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Abstract. Various concurrency primitives have been added to sequen-
tial programming languages, in order to turn them concurrent. Promi-
nent examples are concurrent buffers for Haskell, channels in Concurrent
ML, joins in JoCaml, and handled futures in Alice ML. Even though one
might conjecture that all these primitives provide the same expressive-
ness, proving this equivalence is an open challenge in the area of program
semantics. In this paper, we establish a first instance of this conjecture.
We show that concurrent buffers can be encoded in the lambda calculus
with futures underlying Alice ML. Our correctness proof results from
a systematic method, based on observational semantics with respect to
may and must convergence.

1 Introduction

Modern concurrent programming languages extend sequential languages with
concurrent threads, and concurrency primitives for controlling their interactions.
Computation in each thread is sequential. Examples for concurrency primitives
are concurrent buffers in Haskell [4], channels in Concurrent ML [11], handled
futures in Alice ML [14], and joins in JoCaml [3].

Even though one might conjecture that all these primitives provide the same
expressiveness, proving such equivalences is an open challenge in the area of
programming language semantics. Encodings are usually not difficult to find for a
fixed common sequential base language. In fact, synchronization mechanisms are
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often provided through libraries of the programming languages, and implemented
in terms of lower-level primitives. The difficult part is to introduce appropriate
notions of program semantics, and corresponding proof techniques for showing
correctness of an encoding. Recent progress allows us to settle these questions,
as we will illustrate in the present paper.

Our starting point is to view the implementation of synchronization con-
structs by low-level primitives as a translation T : C — C’ between two languages.
Correctness of an implementation then becomes a question about relating pro-
grams and their images under this translation. We consider the adequacy of a
translation as the appropriate correctness condition [12,13,17]. It can be defined
for any kind of program semantics that gives rise to an equivalence relation =¢
on the programs of C (e.g. a denotational, bisimulation-based, or operationally-
defined observational semantics): a translation is adequate if all (equally typed)
programs with equivalent translations are equivalent, i.e., T(p1) =¢ T(p2) im-
plies p1 =¢ po. If additionally the converse holds, then T is called fully abstract.

We assume observational semantics based on operationally-defined forms of
may- and must-convergence [2,7,1]. Their combination properly captures the
non-determinism arising in concurrent programming languages [5, 15].

In this paper, we consider the lambda calculus with futures, reference cells
and handles as base language [6], which was introduced as foundation of the op-
erational semantics of Alice ML [14]. We define a typed version of the lambda cal-
culus with futures called A7 (fc), which extends the untyped original version \(f)
[6,5] by recursive data types, algebraic constructor terms and case-expressions.
We then consider a particular encoding of concurrent buffers in A7 (fc). In turn,
such buffers can be used to implement more complex concurrency abstractions,
like buffered channels (see [10]). We specify the semantics of buffers by extending
the syntax and operational semantics; our main contribution is the proof of full
abstraction of the encoding (which relies on typing). This result tells us that the
implementation is faithful to the specification, with respect to the observable
behavior. As a corollary, we can derive equivalences for concurrent buffers from
equivalences valid for A7 (fc).

Our adequacy and full abstraction proof is based on a systematic method
comprising two parts. First of all, we have to establish appropriate equivalences
for the base language A7 (fc). For A(f) a rich collection of equivalences were proved
valid on the basis of a context lemma and diagram based methods [5]. In order to
lift them to A" (fc), we encode A7 (fc) into A\(f) via a simplified intermediate cal-
culus, and prove the adequacy of both translations. In the second part, we prove
that the encoding of buffers preserves and reflects may- and must-convergence.
The proof uses commutation techniques for reduction steps as well as valid equiv-
alences previously shown for A7(fc). These are necessary to prove invariants of
the implicit queuing mechanisms that arise in the buffer implementation. Using
compositionality of the translation this lets us conclude full abstraction [16, 17].

Questions of expressiveness have been addressed mainly in pi-calculus and
basic process calculi [9]; we are not aware of previous work on formally relat-
ing synchronization primitives in concurrent high-level languages. Similar issues
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(concerning properties of translations) arise in the verification of compilers, but
usually only (simpler) simulation properties for closed programs, rather than
open program fragments, are established. An alternative approach to equational
correctness proofs are Hoare-style program logics; recently, concurrent separa-
tion logic has been used to prove properties of concurrent data structures [8].

2 The Lambda Calculus with Futures

In this section we introduce A7(fc), a typed variant of the A-calculus with fu-
tures A(f) from [6]. The calculus extends A(f) by recursive data types, algebraic
constructor terms and the corresponding case-expressions.

Syntax. We use vector notation for many syntactic categories, so we write @
for a sequence of objects aq,...,a, where n > 0. Let a signature X' = (K, D)
consist of two finite ranked sets, a set of type constructors x € K and a set of
data constructors k € D, with fixed arities ar(x) > 0 and ar(k) > 0. A simple
type 7 € 7 is a term built from function symbols in K U {ref , —}, as defined in
Fig. 1. We assume that each data constructor k£ € D has a unique type of the
form 7{ — ... — 7, ) — £(7). In this case, we write inp(k) = 71...7,,, for
the sequence of input types of k. Let D(k(T)) be the set of data constructors in
D with output type k(7). We assume that none of these sets is empty, so that we
obtain a partition into finite non-empty sets D = U, )7 P(k(7)). Moreover,
we assume that the signature contains constructors for (n-ary) products: there
are n-ary type constructors (- X ... X -) in K and data constructors (-,...,-) in
D(11 X ... X 1) with inp({-,...,-)) = 7, for all types 7= 711,...,7p.

The syntax of A7 (fc)-expressions is defined in Fig. 1, where Var is a fixed
infinite set of variables. It consists of two layers: a level of A-expressions e € Fxp
(using constructors in D) for sequential computation within threads, and a level
of processes p € Proc that compose threads in parallel and record the state of
the system. For typed case-expression case,z e of 11 = e1 | ... | T = e,
we assume that each constructor k € D appears at most once in the patterns 7,
and the set of all these constructors is exactly D(k(7)). Thus the patterns are
non-overlapping and exhaustive. Like abstractions, patterns act as binders in a
branch 7 = e, and all the variables appearing in 7 must be distinct. The set of
free variables of e is denoted by fu(e) (similarly fu(p) for processes p), expressions
and processes are identified up to consistent renaming of bound variables, and
we write e[e’/z] for the (capture-free) substitution of e’ for z in e.

New operations in expressions are introduced by (higher-order) constants:
the constants thread, lazy and handle serve for introducing eager threads, lazy
threads, and handles, each of them together with a future. The constant cell
introduces reference cells, and the expression exch(eg, e3) expresses atomic ex-
change of cell values. Note that we distinguish between constants and data con-
structors k € D — the latter must always be fully applied. Values v are defined
as usual in a call-by-value A-calculus.

As in the w-calculus, processes p are composed from smaller components by
parallel composition p; | p; and new name creation (vz)p. The latter is a variable
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7€ Typei=ref 7| 7 — 7 | K(T1, ..., Tar(n))
¢ € Const ::= cell | thread | handle | lazy | unit
m € Pat = k(x1,...,Zar(k))
e€ Expu=ux|c|Are|erex|exch(er,ez) | k(er,...,eum))
| case,(7 eof mi=e1 | ... | T = em
veValu=x|c|Aze | k(vi,. .., Verr))

p € Proc:=pi I pe | (va)p | zcv | z<e|yhz |yhe |2 E2e
Fig. 1. Types, expressions and processes of A7 (fc), where m > 0

p1lp2 = p2lpr (p1lp2) Ips = pil(p2|ps3)
(vz)(vy)p = (vy)(va)p  (vz)(p1) I p2 = (va)(pr I p2) if z & fu(pz2)

Fig. 2. Structural congruence of processes

binder. A structural congruence = on processes is defined by the axioms in Fig. 2.
We distinguish five types of components that have no direct correspondence in
m-calculus: (eager concurrent) threads z<=e will eventually bind future = to the
value of expression e unless it diverges or suspends; z is called a concurrent
future. Lazy threads z £ ¢ are suspended computations that will start once
the proper value of x is needed elsewhere; we call x a lazy future. Cells zcwv
associate (a memory location) z to a value v. Handle components y h z associate
handles y to futures x, so that y can be used to assign a value to x. We call x
a future handled by y, or more shortly a handled future. Finally, a used handle
component y h e indicates that y is a handle that has already been used to bind
its associated future.

Contexts and Operational Semantics. The operational semantics defines
an evaluation strategy via (evaluation) contexts in which reduction rules apply.
A context is a process or expression with a single occurrence of the hole marker
[]. The hole marker for terms can only occur in positions where the grammar
allows arbitrary expressions: for instance, in a cell z cv the position of a hole
can only be in subterms of v that are abstractions. The result of placing e in
context C' (possibly capturing free variables of e) is written C|e].

Fig. 3 defines evaluation contexts (ECs) E and future ECs F as particular
contexts. ECs encode the standard call-by-value, left-to-right reduction strategy,
while future ECs control dereferencing operations on futures and the triggering
of suspended threads. The small-step reduction relation p — p’ is the least binary
relation on processes satisfying the rules in Fig. 4.* We write = for — when we
want to distinguish reductions from transformations.

* Here we use call-by-value 3-reduction as in [6]. In [5] we used a sharing variant of call-
by-value B-reduction. To distinguish between both calculi we denote the calculus of
[6] with A(f) and the calculus of [5] with A(f"). The equational theories of both calculi
are the same. In Appendix A we formalize this claim by showing full-abstractness
for the identity translations between both calculi.
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ECs Ei=z<FE
E:=[]| Ee | vE | exch(E,e) | exch(v, E)
I case E of (7Ti = 6i)i:1...n | k(vl, .. .’1)1‘717E,6~;+17 . ,,en)

Future ECs Fu=z<F
F:=E[[]v] | Elexch([],v)] | E[case [] of (m; = e;)"='""]
Process ECs D::=[] |p| D | DIp| (va)D

Fig. 3. Evaluation contexts

The rule (THREAD.NEW(ev)) spawns a new eager thread x<e where x may
occur in e, so it may be viewed as a recursive declaration x = e. Similarly,
(LAZY.NEW(ev)) creates a new suspended computation z %2 e. Dereferenc-
ing of future values (FUT.DEREF(ev)) and triggering of suspended computa-
tions (LAZY.TRIGGER(ev)) is controlled by future evaluation contexts F. The
rule (HANDLE.NEW (ev)) introduces handle components y h 2 with static scope in
e; the application x v in (HANDLE.BIND(ev)) “consumes” the handle z and binds
y to v, resulting in a used handle zhe and thread z<wv. Rule (CELL.NEW(ev))
creates new cells z cv with contents v. The exchange operation exch(z,v;) writes
v1 to the cell and returns the previous contents. Since this is an atomic operation,
no other thread can interfere.

Handled futures are the basic synchronization construct in A7 (fc): a thread
may block on a future x until a second thread uses the associated handle and
provides a value for x.

Typing. Types are assigned to both expressions and processes. The typing
relation for expressions, I' - e : 7 where I' is a type context that associates
types to distinct identifiers, is defined by the usual typing rules of simply typed
lambda calculus together with the types for constructors and the typing rules for
exch and case expressions given in Fig. 5. The types of each constant ¢ are given
by a polymorphic type scheme, with TypeOf(c) denoting the set of all instances.

On the level of processes, types ensure a number of well-formedness con-
ditions. For instance, there is a unique binding for every (concurrent, lazy, or
handled) future and each reference cell. Intuitively, the judgement I + p : I
expresses that p has free variables as described by I" which need to be provided
externally, while p provides visible bindings described by I"” which may be used
externally. Fig. 6 gives the inference rules defining this judgement. The rule for
parallel compositions can be understood by noting the similarity to (mutually
recursive) declarations. It requires that the variables introduced by p; and po
are disjoint, by the convention that I", I’ is defined only if the domains of I" and
I’ are disjoint. The binding operator (vz)p restricts the observational scope of
an introduced variable x to p; the binding is therefore removed from I"”.

For a more detailed explanation of the type system we refer to [6] and note
only that the type safety theorem extends to A7 (fc).
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Reduction rules.

(8-cBV(ev)) E[(Ay.e)v] — Ele[v/y]]
(THREAD.NEW (ev)) Efthreadv] — (v2)(E[z] | z<=v 2)
(FUT.DEREF(ev)) Flz] | z<=v — Fv] | z<v
(HANDLE.NEW (ev)) Elhandlev] — (v2)(v2")(E[vz2'] | 2 hz2)
(HANDLE.BIND(ev)) Elzv]|lzhy — Elunit] | y<v|zhe
(CELL.NEW(ev)) Elcellv] — (vz)(E[z] | zcv)
(CcELL.EXCH(ev)) Elexch(z,v1)] | zcva — Elva] | zcv1
(LAZY.NEW(ev)) Ellazy v] (v2)(Bl2] | 2 22 v 2)
(LAZY.TRIGGER(ev))  Flz] |z &£ ¢ — Fla] | z<=e
(CASE.BETA(ev))  FElcase kj(Ul, oy Var(ky)) Of (ki(z1, . Tar(ry)) = e) =
— E[ej [V1/T1;5 oy Var(k;) /Tar(h )]

Distinct variable convention. We assume that all processes to which rules apply
satisfy the distinct variable convention, and that all new binders use fresh variables
(z and z’). Reduction results will satisfy the distinct variable convention, if after
B-cBv(ev), CASE.BETA(ev) and FUT.DEREF(ev) where values with bound variables
may be copied, a-renaming is performed before applying the next rule.

Closure. Rule application is closed under structural congruence and process ECs D:
if p1 = D[pi], pi — p2, and D[py] = p2 then p1 — pa.

Fig. 4. One-step reduction relation of A7 (fc), denoted by — or <>

Observations and Contextual Equivalence. A process p is successful
(meaning it has terminated successfully) if in every component x<=e of p, the
identifier  is bound (possibly via a chain z<xq | z1<2o | ... | xp—1<2,) to a
non-variable value, a cell, a lazy future, a handle, or a handled future. Hence,
in a non-failing computation, every future eventually refers to a “proper” value.
For instance, z<=\y.y, <y | y<(x,x) and z<y | y c z are successful, while z<x
(a black hole, in the terminology of call-by-need calculi) and z<yzx | y<zy (a
deadlocked process) are ruled out.

We use p| to indicate that p is may-convergent, i.e., that there is a sequence
of reductions p —* p’ such that p’ is successful, and pl} if the process is must-
convergent, meaning that all reduction descendants p’ of p are may-convergent.
Dually, we call p must-divergent (pq) if it has no reduction descendant that
succeeds, and may-divergent (p1) if some reduction descendant of p is must-
divergent. Thus, pff < —p| and plT< —pl.

The typing of terms and processes gives rise to a notion of typed contexts:
for A = (I',I") a pair of type environments we define the judgement A b p by
I'tp: I and let Ctxt(A) be the set of contexts C' for which A + p implies
the existence of A” with A’ - C[p]. Now, for obs € {],{}}, we define contextual
approximation relations between processes p; and ps with A F p; by:

Abpr <opspa & VD € Ctat(A). Dlp1] € obs = DIps] € obs
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unit : unit thread : (a—a)—a lazy: (a—a)—a

handle : (a—(a—unit)—8)— cell : a—ref «

T € TypeOf(c) I'ey:ref 7 I'key:r k € D(k(T)) I'té:inp(k)
I'te:r I'+exch(er,es) : 7 't k(€ : k(T

I'te: k(7 D(k(7)) = {k1,..., kn} Vi=1l...n. INg;:inp(ki) Fei:T
It (case,(z) e of (ki@ = e;) =) 7

Fig. 5. Some typing rules for expressions

I'hbEp: Iy Iskp: Iy INrerthke: T Lxref THY: T
I'tpilpe: 11,15 Fl—m(zg)e:(mzr) I'txzcv: (xref 7)
'kp: I’ y & dom(I") z,y ¢ dom(I")

I'wa)p:I' -z I'tyhe: (y:7 — unit) I'tyhz: (x:1,y:7 — unit)
Fig. 6. Typing of processes

We write A - p; < po if both A - p; <| ps and A F p; <y po hold, and
AF py ~ psif both AFp; < ps and AF py < py hold.

Translations. An abstract calculus with observational semantics in the frame-
work from [17] consists of sets of processes, contexts, types and convergence
predicates. The calculus A7 (fc) is a calculus in this general framework, where
A’s serve as types. The (untyped) calculus A(f) is another such calculus with a
single type that is universal.

A translation T between two such calculi maps types to types, processes to
processes, and contexts to contexts, such that their types correspond. A transla-
tion T between calculi C and C’ is adequate if T reflects operational approxima-
tion, i.e. iff T(A)F T (p1) <c¢' T(p2) = AF p; <¢ ps for all A and py,ps such
that A F p;. If T additionally preserves inequations, i.e. iff for all A, p1, ps with
AF p1, A ps the equivalence A+ p; <¢ps < T(A)F T(p1) <¢ T(p2) holds,
then it is fully abstract. A translation is convergence equivalent iff T'(p)| < pl
and T(p)| < p| for all p. Finally T is compositional if for all A, all D € Ctat(A)
and p with A F p, we have T(D)[T(p)] = T(DI[p]). A simple but helpful obser-
vation is:

Proposition 2.1 (Adequacy, [17]). If a translation T is compositional and
convergence equivalent, then T is adequate.

If only new primitives are added to a calculus C’, then full abstraction follows
from moderate assumptions:

Proposition 2.2 (Full abstraction for extensions, [17]). Let C,C’ be two
caleuli, let v : C' — C (the embedding) and T : C — C’ be compositional and
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(FUT.DEREF(a)) C[z] | z<=v — C[v] | z<=v
(6-cBv(@))  Cl(Az.e) v] — Cle[v/x]]

(CASE.BETA(a)) C[case /fj (Ul, e ,Um«(kj)) of (ki(xl, . ,xa,(ki)) = ei)i:L"n}
- C[ej [vl/xl, ceey va,.(kj)/xm.(k].)]}
(CELL.DEREF) plyczlz<v — plycv|z<v
(cc) pl(vy)...(vyn)p" — p if p’ is successful and
Y1,...,Yn contain all process variables of p’
(DET.EXCH) (vz)(y<=Elexch(z,n)] | zcvs) — (va)(y<=Elvs] | zcvr)

No capturing. We assume that no variables are moved out of their scope or into
the scope of some other binder, i.e., fo(v) N bv(C) = @, and that processes are
a-renamed when necessary.

Closure. Transformations are closed under = and process contexts.

Fig. 7. Correct transformation rules for A7 (fc)

convergence equivalent translations, such that Tou is the identity on C'-programs,
on C'-observers, and on C'-types. Then T as well as v are fully abstract.

Correctness of Transformations in A7 (fc). In the correctness proofs we often
rely on program transformations, which therefore must be sound for equivalence.

Definition 2.3. A program transformation =2 is a binary relation on processes.
We say that = is correct on (typed) processes if for all A and p,p’ such that
AbFpand AFp it holds that p~p = A+ p~7p'.

The use of the framework sketched above makes it possible to lift program equiv-
alences from the untyped lambda calculus with futures [5] to correct program
transformations in A7 (fc).

Theorem 2.4 (Correct transformations). All of the following are correct
transformations for A7 (fc):

- all reduction rules of \™(fc), except for CELL.EXCH(ev)

- the transformations given in Fig. 7 (note the use of arbitrary contexts in the
first three).

The proof of this theorem proceeds by considering the untyped calculus A(f) that
has no constructors and no case expressions. One defines an adequate translation
A7 (fc) — A(f) that allows us to transfer known equivalences from A(f) (see [5]
and Appendix A) to A7 (fc). The translation A7 (fc) — A(f) is factored through an
intermediate calculus: first the arguments of data constructors are restricted to
values, next case-expressions and constructors are encoded using abstractions,
and types are removed. The complete proofs can be found in Appendix B.
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T € Type n=buf 7| ... ECs E:=put(E,e) | put(v,E) | ...

¢ € Const::=newBuf | get | ... ~ o~ ~
cc Hrp s—put(er,es) | .. Future ECs F::=E[put([],v)] | E[get[]] | -..

p € Proc z=zb — |zbu] ... Fig. 9. Extended evaluation contexts of A" (fcb)
Fig. 8. Syntactic extensions for A" (fcb)
(BUFF.NEW(ev)) E[newBuf v] — (vz)(Elz] lzb—) fresh z
(BUFF.PUT(ev)) Elput(z,v)] | zb—— Elunit] | zbv
(BUFF.GET(ev)) Elget z] |zbv — E[]lzb—

Fig. 10. Extension of the reduction rules of A" (fc) for A" (fcb)

newBuf : a — buf get : buf a — «
I'ter:buf r I'key:7 x & dom(I") INxbufrhov:r
I' - put(eq, e2) : unit I'txzb—: (z:buf 1) I'zbuv: (z:buf 1)

Fig. 11. Typing of buffer-expressions and processes

3 Implementing Buffers

Any concrete realization of buffers will rely on (more or less intricate) non-
interference properties and the preservation of various invariants. In this section,
by extending the syntax and operational semantics of A7 (fc), we first provide a
specification of one-place buffers that describes their desired behavior. We call
the resulting calculus A7 (fcb). We then provide an implementation of buffers in
AT (fc). This induces a translation from A7 (fcb) into A7 (fc).

Specification. The calculus A7 (fc) is extended by new primitives for concurrent
buffers. This defines the calculus A7 (fcb), with the syntactic extensions shown in
Fig. 8. A7 (fcb) has two new components: b — which represents an empty buffer,
and z b v which represents a buffer that contains the value v. There are two new
constants: newBuf to create a new buffer, and get to obtain the contents of a
non-empty buffer (and emptying the buffer). There is also a new binary operator
put, to place a new value into an empty buffer.

Fig. 10 summarizes the operational interpretation of the new constructs, and
Fig. 9 extends the set of (future) evaluation contexts. Note that the reduction
rules entail that get = suspends on an empty buffer « while put(z,v) suspends
on a non-empty z. For typing we assume a new type constructor buf of arity 1.
The typing of the constants is given by type schemes (see Fig. 11). Type safety
then extends to the calculus A7 (fcb). Contextual preorder is defined as expected,
where a successful process in A7 (fc) is extended such that A7 (fcb) allows b —
and x bv as additional components of successful processes.
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newBuf 2 X_.let (h, f) = newhandled, (1, f') = newhandled,
putg = cell(True), getg = cell(f),
stored = cell(f'), handler = cell(h)

(1) in thread \_.(putg, getg, stored, handler) end

put & XN(xp, 24, Ts, Th), V). get 2 XMy, g, Ts, Th).

let {h, f) = newhandled let (h, f) = newhandled
(1) in wait (exch(zp, f)); (R, f') = newhandled
(2) exch(zs,v); (1) in wait (exch(zg, f));
(3) (exch(zp, h))(True) (2) let v = (exch(zs, f'))

end (3) in (exch(zp, h))(True); v end

end

Fig. 12. Implementing the buffer operations newBuf, put and get. The numbers (1),
(2), (3) indicate subexpressions for later reference.

Implementation. A particular implementation of buffers in terms of reference
cells and futures is considered.

From now on we assume that the set of type constructors contains a
nullary constructor bool € K, with nullary data constructors True and False.
We will freely use the usual syntax sugar such as a (non-recursive) let-
binding let x1=e1,...,x,=¢, in e end and sequencing ej;es, and also use pat-
terns in abstractions Aw.e as shorthand for Az.case z of m= e etc. Instead of
case e of True=e; | False = e5 we write if e then e; else e3, and the special case
if e then True else True is written as wait e. The symbol ‘_’ stands for an arbitrary
fresh variable. Finally, we write newhandled as shorthand for handle \fh. (h, f).

The implementation in A7 (fc) of operations corresponding to newBuf, put,
and get is shown in Fig. 12. The buffer data structure is here implemented as a
tuple, consisting of four reference cells:

buf T = ref bool x ref bool x ref 7 x ref (bool — unit).

The first and second of these reference cells serve as guards to ensure that suc-
ceeding put and get operations alternate. Exactly one of them will contain a
handled future: if the first guard contains a future, this indicates that the buffer
is currently non-empty, hence put must block. Likewise, if the second guard
contains a handled future, the tuple represents an empty buffer and get must
block. The final reference cell stores a handler for this future. The third cell,
of type ref 7, stores the actual contents of the buffer. When representing an
empty buffer, this reference will contain a handled future of type 7 as a dummy
value. In summary, there are the following invariants associated with the value
(putg, gety, stored, handler) that implements the buffer:

- the guards putg and getg contain either a handled future or True (perhaps
reachable via dereferencing futures),
- at most one of putg and getg contains True,
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- whenever getg contains True then the value in stored is the value currently
in the buffer, and

- whenever putg contains True then the value in stored is ‘garbage’, represent-
ing an empty buffer.

The procedure newBuf yields a tuple representing an empty buffer,
satisfying the invariants. The procedure put, when applied to a buffer
(puty, gety, stored, handler) and a value v, suspends until the buffer is guaran-
teed to be empty. This is achieved by pattern matching on the contents of putg
(using wait): since the first argument position of the case construct constitutes
a future EC, put can continue only when putg contains a proper (non-future)
value. By the invariants, this implies that the buffer is empty. At the same time,
putg is replaced by a fresh future f, with handle h, to indicate that the buffer
will be non-empty after put succeeds. After writing v to the cell stored, the sec-
ond guard getg is set to True (perhaps via a reference) to permit following get
operations to succeed. This is done using the handle stored in the reference cell
handler, which is replaced by the handle A for the freshly introduced future f.
The procedure get is analogous (partly symmetric) to put.

The use of the handled futures in put and get is somewhat subtle: in general,
several threads concurrently attempt to place values into the buffer (and dually,
for reading from the buffer). The thread that is scheduled first replaces the
contents of the guard by a future f;. This future can be bound only after this
instance of put has finished. A second instance of put can proceed immediately
with its own exchange operation, replacing f; by a future f, before the wait
suspends on f;. In this way, a chain of threads suspending on futures fi, fo,...
in their respective put operations can build up. At the same time, a chain of
threads suspending in their respective get operations can build up.
Implementation as Translation. The implementation gives rise to a trans-
lation Tg from A7 (fcb) into A7 (fc): put, get, and newBuf are replaced by the
resp. program code, put, get, and newBuf from Fig. 12, where for put, the two
arguments are translated into a pair. On process level, we replace:

rb—— (vap)(veg)(ves)(vep) e (zy, Ty, s, Th)

| (wh)(vf)(wh')(wf )(hhfIR hf lax,cTruelzgcflascf' | xpch)
zbv — (vay)(vay)(ves)(vap)r<=(zy, xg, Ts, Tn)
| (wh)(vf)(hhflap,cflagcTruel zscTr(v) | zpch).

Formally, these replacements homomorphically extend to a mapping T :
AT (fcb) — A7 (fc) on all A7 (fcb)-terms, -processes, and -contexts. A corresponding
type translation is defined inductively, by Tg(buf 7) £ buf (T5T), and proceeding
homomorphically in all other cases.

These mappings are compatible with typing: if A F p then Tg(A) - Tg(p),
where Tp(A) £ (T(I'), Tp(I")) for A = (I, I") and Tg(z1:71, ..., 20:T0) =
21:TB(71),...,z,:Tp(1,) denotes the pointwise extension to type environments.
Corresponding typing properties hold for contexts, so that T forms a translation
in the sense of [17]. It is easy to see that:

Lemma 3.1 (Compositionality). The translation T : A"(fcb) — A7 (fc) is
compositional, i.e., for all p, D, we have Tg(D)[Tg(p)] = Ts(D]p)).
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4 Correctness of Buffer Implementations

Convergence Equivalence. We argue that the buffer implementation, de-
scribed by T : A7 (fcb) — A7 (fc) above, is correct. To this end, we will prove Tg
convergence equivalent in this section, and use compositionality (Lemma 3.1).
By Lemma 2.1, this entails that T is adequate. Moreover, we will prove that
AT (fcb) is an extension of A7 (fc), which means < is extended conservatively.

Lemma 4.1 (T preserves success). Let p be a A7 (fcb)-process.

1. If p is successful, then so is Tp(p). In particular, Tp(p)} in this case.
2. If Tg(p) is successful, then p is also a successful process.

The definition of the translation Tg also shows the following.

Lemma 4.2 (Context translation). If D is a process context of A" (fcb), then
Tp (D) is a process context. If E is an evaluation context of X" (fcb), then Tp(E)
is an evaluation context in N7 (fc).

Note that the corresponding property does not hold for future evaluation
contexts. For example, get [| forces its argument to be a buffer before reducing,
while its image get|] proceeds with arbitrary values as argument. The argument
ends in a future EC only after further beta- and case-reductions.

Proposition 4.3 (|-preservation). For every A7 (fcb)-process p, pl= Tr(p)l.

Proof (sketch). The idea is to simulate reductions of A7(fcb) in A7(fc), up to
contextual equivalence: for every p; = p, there exists p},ph € A7(fc) such that
Ts(p1) ~ p}, =5 pby ~ T(p2). The equivalences are established by transforma-
tions from Theorem 2.4. Then, we can use induction on the length of a successful
reduction sequence in A" (fcb) to derive a successful sequence for the translated
process. Proposition C.3 in the appendix gives the detailed proof. a

The converse implication requires a more careful analysis. The execution
of each instance of put or get (newBuf provides no problems) consists of ini-
tial (8-cBV(ev)) and (CASE.BETA(ev)) reductions, and eventually the argument
has to be evaluated in a future-strict context. The ensuing (CASE.BETA(ev))
and (FUT.DEREF(ev))-reduction (pattern matching on the cells in a tuple
(p,g,s,h) and proceeding after wait, resp.) can be ignored in the following
analysis. Referring to Fig. 12, the internal code-pointer is denoted la, 1b,
2, 3a, 3b. For instance, we describe subexpressions of put as follows: (1) for
wait (exch(z,, f)) with (1a) for exch... and (1b) for wait, (2) for exch(zs,v;),
and (3) for (exch(zp, by ;))(True) with (3a) for exch... and (3b) for handle bind-
ing. The subexpressions of get are described similarly.

One of the difficulties is illustrated by a process z<put(y,v) | y<getz | ....
Assume that get is executed first, then put. For the corresponding reduction
sequence in A7(fc) it is unavoidable that essentially same sequence is used on
the implementation get and put. However, the initial reductions of put may be
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executed earlier. (In the case of y 222 get x, this is even enforced.) For the
reduction in the implementation, this means that the reduction steps of instances
of get and put cannot be gathered into one contiguous block; this is possible only
for the main steps 1,2,3 of an instance.

Due to space limitations, the detailed analysis of the possible behavior of
the implementation is found in Appendix C. It implies the following sequencing

. . ,a,b . .
constraint of reductions, where —= means a reduction step for a particular
buffer x of the put/get-instance b with code-pointer a.

Lemma 4.4. For a buffer = the following sequencing holds in a —-reduction:

If for two instances by,bs of put, get: Db, s before Zba, for some a €
{1b,2, 3a, 3b}, then for all ai,as € {1b,2,3a,3b}: AL before 202,02

, ) . Jdaby .
For two put-instances by,by (or get-instances, respectively): Blab, s before

x,la,by ’Lﬁ ,2,b1 z,2,b2 ]

Proposition 4.5 (|-reflection). For every A" (fcb)-process p, Tg(p)l= pl.

is before

Proof (sketch; the full proof appears in the appendiz as Prop. C.4). The main
idea of the proof is to rearrange a reduction sequence R of T5(p) to a successful
process p,, such that it can be retranslated into A7 (fcb). One obstacle is men-
tioned above: the initial reduction steps and the steps 1,2,3 have to be treated
separately. It is possible to rearrange the reduction steps 1,2,3 such that the
reduction steps of every instance of put,get occur without interrupt. The strat-
egy is to move the reductions (1b) and then (la) close to their corresponding
(2)-reduction, starting from the rightmost reduction step. Next reductions from
(3a), and then (3b), are moved to the left to their corresponding (2)-reduction,
starting from the left. These commutations are justified by Lemma 4.4. The ini-
tial reduction steps, including dereferencing of the buffer variable, are correct
transformations due to Theorem 2.4. After this reordering of R a retranslation
is possible, which shows p]. a

Proposition 4.6 ({-reflection). For every A" (fcb)-process p, Tr(p)l= pl.

Proof. Suppose that for the A7(fcb)-process p we have p{. We show Tx(p) 1.
Since pl there is a reduction R from p to a process poff. Analogous to the proof
of Proposition 4.3, we can show by induction on the length of R that there is a
sequence R’ of correct transformations and reductions from Ts(p) to the process
T5(po). Proposition 4.5 applied to pg shows that Ts(pg)] is impossible, hence
T (po)tt holds. By induction on the length of R’ (which consists of ev-reductions
and correct transformations), Corollary B.20 is used to show Tg(p)T. a

The proof of the following proposition is more intricate:

Proposition 4.7 ({-preservation). For every X" (fcb)-process p, pll= T (p)}.

Proof. The detailed proof is in Appendix C; here we give a sketch. We prove
the equivalent claim that for every A7(fcb)-process p, Tp(p)1 = p1. As in the
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proof of Proposition 4.5, a given reduction R corresponding to Ts(p)T will be
rearranged and modified in order to construct a A™ (fcb)-reduction of p that shows
pT. This allows a similar rearrangement into 1,2,3-blocks and intermediate correct
transformations. However, this is not possible for all instances of put get, since
some of these may be started but never completed in the reduction.

Variants of the following argument can be used to overcome this difficulty.
Suppose a certain instance m of put has been started within R, but the next
reduction step, say from (3a), is missing in R. Let p, be the last process in

R, for which we necessarily have p, 1. The commutation properties show that

39, is a reduction possibility of p,,, i.e. p, Sam, Dw,1, Which immediately

implies p,, 11t. Thus we extend R to R- 34, This procedure is repeated until

all partially executed instances are completed; as an invariant, the number of
started instances of put, get is not increased. Now it is possible to construct a
reduction sequence showing p7. Finally, there is some process p,, with p = p,,
and Tg(p,) = qu, where g, is the final process of the rearranged and extended
sequence R’. The property ¢, 7 can be shown using Theorem 2.4. Lemma 4.3
shows that p,] is impossible, hence p,{. This implies pT. a

Full Abstraction. Propositions 4.3, 4.5, 4.6, 4.7, and 2.1 imply:
Theorem 4.8 (Adequacy). The translation Tg: X (fcb) — A7 (fc) is adequate.

We need also correctness of several transformations in A7 (fcb), which can be
shown using adequacy of the translation T. (The detailed proof is given in the
appendix in Lemma C.6).

Theorem 4.9 (Correct transformations in \7(fcb)). The following holds:

- All reduction rules of A (fcb) except for CELL.EXCH(ev), BUFF.GET(ev), and
BUFF.PUT(ev) are correct.

- The transformations (3-CBv(a), FUT.DEREF(a), CELL.DEREF, GC and
DET.EXCH (see Fig. 7) lifted to A" (fcb) are correct.

Theorem 4.10 (Full abstraction). Tz : A\7(fcb) — A7 (fc) and the identity
A7 (fc) — A7 (feb) are fully abstract.

Proof. This follows from adequacy (Theorem 4.8) and Proposition 2.2, since the
identity translation A" (fc) — A7 (fcb) is an embedding of A" (fc) into A" (fcb). O

Some Axiomatic Laws for Buffers. A common approach to the specification
of abstract data types, in the sequential case, is by an axiomatic description of
the operations. The machinery developed above allows us to prove that the
buffers of A7 (fc) satisfy such axioms. Using adequacy of Tp (Theorem 4.8), the
implied correctness of transformations for A7 (fcb) (Theorem 4.9), and correctness
of program transformations for A7 (fc) (Theorem 2.4), one can show the following
rules for put and get are correct:

(DET.PUT) (vz).E[put(z,v)] | zb— — (vz).Elunit] | zbv
(DET.GET) (ve).Elget z] | zbv — (va).Ev] lzb—
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The detailed proof can be found in the appendix (Proposition C.7). Note that
these equivalences are like BUFF.PUT(ev) and BUFF.GET(ev), but restricted to
sequentially used buffers. Then,

A b E[get(put(newBuf unit, v))] ~ E[v]

and similar equivalences follow.

5 Conclusion

We have proved formally that concurrent buffers can be correctly expressed in
the lambda calculus with futures. This illustrates how recent proof techniques
based on observational semantics permit to prove for a first time the equivalence
of various concurrency primitives of realistic concurrent programming languages.
In future work, it remains to elaborate this statement further, by proving the
equivalence of concurrent buffers, channels, and handled futures in the context
of the lambda calculus with futures. In particular, we have to show that we can
remove handles from A7 (fcb) by some correct encoding, and that we can encode
channels in this calculus too. Proving similar results for other base languages
is possible in principle, but requires to establish a sufficiently rich equational
theory first.

References

1. A. Carayol, D. Hirschkoff, and D. Sangiorgi. On the representation of McCarthy’s
amb in the pi-calculus. T'CS, 330(3):439-473, 2005.

2. R. De Nicola and M. Hennessy. Testing equivalences for processes. T'CS, 34:83-133,
1984.

3. C. Fournet, F. Le Fessant, L. Maranget, and A. Schmitt. JoCaml: A language
for concurrent distributed and mobile programming. In Advanced Functional Pro-
gramming, volume 2638 of LNCS, 129-158. 2002.

4. S. P. Jones, A. Gordon, and S. Finne. Concurrent Haskell. In POPL, 295-308.
ACM Press, 1996.

5. J. Niehren, D. Sabel, M. Schmidt-Schauf}; and J. Schwinghammer. Observational
semantics for a concurrent lambda calculus with reference cells and futures. In
23rd MFPS, ENTCS 173, 313-337. 2007.

6. J. Niehren, J. Schwinghammer, and Gert Smolka. A concurrent lambda calculus
with futures. T'CS, 364(3):338-356, 2006.

7. C.-H. L. Ong. Non-determinism in a functional setting. In LICS 93, 275-286.
IEEE Computer Society, 1993.

8. M.J. Parkinson, R. Bornat, and P.W. O’Hearn. Modular verification of a non-
blocking stack. In POPL, 297-302. ACM Press, 2007.

9. J. Parrow. Expressiveness of process algebras. ENTCS, 209:173-186, 2008.

10. S. Peyton Jones, A. Gordon, and S. Finne. Concurrent Haskell. In POPL, 295-308,
1996. ACM Press.
11. J.H. Reppy. Concurrent Programming in ML. Cambridge University Press, 1999.



16

12.

13.

14.

15.

16.

17.

J. Schwinghammer, D. Sabel, J. Niehren, M. Schmidt-Schaufl

J.G. Riecke. Fully abstract translations between functional languages. In POPL,
245-254, 1991. ACM-Press.

E. Ritter and A.M. Pitts. A fully abstract translation between a lambda-calculus
with reference types and standard ML. In 2nd TLCA, LNCS 902, 397-413, 1995.
A. Rossberg, D. Le Botlan, G. Tack, T. Brunklaus, and G. Smolka. Trends in
Functional Programming, vol. 5, Alice Through the Looking Glass, 79-96. 2006.
D. Sabel and M. Schmidt-Schauf. A call-by-need lambda calculus with locally
bottom-avoiding choice: context lemma and correctness of transformations. Math-
ematical Structures in Computer Science, 18(3):501-553, 2008.

M. Schmidt-Schau3 and D. Sabel. On generic context lemmas for lambda calculi
with sharing. Frank report 27, Inst. Informatik, Goethe-Univ., Frankfurt, 2007.
M. Schmidt-Schauf3, J. Niehren, D. Sabel, and J. Schwinghammer. Adequacy of
compositional translations for observational semantics. In 5th IFIP International
Conference on TCS, volume 273 of IFIP, 521-535. 2008.



On Proving the Equivalence of Concurrency Primitives 17
A Modifying B-cbvy(ev)-reduction in A(f)

The calculus A(f') described in [5] is the subcalculus of A7 (fc) without construc-
tors, case-expressions, and typing. Moreover, instead of the S-CBV(ev)-reduction
rule from Fig. 4, a sharing variant used that introduces a new future instead of
substituting into the body. This ‘lazy’ call-by-value S-rule (G-CBvy,(ev)) takes
the form E[(Ay.e)v] — (vy)(Ele] | y<=v).

We call the modification of A\(f') with the usual (substituting) call-by-value
B-reduction A(f) (this is the calculus presented in [6]). We first prove that the
identity translation from A(f) into A(f') is fully-abstract. This essentially means
that, as far as contextual equivalence is concerned, it does not matter which
[B-rule we choose.

For the proof we expect familiarity with the definitions, lemmas and theorems
in [5]. Obviously, the identity translation from A(f") to A(f) as well as the identity
translation from A(f) to A(f') are bijective and compositional. We show that both
translations are convergence equivalent, which by Proposition 2.2 implies that
both translations are fully-abstract.

Lemma A.1. For all X(f')-processes p, pl < plae) and pl < pll), i.e. the
identity translations from A(f') and A(f) and back are convergence equivalent.

Proof. 1. Theorem 4.23 of [5] proves that S-CBv(a) is a correct program trans-
formation for A(f'). From pl ), induction on the length of a reduction from
p to a successful process shows that p|. This is because the reduction corre-
sponding to p| ) consists of A(f')-reductions and 3-CBV(ev)-reductions.

2. In order to prove the other direction, assume that p|, i.e. p LA p’ where p’
is a successful process of A(f'). We use induction on k. If & = 0, then p is
also a successful process of A(f). For the induction step there are two cases:

If the first reduction of p — p” LN p’ is also a reduction of A(f), then
the claim follows by using the induction hypothesis. If the reduction is a
(B-cBvy (ev)-reduction, then we have the following situation:

-CBV(ev)

£~ DiElinc) ] /p — DIE[elo/y]]
prcavi(ev) T.DEREF(a) V GC),*
p// — D[E[e} I y<:7]] FU ( ) )

ev,k—l¢

p

It is easy to verify that the sequence of (FUT.DEREF(a) V GC)-transformations
always exists. It is sufficient to show that there exists a reduction from
P to a successful process of length less than k. This implies that we can
apply the induction hypothesis to p and the claim follows. The missing part
follows from Lemma 4.18 (1) and the proof of Proposition 4.31 in [5] for
the transformation (FUT.DEREF(a)); for (GC) it follows from Lemma 4.7 in
combination with Theorem 4.8 in [5].
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3. Assume that plys), and note that (1),(2) imply pft < pftag). Induction on
the length of a reduction shows that pT, where the induction step is either
obvious or follows from correctness of the transformation -CBv(a).

4. To show the last case assume that p{. The proof is by induction on the
length of a reduction to a must-divergent process, using the same methods
as (2). O

Theorem A.2. The identity translations from A(f") into A(f) and back are fully-
abstract.

This result immediately allows us to transfer correct program transformations
for A(f') (shown in [5]) to A(f).

Corollary A.3. All reductions of A(f) except CELL.EXCH(ev), and all the trans-
formations (-CBV(a), FUT.DEREF(a), CELL.DEREF, GC and DET.EXCH (see
Fig. 7) are correct program transformations for A(f).

Proof. Correctness of the transformations was established for A(f') in [5]. Be-
cause of full abstraction, they are also correct in A(f). O

B Removing Constructors and Case-Expressions

The constructors and case-expressions are removed from A7(fc) in two steps.
We first provide an encoding from A7 (fc) into a subset of itself. Let A7 (fc,,)
be the sublanguage of A" (fc) where in constructor applications k(eq,...,e,) the
arguments e; are restricted to values.

We provide an encoding ency; : A7(fc) — A7(fcqy), where additionally we
introduce some labels to mark the encoded constructors. These labels are used
in later proofs. The encoding enc; is defined as follows

enci(k(er,...,en)) 2 Nzy. .. Az, k(zy, ..., 2,)) enci(er) ... enci(en)r,

where z; are fresh, and [; are new labels
ency (t) £ homomorphically wrt. the term structure of ¢

extended to contexts in the evident way, and acting as identity on types.

The second step is an encoding ence that maps processes of A7 (fcy,) to
A(f)-processes, by removing constructors, case expressions, and types: Let K =
D(k(71,...,7m)) be the set of constructors for a specific type constructor &
and types 71,...,Tm,. By the assumptions on the signature, K is non-empty.
We choose an arbitrary (but from now fixed) order of the constructors in K,
k1,...,k, where n > 1. A constructor application of A7 (fc,,) is encoded as:

enca(ki(vi, .-, Var(u,))) 2 (\p1,...,pn.pi enca(vy) ... ence(Var(k;)) unit)

The additional unit argument to p; achieves the correct behavior in the case of
nullary constructors, with respect to call-by-value semantics. The encoding for
case expressions is the following:

enca(case,(r, . 7.y € Of (Ki(wi1,... T ar(k)) = eiizl“'")) £

enca(e) (AT1,1,- s T1 ar(ky)-Aencz(er)) ... (ATn,1, o s T ar (k) -A—enca(en))
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Again, the additional abstraction A_.... in each branch leads to a uniform trans-
lation, including the correct behavior for nullary constructors. For all other con-
structs, the encoding ency operates homomorphically wrt. the term structure.
Types are removed by this second encoding.

Definition B.1. The translation enc : A7 (fc) — A(f) is the composition ency o
ency of the above translations ency and encs.

As an example we demonstrate the encoding of lists (over a fixed element type 7).
Assume that D contains constructors cons : 7 — list — list and nil : list. Then:

enc(cons(ep, e;)) enca(ency (cons(ep, e;)))
= enca(A\x1, 2 (cons(zy,x2)) ency(en) ency(er))

= (A1, X2, Gnil, Geons-T1 T2 unit) enclep) enc(ey)
enc(nil) = ence(nil) = (Aanil, Geons-Anis UNIt)

casey;,; ¢ of
enc nil = e
| cons(z,y) = ez

enc(e) (A_.enc(er)) (Ax,y.A_.enc(e2))

B.1 Adequacy of enc,
Lemma B.2. For every value v of A (fcay), enca(v) is a A(f)-value.

Proof. Clear, since all values are translated into abstractions. O
Lemma B.3. For all p1,ps € A" (fcay) with py = pa, ence(p1) =, enca(p2)-

Proof. First observe that the EC or future EC, resp., containing the redex that is
contracted by p; — py must correspond to an EC or future EC, resp., for \(f):
since only A7 (fc,,)-values appear in constructor applications, the hole cannot
be below a constructor. Hence the only exceptional case is the decomposition
p1 = D[FE[case E’ ...]], but in this case the translation wrt. ency does yield an
EC. Now one needs to check that the reduction py =, po is transferable. The
only exception is a CASE.BETA (ev)-reduction, and we prove this case explicitly:

encz(p1) .
= encz(D[E[case kj(’l)l, . ,Uw(kj)) of (k’i(l‘l, ceey xar(k,-)) = 61‘)2:1'”’”“) )
= encz(D)[enca(E)[enca(case k;j(v1,. .., Var(k;)) Of (ki(z1,. ., Tar(r;)) = e)) =)
((Ap1,- - pn-pj enca(v1) ... enca(Var(;)) unit)
— enes(D)[encs(E) (AZ1,1,- - @1 ar(ky)-A—encz(e1)) )
(AZn,1,s - T ar(hn)-A-enc2(€n))

B-cBV(ev),*
—

encz(D)[enca(E)[(Azj,1, .-, T ar(k;)-A—-enca(e;)) enca(vi) ... enca(Var(k;)) unit)]]
Brosvien», enca(D)[enca(E)[encz(ej)[enca(vi) /)1, - - - s enca(Vark;))/Tj,ar(k;)]]]

= enca(p2)

Note,that Lemma B.2 ensures that all enca(v;) are values for A(f), validating the
B-CBV(ev) steps. O



20 J. Schwinghammer, D. Sabel, J. Niehren, M. Schmidt-Schaufl

Proposition B.4. The translation ence is adequate.

Proof. Since types are removed and the encoding translates every syntactic con-
struct separately, ency is compositional. Hence, by Proposition 2.1, it suffices to
show convergence equivalence of encs, i.e. we have to show four parts:

1. pl= ency(p)|. This follows by induction on the length of a successful reduc-
tion for p. For the base case, Lemma B.2 shows that encs(p) is successful
when p is. The induction step follows by the simulation Lemma B.3.

2. enca(p) |= pl. We use induction on the length of a successful reduction

enca(p) ok, po. The base case obviously holds. For the induction step let

ency(p) == p p” where p” is successful.
We first argue that p cannot be an irreducible non-value. Due to typing of p,
then p would be an open process of the form D[E[(x ¢)]], D[E|[case z ...]],
D[E[exch(z,v)] or D[F[z]] where z is a free variable. For all cases it is easy
to verify that ence(p) would be an irreducible value non-value, contradicting
enca(p)l.

If the redex is not the translation of an CASE.BETA(ev)-redex, then the
reduction can be performed directly for p, i.e. p =% p; with p’ = enca(p;)
holds. The induction hypothesis implies p; | and thus p |. If the re-
duction ency(p) =5 p’ is the beginning of an encoded CASE.BETA(ev),
then we perform the complete encoded CASE.BETA(eV)

; ev,k—1

/

. . P—===—>p
CASE.BETA (ev)-reduction using (3-CBV(ev)-
reductions for A(f): enca(p) i GOTR D2, enc(p)
CASE.BETA (ev) ABETA(ev),*
—————— ph, and py = enca(ph). An enca(p) , ”
illustration of the situation is shown on the pema(ev) P evh—1 P
right.

Now one mneeds to verify that the following holds in A(f):

If ¢ vk, ¢ where ¢ is successful and g Female), q" then qlBETA(e")q
Rai= q"" where ¢’ is successful. This is easy to prove, '

since BETA (ev)-reductions commute with other standard re- i

ductions, as the diagram shows.

Using this fact we have a successful reduction for enc(ph)

of length < k. From the induction hypothesis we derive p4| and thus p].

3. pl= enca(p)d}. We show the equivalent claim ency(p)T=- p1, by an induction
on the length of a reduction starting with encso(p) and ending in a must-
divergent process. For the base enca(p)ft and thus by part 1, p is must-
divergent. The induction step is analogous to part 2.

4. ency(p)ll= pl. The equivalent claim p7= ence(p)7 is proved by induction
on the length of a reduction for p ending in a must-divergent process. The
proof is analogous to part 1, and the base case is covered by part 2. a

/

- — >
BETA (ev)

Corollary B.5. The following transformations are correct for A (fcs,):

- All standard reductions except for CELL.EXCH(ev).
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- The transformations 3-CBV(a), CASE.BETA(a), FUT.DEREF(a), CELL.DEREF,
GC and DET.EXCH (See Fig. 7, with definitions adjusted to A" (fc,y) ).

Proof. Let = be one of the mentioned transformations. Due to adequacy of ency
it suffices to show A b enca(p) ~ ency(p’) for every p = p’ with A + p and
A F p'. This follows from Corollary A.3 and the fact that the CASE.BETA(a)-
reduction can be performed as a sequence of 8-CBv(a) reductions in the image
of the encoding. a

B.2 Adequacy of ency

Let ency be the backtranslation from labelled A7 (fcg,)-processes into A7 (fc)-
processes, which is homomorphic except for the case of labelled A\ abstractions:

ener(Azy. . Arz,e) € Lo eln) 2 ener(e)[enci(er) [z, - . . enct(en)/Tn)

Definition B.6. Let p € A7 (fcuy) be a labelled process. We say that the labelling
of p is valid iff the following conditions hold:

- if there is a labelled subexpression e with label l;, then e is an argument of a
nested application, which is of the form ((Aiz;. ... Aiz;.e’) v ... eilt)

- if there is a labelled )\ labelled with l;, then the abstraction is of the following
form N Xz, ..o Nok(er,. .., ej_1,2j,...,2y,). Moreover there are n—
j + 1 arguments of a nested application and the arguments are labelled with
Ji+1,...,n.

Let p € A" (feuy) be validly labelled. For a reduction of p the labelling is inherited
as in labelled reduction, with the following exceptions:

- If a labelled X of p is reduced using $-CBV(ev), then the label of the lambda
and the label of the argument are removed before the reduction is performed.

- If an expression is copied wusing FUT.DEREF(ev), CASE.BETA(ev), or
B-CBV(ev) and the copied expression contains labels, then the labels are also
copied but renamed with fresh labels.

Obviously, for every process p € A7 (fc) its encoding enc; (p) is validly labelled.
Lemma B.7. For all p € X" (fc): enci(enci(p)) = p and for all validly labelled
p € N (fcay): ency(enci(p)) Lremv@)x,

Proof. The first part is obvious from the definitions of @ene; and
ency. The second part is by induction on p. The exceptional case is

an unlabelled constructor application k(vy,...,v,) so that emc; yields
k(enci(v1),...,enci(vy,)), but ency abstracts the constructor application re-
sulting in (Ax1,...,2n.k(x1,...,2,)) enci(enci(vy)) ... enci(enci(vy,)). Nev-

ertheless, (-cBv(a)-reductions can be applied, since by induction hypoth-
esis, every enc(enci(v;)) can be reduced to wv;. The result of this is
(Ax1, ..., Zpk(z1,. .., 2y)) V1 ... Uy Since each v; is a A7 (fcg, )-value, 8-CBV(a)
can be used to to reduce this further to k(vy,...,v,). O
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Lemma B.8. For all processes of X" (fcqy): Sp=pe AT (feqw). Moreover,
if p is validly labelled, then p’ is validly labelled.

Proof. By inspecting the reduction rules of A™(fc), and the inheritance rules for
the labelling. ad

Let p be a validly labelled process of A7(fcy,) with p =5 ¢. We call this
reduction a-labelled if and only if it is by a BETA(ev)-reduction of a labelled
abstraction. If p <% ¢ and the (inner) redex is inside a labelled expression, and
the reduction is not already a-labelled, then we say the reduction is b-labelled.
In all other cases, the reduction is called unlabelled.

Lemma B.9. Let p be a validly labelled process, and p = p'.

- If the reduction is a-labelled, then ency(p) = enci(p’).
- If the reduction is b-labelled or unlabelled, then encr(p) — ener(p').

Proof. The first part follows since the a-labelled reduction performed for p is
also performed when calculating eney(p). For the second part we distinguish two
cases: If the reduction is b-labelled, then the position of the reduction for p is
moved to another position in ency(p). Nevertheless, since the labelling of p is
valid, this reduction can be performed as a standard reduction. If the reduction
is unlabeled, then it is easy to verify that the reduction can be performed for
encyi(p), since enc; does not change the corresponding position. O

Lemma B.10. Let py € N (fcyy) be a wvalidly labelled process with pg |, i.e.
ev,k

Po —— Pk, Pr successful. Then ency(po)l .

Proof. We use induction on k. The base case is obvious. For the induction step

let po — p1 vkl pi. From the induction hypothesis we have enci(p;)|. For

the reduction py = py: If the reduction is a-labelled, then enci(p1) = enct(po)
and the claim holds. Otherwise, the reduction is b-labelled or unlabeled. Then
Lemma B.9 shows that ener(po) &, ener (p1). Hence, the claim holds. O

Corollary B.11. For all p, enci(p)l= pl.
Proof. Assume enc;(p)]. Lemma B.10 shows enci(enci(p))l, and thus p|. O

Lemma B.12. Let v be a N (fc)-value. Then there exists a A7 (fcuy)-value w
such that for all process contexts D and expression contexts C, there is a trans-

formation D[C[ency(v)]] LalOLN D[Cw]].

Proof. This follows by structural induction on the value v. The only exceptional
case are constructor applications, when some a-labelled reductions are necessary
to obtain values from the translation of enc; (k(7)). O

Lemma B.13. For the translation ency the following holds:

- If D is a process context of X" (fc), then enc(D) is a process conteit.
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- For every evaluation context E of A7 (fc) there exists an evaluation context
E’ such that for all expressions e, process contexts D, expression contexts

C, and variables x such that D{x<=Clency(F)le]]] is well-typed, we have the

transformation D[z<=C[enc, (E)[e]]] Lronva)e, D[z<=C[E'[e]]).
- For every future evaluation context F of A7 (fc), there exists an future eval-
uation context F' such that for all expressions e and process contexts D

and expression contexts C' and variables x such that D[z<=C[enci(F)e]]] is
well-typed we have D[z<C[enc; (F)[e]]] Lo s, D[z<=C[F'[e]]].

Proof. By inspecting all cases for process, evaluation, and future evaluation con-
texts, and using Lemma B.12 to obtain values from translated values. O

B-cBV(a),*
_

Lemma B.14. For allpy,pa € N7 (fc) with py = po we have ency (p1)

;) ev 1 B-cBV(a),*
p = p ——— ency(p2)-

Proof. By Lemma B.13, and inspection of all standard reduction rules. ad
Lemma B.15. For all processes p of A" (fc), pl= enci(p)].

Proof. This follows by induction on the length of a successful reduction of p. For
the base case, let p be a successful process. Then we can transform enc (p) into
a successful process using Lemma B.12. These transformations are correct by
Corollary B.5, and thus enc; (p)]. For the induction step let p = p’ be the first
reduction for p. By the induction hypothesis we have ency(p’)|. We now apply

Lemma B.14 to p == ¢/, i.e., enci(p) Fromvia), P — po Lev@x enc(p’).

Since (-cBv(a) is correct (Corollary B.5) we have po| and thus p;|. Applying
correctness of 3-CBv(a) again yields enc; (p)]. O

Lemma B.16. For all validly labelled processes p of A" (fcay), pl = enci(p)].

Proof. The proof is by induction on the length of a successful reduction for p. For
the base case we show pff = ency(p)ft by the equivalent claim ency(p)| = pl. So

let us assume ency(p)]. Then by Lemma B.15 ency (enci(p))l. From Lemma B.7

we have enc; (enci(p)) Fromi@), p. Correctness of 3-cBv(a) (Corollary B.5)

shows the required p|. The induction step is analogous to Lemma B.10. a
Corollary B.17. For all p, pll = enci(p){.

Proof. The claim is equivalent to enc;(p) = pl, which follows from Lemma B.16
since ency(enci(p)) = p by Lemma B.7. O

Proposition B.18. The translation ency is adequate.

Proof. ency is obviously compositional. Hence, it remains to show convergence
equivalence. We have to show that may- and must-convergence are preserved
and reflected by enc;. From Corollary B.11, Lemma B.15, and Corollary B.17
we obtain three of the four parts. Hence, it remains to show that enc; (p)|} = pl
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holds. The equivalent claim pl=- enci(p)] can be proved by induction on the
length of a reduction sequence for p ending in a must-divergent expression. The
base case is covered by Corollary B.11, and the induction step is analogous to
Lemma B.15. a

By combining the Propositions B.4 and B.18, and using that composition
preserves adequacy, we obtain the following theorem:

Theorem B.19. The translation enc is adequate.
It remains to show correctness of program transformations for A7 (fc).
Corollary B.20. The following program transformations are correct in A7 (fc):

- All reduction rules of A\™(fc), except for CELL.EXCH(ev).
- The transformations 3-CBVv(a), FUT.DEREF(a), CELL.DEREF, GC, DET.EXCH,
and CASE.BETA(a) (see Fig. 7).

Proof. We must show that A F p ~ p’ for every p =~ p’ such that A - p and
Al p’, with =~ any of the listed transformations. By adequacy and the fact that
ency acts as identity on types, it suffices to prove A b enci(p) ~ enci(p’). But
this is guaranteed by the correctness results for A" (fcy,) (Corollary B.5) and
using Lemma B.13 to obtain values, Lemma B.12 to obtain process, evaluation
and future evaluation contexts in the image of enc;. ad

C On the Translation Tg from A7 (fcb) to A7 (fc)

Let Ctat(A’; A) denote the contexts C' such that A’ Fp = A F Clp], and let
Ctxt(I', 7; A) be the set of contexts C such that I'Fe: 7= At Cle].

Lemma C.1 (Compositionality). The translation Tp : A" (fcb) — A7 (fc)
is compositional, i.e., for all e,p,C, D we have Tp(C)[Tg(e)] = Tp(Cle]) and
T(D)[T5(p)] = Tr(Dlp)-

Proof. Immediate from the fact that Tg is extended homomorphically from con-
stants to all terms, and from base components to arbitrary processes, resp. O

Lemma C.2 (Type correctness). Let e and p be A" (fcb)-terms and processes,
and C,D be A7 (fcb)-term and -process contexts, respectively.

1. If'Fe:7 then Tp(I') F Tg(e) : Tp(T).

2. If At p then Tp(A) - Tr(p).

3. If C € Ctat(I'y1; A) then T(C) € Ctat(Tg(I'), T(1); T(4)).
4. If DeCtat(Aq; Ag) then Tp(D)e Ctat(Tp(A1); Tp(Az)).

Proof.

1. The proof is by induction on the typing derivation. The main work is in the
case of the buffer constants, where one checks that the implementations given
in Figure 12 can be typed in A7(fc) with all the instances of the (translations
of) type schemes from Figure 11.



On Proving the Equivalence of Concurrency Primitives 25

2. Again by induction on the typing derivation. Analogously to the above,
one shows that the translation of processes zb— and xzbwv have type
Tp(I';x:T(buf 7)) F ... whenever « ¢ dom(I"). For latter we can addition-
ally assume I, z:buf 7+ v : 7, and thus Tg(I"), z:Tg(buf 7) - T (v) : Ts(T)
by the above. The remaining cases then follow immediately by induction
hypothesis.

3. We first prove for term-valued contexts C that whenever there exists TpI
e : TpT such that TgI” t/ Cle] : Tp7’, then there also exists some e’ such
that '+ ¢’ : 7 and TpI" I/ C[Tg(e')] : Tp7'. In other words, witnesses for
a type failure can be found in the image of the translation. A corresponding
property then holds for A7 (fcb)-term contexts.
Now assuming that there exists Tpl' - e : TpT but TpA V/ (TsC)[e], then
this gives us e such that I' F e : 7 and TgA ¥/ (TC)[Tx(e)]. By compo-
sitionality, the latter is expressed equivalently as TpA t Tr(Cle]). Hence
by part (2), A I/ Cle]. But since I' e : 7 it cannot be the case that
C € Ctzt(I',7; A). We therefore have proved that C € Ctat(I, 7; A) implies
TB(C) € Ctzt(TB(F),TB(T); TB(A))

4. Similarly to the previous case. a

C.1 Invariants of the Buffer-Implementation

In this subsection we analyze the global state of the A" (fc)-translation Ts(p)
during reduction. The argument will be used for any number of buffers, but we
will restrict the arguments mainly to the situation where one buffer is used.

We describe the state of Tg(p) during evaluation, where we only focus on
the part that implements the buffer x. We also describe in detail the active
instances of put and get, i.e., the code-pointer and internal state of the im-
plemented puts and gets until they are finished. The notation in general is
fa,g.is ha,g.i5 fop,is hapi for futures and handles and ngy p, 1y g for the number
of processes for the buffer x, and g for get, p for put, and 4 is an index. In the
following we omit the buffer x in the notation if it is not ambiguous.

- For the active get-functions: For i = 0,...,n, there are futures f,; and the
corresponding handles hg ;, and also the futures f;’i and the corresponding
handles hy ,,

- For the active put-functions: For ¢ = 0,...,n,, there are futures f, ; and the
corresponding handles hy, ;.

- For active put- and get-functions, we index the corresponding code-pointer
in the functions with ¢ = 1,...,n, and i = 1,...,n4, and the code-pointer
may have values 1a, 1b, 2, 3a, 3b as in the encoding in Fig. 12, where the
indexing is according to the sequential execution. For the put-encoding:

(1) wait (exch(zy, f)); (1a) for exch...; (1b) for wait
(2) exch(zs,v;);
(3) (exch(zp,hy))(True) (3a) for exch...; (3b) for handle-binding
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For the get-encoding:

(1) wait (exch z4 f); (1a) for exch...; (1b) for wait
(2) let v =exch(zs, f, ,;);
(3) in (exch(zp,hy,;))(True); v (3a) for exch...; (3b) for handle-binding

We can assume that the initial generation of handle-future pairs is exe-
cuted together with the evaluation of the first exchange-operation. Other
reductions, like beta-reduction of the let and other beta-, case- and deref-
reductions, are not explicitly mentioned in our analysis.

- With k£ we denote the index of the active get or put function that has currently
access to the cell x4 of the buffer.

- We let f, 0 = True. The variables fy0,hg0, f,0,hy o are the future-handle
pairs from the execution of newBuf that generates the buffer « (or from the
initial translation of buffer-components).

- The current values (possibly futures) stored in the cells are x4, x,, zs, Zp,.

Initially: (xp, 24, s, ) = (True, fg.0, f5.0, hg0)-

The only synchronizations occur at the wait-command, where the execution

has to wait until the handle corresponding to the future is bound to True by

the corresponding handle-bind.

The current bindings of the futures f;; and f, ; do not contribute, since they
can only be bound to True, or are not yet available due to a missing handle-bind.
An active put with index ¢ has one of the following possible states, and can be
interrupted at any of these points:

la ... (exch(z,, f)); Tp := fpi where n, =1
1b wait fpi—1 synchronization
2 exch(z,,v;); provided h, ; has been bound

Tg := v; where now k := 1
3a (exch(xp, hy ) (True) = hy;
3b (hg,i—1)(True) handle hg ;1 will be used: fq;—1<True

The state of an active get with index ¢ has one of the following possibilities,
and can be interrupted at any of these points:

la ... (exch(zgy, )); xg = fg.i Where ng = i;

1b wait gpi—1 synchronization

2 let v = exch(zs, f; ;)... provided hgy; has been bound
let v=";... Tg 1= ;,i where now k :=1

3a ... (exch(zp, hg;)) ... xp = hg;

3b hp,i(True) hp.: will be used, fp;<=True and v returned

The complete execution of newBuf creates four cells and returns a 4-tuple of
these cells. During reduction there are several possibilities for (xp, x4, zs, zp):
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(fp.0, 9.0, F4,00 hg,0) Initially, i.e. after newBuf, where k =n, =n, =0
<fpnp7fgngyvk,hgk 1> afterZOprk

(fpnps fgmg Vi, hpr)  after 3a of P,y

<fpnpvfgng,f;n 5 pk> afterQOngk

(Fonps fgings Fom,+ Irg.k) after 3a of Py

A further invariant is that the occurrences of the handles and futures, and
also of the reference cells belonging to z, are only at the mentioned places, and
nowhere else. Note this is only true since we look for the images of processes by
the implementation 1.

Informally, there are two queues: one of active put-instances waiting for ac-
tivating the respective handles by the previous get, and a queue of get-instances
waiting for activating the handle by the previous put. All the futures will be
bound to True at some time, provided the evaluation terminates successfully.

Using induction on the number of buffer-related small-step reductions, we
see that the above description is an invariant for the buffer-implementation of a
single buffer x.

C.2 Convergence Equivalence of T
Proposition C.3. For every A7 (fcb)-process p, pl = Tr(p)].

Proof. We use induction on the number of reduction steps in a fixed reduction U
corresponding to p| in order to construct a transformation sequence U, of Ts(p)
to a successful process, where Lemma 4.1 shows the base case. The translation
Tp modifies the evaluation contexts and future evaluation contexts, but only in a
predictable way. We use the following diagrams to construct for every reduction
step a corresponding sequence of transformations and reductions. We omit the
trivial diagrams where a reduction is simply mirrored. The following diagrams
can be completed:

P Do
TB\L i/TB
CELL.DEREF,* ac
Nh———>@B————>@—— = —>(2

ev,*

where a € {BUFF.PUT(ev), BUFF.GET(ev), BUFF.NEW(ev)}; and the correspond-
ing reduction ¢; — g3 is the complete reduction of the respective body of the
translation including the dereferences before the wait followed by perhaps the
transformation CELL.DEREF, then followed by the transformation GC that re-
moves certain no longer used handle- and thread-components.

b1 D2

75 |

qﬁ CBV(ev),CASE. RFIA(eV),qS ev,a qﬂ CBV(a),CASE.BETA(a),%
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where a € {FUT.DEREF(ev), LAZY.TRIGGER(ev)}; and the first sequence of re-
ductions are beta- and case-reductions of the start of the body of the put- or
get-instance in order to bring the focussed variable in an F-context, which is
provided by a nesting of cases. The second sequence are the beta- and case-
reductions backwards, such that ¢, — g¢o, however as a transformation (i.e.
non-reduction).

We illustrate the diagram for a BUFF.PUT(ev)-reduction:

y<=put(z,v) | tb— «— y<unit | zbo.

The reduction after the translation is as follows:
y=put(z, Tp(v))) | (vay)(vey)(ves)(van) (w<(ep, Tg, s, Tn)
| (wh)(wH)wh)(wf Y (hhf IR hf lz,cTruelzgcflascf | xpch))
will reduce to (we show also some intermediate states)
y<wait True;... | (vhy)(vfi)hih fi |
(V) (V) () (v (2=, 2y, 0, 1)
| (vh)(vf)Wh')(vf )(hhf | Rhf'laz,cfil xgcf lzscf' | xpch))

— y<:exch(xh ) . (I/hl)(Vfl)hl h f1
(v )(Vl“g)(vxs)(l/ ) (=T, 29, s, )
L (Wh)wf)wh)(wf ) (hh f IR W f T apcfilzgef lascTp(v) Il znch))
— y<unit | (vhy)(vfi)hih f1 |
(vap)(vag)(ves) (vap) (x<=(zp, Tg, Ts, Th)
| (wh)(vf)(wh')(vf)(hh e | R'hf' lz,cfilageflascTr(v) | xpchy) | f<True)
Lo, y<unit | (vhy)(vfi)hih f1 |
(v, () (v, ) (van) (2=, 0y o, )
I (wh)(vf)(wh')(vf')(hh e | h"h f' | )¢ fi | x4 cTrue
| zscTp(v) | zpchy) | f<True)
=, y<=unit | (vhy)(vfi)hih fi |
(vap)(vag)(vas)(van ) (x<(2p, Tg, s, Tn)
| xpcfilagcTruel zscTr(v) | xpchy)
By induction on the length of U, the sequence U, will be constructed such that
there is a correspondence between the intermediate processes of U and U,:

If the first reduction of U is not a BUFF.NEW(ev)-, BUFF.GET(ev)-, or
BUFF.PUT(ev)-reduction, and not a FUT.DEREF(ev), LAZY.TRIGGER(ev) that is
triggered through an argument-position of an BUFF.GET(ev)-, or BUFF.PUT(ev),
then the same reduction is concatenated to U.. Otherwise, we use the diagrams
above to extend U,.. Thus we can assume that executing the code of newBuf, get
and put is completely done, respectively, and not disturbed by a concurrent
thread. We have constructed a transformation sequence U, for T(P) resulting
in a successful process. However, in general this sequence is not an —-reduction.

Corollary B.20 now shows that all non-ev-reductions in U, are correct A" (fc)-
transformations. This implies, using an induction on the length of U, that there
is also an —5-reduction of T(p) to a successful process. O

Proposition C.4. For every A7 (fcb)-process p, Tg(p)| = pl.
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Proof. Suppose that for the A7 (fcb)-process p there is a reduction U of T(p) to
a successful process p,,. Then the \™(fcb)-reduction of p is constructed in several
steps. In the following we do not mention the beta-reductions that are used for
the reduction of the let and the sequential operator “;”. We will make use of the
implied sequence of reductions as stated in Lemma 4.4.

1. Rearranging U: In general the single reductions of a put, or of a get are not
in a single block, but may be interleaved with other reductions. We show
that it is possible to gather the 1,2,3-reductions in one block:

The idea is to commute reductions.
(a) The 21, eductions are moved to the right. The strategy is to start
with the rightmost type-2-reduction and to move the closest type-1b-

reduction to the right. I.e. a single operation is:

z,1b * x,2 * z,1b z,2 .. . .
. = . 5~ — - —— . =, This is possible, since all other re-

duction are triggered from parallel processes, and since these reductions
commute with all other reductions. The result will be a rearranged re-
duction, where all 1b and 2-reductions of the same process are neighbors.
In a similar way we move the perhaps necessary dereferencing reductions
that are a precondition for the execution of the 1b-reduction (i.e. the
wait) immediately before the 1b-reduction.

(b) The same can be done for the type la-reductions, which will result in
a reduction, where la, 1b and 2-reductions of the same instance are
executed without other intermediate reductions. For the la-type it is

important to note that the sequence of 21, eductions is the same as
the type-2-reductions, if the sorting criteria is the body of the put, gets.

(c) It is also easy to see that the newhandled-reductions can also be moved
close to their corresponding la, 1b and 2-block.

(d) The type 3-reductions, i.e. 3a and 3b of the put- and get-body can also
be moved to the left, where the strategy is now to start with the leftmost
type-2-reduction. The arguments are as in the previous items, where also
the sequence of the 3a,3b-reductions (w.r.t the bodies put, get) are the
same as the type-2-reductions (see Lemma 4.4).

In a similar way we can rearrange the reduction from a newBuf, where the
reductions before the final reduction within the body are moved to the right.
In summary, we obtain an ev-reduction U;, where the reductions of every
newBuf are without interrupt, and where the reduction of get and put are in
one block, with the exception of the first reductions which are beta- and case-
reductions. The reason is that the future-strict evaluation of the arguments
of put, get is mirrored after the translation by the future-strict evaluation
of the arguments that will start only after the first beta-reduction for get, or
after the first beta- and case-reduction for put.

2. Now we modify the reduction U; from left to right. This is done in a similar
way as in the proof of Proposition 4.3: Whenever there is an a-reduction
with @ € {FUT.DEREF(ev), LAZY.TRIGGER(ev)} that is triggered after the
first reductions of a put, get, and it is not followed by the corresponding la-
reduction, we immediately add a transformation sequence W consisting of
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inverse beta-and case-reductions after the a-reductions where W eliminates
the initial (beta,case)-reductions of put or get that triggers the a-reduction.
After W, we add the inverse reduction W ! immediately after W.The reduc-
tion sequence can be chosen such that W~ is an ev-reduction. The following
correspondence diagram then holds:

p .
BUFF.PUT(ev)VBUFF.GET(ev) |
TB\L Tg |
T Y
=T5(p)— — — — — > — — — — — > — — — — — >r— — — — — >
q B(p) B-CBV la;...;1b;2;2a;2b w w1

VCASE.BETA (ev)

The effect is to replace — by — -W-W !, The idea is to move the reduction
steps in W' further to the right to the la-3b-block of the reductions,
to whom they belong. This is possible, if between the beta,case-reductions
and the la—3b-block there are no more a-reductions that are triggered by
the result of the beta,case-reductions. In order to make the correspondence
completely analogous to the construction in the proof of Proposition 4.3,
we also have to add GC and CELL.DEREF-reductions and their inverses. This
gives a sequence of correct transformations and reductions U,

This rearrangement is performed from left to right, such that the reduction
Uy of p, corresponding to Us via T, can be constructed. It is easy to see by

induction that the constructed reduction is according to the ev-strategy.

Now p % p,, Telp) B Q@ ~  Tslp,), where

FUT.DEREF (ev),LAZY.TRIGGER(ev),* TB(pw) and  hence by Corollary B.20 and

Lemma 4.1, we have p|. a

The hard part is the proof of the following proposition:
Proposition C.5. For every A" (fcb)-process p: pll = Tr(p)l}.

Proof. We prove the equivalent claim that for every A" (fcb)-process p: Tp(p)1
= pl. .

Let p be a A7 (fcb)-process such that ¢ := Tp(p)T. Let U = (Tp(p) — qu) be a
AT (fc)-reduction sequence with g,

p

-

q=Tg(p) T Iy
According to the previous analysis of the intermediate states of
newBuf, put, get-operations, and using a similar construction as in the proof of
Proposition C.4, we look for all translated buffer-operations in U, for all buffers.
The goal of the modification is to rearrange the reduction steps such that the re-
duction steps of every newBuf, get, put are a contiguous block of reductions, up to
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the initial beta- and case-reductions. However, since the reduction is ending with
a must-divergent process, there may be started executions of newBuf, get, put
that are not finished within the reduction. So, for the proof it may be necessary
to insert reduction steps. However, in order to have an induction measure, we
never add reductions of type la, thus the number of these will not be increased.
The other parts of the induction measure are then standard.

1. First we argue that the newBufreductions can be adjusted: It is easy to
see that for the reductions of a single newBuf-instance, we can shift all the
corresponding reduction steps to the right (they commute with all other
reduction steps), immediately before the last reduction step of the newBuf,
provided all of them are performed in U’. If some are missing, it is possible
to perform the reductions starting from ¢, which leads to a must-divergent
process, since these are reductions according to the ev-strategy. Then we can
perform the rearrangement as before. In order to have an induction measure,
we do not insert the first beta-reduction of an newBuf.

2. Now we rearrange the reduction steps of put, get, where we make implicit
use of Lemma 4.4. Since the CELL.EXCH(ev)-reductions are not correct in

general, we have to be a bit careful. First we consider the case where the

x,type—2 . ..
——— > reduction is in U.

(a) The reduction sequence Z1b, W i, where the 1b and 2 reduction step

are activated by the same body, is rearranged as follows: W- SALNNLIEN

This can be done in all cases.

(b) The reduction sequence —=% -V GZLLA ﬁn where the 1a and 2 reduc-
tion step are activated by the same body, is rearranged as follows: The
(x,1a)-reductions in W have to be moved to the right of the sequence

,1b
w2

mediately to the left of 22, Lemma 4.4 justifies these moves, and since
the other commutations are possible. We perform this exhaustively.

(¢) Now we shift the (x,3a) and (x,3b)-reductions to the left. This can be
done using the strategy by starting with the rightmost (x,3a)-reduction,
then the rightmost (x,3b)-reduction, and so on. However, there may
be (x,2)-reductions without corresponding (x,3a),(x,3b)-reduction in the
sequence. In this case, the first missing (x,3a)-reduction is also a ev-
reduction for g, thus the result is again must-divergent, and so we can
insert it after g, i.e. assume that it is already in the reduction. The

same holds for for the first missing (x,3b)-reduction.
3. Now we consider the case where some type (x,la)-reduction is in the se-

quence, but there is no corresponding continuation. Let us consider the left-
most (x,1la)-reduction with missing (x,1b)-reduction. As above, this is an
ev-reduction for ¢, and hence we can assume that it is already in the reduc-
tion sequence. The same for (x,1b)- and (x,2)-reductions. Note that between
(x,1a) and (x,1b) there may be some dereferencing, which can be shifted
along with the other reductions and can be treated in a standard way.

If a process has performed the newhandled-reduction(s), but the (x,1a)-
reduction is not in the sequence, then this can be shifted in the reduction

x,2 . . z,la .
- ==, keeping their sequence. Then the —— can be moved im-
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; newhandled
—_—

such that it ends with ¢ ¢w- Then Corollary B.20 shows that ¢’ is
also must-divergent, and we can remove the newhandled-operation.
4. Treatment of triggering dereferencing and lazy-trigger can done be as usual.

Now the situation is as follows: There is some process p,, with p — p,, and
Ts(pw) = q. and q,f}. Proposition 4.3 shows that p,,| is impossible, hence p,1,
which implies pT.

C.3 Lifting Equivalences to A7 (fcb)
Lemma C.6. The following equivalences hold in A7 (fcb):

- All reduction rules of A7 (fcb) except for CELL.EXCH(ev) and BUFF.PUT(ev),
BUFF.GET(ev) are correct.

- The transformations [(-CBV(a), FUT.DEREF(a), CELL.DEREF, GC and
DET.EXCH (see F'ig. 7) lifted to A" (fcb) are correct.

Proof. Let ~ be a program transformation mentioned in the claim. Due to
adequacy of Tp, it is sufficient to show Tp(A) b Tp(p1) ~ Tp(p2) for all
(p1,p2) € = with A F p;, i = 1,2. As already argued (see Lemma C.2)
the translation Tp of D- and E-contexts of A7(fcb) results in D and E-
contexts of A7 (fc). The same holds for values. Thus the correctness of the reduc-
tion rules $-CBVv(ev), THREAD.NEW(ev), HANDLE.NEW(ev), HANDLE.BIND(ev),
CELL.NEW(ev), LAZY.NEW(ev) and CASE.BETA(ev) is easy to obtain by us-
ing the according equivalence for A7(fc). For the rules using F-contexts
(FUT.DEREF(ev) and LAZY.TRIGGER(ev)), similar as in the proof of Proposi-
tion C.3 we can show that the equivalence holds: A reduction % with (a €

{FUT.DEREF(ev), LAZY.TRIGGER(ev) } corresponds by T to a transformation of

B-CBV(ev),CASE.BETA (ev),* a [3-CBV(ev),CASE.BETA (ev),* . .
the form .= , which is a cor-

rect transformation. The correctness of 3-CBv(a), FUT.DEREF(a), GC, DET.EXCH
and CELL.DEREF follows directly by using the equivalences for the encodings
in A7 (fc). Correctness of BUFF.NEW(ev) follows by inspecting the encoding (see
proof of Proposition C.3): The translation only consists of reductions that are
correct transformations of A7 (fc). O

C.4 Correctness of Axiomatic Laws
Finally, we prove the correctness of the axiomatic laws at the end of Section 4.

Proposition C.7. Using Corollary B.20, we show that the following rules hold
for put and get:

(DET.PUT) (vz).Elput(z,v)] | zb— — (vz).Elunit] | zbv
(DET.GET) (vz).Elget z] | zbv — (vz).Ejv] lzb—
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Proof. The proof is done by using the adequate encoding of buffers in A7 (fc),
and the valid equivalences in A7 (fc). Using the encoding of buffers, we focus on
the translation of the expression (vz).E[put(z,v)] | b —. This results in

(va)(vap)(vag) (vas) (van) (vh) (v f)(vh) (v ).
Elput{z,v)] | z=(xp, x4, Ts, Th)
[hhfIRhf lzpcTruelzgcflascf lzpch

(Strictly speaking, the context E must be translated as well. But its translation
is another EC.) Reducing put and applying dereferencing and case-reductions,
we obtain:

(va)(vap) (vag) (ves) (van) (vh) (v ) (h') (v ) (v fr) (vha)

Elput![z,v]] | hyh fi | r=(2p, Tq, Ts, Th)
[hhfIRhf la,cTruelzgcflascf lapch

The notation put’[z,v] means put(r,v) after some reductions. Executing ex-
change of f; in z, and reducing wait results in:

(va), (vap)(vay)(vas)(va)(wh) (v ) (wh') (v ') (v fi) (vhi)
Elput®[z,v]] | hih fi | <=(xy, 24, 24, 21)
[hhfIRhf lzpcfilazgeflascf lapch

The next reduction is to exchange v in the cell z4, resulting in

(va), (vap)(vag ) (vas) (van) (vh) (v f) (vh) (v ) (v f1) (vha)
E[pur}[xvv]] lhih fil x«i(xp,xg,xs,xh)
I[hhfIRhf lap,cfilzgeflascula,ch

The next reduction is to exchange h; in the cell xj,, resulting in

(va), (vap)(veg)(vas) (van) (vh) (v f) (vh) (v f) (v f1) (vha)
Elh True] | hih fi | z<=(xp, x4, x5, 1)
[hhfIRhf lapcfilazgeflascvlapch

The next reduction is a handle-bind, resulting in

(vx), (vap)(vay) (vas) (van) (vh) (v f) (vh ) (v f') (v f1) (Vha)
Elunit] | f<True | hyh fi | 2= (), 24, 75, 21)
[hhe A hf la,cfilageflascvla,ch

Now we can use a cell-dereferencing, giving

(va), (vay) (vag) (vas) (van) (wh) (v f) (k') (v ) (v 1) (vha)
Elunit] | f<True | hih fi | 2<=(2p, 24, s, Th)
|hh e |R'hf lz,cfilagcTruel zscv | apchy

A final garbage collection leads to

(ve)(vay)(vag)(vas) (ven) (v fi) (vha)
Elunit] | hih fi | a<=(xp, x4, x5, Tph)
lzpcfilagcTruel zscv | zpchy)
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This is exactly the encoding of (vz).E[unit] |  bv after some renaming,.

The next check is whether the transformation (DET.GET) is satisfied: Now we
focus on the translation of (vz).E[getz] | xbv ~ Efv] | x b — and its reductions:

(vz).Elget ] | (vay)(vay)(vas)(vep)e(ep, 29, 25, 2n)
| (wh)(vf)hhflapcflagcTruel zscv lapch

The two first new handle-reductions result in:
(va)(vap)(veg)(vas) (van) (vh) (v f)(vha) (v f1) (vhe ) (v f2)

ElgetW[z]] | hih fi | hah fo | 2=(2p, g, 4, 21)
hhflazpcflagcTruelzscv |l xpch

After a reduction of exchange of fi in z, and a wait the result is:

(va)(vap)(veg) (vas) (van) (vh) (v f)(vha) (v f1) (vhe ) (v f2)
Elget®[z]] | hih fi | hah fo | 2=(2p, 4, 4, 21)
lhhflapcflagefilascvlapch

After a reduction of exchange of fy in x4 the result is:
(va)(vay)(vag) (ves) (ven) (vh) (v f)(vha) (v f1) (vhe) (v f2)

Elget®[z]] | hih fi | hah fo | 2=(2p, 24, 25, )
[hhflapcflagefilascfolapch

After a reduction of exchange of hy in xj; the result is:
(va)(vay)(vag) (vas)(ve,) (vh) (v f)(vh) (v 1) (vhe) (v f2)

Elget®[z]] | hih fi | hah fo | 2=(2p, 24, T4, T1)
Ihhflapcflazgcfilascfolapch

After a handle-bind in (h True) and reducing (unit; v):

(va)(vap)(veg) (vas) (van) (vh) (v ) (vha) (v f1) (vhe ) (v f2)
E[U] | hl hfl | h2 hf2 | $<:<$p,$g,$s,$h>
| hhe | f&Truelzpeflagefilascfolzychy

Now a cell-deref transformation results in:
(va)(vay)(vag) (vas) (ven)(vh) (v f)(vhi ) (v f1)(vhe) (v f2)
Ev] | hih fi l hoh fo |l 2<=(xp, x4, Ts, Th)
| hh e | f&Truel zpcTruelzge filzsc folznchy

Garbage collecting f, h results in:

(va)(vay) (vag) (vas) (ven) (vha) (v f1) (vhe) (v f2)
EW] l hihfi | hoh fo l v=(zp, x4, x5, zn)
lzpcTrue lzgcfi lazscfol zpchy

This is exactly the translation corresponding to an empty buffer
(vz).E[v] | x b—. Hence we have shown equivalence. O



