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Abstract

We propose a formal definition for (valid) speculative computa-
tions, which is independent of any implementation technique. By
speculative computations we mean optimization mechanisms that
rely on relaxing the flow of execution in a given program, and on
guessing the values read from pointers in the memory. Our frame-
work for formalizing these computations is the standard operational
one that is used to describe the semantics of programming lan-
guages. In particular, we introduce speculation contexts, that gen-
eralize classical evaluation contexts, and allow us to deal with out
of order (or parallel) computations. We show that the standard DRF
guarantee, asserting that data race free programs are correctly im-
plemented in a relaxed semantics, fails with speculative computa-
tions, but that a similar guarantee holds for programs that are free
of data races in the speculative semantics. We then introduce a lan-
guage featuring an explicit distinction between shared and private
variables, and show that there is a translation, guided by a type and
effect system, that transforms a program written in this language
into speculatively data race free code, which is therefore robust
against aggressive optimizations.

1. Introduction

Speculative computation [12, 22] is an implementation technique
that aims at speeding up the execution of programs, by computing
pieces of code out of order or in parallel, without being sure that
these computations are actually needed. We shall actually use the
terminology “speculative computation” in a very broad sense here:
we try to capture the optimization techniques that rely on executing
the code as it is, but relaxing the flow of control, not necessarily fol-
lowing the order prescribed by the reference operational semantics.
Some keywords here are: pipelining, instruction level parallelism,
out-of-order execution, branch prediction, thread level speculation,
etc. (we shall not cite any particular paper from the huge literature
on these classical topics). We also include relaxed memory models
[2] into this picture, though not those that try to capture compiler
optimizations, that transform the code on the basis of semantical
reasoning (see [5, 27, 31]).

The idea of optimizing by computing in parallel is quite old,
but the work that has been done so far on this topic is almost ex-
clusively concerned with implementation techniques, either from
the hardware or the software point of view. These implementations
are quite often complex, as speculations are not always correct, and
need to be aborted or undone is some cases. Due to this complexity
perhaps, the notion of a valid speculation does not seem to have
been formally defined anywhere, except in some particular cases
that we will mention below. Nevertheless, the various implemen-
tations of speculative techniques are generally considered correct
as regards the semantics of sequential programs. This is no longer
the case for multithreaded applications running on multicore ar-
chitectures. It is well-known for instance (see the survey [2]) that
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relaxed memory models do not preserve the standard interleaving
semantics — also known as “sequential consistency” [23] in the area
of memory models. We shall see that even worse phenomena arise
from speculative computation, and in particular the failure of the
“DRF guarantee” [3, 17, 27] (see below). Then a formal under-
standing of (valid) speculations would be useful, to guide the in-
tuition of the programmer and help him writing safe multithreaded
code, and to provide a basis for analyzing and verifying concurrent
programs running on optimized multiprocessor architectures.

In this paper we follow and extend the approach presented in
[10], that is, we define, using a pretty standard operational style,
the speculative semantics of an expressive language, namely a call-
by-value \-calculus with mutable state and threads. Our formaliza-
tion relies on extending the usual notion of an evaluation context
[14], and using value prediction [16, 25] as regards the values read
from the memory. By introducing speculation contexts, we are able
to formalize out of order executions, as in relaxed memory models,
and also branch prediction [33], allowing to compute in the alterna-
tives of a conditional branching construct. A particular case of out
of order computation is provided by the future construct of Mul-
tilisp [20]. Examples of speculations are the following sequences,
where we use ML’s notation ! p for dereferencing a pointer:

r=1!p;qg:=tt — r:=1p;(
— r:=1tt;(

where the write to ¢ is reordered with respect to the read of p, which
“guesses” the value tt, and

(if ! p then ¢ := tt else () (if ! p then () else ()

-
—  (if tt then () else ()
-

0

where the assignment in the first branch is done speculatively, and
the value ¢ is guessed for p. These two speculations are intuitively
correct, but there are also incorrect speculations, such as the one
we get from the expression of the second example, if ! p returns
ff instead of t¢: in this case the assignment g := ¢¢ should not be
done.

The central definition in this paper is the one of a valid specula-
tive computation. Roughly speaking, a thread’s speculation is valid
if it can be proved equivalent to a normal order computation. The
equivalence we use here is the permutation of transitions equiva-
lence introduced by Berry and Lévy in [6], stating that independent
steps can be performed in any order (or in parallel) without essen-
tially changing the computation. One can see, for instance, that the
two speculations above are valid, by executing the same operations
in normal order (more details below). In an implementation setting
we would say that a speculation is allowed to commit in the case
it is valid, but one should notice that our formulation is fully inde-
pendent from any implementation mechanism. In fact, we shall not
in this paper study the problem of showing that an implementation



is correct in the sense that it allows only valid speculations to be
performed.

To the best of our knowledge, the notion of a (valid) speculation
has not been previously stated in a formal way. In this respect, the
work that is the closest to ours is the one on the mathematical se-
mantics of Multilisp’s future construct, starting with the work [15]
of Flanagan and Felleisen. This was later extended by Moreau in
[29] to deal with mutable state and continuations (extending the
work in [21] as regards the latter). A similar work regarding JAVA
has been done by Jagannathan and colleagues, dealing with muta-
ble state [34] and exceptions [30]. However, all these works on the
future construct aim at preserving the sequential semantics, and
therefore they are not concerned with shared memory concurrency.
Moreover, they do not include branch prediction and value predic-
tion.

Continuing with the two examples above, one can see that with
the thread system

r;:!p;q:: tt”T/ ::!q;pI: tt

and starting with a state where p = ff = g, one can get as an out-
come of a valid speculative computation a state where 7 = £ = r’.
This cannot be obtained by a standard interleaving execution, but is
allowed in memory models where reads can be reordered with re-
spect to subsequent memory operations, a property symbolically
called R—RW, according to the terminology of [2]. One could
check that most of the allowed behaviors (the so called “litmus
tests”) in weak memory models can also be obtained by speculative
computations, thus suggesting that the latter offers a very relaxed
semantical model, supporting many optimization techniques. Ex-
tending the second example given above, one can see that with the
thread system

pi=f; I q:=1;

(if !'p then g := ¢t else () (if 1 g then p := ¢t else ()
one can get the outcome p = ¢t = g, by speculatively performing,
after the initial assignments, the two assignments ¢ := ¢t and
p := tt, thus justifying the branch prediction made in the other
thread (see [18] Section 17.4.8, and [7] for similar examples). This
example, though not very interesting from a programming point
of view, shows that the well-known “DRF guarantee” — asserting
that programs free of data races, with respect to the interleaving
semantics, are correctly executed in the optimized semantics —,
does not hold in the case of speculative computations. Let us see
another example, which looks more like a standard idiom, for a
producer-consumer scenario. In this example, we use a construct
(with £ do e) to ensure mutual exclusion, by acquiring a lock ¢,
computing e and, upon termination, releasing ¢. Then with the two
threads

data:=1; I while not (with £ do ! flag) do skip;
(with ¢ do flag := tt)

if initially data = 0 and flag = ff, we can speculate that ! data in
the second thread returns 0, and therefore get an unexpected value
for r (the other instructions being processed in the normal way).
This is, according to our definition, a valid speculation, and this
provides another example of the failure of the DRF guarantee in
the speculative semantics.

From the programmer’s viewpoint, a question therefore arises:
for which programs is the speculative semantics correct, not in-
troducing unexpected behaviors? We shall qualify as robust such
programs, and we will see in particular that any purely sequen-
tial program, that does not spawn any thread, is robust. That is,
the speculative semantics is a correct implementation for sequen-
tial programs. As we have seen, data race free concurrent programs
are not necessarily robust. In this paper we show that speculatively
data race free programs are robust — this is our main result. Here

r := !data

speculatively DRF means that there is no data race occurring in the
speculative semantics, where a data race is, as usual, the possibility
of performing concurrent accesses, one of them being a write, to
the same memory location.

Again from the programmer’s viewpoint, this result is not fully
satisfactory, because he/she should not have to think about specu-
lative execution — only about the reference interleaving semantics.
There are several possible ways out of this. One would be to see
whether type (and effect) systems for data race prevention, such
as [1, 11] for instance, also ensure the speculatively DRF property,
and to adapt them if this is not the case (we conjecture however that
this is indeed the case). In this paper we explore another way. The
idea, which is not totally new (see [19] for instance) and not that
surprising, is to introduce in the programming language an explicit
distinction between shared and unshared variables. At this level,
the programmer does not have to know about locks, but we pro-
vide a synchronization construct for turning a shared variable into
a private one, with a delimited scope. That is, the thread using this
construct temporarily owns the shared variable, having an exclu-
sive access to it for a while, and releases it upon termination of this
construct.

There is a simple translation from this language to a target
language where all the pointers are implicitly shared, and where the
semantics is speculative. In this translation, each access to a shared
variable of the source language is protected with a lock univocally
associated with it. Then a shared variable in our language is similar
to a “volatile” variable [18]. The translation is guided by a novel
type and effect system ([26]; see [13] for a different type system
with similar purposes), which guarantees that a thread does not
access a private memory location that it does not own, that is,
any unshared variable is indeed used by at most one thread, and
cannot be the subject of a data race. Accesses to such private
references can therefore be subject to speculation. Our second main
result is that any typable program in this source language is robust,
its translation being speculatively DRF, and that the translation
preserves the source semantics, that is the standard interleaving
semantics. In [9] we have shown how to give a deadlock-free
semantics to such a language, again relying on a type and effect
system. Our language is therefore a step towards thread safe, or
modular concurrent programming: by writing typable code, the
programmer is guaranteed not to introduce dangerous data races
nor deadlocks, even when his/her code is composed with other
(typable) threads, or uses (typable) modules.

Obviously, this is a proposal that has to be assessed on an exper-
imental ground, and as we said some other ways are likely to exist
to write concurrent programs that are robust against aggressive op-
timizations. Whatever these other ways may be, we think that the
formal definition of (valid) speculative computations we set up in
this paper provides a sound basis for such investigations.

2. The (Target) Language

The intermediate, or target language, supporting speculative com-
putations, is an imperative call-by-value A-calculus, with boolean
values and conditional branching, enriched with thread creation and
a construct for ensuring mutual exclusion. In this language, all the
references are implicitly shared. We shall later assume that the lan-
guage also contains some record constructs which, for simplicity,
are not yet included. The syntax is:
e == v | (eoe1) expressions
| if e then eg else e1)
| (refe) | (Ye) | (eo:=-e1)
| (threade) | (with£doe) | (new £ine)

v u= x| Aze | tt]| |0 values



where / is a lock, that is a name from a given infinite set Locks. The
construct (new £ in ¢) is a binder for the name £ in e. As usual, Ais a
binder for the variable x in Aze, and we shall consider expressions
up to a-conversion, that is up to the renaming of bound variables.
The capture-avoiding substitution of eg for the free occurrences
of z in e; is denoted {z—ep}ei. We shall use some standard
abbreviations like (let © = eg in e1) for (Azeiep), which is also
denoted eg ; e1 whenever x does not occur free in e;.

To state the operational semantics of the language, we have to
extend it with run-time constructs, in two ways. First, we introduce
references (sometimes also referred to as memory locations, mem-
ory addresses, or pointers) p, g, ... that are names from a given
infinite set Ref. These are (run-time) values. Then we use the con-
struct (holding ¢ do ¢) to hold a lock for e. As it is standard with
languages involving concurrency with shared variables, we follow
a small-step style to describe the operational semantics, where an
atomic transition consists in reducing a redex (reducible expres-
sion) within an evaluation context, while possibly performing a side
effect. The syntax is then extended and enriched as follows:

p,q... € TRef references
v - p run-time values
e u= - | (holding £ doe)  run-time expressions
u = (Avev) redexes

| (if tt then eg else e1)

| (if ff theneg else e1)

| (refo) | (Ip) | (p:=v)
|  (threade) | (with £doe)
|  (holding £dov) | (new £ine)
] | E[F] evaluation contexts
frames

fe) | (v

if [ then eq else e1)

ref[]) | (D) | (M=e) | (v:=1)
holding ¢ do [])

As usual, we denote by E[e] the expression resulting from filling
the hole in E by e. Every expression of the (run-time) language is
either a value, or a redex in a position to be reduced, or faulty. More
precisely, let us say that an expression is faulty if it has one of the
following forms:

(
(
(r
(

o (ve) where the value v is not a function Aze’;

o (if v then eg else e1) where the value v is not a boolean value, ¢t
or ff

e (1v) or v := v where the value v is not a reference.

Then we have:

LEMMA 2.1. For any expression e of the run-time language, either
e is a value, or there is a unique evaluation context E and a
unique expression €' which either is a redex, or is faulty, such that
e = E[¢'].
(The proof, by induction on e, is immediate.)

To define speculative computations, we extend the class of stan-
dard evaluation contexts by introducing speculation contexts, de-
fined as follows:

speculation contexts

speculation frames

(elD) | (Azfe)
| (ifethen[Jelseer) | (if ethenegelse[])
(

e: [])

Let us comment briefly on the speculation contexts. With frames of
the shape (Az]] e), one can for instance compute e; in the expres-
sion (Azeiep) —hencein (let x = eg in e1) and eg ; e1 in particular
—, whereas in a normal order computation one has to compute eg
first. This is similar to a fufure expression (let z = future eg in e1)
[15], where ey is computed in advance, or in parallel with eo. With
the frames (if e then [] else e1) and (if e then eq else []), one is al-
lowed to compute in a branch (or in both branches) of a conditional
construct, without knowing the value of the condition, again com-
puting in advance (or in parallel) with respect to the normal order.
This is known as “branch prediction” [33]. Notice that, by contrast,
the construct (with £ do e) acts as a “speculation barrier,” that is,
(with £ do []) is not a speculation frame. Indeed, the purpose of
acquiring a lock is to separate side-effecting operations. We could
allow pure (i.e. without side effect) speculations inside such a con-
struct', but this would complicate the technical developments, with
no added value, since, as we shall see, we can always speculatively
acquire a lock (but not speculatively release it).

To define the semantics of locking, which allows for reentrant
locks, we shall use the set, denoted [ X7, of locks held in the context
3., defined as follows:

m =0

[Z[2]] [E]ue]
where
{6} if & = (holding ¢ do [))
(@] = { .
] otherwise

Speculative computations are defined in two stages: first we define
speculations, that are abstract computations of a given thread — ab-
stract in the sense that the state, made of a memory, a set of busy
locks, and a multiset of threads, is ignored at this stage. We can re-
gard these as attempts to perform some computation, with no real
side effect. Then we shall compose such speculations by interleav-
ing them, now taking at this stage the global state into account. In
order to do so, it is convenient to formalize speculations as labeled
transitions, explicitly indicating what reduction occurs, that is what
is the action performed at each step. There are several kinds of ac-
tions: performing a (-reduction, denoted (3, choosing a branch in
a conditional construct (~~ and ), creating a new reference p in
the store with some initial value (v} ), reading (rd; ) or writing
(%

(wrp,») a reference, spawning a new thread (spw,), acquiring (¢ )

¥\
or releasing (£) a lock 4, and creating a new lock (). Then the
syntax of actions is as follows:

a == B ||

‘ Vpo | rdpw | Wrpe

owl v | b
b = spw, | £

The action p stands for taking a lock that is already held. We denote
by Act the set of actions, and by B the subset of b actions.

In order to define valid speculations, we shall also need to
explicitly indicate in the semantics where actions are performed.
To this end, we introduce the notion of an occurrence, which is
a sequence over a set of symbols, each associated with a frame,
denoting a path from the root of the expression to the redex that is
evaluated at some step. In the case of a frame (e []), it is convenient
to distinguish the case where this is a “normal” frame, that is, when
e is a value, from the case where this is a true speculation frame.

I'by enriching the conflict relation, see below.



S[(zev)) -  E[{z—uvle]

Y[(if tt theneg elseer)] —  X[eo]

S[(if ff then eg else e1)] ——  Xleq]

(©)>)
S((refv)] 22 Zp)
rdp v
e
(©D>}

Sp:=v)] —=> (]

(©>>

3[v]

Then an occurrence is a sequence o over the set SOcc below:

Oce {(0-), (o), (if [] then _else ), (vef []), (1 ),
([ := ) (v :=[]), (holding £ do []) }
SOcc = OccU{(-]]), (Az[] ), (if - then [] else _),
(if _then _else []), (-:= [}

The occurrences o € Occ™ are called normal. Notice that we do
not consider Az[] as an occurrence. This corresponds to the fact
that speculating inside a value is forbidden, except in the case of a
function applied to an argument, that is (Aze1eo) where specula-
tively computing e; is allowed (again we could relax this as regards
pure speculations, but this would involve heavy technical compli-
cations). One then defines the occurrence @3, as the sequence of
frames that points to the hole in X, that is:

Q[ = e
ax(®] oy ad

where

(o) ifeeVal

(-[]) otherwise
(v:=]) ife=veVal
otherwise

and so on. We denote by o - o’ the concatenation of the two se-
quences o and o, and we say that o is a prefix of o, denoted 0 < o',
ifo’ = o0-0" for some 0”.If o £ 0o’ and o’ £ o then we say that o
and o are disjoint occurrences.

We can now define the “local” speculations, for a given (sequen-
tial) thread. This is determined independently of any context (mem-
ory or other threads), and without any real side effect. Speculations
are defined as a small step semantics, namely labeled transitions

e — e
o

where a is the action performed at this step and o is the occurrence
at which the action is performed (in the given thread). These are de-
fined in Figure 1. Speculating here means not only computing “in
advance” (or “out-of-order”), but also guessing the values from the
global context (the memory and the lock context). More precisely,
the speculative character of this semantics is twofold. On the one
hand, some computations are allowed to occur in speculation con-
texts X, like with future computations or branch prediction. On
the other hand, the value resulting from a dereference operation
(!p), or the status of the lock in the case of a locking construct
(with £ do e), is “guessed”, or “predicted” — as regards loads from

Figure 1: Speculations

spw

E[(thread e)] -@éﬁ E[(]
3 [(with £ do e)] é [e] e [x]
3 [(with £ do €)] & 3[(holding £ doe)] £ ¢& [X]
E|(holding ¢ do v)] @%> E[v]
Slnew ine)] —L  S[{L—0}e]

(€D}

the memory, this is known as value prediction, and was introduced
in [16, 25]. These guessed values may be written by other threads,
which are ignored at this stage. One should notice that the b ac-
tions are only allowed to occur from within an evaluation context,
not a speculation context. However, one should also observe that
an evaluation context can be modified by a speculation, while still
being an evaluation context. This is typically the case of ([] ) and
(Aze[]) - hence in particular (let x = [] in e) and [] ; e —, where
one is allowed to speculate the execution of e; this is also the case
with (if [] then e else e1) where one can speculate in a branch,
that is in eg or e;. Then for instance with an expression of the form
(holding £ do eg) ; e1, one can speculatively compute in e; before
trying to release the lock ¢ and proceed with eg (a special case of
this is the so-called “roach motel semantics,” see [4]). The follow-
ing is a standard property:

LEMMA 2.2. Ife % ¢ then {x+—v}e = {x+v}e’ forany v.

DEFINITION (SPECULATIONS) 2.3. A speculation from an ex-

pression e to an expression ¢’ is a (possibly empty) sequence
a; . _

o = (ei ? e“’l)ogign of speculation steps such that eg = e

and e,, = ¢'. This is written o : e — ¢’. The empty speculation
(with e’ = e) is denoted €. The sequence o is normal iff for all i the
occurrence o; is normal. The concatenation o-o” : ¢ — ¢’ of o and
o' is only defined (in the obvious way) if o ends on the expression
e’’ where o’ originates.

Notice that a normal speculation proceeds in program order, evalu-
ating redexes inside evaluation contexts — not speculation contexts;
still it may involve guessing some values that have to be read from
the memory. Let us see two examples of speculations — omitting
some labels, just mentioning the actions:

EXAMPLE 2.4.

r:=1p;q:=tt RCTIN r:=1p;(
d
St =t ;0
Wrp it B
— 050 =0
Here we speculate in two ways: first, the assignment ¢ := {t,

which would normally take place after reading p and updating r,
is performed, or rather, issued, out of order; second, we guess a
value read from memory location p.

EXAMPLE 2.5.

(if!pthen g :=ttelse ) —= (if !pthen () else ()
i LN (if t¢ then () else ()

L



a
e—eé a # spw,.
o

SPWer
s e

o

(%)
(S, L, (t,e) IT) 7 (5", L', (t,€) | T)

Here we speculate by predicting that we will have to compute in
the first branch, while guessing that the value pointed to by p is
tt. Obviously this guessed value may not be the correct one, and
in this case the computation made in the “then” branch has to be
invalidated. We shall define valid speculations in the next section.

The concurrent speculative semantics is again a small step se-
mantics, consisting in transitions between configurations C' =
(S, L, T) where the store S, also called here the memory, is a map-
ping from a finite set dom(S) of references to values, the lock con-
text L is a finite set of locks, those that are currently held by some
thread, and 7, the thread system, is a mapping from a finite set
dom(T') of thread names (or thread identifiers), subset of Names,
to expressions. If dom(7T") = {t1,...,t,} and T'(t;) = e; we also
write 1" as

(tr,e) - [(Ens en)
As usual, we shall assume we consider only well-formed configu-
rations, meaning that any reference that occurs somewhere in the
configuration belongs to the domain of the store, that is, it is bound
to a value in the memory — we shall not define this property, which
is preserved in the operational semantics, more formally. For in-
stance, if e is an expression of the source language, any initial con-
figuration (@, 0, (¢, e)) is well-formed.
The speculative computations are made of transitions that have
the form
c
t,o0
indicating the action a that is performed, the thread ¢ that performs
it, and the occurrence o where it is performed in the thread (these
labels are just annotations, introduced for technical convenience,
but they do not entail any constraint on the semantics). At each
step, a speculation attempted by one thread is recorded, provided
that the global state agrees with the action that is issued. That is,
the value guessed by a thread for a pointer must be the value of
that pointer in the memory, and similarly acquiring a lock can only
be done if the lock is free. We distinguish two cases, depending on
whether the action spawns a new thread or not. The corresponding
two rules are given in Figure 2, where

a=06,"pu = S =8&L =1L
a=vp, = p¢gdom(S)&S =SU{p—v}
&L =L
a=rd,, = v=Sp) &S =S&L =L
(*) a=wrp, = S =Sp:=v]&L =L
a=0 = S =S&(gL&L =Lu{e}
a=10 = S =S&L =L-{f}
a=v, = S =S5&L =L&/{fresh

DEFINITION (COMPUTATIONS) 2.6. A speculative computation
from a configuration C' to a configuration C" is a (possibly empty)

sequence vy of steps (Ci i, Ci+1)0<i<n in the speculative
ti;0q SEN

operational semantics such that Cy = C and C,, = C'. This is
written v : C' = C'. The empty computation is denoted . The
concatenation v - v’ : C' = C' is only defined (in the obvious

Figure 2: Speculative Computations

t' & dom(T) U {t}

SpW s

(S, L, (t,e) | T) == (S, L, (£, ") | (¢, ) [| T)

way) if y ends on the configuration C" where ~' originates, that is
v:C 5 C"andy' : C" = C'. The computationy = (C; ——

ti,0q

C’i+1) __isnormal if for all ¢ the occurrence o; is normal.
0<isn

One can see that normal computations correspond to computations
in the standard interleaving semantics, that we regard as the refer-
ence semantics from the programmer’s point of view. Even though
our definition of speculative computations ensures that the values
read from the memory are correctly guessed, some speculation se-
quences are still wrong, like — omitting the occurrences

({p— 1,0, (1, (if 1 p then p := it else ())))

ML, (§p s 12}, 0, (¢, if 1p then () else ())))

rd

25, ({p — tt}, 0, (¢, (if tt then () else ()))
Here the normal data-dependency between the read and write on p
is broken, and the branch prediction is therefore wrong. In the next
section we shall define which are the correct speculative computa-
tions. To this end, we shall need the following technical definition,
which formalizes the contribution of each thread to a speculative
computation:

DEFINITION (PROJECTION) 2.7. Given a thread identifier t, the
projection ~y|+ of a speculative computation -y on thread t is defined
as follows, by induction on ~y:

el = ¢
e (y]) ift =t&
a ! C:(S7L7(t7e) HT)&
cC—C"- =
(C5a ¢k o' = (81, (t,) || T)

Ve otherwise
It is easy to check that this is indeed well-defined, that is:

REMARK 2.8. For any speculative computation y and name t, the
projection | is a speculation.

3. Valid Speculations

We shall qualify a speculative computation as valid in the case
where each of its projections is equivalent in some sense to a
normal evaluation. That is, a speculative computation is valid if
it only involves thread speculations that correctly guess the values
read from the memory, and preserves, up to some equivalence, the
normal program order. The equivalence we use is the permutation
of transitions equivalence introduced by Berry and Lévy [6, 24],
that we also used in our previous work on memory models [10].
Intuitively, this equivalence says that permuting independent steps
in a speculation results in “the same” speculation, and that such
independent steps could actually be performed in parallel. It is
clear, for instance, that actions performed at disjoint occurrences
can be done in any order, provided that they are not conflicting
accesses to the same memory location (the conflict relation will be
defined below). This applies for instance to

Wrg, it

r:=Ip;qg:=tt —— r:

'p;0)
rd
REC N tt;()



from Example 2.4. Similarly, we can commute two steps such as

(if ¢t then g := tt else () Mot (if ¢t then () else ()
s
N O

(see Example 2.5), although in this case we first need to say that the
first step in this sequence is indeed “the same” as the second one in

(if tt then g == ttelse () > q:=tt
Wrg, tt
T, O

. . . a .
To this end, given a speculation step e — ¢’ and an occurrence o’ in
o

e, we define the residual of o’ after this step, that is the occurrence,
if any, that points to the same subterm (if any) as o’ pointed to in e.
For instance, if the step is

. v
(if ¢t then eg else e1) — e
£

then for o’ = € or o’ = (if [] then _ else _) there is not residual,
because the occurrence has been consumed in reducing the expres-
sion. The residual of any occurrence pointing into eg, i.e. of the
form (if _ then [] else _) - o', is o', whereas an occurrence of the
form (if _then _else []) - o, pointing into e1, has no residual, since
the subexpression e; is discarded by reducing to the first branch of
the conditional expression. The notion of a residual here is much
simpler than in the A-calculus (see [24]), because an occurrence is
never duplicated, since we do not compute inside a value (except in
a function applied to an argument). Here the residual of an occur-
rence after a speculation step will be either undefined, whenever it
is discarded by a conditional branching, or a single occurrence. We
actually only need to know the action a that is performed and the
occurrence o where it is performed in order to define the residual
of o after such a step. We therefore define o' /(a, o) as follows:

o ifoZo

o-o’ ifo'=0-(M\z[]]) 0" &a=p
oro' =o-(if _then[lelse ) 0" &a=~
oro' =o- (if _then _else[]) - 0" & a =

undefined otherwise

o' /(a,0) =

In the following we write o’ /(a, 0) = o’ to mean that the residual
of o’ after (a, o) is defined, and is o”. Notice that if o’ /(a, 0) = 0"
with o € Occ* then 0" = o’ and 0 £ o'.

Speculation enjoys a partial confluence property, namely that if
an occurrence of an action has a residual after another one, then
one can still perform the action from the resulting expression. This
property is known as the Diamond Lemma.

LEMMA (DIAMOND LEMMA) 3.1. Ife 2% ¢ and e <% e, with

oQ o1
01/(ao,00) = 0} and 0o/(a1,01) = oy then there exists e’ such
that eg 2 ¢’ and e; 2% ¢/,
o1 %

PROOF SKETCH: by case on the respective positions of 0g and 0.
If neither oo < 01 nor 01 < og (that is, the two occurrences are
disjoint) then 01/(ao,00) = o1 and 0o/(a1,01) = oo, and it is
easy to see that the two reductions can be done in any order.

Otherwise, let us assume for instance that oy < 01 (we cannot
have oo = 01 since oo/(a1,01) is defined, and the case where
01 < 0¢ is symmetric). A case analysis shows that we have either
01 = 0o-(Mz[]_)-0f and ap = B3, or o1 = 0¢-(if _then [] else _)-of
and ap = <, orelse 01 = o - (if —then _else []) - of and ag = ™,
with 0] = op - 0f in all these cases.

In the first case we have e = 3g[(Aze’v)] with e =
So[{zv}e’] (and @y = o0p), and e = Xg[(Aze”v)] with
e’ a_/1,> el and e; = Xo[(Azelv)], and we conclude using Lemma

o

2.2, with ¢’ = Zg[{z +v}e?]. In the case where ag = ~~ we have
e = Xo[(if tt then ¢ else €])] with eg = Xolep], and ey — e,

and we conclude with ¢/ = 3g[e]. The case where ag = . is
similar. 3

One should notice that the €, the existence of which is asserted in
this lemma, is actually unique, up to c-conversion. Let us see an
example: with the expression of Example 2.4, we have — recall that
eo ; e1 stands for (Azeieg) where x is not free in e;:

Wrg it

r:=1!p;
(Az[] ) Pi0

r:=1p;q:=tt

and
rdp ¢t

(o,[D-(r:=0)
Then we can close the diagram, ending up with the expression
r := tt;(). This confluence property is the basis for the defini-
tion of the equivalence by permutation of computing steps: with
the hypotheses of the Diamond Lemma, we shall regard the two
speculations

r:=1Ip;q:=1t ri=1tt;q:=tt

ag ay / al ag /
e—e—¢€¢ and e—e — e

00 o} o1 o)
as equivalent. However, this cannot be so simple, because we have
to ensure that the program order is preserved as regards accesses to
a given memory location (unless these accesses are all reads). For
instance, the speculation — again, omitting the occurrences:

d
pi=tt;r:=1!p o, pi=tt;r:=[ff
er,f,f ();’r‘::ﬁ

should not be considered as valid, because it breaks the data depen-
dency between the write and the read on p. To take this into account,
we introduce the conflict relation between actions, as follows>:
DEFINITION (CONFLICTING ACTIONS) 3.2. The conflict relation
# between actions is given by

#- U

pERef ,v,weVal

We can now define the permutation equivalence, which is the con-

gruence (with respect to concatenation) on speculations generated

by the conflict-free Diamond property.

DEFINITION (PERMUTATION EQUIVALENCE) 3.3. The equivalen-

ce by permutation of transitions is the least equivalence ~ on spec-

ulations such that if e Z—°> eo and e Z—1> e1 with o1 /(ag, 00) = 0}
1

{(er,va Wrp,w), (Wrp,v, rdp,w), (rdp o, er,w)}

0
and oo /(a1,01) = oy and —(ao # a1) then
aqp aj / ay ag /
0p*€ —€y) —€ 01 ~X0p-€—€] — € 01
oo ol o1 g,

where €’ is determined as in the Diamond Lemma.

Notice that two equivalent speculations have the same length. Let
us see some examples. The speculation given in Example 2.4 is
equivalent to the normal speculation

rdp it
—_

r:=1p;q:=1tt ri=1tt;q:=tt

Wry ¢t

01q:=tt 2 q:=tt

Wrq, tt
— 0

2'We notice that in some (extremely, or even excessively) relaxed memory
model (such as the one of the Alpha architecture, see [28]) the data depen-
dencies are not maintained. To deal with such models, we would adopt an
empty conflict relation, and a different notion of data race free program (see
below).



Similarly, the speculation given in Example 2.5 is equivalent to the
normal speculation

(if ! p then q := tt else () i LN (if tt then q := tt else ()

2 oge=n M)

We are now ready to give the definition that is central to our work,
characterizing what is a valid speculative computation.

DEFINITION (VALID SPECULATIVE COMPUTATION) 3.4. A
speculation is valid if it is equivalent by permutation to a normal
speculation. A speculative computation -y is valid if all its thread
projections v|; are valid speculations.

It is clear for instance that the speculations given above that do not
preserve the normal data dependencies are not valid. Similarly, one
can see that the following speculation

(if ! p then () else g := tt) Mo, (if ! p then () else ()

D, (if tt then () else ()
=0

which is an example of wrong branch prediction, is invalid, since
the occurrence of the first action has no residual after the last one,
and cannot therefore by permuted with it. We have already seen
that the speculations from Examples 2.4 and 2.5 are valid. Then the
reader can observe that from the thread system — where we omit the
thread identifiers

ri=lp;q:=tt||r :=1q;p:=1tt

and an initial memory S such that S(p) = ff = S(q), we can, by
a valid speculative computation, get as an outcome a state where
the memory S’ is such that S’'(r) = &t = S’(r’), something
that cannot be obtained with the standard, non-speculative inter-
leaving semantics. This is typical of a memory model where the
reads can be reordered with respect to subsequent memory opera-
tions — a property symbolically called R—RW, according to the
terminology of [2], that was not captured in our previous work
[10] on write-buffering memory models. We conjecture that our
operational model of speculative computations is more general (for
static thread systems) than the weak memory model of [10], in the
sense that for any configuration, there are more outcomes follow-
ing (valid) speculative computations than with write buffering. We
also believe, although this would have to be more formally stated,
that speculative computations are more general than most hard-
ware memory models, which deal with access memory, but do not
transform programs using some semantical reasoning as optimiz-
ing compilers do. For instance, let us examine the case of the amd6
example (see [32]), that is

pi=1tt || q:=t || ro:=lp; [ r2:=lg;
ry:=1q rg:=1p

If we start from a configuration where the memory S is such that
S(p) = ff = S(q), we may speculate in the third thread that ! g
returns ff (which is indeed the initial value of ), and similarly
in the fourth thread that ! p returns ff, and then proceed with the
assignments p := ¢t and ¢ := t¢, and so on. Then we can reach,
by a valid speculative computation, a state where the memory S’ is
such that S"(rg) = tt = S’'(re) and S'(r1) = ff = S'(r3), an
outcome which cannot be obtained with the interleaving semantics.

Another unusual example is based on Example 2.5. Let us
consider the following system made of two threads

p:=ff; I

q:=1f;
(if !'p then g := ¢t else () (if 1 g then p := ¢t else ()

Then by a valid speculative computation we can reach, after having
performed the two initial assignments, a state where S(p) = tt =
S(g). What is unusual with this example, with respect to what
is generally expected from relaxed memory models for instance
[3, 17], is that this is, with respect to the interleaving semantics,
a data race free thread system, which still has an “unwanted”
outcome in the optimizing framework of speculative computations
(see [7] for a similar example). This indicates that we have to
assume a stronger property than DRF (data-race freeness) to ensure
that a program is “robust” with respect to speculations.
DEFINITION (ROBUST PROGRAMS) 3.5. A closed expression e
is robust iff for any ¢ and ~y such that -y : (0,0, (t,e)) = (S, L, T)
there exists a normal computation 7 such that 7 : (0,0, (t,e)) =
(S,L,T).

In other words, for a robust expression the speculative and inter-
leaving semantics coincide, or: the robust programs are the ones
for which the speculative semantics is correct (with respect to the
interleaving semantics).

4. Main Result

Our main result is that speculatively data-race free programs are
robust.

DEFINITION (SPECULATIVELY DRF PROGRAM) 4.1. A config-
uration C' is speculatively date race free (speculatively DRF) iff for
any configuration C' reachable from C, that is vy : C = C' for

some speculative computation vy, if C’ ta—°> Co and C’ ta—1> Ch
0,00 1,01

we have to # t1 = —(ao # a1). An expression e is speculatively

DREF iff for any t the configuration (0,0, (t,e)) is speculatively

DRFE.
It is obvious that this is a safety property, that is if C'is speculatively
DRF and C' = C’, then C” is speculatively DRF. We could have
formulated this property directly, without resorting to the conflict
relation, saying that there are no reachable concurrent accesses
to the same location in the memory. In this way we could deal
with optimizing architectures (such as the Alpha memory model,
see [28]) that allow to reorder such accesses, by including the
case where these concurrent accesses can occur (in the speculative
semantics) from within the same thread, like for instance in p :=
ff ;7 := !p. We do not follow this way here, since such a model
requires unnatural synchronizations from the programmer.

In order to establish our result, we need a number of preliminary
lemmas, regarding both speculations and speculative computations.

4.1 Properties of Speculations
We extend the notion of residual by defining o/c where o is an
occurrence and o a speculation. This is defined by induction on the
length of o, where the notation o’ = 0/o means that o/ is defined
andis o’.

ole = o

of(e=>e€)-0 = (o/(a,0))/o

o

The following lemma states that the residual of a given occur-
rence along equivalent speculations are the same. This property was
called the “cube lemma” in [8].

ao ay

LEMMA (The CUBE LEMMA) 4.2. Leto = e —> - —> e’ and
0 o}
o =e 28 . 2% ¢ besuch that o ~ ¢’. Then o/o = o/c’ for
o1 06

any o.
PROOF: straightforward (but tedious) case analysis.

In the following we shall often omit the expressions in a specula-
tion, writing oo - — - o1 instead of oy - (eo N e1) - o1. Indeed, eg
o o



is determined by oo, and, given eg, the expression e; is determined
by the pair (a,0). Now we introduce the notion of a step, called
“redex-with-history” in [6, 24], and of steps being in the same fam-
ily, a property introduced in [6].

DEFINITION (STEPS) 4.3. A step is a pair [0, (a, 0)] of a specula-
tiono : e = e’ and an action a at occurrence o such that e’ = €'’

o
for some expression €. Given a speculation o, the set Step(o) is
the set of steps [, (a,0)] such that ¢ - % < o. The binary relation
o

~ on steps, meaning that two steps are in the same family, is the
equivalence relation generated by the rule

0" 0" ~0-0" &0 =o0/5"

[07 (G‘? O)] ~ [Ul7 (a7 Ol)]

Equivalent speculations have similar steps:

LEMMA 4.4. If[s, (a,0)] € Step(c) and o’ ~ o then there exists
[, (a, o)) € Step(o”) such that s, (a,0)] ~ [¢', (a, ).
PROOF: by induction on the definition of 0’ ~ 0.

A property that should be intuitively clear is that if a step in a

speculation is in the same family as the initial step of an equivalent

speculation, then it can be commuted with all the steps that precede

it:

LEMMA 4.5. Leto = 0o - — - 01 be such that 0 ~ = - ¢ with
o o

[57 (a? 0/)] ~

- a a —
0", €", o and o such that o - (e — e’ 2 &) - o} ~ o where
(o} ’

[00, (a,0)]. If oo = c0 - (€ = €') - <1 then there exist
o

o

0=0"/% 0} ando =5/(a,0”).
’
o
PROOF SKETCH: by induction on the inference of o ~ i/> - G.
o

This is trivial if 0 = — -, that is o9 = &, 0 = o and

¢ = o1. Otherwise, there exists o’ such that o/ ~ - . ¢ (with
O/

a shorter inference) and o’ results from o by a transposition of two

consecutive steps. If this transposition occurs in o1, or commutes

the last step of o - — with the first step of o1, we simply use the
o

induction hypothesis. If the transposition commutes the last step of
oo with the last one of o - —, we get the lemma in the case where
o

¢1 = €, and we use the induction hypothesis for the other cases. If
the transposition commutes two steps in oo, we use the induction
hypothesis and the Cube Lemma 4.2 to conclude. [y

LEMMA 4.6. Ife 2% eg and e % e; with 01/(ao,00) = 0} and

oo/(a1,01) = of then 0o € (’)cc implies o{, = 0o, o1 £ o¢ and
o1 & Occ*. Moreover if ag € B then oo ¢ 01, hence o} = o;.

PROOF: we already observed that, with the hypothesis of this
lemma, we have o, = o0g and 01 £ o0p. It cannot be the case that
01 € Occ”, since otherwise we would have og = 0; by Lemma

2.1.1fap = porap = £ then e = X[(with £ do ¢e')] (with
0o = @X0), and therefore oo £ 01 since there is no frame of the
form (with £ do []). The argument is similar with ap = spw,. If

ao = £ then e = E[(holding ¢ do v)] and again o9 £ 01 since
there is no way to compute inside a value (except in the function
part of an application).

This allows us to show that, in a speculation, the unlock actions, and
also spawning a new thread, act as barriers with respect to other
actions that occur in an evaluation context: these actions cannot be
permuted with unlock (or spawn) actions. This is expressed by the
following lemma:

LEMMA 4.7. Leto = go- — -1 where a € B, and 0 ~ o’ with
o' = ol % -af where [00, (a,0)] ~ [00, (a,0)]. If[s, (a’,0")] €

Step(oo) with o' € Occ* then there exist ¢’ and 0" such that
[¢',(a’,0")] € Step(oq) and [s, (a’,0")] ~ [¢', (a’, 0")].
PROOF: by induction on the definition of ¢ ~ ¢’. The lemma is
obvious if ¢/ = o. Otherwise, there exists ¢’ such that ¢’ results
from o by a transposition of two steps, and " ~ ¢’ (with a shorter
proof). There are four cases: if the transposition takes place in o or
o1, the proof is routine (using the induction hypothesis). Otherwise,
the transposition concerns the step [o0, (a, 0)], and either the last
step of g, or the first step of 0.

If o0 = o - (e a—/> eo) and e % & with o = 6/(d’,0),

O o

0" =0'/(a,0) and

’

"o /. >) . — a .
o' =0y (e =& (6761) o1

owl@

then 6 € Occ* by Lemma 4.6, since a € B, and therefore
o ¢ Occ* and 0o” = 0o'. Then we easily conclude using the
induction hypothesis.

’ ’
The case where 01 = (e1 a—l> e) - o7 and eg %» € with
o

O
o' =0"/(a,0),0=0/(a’,0") and

’
1’ a

o' =00-(eg — &) (€

’
~ e)- oy

owl@

is similar (notice that it cannot be the case that 0’/ € Occ*).
An immediate consequence of this property is:

COROLLARY 4.8. If ¢ is a valid speculation, that is ¢ ~ & for
some normal speculation &, and if & = & - % -0y witha € B,
0)], such that

o
for any step [, (a’, 0")] of & there exists a step [s, (a, 0"")] in the
same family which is in 0.

then 0 = oo - = - o1 with [0, (a,0)] ~ [do, (a,

This is to say that, in order for a speculation to be valid, all the
operations that normally precede a B action, and in particular
an unlocking action, must be performed before this action in the
speculation.

4.2 Properties of Speculative Computations

From now on, we shall consider regular configurations, where at
most one thread can hold a lock, and where a lock held by some
thread is indeed in the lock context. This is defined as follows:

DEFINITION (REGULAR CONFIGURATION) 4.9. A configuration
C = (S, L, T) isregular if and only if it satisfies

() if T = (ti,X2;[(holding £ do €;)])||T; for i = 0,1 then
t0:t1&20:z1&60:€1&T0:T1

(i) T = (¢, X[(holding £doe)]) | T" = L€ L

For instance, any configuration of the form (@, @, (¢, ¢)) where e is
an expression is regular. The following should be obvious:

REMARK 4.10. IfC is regular and C tL> C’ then C' is regular.
0

The following lemma (for a different notion of computation) was
called the “Asynchrony Lemma” in [10]. There it was used as the
basis to define the equivalence by permutation of computations. We
could also introduce such an equivalence here, generalizing the one
for speculations, but this is actually not necessary.

LEMMA 4.11. Let C be a (well-formed) regular configuration. If
C 22 Cy 2 C' withtyg # t1, (a0 # a1) andag = £ =

toyoo ty,01

a1 # E then there exists C such that C —2— C; —2> (.
t1,01 to,00



PROOF (SKETCH): by a case analysis on the actions ao and a;.

e If ag € {3, ~, .} then this action has no side effect (i.e., it does
not modify the components S, L and [] || T of the configuration),
and therefore such an action commutes with any other a.

e The case where ap = 1y is similar; one may observe that it can
be commuted with a1 = vy, since in this case we have £ # £.

o If ap = vp,, then it cannot be the case that a; is rdp, ., O Wrp .,
by the well-formedness of the configurations. Also, a1 7# Vp,w, and
it is therefore easy to see that a; commutes with ag in this case.

e If ap = rd,,,, then we have a1 # wry ., (otherwise aop # a1) and
a1 # Upw by well-formedness. Again it is easy to see that in any
possible case for a1, the two actions commute, producing the same
resulting configuration.

o If ap = wrp, then we have a1 # rdpw, a1 # wrp . and
a1 # Vp,w. As in the previous case, we easily conclude.

N [%
elfag = ¢ ora = pthen a; # ¢ since two different threads
cannot acquire the same lock (we are using the regularity of C'

when ap = p). Also, a1 #* é because this would mean that Co
is not regular. If ap = é then a1 # E since otherwise Cp would

not be regular, and a1 # E by hypothesis. Again in these cases it
is easy to conclude that the lemma holds.

o The case where ap = spw, is immediate. [

We have a similar property regarding “local” computations, that
occur in the same thread:

LEMMA 4.12. Let C be a (well- formed) regular configuration.
If C t“—°> Co = C' with C = (S,L,(t,e) | T), Co =
,00 t 01
(S, L, (t, ¢

(S0, Lo, (t,e0) [ To) =. C" = )|IT") and

ag ay ay ap 1
e—ey) —€e Xe—e — €
[e0) o} 01 ol

then C ta—l> (S1, L1, (t,e1) || T1) =2 C” for some S1, L1 and
101 t,0(

100
Ti.

PROOF SKETCH: we distinguish three cases, according to the re-
spective position of the occurrences og and o0;.

e 09 < 01. In this case, we can only have ag € {8, ,\}, and
therefore So = S, Lo = L and Ty = T, and it is easy to conclude
with S7 = S/, Ly = L' and T, = T.

e 01 < 0p. Then a; € {B3,,~}, hence 8’ = So, L' = Lo and
= Tp, and we conclude, as in the previous case, with S; = S,
L1 :LandT1 =1T.

e If 0g and o, are disjoint, that is og £ 01 and 01 £ 0o, we proceed
by case on (ao, 00) and (a1, 01), as in the previous proof. Notice
that {ao, a1} C Bis impossible, by Lemma 2.1, since these actions
must occur in an evaluation context. [

We can now prove our main result, stating in particular that specu-
latively race free programs are robust against speculations:
THEOREM (MAIN RESULT) 4.13. Let C be a well-formed regu-
lar configuration that is speculatively race free. If v : C = C" is a
valid speculative computation, then there exists a normal computa-
tion 4 from C to C'. In particular, any speculatively data race free
closed expression is robust.

PROOF: by induction on the length of ~y. This is trivial if v = €.
Otherwise, let v = (Ci BN Ci+1) with n > 0. Notice

5,05 o<ign
that C; is well-formed, regular and speculatively DRF for any 4.
The set {¢ | |+ # €} is non-empty. For any ¢ there exists a
normal speculation o such that o ~ ~|;. Let j be the first index

a
(0 € j < n) such that y|¢, = oo - Y, o and ot = 2. !
J
] o

with [g, (0,a;)] ~ [ao, (aj,05)]. Now we proceed by induction
onj.If j = Othen o = o; € Occ”, and we use the induction
hypothesis (on the length n) to conclude. Otherwise, we have

a;j_ a;
Cji-a =L, C; — C}41. We distinguish two cases.

tj—1:05—1 tj»0;

o If¢t;_; # t; then we have =(a;_1 # a;) since C is speculatively

data-race free. We show that i < j = a; ¢ B. Assume the

contrary, that is a; € B for some i < j. Then 7|s, = g0 - —= - <1,
04

and by Lemma 4.4 we have 0% = ¢ - a—:> -1 with [co, (04, a:)] ~
[<0, (0, ai)]. Then by Corollary 4.8 the first step of <o - a—:> is in

the family of a step in ¢p - %, contradicting the minimality of j.

We therefore have a;—1 76 E in partlcular By Lemma 4.11 we can
commute the two steps 2971, and —> and we conclude using the

051 0;

induction hypothesis (on j).

aj_1
eIft;_ 1 = t;, we have o9 = ¢ - 2, and by Lemma 4.5
0j—1
. aj aj—1
there exist o', o and o7 such that y|;; ~ ¢ - —> - —— - 0}
O/ OI/

with o = 0o'/(aj—1,0j—1). We conclude using Lemma 4.12 and
the induction hypothesis (on j).

Notice that we proved a property that is actually more precise than
stated in the theorem, since the 7 that is constructed is equivalent,
by permutations, to v — but we decided not to introduce explicitly
this equivalence as regards speculative computations. We also ob-
serve that if an expression is purely sequential, that is, it does not
spawn any thread, then it is speculatively data race free, and there-
fore robust, that is, all the valid speculations for it are correct with
respect to its standard semantics.

Our result holds with synchronization mechanisms other than
acquiring and releasing locks. We shall use the mutual exclusion
construct (with £ do e) in the sequel, but we could have consid-
ered simpler memory barrier operations, such as fence. This is a
programming constant (but not a value), the semantics of which is
given by

Elfence] — E[()]

with no side effect. Performing a fence should be categorized as a
B action, so that the Corollary 4.8 holds for such an action, since
it is only performed from within a normal evaluation context. Then
our Theorem 4.13, which, as far as the /3 actions are concerned,
relies on this property 4.8, still holds with this construct. However
when speculation is allowed this construct is rather weak, and in
particular it does not help very much in preventing data races, or
even to separate the accesses to the memory from a given thread.
We let the reader check for instance that with the IRIW example
(see [7]), that is

pi=tt || g:=t || ro:=tp; [ re:=lg;
fence; fence;
r1i=1q rz:=1p

starting from a configuration where the memory S is such that
S(p) = ff = S(q) we may, as with the amd6 example above,
get by a valid speculative computation a state where the memory
S’ is such that S’(rg) = tt = S'(r2) and S’'(r1) = ff = S'(r3).
This is because the assignments to 71 and r3 can be speculatively
performed first (after having read pointers p and ¢), and, in the
projections over their respective threads, be commuted with the
assignments to 7o and r2 (since there is no data dependency), and



(5,9, (t, E[(wzep)) | T)  — (5,9, (t, E{z—ple] | T € [E]
(5,9, El(wzep) )| T) —  (5,2U{p—t}),{(t, E[({z —p}e\p)) [ T) p ¢ [E]Udom(2)
(5, (LE[\D IT) — (S, 20\p, {(tE[v]) [ T)
(5,9, (& El(ref ) ) | T)  — (SU{p—v},QU{p—1t}),(t, E[p)UT) p¢dom(S)
(5,0, (¢, E[(sref ) ) [ T)  —  (SU{p— v}, Q (4, Ep)) [ T) p ¢ dom(S)
(S, GEEPDIT) — (59, &ER)[T) (p & dom(§2) or Q(p) = t) and S(p) =
(5,2, E[(p:=v)DIT) — (Slp:=2,2 &E[Q)T) p ¢ dom(€) or Q(p) =

the fence, thus checking that local normal order evaluations with
the same actions is possible.

5. Towards Thread Safe Programming

In this section we introduce another language, that we will call the
source language, intended to provide the programmer with a safe
concurrent programming style, where the semantics is guaranteed
to be sequentially consistent®. The differences with the (target) lan-
guage we considered up to now are as follows. We split the refer-
ence creation construct into two: one, which we still denote (ref e),
for creating a private reference, that only one thread can use, and
(sref e) for creating a potentially shared reference. We may say
that a thread owns the private references it creates. We also replace
the locking construct (with £ do ¢) by a functional construct wze,
read “own x in e” that, when applied to a (shared) pointer, acquires
that pointer for exclusive use in e, and releases it upon termination.
Then in this language synchronization is only concerned with ac-
quiring/releasing pointers, not locks. The synchronization construct
wze is needed to write atomic operations, such as incrementing an
account a by some amount z, written wadz(a := !a + x). The
syntax is as follows

e == v | (eoe1) expressions
|  (if ethen eg else e1)
|  (refe) | (srefe) | (te) | (eo:=-e1)
|  (threade)

v u= x| Ave | wze | Bt | ff | () values

The variable z is bound in wxe, exactly as in Aze.

To describe the semantics of this language, we have to intro-
duce, as with the target language, an extension with constructs that
appear at run-time. These are the pointers p, ¢ ..., as above, and
a construct (e\p), similar to (holding ¢ do e), meaning that the
pointer p has been acquired, and is currently owned by e. The eval-
uation contexts in the source language, that we still denote by E,
are the same as in the target language, except that we add the frame
(sref []), and that (holding ¢ do []) is replaced by ([]\p). We reuse
the notation [E], this time to mean the set of pointers that are
owned in the context E, that is the set of p such that ([]\p) occurs
in E. The semantics is specified as small steps transitions between
configurations of the form (S, 2,7") where S and T are respec-
tively the memory and the thread system, as in Section 2 (but built
with expressions of the source language), and 2 is a mapping from
dom(2), a subset of dom(S), into Names. This represents owner-
ship: if the pointer p has been created using ref by a thread named ¢,
we have (p) = ¢. A pointer created by means of sref is not owned
by any thread, but it can be temporarily acquired as a private refer-
ence by a thread applying an wxe function. The private references

3 The semantics may also be guaranteed to be deadlock-free, by using the
“prudent semantics” of [9].

Figure 3: Operational Semantics (Source Language)

can only be read or written by their owner thread. This is formalized
in Figure 3, where, in order to save some space, we omit the cases of
the redexes (Azev), (if t¢ then eg else e1), (if ff then e else e1)
and (thread e). In the rule for reducing (v\p), Q\p means 2 re-
stricted to dom(2) — {p}.

One can see in Figure 3 that a thread is blocked when it tries
to acquire, by means of (wxep), an exclusive access to a reference
p that is currently private — i.e. p € dom(€2). This is a synchro-
nization operation. By contrast, there is a run-time error when a
thread ¢ tries to access (i.e. read or write) a private reference p that
it does not own, i.e. p € dom(£2), but the condition Q(p) = ¢ is
not met in the corresponding rules. We shall design a type and ef-
fect system [26] to prevent such errors. In this system, effects are
finite sets of threads names, that is, if we let ¢, 9. .. range over ef-
fects, @ C Names. As we shall see, effects that can be assigned to
expressions in the type system are either empty, or a singleton. The
meaning is that a closed expression has an empty effect whenever
the thread it represents does not access (read or write) any private
reference, whereas the effect {¢} is assigned to a thread named ¢
that uses its own private references. The types are given by

7, 0, 0...:=unit | bool | Oref, | Osref | (15 o)

where ¢ is any thread name. As usual, a functional type (7 RN o)
records the latent effect of a function of that type, that is the effect
the function may have when applied to an argument. The type 0 ref;
is the type of a reference which is created by a thread named ¢, and
which contains values of type 6.

The judgements of the type and effect system for the source
language have the form I' - e : ¢, 7 where, as usual, I is a typing
context, that is a mapping from a finite set of variables to types.
The index ¢ means that e is typed as a part of a thread supposedly
named ¢. This name is only used to ensure that a thread does not
access private references that it does not create. We shall use the
type system to define a translation e = & from the source language
to the target language, and we therefore introduce judgements of
the form I' - e : ¢, 7 =- & meaning that, in the context of I,
the source expression, as part of a thread named ¢, has type 7 and
effect ¢, and translates to the expression € of the target language.
To define this translation, we actually extend the target language
with a record construct {lock = ¢, val = e}, together with the field
selection operations e.lock and e.val. For lack of space, we do not
give the definition of the operational semantics (which is standard)
for these constructs. The idea of the translation is to transform an
expression of the source language of type 0 sref into a very simple
monitor, namely a record where the val field is a reference and
the lock field is a lock protecting the access to the reference. A
private reference, that is an expression of type 6 ref, is translated
simply as a reference (hence the use of ref for private references),
without any protection. The accesses to an sref are then translated
into synchronized access, preventing any data race, whereas the



Dx:7hix: 0,7 = 'k tt: 0, bool = ¢t

Dx:thkie:p,0= €

T'tk: ff:0,bool = ff L ():0,unit = ()

Dyz:0ref e, 7= & T,x:0srefle:p,0= ¢€

pC
Thdze: 0, (r 5 0) = Aze

Thieo:po,(T1250) = & Thie:o,7 = &

pC

'y wze : 0, (0 sref 2, o) = Ay(with y.lock do (Azey.val))

I'Fieo:po,bool = éy I'kFrer:p1, 7 = é1 I'Frex:po, 7 = é2

Ik (eoer) : po U1 Upa, o = (€n€1)
Thee:p 0 = ¢e

I b (if eg then ey else e2) : o U 1 U pa, 7 = (if € then €7 else é3)

F'kFie:p,0 = €

[ty (refe) : p,0refy = (refe)
T'kFire:p,0ref, = €

Ik, (srefe) : ¢, 0sref = (new £in {lock = ¢,val = (refe)})

F'Fie:p,Osref = €

Tk (te): pU{t}0 = (1)

T'Fieo: po,0refy = € T'kier:p1,0 = a

Ikt (eo:=e1) : woUpr U{t}, unit = (é :=¢é1)

Tk eo:po,0sref = e

Pk (Ye) : ¢, 0 = (letz = ein (with x.lock do !z.val))

I're:p,unit = €

tg T, o C{t}
I' by (threade) : 0, unit = (thread €)

F'kFier:p1,0 = &

I'F (eo :=e1) : o Ui, unit = (letz = épin (lety = €1 in (with z.lock do z.val := y)))

accesses to private references are left unprotected, and therefore
subject to speculations.

The rules for inferring the judgements I' -, e : ¢, 7 = €
are given in Figure 4. The type and effect system for the source
language is obtained by omitting the = € parts. As one can see, an
effect is introduced by reading or updating a private reference: the
name of the thread that owns the reference is added to the effect. At
creation, a reference’s type gets the name of the current thread as
the “region” in which the reference is created. The only constraint
(apart from the standard unification constraints) we have in the
system regards the typing of thread creation: to type (threade)
one has to assume that the thread only reads and writes the private
references that it has created, which is expressed with ¢ C {t},
and that it does not import such references from the context, that
is, its name ¢ does not appear in the typing context I' (i.e. in the
types assigned by this context to variables). In other words, to be
typable, a thread must create (¢ ¢ I') the references that it is using
(¢ C {t}), apart obviously from the shared ones.

In order to prove a type safety result for the source language,
namely that in a typable configuration a thread does not attempt
to access a private reference that it does not own, we need to
extend the typing to configurations. In the extended typing I'
(S,9Q,T), the context I" not only assigns types to variables, but
also to references. The typing of the memory is as follows:

dom(S) C dom(T") & for any p € dom(.S)
I'(p) = Osref = 3t.TH, S(p):0,0
I'(p)=0refy = T+, S(p): 0,0

Then for thread systems

PET 4 VEedom(T)3p, 7.0 C{t} & T H T(t) : o, T

Finally I' - (S,Q,T) means ' - Sand '+ T'.
The following is a standard property of type derivations that will
be needed to prove the safety result for the type system.

'S Sger

REMARK 5.1.  For any typable expression I -, Ele] : ¢, 0 there
exist1), o andt’ such thatT' - e : 9, 0.

Figure 4: Type-Directed Translation

It is easy to see that values have an empty effect, formalized in
the following remark.

REMARK 5.2. Forallv € Val, with" -, v : ¢,0 we have
o =0.

The proof of the type safety result follows the classical steps
(see [35]) of type safety proofs. In particular, we show a Subject
Reduction property, using a Substitution and a Replacement lem-
mas.

LEMMA (SUBSTITUTION) 53. Let 'z : ¢ F e : o, T
be a valid type derivation with ¢ C {t} and © ¢ T. Let also
I' k¢ v : B,0 be a valid type derivation for some value v, then
PhH {z—vle:p,T.
PROOF SKETCH: The proof is by induction on the derivation of
T x:0F:e:p, 7. We only examine some cases:
ee = (1¢). Wehave I,z : 0 Fy € : ¢ 0 for some ¢/,
t’ and 0. By the typing rules we have two cases according to
the type 0. If @ = Trefy, we have that t = t' for t' € ¢/
and ¢’ C {t}. By the induction hypotheses we have that
Ity {x—v}e : ¢, 0. Thus, by the typing rule for derefer-
encing we obtain ' {x — v}(le') : ¢’ U{t}, 7 for (1)
has {t} as an immediate effect. The case where § = T sref
is similar with ¢’ = ¢, disregarding the remark about ¢ = ¢'.
e ¢ = (ep := e1). We apply the induction hypothesis directly
for e; and perform a similar case analysis to that of the case
e = (1¢’) for eg. We conclude by applying the typing rule for
assignment.
[

LEMMA (REPLACEMENT) 54. LetT' +, Ele] : ¢, 7 with
@ C {t}. LetalsoT' ty e : ¢p,0 and T k€ 2 9,0 withT C T
and )’ C 1. We can conclude that there exists ¢ such that ¢’ C ¢
andT' F: Ele'] : ¢', 7.

PROOF SKETCH: The proof proceeds by induction on the evalua-
tion context E and by cases on the corresponding frame F where
E = E'[F]. We develop only some cases, the others being direct
from the induction hypothesis:



eF = (!]]). As in the Lemma 5.3, we have cases according
to the type of o. If ¢ = Oref,, we have that t = ¢’ by
TH (te):pU{t},0and oy U{t'} C {t}. It follows from the
hypothesis that ¢ U {t} C + U {¢}, and thus we can conclude

by the induction hypothesis. The case where o = 0 sref is
trivial applying the induction hypothesis.

¢ F = ([] := e1). By a similar argument to the previous case.

[

Next we prove a substitution property on thread names that we
will need to prove the Subject Reduction lemma.

LEMMA 5.5. Given a valid typing judgement I" F;: e : o, T with
@ C {t} and Ilet t'" be a thread name that does not occur in T nor
7. We conclude that {t — t"}(T' F, e : o, T) is a valid typing
judgement.

PROOF SKETCH: The proof is by induction on the derivation of
' b+ e : ¢, 7. We only examine the case e = (threade’),
all the other cases being a direct consequence of the induction
hypothesis. By the typing of the thread expression, we have that
'y €' : ¢, unit. There are two cases to consider: if t' # t” the
conclusion is direct by the induction hypothesis; if t' = ¢ we
have to avoid the capture of ¢’ by the substitution. Let £ be a thread
name that does not appear in the derivation of I' -, e : ¢, 7.
We have, by the induction hypothesis, a valid typing judgment
{t' — {}(I' - €' : @, unit), and hence we can apply the induction
hypothesis a second time to conclude. [

We can now prove a Subject Reduction property that allows to
preserve the typing hypothesis along computations.

LEMMA (SUBJECT REDUCTION) 5.6. IfT F (S,Q,T) and
(8,9Q,7) — (8,9, T") thenT" + (S',Q',T") for some I" with
rcr.

PROOF: By cases on the redex being reduced in the configuration
(S,Q,7) with T = ((t,E[r]) || T") and r the redex being
reduced. We only examine some cases:

e r = (Azev). Then we have S = S, Q = Q' and T' =
(L, E{z +— wv}e]) || T"). We need to prove that if
I k- E[(Azev)] : ¢,7 then T - E[{z — v}e] : o, 7.
By the Remark 5.1 we have that there are 1 and o such that
I ¢ (Azev) : 1,0. By the Substitution Lemma 5.3 we get
thatI" F; {z +— v}e : ¢, o, and we conclude the case applying
the Replacement Lemma 5.4.

r = (refe). By Remark 5.1 we have I" F; (refe) : ¢, 0 ref;

for some 0 and ¢ = (). By the semantics we have that (ref e)

evaluates to p for some p € Ref with p ¢ dom(S); with

S =8SU{p+— v}and Q' = (Q U{p +— t}). Clearly by

typing we have T’ F; v : 6 and therefore T',p : Oref, - S’

with S’ = S U {p — v}. Hence we have T',p : Oref, b, p :

(0, 6 ref;. We conclude applying Lemma 5.4.

r = (!p). Notice first that " = S and Q' = Q. There are two

cases depending on the type o in " F; p : 0, 0: if ¢ = O sref

we conclude by Lemma 5.4 observing that if v is the value read
by the store typing we have I' by v : 0,0; if 0 = Orefy we
have t' = t for t' € by typing and ¢ C {¢} by the typing of

configurations. Finally, by typing of the store we have that if v

is the value read from S we have I ; v : 0,0, and we reach

the conclusion by Lemma 5.4.

Notice that the case r = (p := w) is similar to this one, with

S’ = S[p := w] and the store typing is preserved by the typing

in the expression.

e r = (thread e). We have that T k4 e : ¢, unit with ¢ C {t'}
by Remark 5.1 and the typing of the thread expression. The
conclusion is immediate once we see by Lemma 5.5 that {¢' —
t"}(T Fy e : p,unit) with t' a fresh thread name not present

in T nor the type or effect of any of the other threads in 7"’ (i.e.
" does not occur in ' = (S, Q, T)).
[

Finally we can prove that non-shared references can only be
used by a single thread, in particular, the one that creates it.

PROPOSITION 5.7. Let e be a typable closed expression of the
source language, with I' +: e : ¢, 7 where ¢ C {t}. Let
(C; — Cit1)o<i<n be asequence of transitions C; = (S;, s, T5)
with So = @ = Qo and Ty = {(¢,e)}, where the pointer p has
been created as aref. If T, (t') = E[(1 p)] or T (t') = E[(p := v)]
then Q. (p) = t'.

PROOF: By the hypothesis the reference p has been created as a
ref. Let C; with 0 < j < n, be the first configuration in which p
appears. Notice that if p is created as ref for all j < i < n we have
Q;(p) = Q;(p) for the semantics has no means to change 2 for
pointers created by ref. By the Subject Reduction Lemma 5.6 we
have that there is a typing I',, - C), and thus ', Fp E[(!p)] : ¢, 7
with ¢ C {t'}. Then by Remark 5.1 we have T',, v (1p) : ¢, 0
for some ¢’ and o. Suppose that T'(p) = @ ref,, then we have
that t/ = ¢/, fort” € ¢' and ¢’ C ¢ C {t'}. This allows us
to conclude that the reference p has been created by thread ¢’, and
hence Q,,(p) = t'. The case E[(p := v)] is similar. [

To prove the correctness of the translation we show an opera-
tional correspondence between the semantics of an expression of
the source language and the interleaving — non speculative — se-
mantics of its translation. Later we will prove that typable trans-
lated expressions are speculatively data race free, hence proving the
correspondence between the source language semantics and valid
speculative executions of the target semantics.

To relate source language run-time expressions with their target
semantic counterparts we will extend the translation to run-time
expressions. Notice that shared references in the source language
semantics are mapped to records containing a unique lock and a ref-
erence in the target semantics. Therefore we parameterize our run-
time compiles-to relation with the lock assignment chosen by the
semantics so far. We will denote by £ such injection from the set of
references Ref to the set of locks Locks. The run-time compiles-to
relation is almost identical to that of Figure 4, except for the addi-
tion of references (both shared and private) and the translation of
shared variable accesses. An excerpt, including the translation of
private and shared references as well as the assignment expression,
is given in Figure 5; dereferencing a shared reference is similar to
its mutation. The translation is guided by typing, which is justified
by Lemma 5.6.

The compiles-to relation can now be extended to the store and
to configurations (with C' = (S,Q,T) and C' = (S, L, T)):

£ 5 dom(S) =dom(S) &
=5 = S(p) = S(p) for all p € dom(S)
£ dom(T) = dom(T) &
=T {T(t) = T(t) for all ¢ € dom(T)
S &
CEC < {L={£p)|pedom(£)Ndom(Q)} &
TAT

Now we introduce a relation between configurations of the
source language and configurations of the target language to prove
their operational correspondence. The relation is parameterized by
an initial typable expression e:

Fee:o,T with o C {t} &
- 0,0, (te)) > C &
CRC = 1 0,0,(te) > C &
ci ¢ for some £



T,p:0refy o p:0,0refy = p

Tkt eo: o, Osref X )

p € dom(£)

D,p:0Osref - p:0,0sref £ {lock = £(p), val = p}

Ik 61:@1,0 ‘——£> e1

£

Tk (eo:=e€1): poUpr,unit = (letz =¢€pin

Thop:0,0sref = p

(let y = é1 in (with z.lock do z.val := y)))

Thkier:p1,0 £ €1

p € Val

't (p:=e1): ¢1,unit =4 (let y = €1 in (with p.lock do p.val := y))

Dby p:0,0sref £ D

T'kHv:0,0 E

p,v € Val

Tk (p:=w):0,unit 4 (with p.lock do p.val := w)

LEMMA 5.8. If CR.C and C — C', then there is C" such that
C = C' withC'R.C".

(The proof is routine by cases on the redex being reduced in the
source language semantics.)

In what follows we shall use the notation C' to mean C' =
C where the lock assignment £ is implicit when clear from the
context.

To prove the simulation of the target language semantics by
the source language we shall use the following result stating that
there are no data races in normal executions of translated typable
expressions:

REMARK 5.9. If 4 e: @, 7 withe C {t},and (0,0, (t,€)) = C
is a normal execution, then C' contains no races.

PROOF: The result is a consequence of the Lemma 5.7 for refer-
ences created by ref, and it is enforced by the compilation for ref-
erences created by sref. [

Notice that the translation introduces redexes to the target
language computation that are not present at the source level.
To refer to these steps we introduce the administrative steps
relation. This relation inductively pairs a source configuration
C to a target configuration C (denoted C' { C) if whenever
C=(5,9,7T)— (8,9,T") by reducing a redex in thread ¢ in
the source semantics we have

e if C — C by reducing t in the target, then 7" (t) # T(t), and
e if C 1 Cp and Cy — C by reducing ¢ then T" (t) # T'(t).

Thus, a target configuration is administratively related to a
source configuration if in the latter there is one or more threads
performing administrative steps corresponding to redexes that can
immediately be reduced in the source configuration.

To prove the operational correspondence from the target seman-
tics to the source semantics we first prove that if CR.C, then con-
figurations reachable from C' are administratively related to some
configuration reachable from C' in the source semantics. Next we
prove that administratively related configurations converge to con-
figurations related by R., concluding our operational correctness
result.

LEMMA 5.10. If CR.C and C = C we have one of the

following:

HC1C,or

ii) exists C" a source configuration with C' = C" and C' 1} C, or
iii) exists C' a source configuration with C = C' and C" = C.

Figure 5: Run-time compiles-to relation (excerpt)

PROOF SKETCH: The proof is by induction on the number of steps
required to reach C from C. We only examine the inductive case:
Suppose Co — C by reducing the thread t. If the step is just
another administrative step we obtain the conclusion (i). If, on the
contrary, C' 1 C does not hold, we have that thread ¢ finished
performing its administrative steps. The proof proceeds by case
analysis on the next redex to be reduced by thread ¢ in the source
configuration C (i.e. 7 if C = (S,Q,T" || (¢, E[r]))). We only
examine some cases:

o 7 = (srefv). If the thread ¢ is the only one performing ad-
ministrative steps in Co we have that C' = C” (as it has been
proved in Lemma 5.8), thus obtaining conclusion (iii). Other-
wise, if there are other threads performing administrative steps
in Co we have that C’ T C, for threads other than ¢ remain
unchanged. Hence we obtain the conclusion (ii).

e r = (!p). The only case to consider is when p € dom(£), else
the configuration would not be administratively related. Notice
that since it is the last administrative step, the thread ¢ held
the lock £(p) and by Remark 5.9 no other thread could have
modified the store for the reference p; which implies the read
value is exactly S(p) if C' = (5,9, T). We use the same case
analysis as in the previous case to obtain conclusions (iii) or
(ii). Then we use a similar argument for the case r = (p := w)
with p € dom(.£).

[

LEMMA 5.11. IfC C’, then there exists C’, a source semantics
configuration, with C' = C' in the source semantics and C' = C"
in the target semantics.

PROOF SKETCH: The proof is by induction on the number of steps
required to reach C from C. We only examine the inductive case;
suppose Co — C by reducing the thread ¢. We proceed by case
analysis on the next redex to be reduced in thread t (i.e. r if
C = (S,QT" | (t,E[r]))) in the source configuration C (we
only examine some cases):

e r = (!p). Then we have that p € dom(.£). By the translation
we have E[((!p))] = E[(with p.lock do (!p.val))]. Notice
that the first action of ¢ (i.e. reducing p.lock to £(p)) is non-
conflicting with any other action, therefore we can perform
exactly the steps given by the induction hypothesis for the
other threads, and finally reduce E[(with £(p) do (!p.val))]
reaching a configuration C” related by R, with C”', where C”
results from C{, (the resulting configuration from the induction
hypotheses) by reducing the thread ¢.



Iy "t €0 : Yo, lock

T'Fier:p1,0sref

't e: @, {lock : lock,val : 0}

I {lock = eg,val = e1} : oo U g1, {lock : lock, val : 8}

"¢ eo : o, lock I'Fier o, 1

I l:lockkFie: @, 1

'k eval @, O sref
FFie:p,0 F'Fie:p,0

' (withegdoer) : wo Ui, T

If the step taken is not the first of E[(with p.lock do (! p.val))],
the thread ¢ acquires (or holds already) the lock £(p) in which
case we can reduce it until we reach E[S(p)] and then perform
the exact steps given by the induction hypothesis for the other
threads. This procedure reaches a configuration C*” where C"’
is obtained from C by reducing first the thread ¢ and then
performing the steps in C =+ C}, other than those by thread
t, to that configuration.

[

LEMMA 5.12. If CR.C and C = C, then there is C', a source
language configuration, such that C' = C’ in the source semantics
and C' = C" in the target semantics.

(The proof is a direct consequence of Lemmas 5.10 and 5.11.)

THEOREM (OPERATIONAL CORRESPONDENCE) 5.13. Lete be a
closed typable expression of the source language. If (0, 0, (¢, e)) =
C is a valid computation of the source language semantics, then
there exist normal computation of the target language semantics
(0,0, (t,&)) = C such that CR.C. Conversely, if (0,0, (t,&)) =
C is a normal computation of the target language semantics, then
there exists C' a configuration of the source language semantics
such that C' = C" in the target language semantics, C' = C’ in the
source language semantics and C' R.C'.

(The proof is direct by Lemmas 5.8 and 5.12.)

In the rest of the section we prove the correspondence between
computations of the source language semantics and valid specula-
tive computations of the target language semantics.

We now prove that translations of typable source language ex-
pressions are speculatively data race free. To prove that private ref-
erences in the source language are not shared in valid speculative
computations we introduce a type and effect system that mimics
the one of Figure 4 in the target language. To simplify the type sys-
tem we will assume that the translation of the sref construct anno-
tates the ref expression as (ref®) to differentiate shared and private
references in the target language. Thus, the translation of (sref e)
becomes ((new £ in {lock = £,val = (ref® &)})), where the anno-
tation s in ref® has no semantical meaning whatsoever. The typing
rules that differ from those of Figure 4 are given in Figure 6.

We can easily extend the type and effect system of Figure 6 to
run-time expressions, by adding references and locks to the typing
context as we did before. Moreover, we can extend the typing to
the store and target language semantics configurations as we did
for the source language type system. Also, the Subject Reduction
result of the source language (Lemma 5.6) can be easily reproduced
for the type system of Figure 6, where we modify the Replacement
Lemma 5.4 to account for speculative contexts (2).

LEMMA (REPLACEMENT - SPECULATIONS) 5.14. Let I'
Sle] : ¢, 7 with o C {t}. LetalsoT ¢ e : 9,0 and T +,
e ¢/ ,o withl C I and v’ C 1. We can conclude that there
exists ¢’ such that o’ C @ and T’ +; Ze'] : ¢', 7.

(The proof is a simple extension to that of Lemma 5.4.)

ki (newfine): o, 7
Figure 6: Type and effect system for the target language (excerpt)

[ty (refe) : o, Oref, by (refe) : ¢, O sref

LEMMA (SUBJECT REDUCTION - TARGET) 5.15. IfT' +
(S,L,T) and (S,L,T) = (S’,L',T'), by reducing a redex in
a speculative context, then I + (S’ L', T") for some T" with
rcr.
(The proof is a simple extension to that Lemma 5.6.)

One can easily see that references in the target language that
correspond to private references of the source semantics are never
shared.

LEMMA 5.16. Let e be a typable closed expression of the source
language withT' - e : ¢, 7 = € and ¢ C {t}. Let (0,0,¢&) =
C' be a valid speculative computation, with I" + C and C =
(S, L, T" || (+,2[('p)]). IfT'(p) = Orefy for some § and ¢,
thent =t'.

PROOF SKETCH: By the typing of configurations we have that
I ¢ Z[(p)] : ¢, o for some o and ¥ with ¢p C {¢}. Moreover if
I(p) = Oref, we have that t’ € 1 and therefore t’ = ¢.

Now we have the property that typable source expressions are
translated into robust programs. This is our second main result.

THEOREM 5.17. For any closed typable expression e of the source
language, withT' b, e : p, T where ¢ C {t}, the translation € of e
is speculatively data race free.

(The proof is a simple consequence of the translation of shared
references which instruments synchronization, and the Lemma 5.16
for private references of the source language.)

Finally we can show that there is an operational correspondence
between the typable expressions of the source language and valid
speculative computations of the target language.

THEOREM 5.18. Lete be a closed typable expression of the source
language. If (0,0, (t,e)) — (S, 2, T) then there exist S, T, L and
a valid speculative computation v : (0,0, (t,€)) = (S, L, T) such
that dom(S) = dom(S) and S(p) = S(p) for any p. Conversely, if
v: (8,0, (t,€)) = (S, L', T") is a valid speculative computation,
then there exists (S, Q, T) such that (S', L', T") = (S, L,T) for
some L and (0,0, (t,e)) = (S,Q,T) with dom(S) = dom(S)
and S(p) = S(p) for any p.

PROOF SKETCH: The result is a direct consequence of Theorems
5.13,4.13 and 5.17.

6. Conclusion

We have given a formal definition for speculative computations
which, we believe, is quite general. We have, in particular, checked
the classical “litmus tests” that are considered when dealing with
memory models, and we have seen that most of these are correctly
described in our setting (except in the cases relying on code trans-
formations). This means that our semantics is quite permissive as
regards the allowed optimizations, while being correct for sequen-
tial programs, but also that it is very easy to use for justifying that a
particular outcome is allowed or forbidden. This is clearly a benefit
from using a standard operational style. We think that our model
of speculative computation could be used to justify implementation



techniques, and to design formal analysis and verification methods
for checking concurrent programs, as well as developing, as we did
in the last section, programming styles for safe multithreading.
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