13)

We have D; = (A .k|od:F, F,m)e, — ([F(k[d-? F]?)| |m,x, A)ey = D’. By Lemma 28,
there exists O’ such that 0" = (AEI|E E)e, O; —* O, and O’ ~ D;. Because
O’ = D;, we have in particular [I] (f€) > [k]4(1F), B = cc:E, [¢],(x) > [d]4(*),
and [E], > [F],: these relations also hold after erasing on the DAM side. Then we
have O' — (E|l[c- E]")ec —* (E(l[c-E]°) | m,*)ey 2 011, and we pick D;y1 = D'. We
conclude that O;;1 =~ D;11 with Lemma 26.

In that case, the step D; — D’ is a switching step: the DAM has to backtrack because
of the annotations. We pick D;11 = D’. A possible case is that the DAM cannot do
step (D5) because of a var annotation on the environment. However, by definition of
||.ll4> the environment is annotated only if the variable is also annotated, which is in
contradiction with the fact that D; is valid. Therefore, the DAM backtracks only because
of ev annotations, which are also present on the OAM side because D; =~ O;. The OAM
also does a switching step O; — O;41, and we have O;11 ~ D; 1.

We have D = (env(¢) =7 |k, F, ¢ @ Flpey — (k[¢]*|F,F,m)ey = D'. Because D is a
backward configuration, we know k is annotated, and D’ can only do a switching step
D — (7| k[¢]®,F, F)bev 2 Diy1. We pick O;41 = O;. Because O; = D;, we have
[c]l,(x) > [k]4(P @ F), ie., [c],(x) > [k[¢]*]4(F). Therefore we have Q11 ~ Ditq.

We have D; = (appl::7|l1,0 (Io[F]) = F, F)pew — (1 @? 1, |F, F,7T)ev 2 Di+1. Because
O; = D;, we must have O; = ©l:E|c)pey — (c@ml|E,*>e\, 2 O;+1, and we know
[clo(x) > [L]4(F) and [I],(x) > [l2[F]l4(x). The latter implies [I],(x) > [l2]4(F) by
Lemma 25, so we have [c@?[]_(x) > [I; @ 1] ,(F) and O;41 ~ Djy1.

Similar to the case above.
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