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Abstract. A futureis a well-known programming construct used to introduce
concurrency to sequential programs. Computations annotated assfaita ex-
ecuted asynchronously and run concurrently with their continuationmscdyy,
futures arenottransparent annotations: a program with futures need not produce
the same result as the sequential program from which it was deBadefutures
guarantee a future-annotated program produce the same result eguéensal
counterpart. Ensuring safety is especially challenging in the presencenef
structs such as exceptions that permit the expression of non-lodabkctiow.

For example, a future may raise an exception whose handler is in its catidinu

To ensure safety, we must guarantee the continuation does not disisah@n-

dler regardless of the continuation’s own internal control-flow (e.geptions it
raises or futures it spawns). In this paper, we present a formuldtsaf@futures

for a higher-order functional language with first-class exceptionfetypaan be
guaranteed dynamically by stalling the execution of a continuation that has an
exception handlgpotentiallyrequired by its future until the future completes. To
enable greater concurrency, we develop a static analysis and instatioeand
formalize the runtime behavior for instrumented programs that allowsudixe

to discard handlengreciselywhen it is safe to do so.

1 Introduction

A future [3] provides a simple way for programmers to introduce corency to se-
quential programs. When executed, a computation annotatediaure yields @lace-
holderand introduces an asynchronous thread of control whosé iestiored within
the associated placeholder. When the computation followhegfuture (itscontinua-
tion) requires the future’s value, it performs@uchor claim operation on the place-
holder. A claim action acts as a synchronization barriemify the continuation to
block until the future yields a result. For programs with rdeseffects, a future-annotated
program exhibits the same observable behavior as the atiggguential version. To
preserve deterministic behavior equivalent to that of thgiral sequential program in
the presence of side-effects requires additional machiner

Consider the code example in Figure 1. Functidakes an integer argumentlf x
is even, it returns the result of applyigdo the value stored in refereneelf x is odd, it
stores the result ¢f (x) in r and returns. Variablea is bound to the result of a future-
annotated computation (line 5). Thus computatioim) is executed concurrently with
its continuation. The continuation spawns futdré) to be bound t® (line 6), which
is evaluated concurrently with call(p) (line 7). Thus, the three calls to functidrwill
be executed concurrentl@afefutures require that concurrent execution of these calls



must adhere to the dependences imposed by sequential tevalw@aread of reference
r performed in one call must not witness a writertby a later one, and a write toby
one call must be witnessed by a read-éh a later call.

let val g = fn x => (» side-effect free conputation x)
val r =ref O
val f =fnx =>if ((x nod 2) = 0) then g (!r)

else (r := g (X); Xx)

future (f (M)
future (f (n))

inlet val a
val b
inf (p)
end
end
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Fig. 1. Safe futures in the presence of mutable references

Safety can be guaranteed using both dynamic [10] and s&jtie¢hniques. For
example, compiler inserted barriers supported by a ligighteuntime can be used to
enforce dependences defined by the sequential semantidsd@ate 2 illustrates how
functionf can be rewritten based on an interprocedural control-floalysis. The read
on line 3 is preceded by barriai. LOWED(L3), which completes only once all futures
in the logical past have granted permission by performig®&NT(L3) operation. A
future can grant permission for conditiad once it has entered a branch in which no
further conflicting write access to will be performed, or it has completed its final
write to r. Thus in the true branch of functiah the future will immediately grant on
L3 allowing its continuation to read because the future will not write it. Note that the
GRANT on line 3 does not notify theLLOWED barrier on line 3; th&RANT is granting
its continuation, which is in its logical future, permissito readr and theALLOWED
barrier on line 3 is waiting for permission from futures is lbgical past. In the false
branch, the future will only grant after it has writtentpensuring its continuation will
witness its write. Note that similar instrumentation isuigd to force the write on line
7 to wait for its futures (i.e. computations which executé¢hia logical past) to read,
but has been omitted in Figure 2 for brevity.

Given the instrumentation presented in Figure 2, considerrésulting runtime
schedule for an execution where = 13, n = 4 andp = 2. Sincem is odd, the call
f (m) will write to r. Both £ (n) andf (p) will not write to r, and therefore both imme-
diately grant on condition:3 notifying their continuations that they will not change the
value of reference. Before reading the value of they perform arALLOWED operation
on conditionL3. The first future computatiorf, (m) is logically ordered before both
computations, and therefore thalkLOWED barriers must wait for the future@RANT.
The future computation grangdter it has written tor ensuring the currently executing
calls tof read the value of that is consistent with a sequential execution.

Unfortunately, the presence of mutable references is mobtly means by which
sequential behavior can be compromised. Exceptions aatbdehbstractions that in-



val f =
fnx =>if ((x nmod 2) = 0)
then let val tnmp = (GRANT(L3); ALLOMNED(L3); !r)
ing (tnp)
end
else let val tnp

g (x)
val =t

(r := tnp; GRANT(L3))
in x
end
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Fig. 2. Barrier Instrumentation

tmp = (g (13)) r := tmp GRANT(L3)
£ (m) \%»

£ (n) GRANT (L3), ALKQWED(L3) tmp = !r (g (tmp)) -

£ (p) GRANT(L3) ALLOWED(L3) tmp = !r (g (tmp)) »

Fig. 3. Runtime Schedule

troduce non-local control-flow introduce challenging cdicgtions. In the presence of
exceptional control-flow, a future may raise an exceptiomsehhandler is defined in
its continuation. Since the future and continuation aréuatad concurrently, the con-
tinuation must not be allowed to discard a handler that maygqeired by the future.

Consider the code example presented in Figure 4. The exatopkenot have mu-
table references. Functianeither returns the result of applyingto argumentk if x
is odd, or raises an exceptionzfis even. Under a sequential evaluation (i.e. one with
futures erased}, (m) andf (n) are evaluated to completion in that order. If futtirén)
raises an exception that it does not internally handle §ineescapingexception), the
continuationt (n) is not evaluated. For examplerf = 0 then computatiorf (m) on
line 5 raises an escaping exception and computéti@r) is not evaluated. Instead the
exception raised by the future is handled by the handler o 6 and the program
evaluates to 0.

To enforce determinism in the presence of concurrent exagutonstraints must
be imposed on what a future’s continuation may do. In a coeatirexecution, fu-
turef (m) and continuatiort (n) are evaluated concurrently, but if the future raises an
escaping exception the continuation should have never besoated. This imposes
constraints on continuatiof (n). For example, ifn = 2, thenf (n) will raise excep-
tion NonZeroEvenException. If it raises the exception before its future completes,
the evaluation cannot discard theroException handler and handlEonZeroEven-
Exception since the handlers may be requiredibgm). Furthermore, even if the con-



n x => (* side-effect free conputation =)
nx =>if ((x nmod 2) = 1) then g (x)
else if (x = 0) then rai se ZeroException
el se rai se NonZer oEvenExcepti on
inlet b =future (f (M) inf (n) end
handl e Zer oException => 0
| NonZer oEvenException => 1

let val ¢

=f
val f =f
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end

Fig. 4. Safe futures in the presence of exception handling

tinuation does not raise an exception and instead evalteagegalue (i.e. ifr = 3), the
continuation is not free to evaluate past the exception leasmthecause its future still
may raise an escaping exception that requires one of thddrand

Consider enforcing the safety constraints imposed on teeution of programs that
have futures and first-class exceptions, like the examptabesing statically injected
barriers (e.gGRANT, ALLOVNED).

let y = future (f (n)) inc () end handle E => ...

To disallow evaluation of the continuatian() from discarding the handler that may
be required by futuré (n), ALLONED barriers need to be inserted at all exit points in
function c. The exit points consist of program points that signify sssful comple-
tion of the function and any raise statement that potegtialises an escaping excep-
tion. GRANT’s would need to be inserted in functicdhat program points where is
guaranteed to no longer raise escaping exceiign that futuref (n) will notify its
continuation of when it is safe for it to proceed past the harfdr E. Necessary impre-
cision in the static analysis to guarantee safety (espgamthe presence of non-local
control-flow) can lead to an overly conservative injectio®bL OAED barriers, forcing
continuations to block when it may be safe to proceed, anslltmiting parallelism.

Determining the earliest point during execution for whitlsisafe for a contin-
uation to cross a handler boundary (i.e. discard a handiéhe focus of this paper.
The context of our investigation is a higher-order funcablanguage with first-class
exceptions. We present an operational semantics that feesasafety by stalling a
continuation from discarding an exception handler beftsdlture (or any futurét
may have created) is still executing. To enable greater woaccy, we formalize a
flow-sensitive static analysis and instrumentation tegh&ito annotate program points
with possible escaping exceptions that may be reached fnampbint. We then de-
fine an operational semantics on instrumented programstlosis a continuation to
cross a handler boundary before futures spawned in its tgkbthave completed, if
those futures and the futures they spawn (or may spawn) araigieed to not require
the handler, as dictated by the results of the static arsal@&ir results are the first to
formalize the integration of safe (deterministic) futuvgghin a language that supports
first-class exceptions.



2 The Language

KERNEL-LANGUAGE A:

MeA:=V, | x| exitjx | raise; x
| try, M handle X — M

letz=V in M
let x = if y then M else M in M
letz=(yz)in M
let x = future(M) in M

Ve Value :=c | A\x.M | X

xz € Vars := {z,y,2,...}

c € Const := {unit,true,false,0,1,...}
X € Exception ::=Exn; | Exny | ... | Exn,

Fig. 5. Language Syntax

Figure 5 presents the syntax of a higher-order functionauageA that has fu-
tures and first-class exceptions. The language is basec darthuage presented in [1].
It is an intermediate representation of an idealized faometi language with futures.
The language has been extended with first-class exceptinesg;it primitive that ter-
minates the computation, and constructs to raise and haxdkptions. Like [1], our
language does not have a touch (or claim) primitive. Instdaeparallel semantics we
present transparenttpuchplaceholder variables. This makes future annotationy trul
transparent relieving the programmer of the burden of timggtouch operations based
on the data flow properties of the program. Although the laiggidoes not support dy-
namic creation of new exception values, adding such funatity does not introduce
any additional complexity to our development. We make thealassumption that all
A- andlet-bound variables are distinct. All other terms in the largriéi.e. variables,
values, exit statements, ...) are given unique labels ddtthatatic analysis and instru-
mentation presented in Section 4 can uniquley identify pogterms.

2.1 Sequential Evaluation Semantics

Figure 6 defines the sequential semantics for programs Tthe semantics is defined
by function F., that maps a programy/ to a resultR whereR is either a constant, a
procedure (i.e.A-term), an exception value, error. The semantics erases future an-
notations in a program/ with a runtime term that synchronously evaluates the future
computation and binds its result to a variable (resultingriogram]\Af). The evalua-
tion rule N —,., N’ reduces runtime ternV to a new program ternV’. Evaluating
exit V causes evaluation to terminate with reddlt



R € Results :==c | Ae.M | X | error
N € RTTerms ==V | x | exit V | raise X | try N handle X — N
| letx =if VthenNelse NinN | letz=(VV)in N
| letz=Nin N
M = M[(let x = future(M') in M")/(let z = M’ in M""))
{V if M =75, V

Foeq(M
SGQ( ) error otherwise

EVALUATION RULES:

e € EvalCntat :=[] | trychandle X — N | letz =e¢in N

N —seq N’
e[N] =seq €[N']  elexit V] =seq V

try V handle X — N —rseq V (try)
try raise X handle X — N —seq N (handle)
try raise X’ handle X — N —seq Taise X’ (tryraise)
letz =V in N —seq N[z/V] (bind)
let x = raise X in N —seq Taise X (bindraise)
let z = if V then Nj else N in N —4¢q 1?; i _ ]]& ::E]]sz “; _ ;:;:e (if)
letz=(VV')in N —seq letz=N'[y/V']in N V = Ay.N’ (apply)

F1G. 6. SEQUENTIAL EVALUATION




3 Safe (Parallel) Dynamic Evaluation

In the parallel semantics presented in this section, thaltre§ an incomplete future
computation is represented at runtime by a placeholder.séhgntics specifies con-
currently evaluating future computations and enforcesodajllogical order on com-
putations. As demonstrated in the semantics presentedciioSe.1, this ordering is
used when a computation attempts to exit the program and aHeture computa-
tion invalidates its continuation by raising an escapingegtion. Logically, a future
computationV; is ordered before the computatidf associated with its continuation.
Any future computations spawned during the evaluatioiVefare also ordered before
N.. This ordering is maintained by assigning each computatiarder identifiercon-
sisting of a real number and integed. A computation with order identifiefr, d) is
logically ordered before a computation witt,d’) if r < r’. The integed in the order
identifier is used to determine how to compute new order itlers for newly spawned
computations. The primordial main computation is givereoiidentifier(0.0, 0).

Let computationN, with order identifier(r,d), evaluatee the following runtime
term: (let © = future(M) in M’). The semantics replaces computatibnwith
two new computationsV; and N, to evaluate the future computatidd and its con-
tinuation A, respectively.N; is given order identifie(r,d + 1) and N, is given
(r +0.5% d + 1). This ordering implies thaV is logically ordered beforé/. because
(r < (r+0.5%)).

Computations are evaluated in parallel, and each compuatatay spawn a future
replacing itself with two new computations. An importanbperty of assigning order
identifiers is that all computations transitively spawngdhte future computatiofV
are also ordered before the continuatign As explained above, if the spawning com-
putationN has order identifie(r, d), the semantics assigns futulg order identifier
(r,d + 1) and continuationN, order identifier(r + 0.5%,d + 1). Suppose computa-
tion Ny spawns another futuréy;, with continuationV... The semantics assignié;
order identifie(r, d + 2) and N, order identifierr + 0.5, d + 2). Note the follow-
ing relation holds(r < (r + 0.5%"!) < (r + 0.5%)). Thus N is ordered beforeV,.
which is ordered beforé'... Figure 7 demonstrates the dynamic spawn graph resulting
from executing the above example, and the order identifieeé@h computation. All
computations transitively spawned By, will be given order identifiers’ such that
(r' > r +0.5%) and will therefore be ordered aftéf;, and N, . It is straightforward
to see that the demonstrated relation between order ideattiblds for all futures and
their continuations.

3.1 Semantics

The operational semantics (see Figure 8) is defined by fométj; from programM

to a resultR (whereR is the same as it was in the sequential semantics). Theticansi
rule S =,; S’ maps a program state to a new program state. A program state is
processS which represents a collection of concurrently evaluatimgtime terms (i.e.
computations). Each computation maintains a local terntecomvhich is a three-tuple
consisting of the placeholderwhose value is being computed by the term, the order
identifier (r’,d’) of the computation that spawned the future, and the conipatat



N

\ \
(letx= future‘(letyz future(Nf,) in Nc’? in Nc)

N

Fig. 7. Dynamic Spawn Graph

own order identifier(r, d). The original program term is the only computation that is
not a future. Itis evaluated with term contéxtin, (—1,—1), (0,0)), wheremain is a
special placeholder value afié 1, —1) signifies that it has no spawning parent.

Any references to a future’s result in its continuation agaced with a new place-
holder variable. The semantics guarantees safety by piegamsafe evaluation of the
continuation beyond a°? evaluation context. The evaluation context signifies that t
term being evaluated in the hole is a continuation of ther&utwrresponding to place-
holderp. Evaluation of terms with/*?, raise X7, andexit V*? are restricted. For
example, the termtfy V*? handle X — V') is stuck and cannot discard the handler
because the future correspondingptavhich was spawned inside of the try body, has
yet to complete and may require the handler defined by thaatgraent.

Runtime terms in a continuation may contain placeholdeiatées. The introduc-
tion of placeholder variables is discussed below as pa@fidture rule. In certain
cases the result of a placeholder is required to proceedewvdluation and in other
cases it is not. For example, in the terbe€ « = (p; p2) in N) the abstraction result
of p; is required for evaluation to proceed, but the result of avgutp, is not required.
The placeholder can simply be substituted into Xhexpression’s body. Given a run-
time termN with placeholder variables, the functi®( V) annotates each placeholder
variablep whose result is required with"asuperscript. This distinction forces the con-
tinuation to perform a touch operation only on placeholdetables whose values are
necessary to its evaluation. To guarantee that the prograluates to a non-placeholder
value, the progrand/ is transformed tollet + = M in exit x). The exit statement
forces a touch operation on variahleThis is necessary in the case that during evalua-
tion « is replaced by a placeholder variable (e.gVffis (let © = future(M’) in )).

Rule seq states that itV € S andN —,., N’ thenS =4 S’ where in the new
process staté’, term NV is replaced byR(N’). Since variables may be substituted by
placeholders (e.g. undepply rule of —.,), the’R function is applied to the new term.
Note that all rules, except for thegq rule, are on terms that contairt’aor a placeholder
variable, and that bott? and placeholders are introduced by fheure rule (explained
below). This implies that evaluation under,., and=-, are trivially equivalent in the
absence of futures. THet rule allows continuations to proceed past lae evaluation
context. The=*? evaluation context is only meant to disallow unsafe evadnate.g.
discarding of try statements).



Rule future defines evaluation of a future-spawning term. Given t¢let = =
future(M) in M’') € S, the term is replaced in the process state with two new terms-
one to evaluate the future computatidh and one to evaluate the continuatid#'.
The continuation is evaluated in the evaluation contexthef $pawning term which
includes anytry statements that contain the spawning term. References t@tiable
x in M’ are replaced by a fresh placeholgérand functionR replaces placeholders
that need to be touched withi*. If the term context of the spawning computation
is (p, (r,d), (r’,d’)), the term context of future computation {g’, (r’,d’), (r’,d" +
1)) and the term context of continuation (g, (r,d), (r' + 0.5¢,d’ + 1)). When the
continuation requires the value pft the semantics will know which computation to
synchronize with based on the term context of future comjmurtdvia thetouch rule).
The continuation term is evaluated in th® context so as to block the continuation
from discarding a handler that may be required by the futareesponding te’. When
the future evaluates to a value, it removes the blockingesdrftom its continuation
(via rule unblock). For a computation to evaluate to a value (rather thaii %', for
example) all of its futures must remove their correspondilogking contexts.

The raise rule defines what happens when a future raises an escapiegtext
Terms inS’ represent valid computations and termsSinrepresent computations that
have been invalidated by this future’sise. All computations that have been spawned
as a result of evaluating the continuation of the raisingiriitare invalid. All other
computations are valid. Invalidated computations areaegs with L. The terme®?
in the continuation of the future correspondingptds replaced with araise of the
exception from the future, propagating the future’s rasé¢he context where it was
spawned. By replacing the term and tfiethe semantics ensures that the future’s raise
will never be propagated again. Theit rule requires that all computations that are
logically ordered before the exiting computation have e&tdd to values and therefore
cannot invalidate the exiting computation.

3.2 Example
Consider the following program:

1. let z = future(M;) in

2. try let y = future(Ms) in

3. let z = future(Ms3) in My
4. handle X — ¢

Evaluation begins with a single term in the process statkiating the abovéet ex-
pression. The program spawns three futuvBs M, and M3 resulting in a process state
with four terms. Runtime terma/;, N, and N3 correspond to program termid;, Mo
and M3, respectively. The continuation of these futures is thio¥ghg runtime term
in the process statétry N;*’**"? handle X + c)®Pt, where termN; corresponds
to the evaluation of program teri,. The bulleted evaluation context on tef¥j pre-
vents the continuation from discarding the handler, bez#ius futures corresponding
to po andps (i.e. N and N3) may require it.

Consider what happens if tertN, raises exceptiodX without handling it inter-
nally. Theraise rule will propagate the exception into its continuation amehlidate



N € RTTerms == ... | letx = future(N)in N | L | pt | N*®
VeValuen:=... | p
p € PhVars ::= {main, p1,p2,...}
C € TermContext ::= (p x (real x int) x (real X int))
Su={(N1)gys---» (Nn)g, }
S|N¢ == SU{Nc¢}

1% N=V
T N=x
exit pT N =exitp
R(N) = raise pT N =raisep
") try R(N') handle X +— R(Ny) N =try N'handle X — N,
let x = if pT then R(N1) else R(N2) N = (let = = if p then N; else N
in R(N) in N)

1% if {(letz =M inexit @), 1 _1),(0,0))) = ed

Foa(M) = {N)gys - (Nn) o, s (V) imain, (—1,-1),(rd)) }
error otherwise

EVALUATION RULES:
e € EvalCntat :=[] | trychandle X — N | letz =cin N | exit e | raisee

| letx =if ethen N;else Nyin N | letxz = (e V)in N | &*7

N e N (seq)
S|(e[N]) g =sa SI(e[R(N)]) o
letz = Nin N’ —zy N” (let)
S|(e[let @ = N*P1*P» in N']) , =>4q S|(e[N""*P1*P"]) . €
C = (p,(r,d),(r",d)) p fresh
Cp = 0, (), (07 @+ 1)) Ce=(p,(r,d), (' + 057, + 1)) (Future)

c

S|(e[let z = future(N) in N'|)¢ =4 S|(N)cf|(5[R(N/[$U/p'])'p’])c

V) o, s,y €5 V) o,y €5
Slelp* Do =sa SIelV)e  S|(e[N*"])c =sa S|(e[N])c

/ / Cf_<p7 (T d) (7“/ d/)> / ’ d—1
S :{(N)m(n anrtany | (Y )<P1(nd)(r ay €5 (ri <r’orri = (r+0.571))}

(touch) (unblock)

(D | (Ve €S (Vi g 5y 57 =S, (raise)
S\(rals )cf|( e[N*P])o, =sa S”|(raise X)Cf\(e[raise XDe.,
C = (p, (rlvd,)v (r,d))
(Ni) 52(rl,dh), (rsdi)) ¢S ri<r Ni#V' (exit)

Sl(E[eXlt Ve =sd {(V) @ain,(-1,-1),(rd)) }

FIG. 8. SAFE DYNAMIC EVALUATION




all futures spawned by its continuation (i/&3). N3 is replaced withl, and the term
N,*P3°P2 is replaced with the raise of exceptiof, resulting in term
(try raise X handle X ~— c¢)®P1,

The continuation is now free to use the handler and evalwate Note that the
continuation still has the blocking context for from the first future preventing it from
completing with value:. This is becaus&/; may exit the program or raise an escaping
exception invalidating its continuation’s computatiomd® /V; evaluates to a value it
notifies the continuation by removing the blocking context, allowing the main thread
to complete with value.

3.3 Equivalence Proof

In this section we prove equivalence between the sequesgrahntics presented in
Figure 6 and the safe dynamic semantics presented in FigUve 8rst prove Lemma 1
and 2 which we leverage in the proof for the equivalence #graqiTheorem 1). Lemma
1 and 2 use a transform function to map a process Statehe safe dynamic semantics
to a runtime termV in the sequential semantics.

Given a process statg, the tranform functiory first identifies thread in S with
order identifier(r, d) such that there exists no other threadSimwith order identifier
(r',d’) wherer’ < r. Put differently, thread is the thread inS which is logicially
ordered before all other threads in the process state. Hotidm then recursively builds
a runtime termN, from a subset of states ifi to represent the continuation of the
future being evaluated by. It uses a functiong, that replaces runtime terms that may
exist in the sequential semantics but not in a sequentidinenterm (i.e.let =z =
future(N) in N, 1, p™ and M *P). FunctionQ simply removes the future annotation
as was done for the sequential evaluation, replaces theltesith exit; — 1, replaces
all occurrences op™ with p and removes the bullet evaluation context. As our proof
demonstrates, replacing with exit; — 1 interm N is safe because if a computation
is replaced withL by theraise rule of the safe dynamic semantics, then the term will
never be reached in the sequential evaluatiod @V). Also note that placeholder
may not exist in a sequential runtime term. Placeholdersegriaced with variables by
the transform functior .

If the term being evaluated inis N, the transform function replaces the future’s
thread along with the set of threads that were used to créatéth a single thread eval-
uating runtime terrmfe[let x = Q(NV) in Q(N,.)]), wheree is the evaluation context
of the bulleted continuation. If a future raised an escagxrgeption that has already
been propagated to the evaluation context of its contiona¥i. (i.e.p ¢ A(N,.)), the
propagated rule replaces the future’s raise witlit, because the exception has been
propagated to another context. The process will then coatimtil there is only one
thread remaining. Given a process state with a single thréackturns the runtime
term being evaluated by that thread (via relegithread). The tranform functior?” is
presented in Figure 9.

Lemma 1. If S'is a final state that evaluates 16 then7 (S) =7, V.
The proof states that if a final process stéteached by evaluation under safe dynamic
semantics evaluates 16, then the transform of the process state evaluatés toder



T(S)=N  if (S,0) —~trans N

singlethread
(t[N] (p,(rﬂd’),(nd))ar) —trans Q(N) ( g )
w fresh S = S'Its[Nilip, .0, rap [tele[NeFle.  Co = (b, (e, de), (re, de))
8" = {6 IN Vg (g ) i) | E N Vo gy, risayy € S5 i 2 (1 405771}
Se = {t[N']¢r | t[N']cr € 8", t[N']er ¢ S} (Se|te[Ne]c., (' +0.5%)) —trans N
Né = N” S// t 1 t = N i Né ! (r! ’ r ) rans N
(QIN"))Ip/x] (S"|trle] e(Sl’T) ft( f)jl\fn N (rd) (), T) e (nonraise)
z fresh S =S'|ts[raiser X](p,( ), (rap|te[Nelo. p ¢ ANe) Ce=(p/, (v;;,d;), (re,de))
" = eIV 0000, 0y | EIN Tt ) iy € ST i 2 (17 + 0.5 7))
S. = {t[N']¢r | t[N']cr € 8", t[N']er ¢ 8"} (Se|te[Ne]c., (' +0.5%)) =trans N
N = N” S”|tr[let © = unit in Nl (o (v a1y (r.d)}s rans N
= (QIN")[p/z] (S"[ts[Let = = unit in Nei (rr.ap).(ransT) —t (propagated)

(Sy T) trans N

Fig. 9. Transform Function

sequential semantics. FOrto be a final state it must be the case that the main thread
evaluates td” in an empty evaluation context (i.e. not in the bulleted egt)t Note that
while it may be the case that runtime tef¥ is not a value (i.e. is an escaping raise of
an exception), it must be the case that the raise has beeagaigg and its continuation
has evaluated as a result of that raise.

S ={t1[Ml]c,, > tu[Nalo,, t'[V]main,(=1,—1),(r,a)) }
T7(S)=1letx; = Nyinletxo = Nyin ...V
T(S) :%‘;11 WMz1/VA] ... 20/ V4] é;eq \%

The safe dynamic evaluation rules evaluate terms in a pstase in an arbitrary
order, where the sequential evaluation rules evaluatevaitesequential order. Thus, if
S =4 5" andN = 7(S) there may be no sequence of transition rutes, that can
be applied taV to result in7 (S"). For example, consider a process stéteith two
threads, one evaluating futufevhose runtime term i&'; and the other evaluating the
continuation off whose runtime term i/... Applying the transform function we get the
following 7 (S) = (1et x = Ny in N,). The safe dynamic evaluation rules may reduce
term N, to N/ to generate the new stat® where7 (S') = (let = Ny in NJ).
Note there are no sequence=ef,., transitions to tak& (5) to 7 (S’) because under
sequential evaluation teri; must be evaluated to a value before evaluatioVaf

Our proof demonstrates that while it is the case that therennaexist a sequence
of transition rules=-,., that can be applied t@ (S) to get to7 (S’), all safe dynamic
transition rules on process states preserve the meaningfimed by=-,.,. That is
if S =44 S', then there exists a program terNWf such that7(S) =7, N’ and
T(9) =%, N.

seq



Lemma?2. If S =4 9, thenT (S) =%, N and7(S') =%, N'.

seq seq

The proof is by case analysis on evaluation derivati®ns ;; S’.

Case 1:51‘_—16;2 So
N —geq N
SEMe 5w SIERON,
The term being evaluated in evaluation contexs either a future computation (i.e.

C = (p,(r',d),(x,d))) oritis the main thread (i.eC' = (main, (-1, —1), (r,d))).
Let us consider both cases:

— HereC = (p,(r',d), (x,d)), S1 = S|(e[N])c, S2 = S|(e[R(N")])c.

Therefore:
T(S1)=1letxzy=... (letz; =¢[N]in N,) in ...
T(S2)=1letxzy =... (letax; =¢[N']in N.) in ...

Need to show, there existsN” such that7 (S1) =3, N” and7(Sz) =, N".

The runtime terms to be bound to variablgsto =; _; (i.e. N; to N;_1) may eval-
uate to a value, raise an escaping exception or exit. We densach case.

case alf runtime termsV; to NV,_; evaluate to values, then:
N" = ((let T; = E[N/] in NC) . )[xl/Vl] C [(Eifl/‘/i,ﬂ, and

T(Sl) :>§eq ((let Ty = €[N] in Np) . )[rl/Vl] e [Ii—l/‘/i—l]
:>;eq ((let T; = €[NI} in Nc) . )[xl/Vl] . [(Eifl/‘/i,ﬂ

T(S2) :>§eq ((tet z; = e[N'] in N¢).. )[z1/V1] ... [xi—1/Vi-1]
case b Let N; be the first runtime term to raise an escaping exception § < 7).
N'" = raise; X, and

T(51) élgeq (let z; = N in...(let z; = ¢[N] in N;) in ...) [z /VA] ... [zj_1/V;_1]
=, (let v; = raise; X in...(let z; = ¢[N] in N,) in ... )[x1/Vi]... [z;-1/Vj 1]
(;glssez) raise; X

T(Sy) =k, (letx; = Njin...(let z; = e[N'] in N,) in ...) [z /VA] ... [2j_1/V;_1]
=%, (let xj =raise; X in...(let x; = ¢[N'] in N.) in ... )[xy/Vi].. . [2j-1/V} 1]

(raise) .
=seq Taise; X

case clLet IV, be the first runtime term to exit with (1 < j <4). N” =V, and

T(S1) élgeq (let z; = N in...(let z; = ¢[N] in N;) in ...) [z /VA] ... [zj_1/V;_1]
=, (let v =clexit; V]in...(let z; = ¢[N]in N.) in ... )[z1/Vi] ... [zj-1/V}-1]
(exit)
=seq V

T(S2) :>’S’“eq (letz; = Njin...(letz; =¢[N']in N.) in .. )[z1/Vi]...[z;-1/Vj_1]
=1, (let z; = glexit; V]in... (let x; = ¢[N'] in N,) in ... )[z1/Vi]... [2;-1/V; 4]
(exit)

=seq V



— Here,C = (main, (-1, -1), (z,d)), S1 = S|(e[N])c, S2 = S|(e[R(N")])c
Therefore:

7(S1) =letz; = Ny inlet 2o = Ny in ...e[... N]
T7(S2) =letxy =Nyinletzo = Noin ...g[...N'|

Need to show, there exists)d’ such that7 (S;) =%,, N” and7(Sy) =%, N".

seq seq

The runtime terms bound to variables to x,, (i.e. Ny to N,,) may evaluate to a
value, raise an escaping exception or exit. We consider ezsdh

case alf runtime termsN; to IV,, evaluate to values, then:
N" = (e[...N))[x1/VA] ... [xn/V4], and

T(S1) =5eq (Lo NDler/ V] fwn Vo] =5eq (- N'D[z1/VA] - [0/ V]
T(S2) =k (el N'D[zy/VA] ... [2n/ Vi)

case b Let N; be the first runtime term to raise an escaping exception.
N'" = raise; X, and

T(Sl) seq (let x; = Nj in é‘[ D[$1/Vﬂ [Jij_l/‘/j_l}
(égpq)(let z; =raise; X in ...e[... N])[z1/Vi] ... [zj_1/V;_1]

=geq Taise; X

(52) :>];eq (let Tj = Nj in ... E[. .. N’])[xl/Vl] A [SL’jfl/ijfl]
=, (let v; =raise; X in ...e[... N'))[zy/Vi] ... [z;-1/V;1]
(éé‘?;q) raise; X

case cLet IV, be the first runtime term to exity”” =V, and

T(51) = seq (letz; = Njin ...e[... N])[z1/Vi]...[z;—1/Vj]
( seq et x; fs[ex1tl Vlin ...el.. . N))[z1/VA] ... [zj—1/Vj-1]

1
V
T(S2) :>k g (letxz; = Njin ...e[... N'D)[xz1/Vi]...[2;-1/Vj]
( et z; =¢elexit; V]in ...e[... N')[z1/V1]...[zj-1/V;-1]
\%4

seq
(Pmt)
= seq

Case 2:512521 So

letz=Nin N’ —,4q N”
S[(ellet @ = NP7 0 N)q = pa SIEN™P 7))

(let)

The term being evaluated in evaluation contexs either a future computation (i.e.
C = {p,(r',d),(x,d))) oritis the main thread (i.€” = (main, (-1, —1), (r,d))).



— Here,C = (p, (r',d’), (r,d)), S1 = S|(g[let z = N*P1-*Pn in N'|)q,
5, = S|(c[N"mn)c

Therefore:
T(S1)=1letx;=... (letz; =¢[letz=Nin N']in N,) in ...
T(S2)=1letz; =... (letz; =¢[N"]in N,) in ...

Need to show, there exists’ such that7 (S1) =%., N” and7(S;) =7, N".

The runtime termsV; to NV;_; may evaluate to values, may raise an escaping ex-
ception or may exit the program. We consider all cases.

case a:TermsN; to N,_; all evaluate to values.
N" = ((let z; =¢[N"]in N,.) in.. )[z1/V4]...[x;-1/Vi-1], and

T(S1) =F,, (let; =¢ellet o = N in N']in Ne) in.. . )[z1/VA] ... [wio1/Via]
=1eq (Lot z; = e[N"]in N,) in.. )[x1/VA]. .. [2i1/Viod]

T(Ss) =", (et z; = e[N"] in N,) in..)[z1/Vi]. .. [wi1/Vi_1]

seq

case b Let N; be the first runtime term to raise an escaping excepfion § < 7).
N'" =raise; X, and

T(S1)=F, (letz; =N;in...(letz; =¢[let o = N in M’ in N.) in .. )[z1/Vi]. .. [2;_1/Vj_1]
=%, (let vj =raise; X in...(let z; = ¢[let x = N in M’ in N.) in ...)
[z1/V1] ... [zj=1/Vj-1] (glssez) raise; X
T(SQ) :>§eq (let T = Nj in... (let T; = €[N”] in NC) in .. )[I’l/Vﬂ Ce [ij_l/V;_ﬂ
=1, (letz; =raise; X in...(let x; = ¢[N"] in N,) in ... )[z1/Vi].. . [2j-1/Vj_1]

(raise) .
=seq raise; X

case clLet NV, be the first runtime term to exit with (1 < j <4). N” =V, and

T(51) :>’;eq (letz; = Njin...(letz; =¢[letx =N in M'|in N.) in .. )z /Vi] ... [xj-1/Vj-1]
=, (letz; = elexit; V]in...(let z; =¢[let e = Nin M'] in N.) in ...)
it
w1 /VA] o Vi) Sy V
T(Sy) =*,, (letz; = Njin...(let 2, = ¢[N"]in Ne) in .. .)[z1/VA] ... [2j-1/V; 1]
=, (let vj =clexit; V]in... (let x; = ¢[N"] in N.) in ...)[z1/VA].. . [2j-1/Vj 1]
(exit)

seq V
— Here,C = (main, (—1,—-1), (r,d)), S1 = S|(e[let & = N*P1--*P» in N'))¢,
S5 = S|(e[N"*Pr-oPn])
Therefore:

7(S1) =1letx; = Nyinletaxo = Noin ...g[...let 2z = N in N’]
T(S2) =1letx; =Nyinletzy = Noin ...e[...N"]



Need to show, there existsN” such that7 (S1) =3, N” and7(Sz) =, N".

The runtime termsV; to N;_; may evaluate to values, may raise an escaping ex-
ception or may exit the program. We consider all cases.

case aTermsN; to N;_; all evaluate tovaluesV” = ¢[... N"][x1/V4] ... [2n/V3].

T(S1) :>§eq gl...let x = N in N'|[z1/V1]...[2n/ V4] :>§eq el... N"[x1/Vh] ... [2n/Va]
T(S2) :feq gl . N"|[z1/V4] ... [2n/ V3]

case b:Let N; be the first runtime term to raise an escaping exception.
N'" = raise; X, and

T(S1) é’;eq (letz; = Njin ...¢[...let o = N in N'])[z1/Vi]... [xj—1/V}-1]
=%, (let vj =raise; X in ...¢g[...let x = N in N'|)[x1/Vi]... [2;-1/V 1]

(raise) .
=seq Taise; X

T(SQ) :>]:eq (let T; = Nj in ... E[. .. N”])[xl/Vl] e [{I?jfl/‘/jfl]
=1, (let z; =raise; X in ...e[... N"))[zy/Vi]... [z;-1/Vj1]

(raise) .
=seq Taise; X

case cLet NV, be the first runtime term to exitv” = V, and

T(51) éfeq (letz; = Njin ...¢[...let o = N in N']))[z1/Vi]... [xj—1/Vj-1]
=1, letz; =¢clexit; V]in ...¢[...let x = N in N'])[zy/V1]... [z;-1/V} 1]

(exit

:>m)1 14

T(S2) éfeq (letz; =Njin ...e[... N")[x/Vi]...[xj—1/Vj-1]
(:>g_€t)1 (let x; = glexit; V]in ...e[... N"))[z1/Va]...[zj-1/V;-1]

=seq V

Case 3:51(@;7;26) So

C= <p7 (7“7 d)v (TI7 d/)> p/ fresh )
Cf - <p/7 (T/7d/)’ (7’/7d/ +1)) C.=(p,(r,d), (7"/ +0.5¢ ,d + 1?>
S|(e[1et z = future(N) in N'))c =>sa S|(N)c, |(e[R(N'[z/p'])*"])¢

(future)

The term being evaluated in evaluation contexs either a future computation (i.e.
C = (p,(r',d),(r,d))) oritis the main thread (i.&”' = (main, (—1,—1), (r,d))).

— Here,C = (p, (r',d'), (r,d)), S1 = S|(¢[let z = future(N) in N'])c,
Sz = S|(N)c, [(e[R(N'[z/p'])* ])e.
Therefore:
T(Sl) = let a2y
T(S2) =1let xy

...(letx; =¢c[letx =Nin N']in N.) in ...
... (letz; =¢[letz=Nin N']in N.) in ...



Need to show, there existsN” such that7 (S1) =3, N” and7(Sz) =, N".
This can be shown trivially because the functibrremoves the future annotation
from the future spawning term ifi; (via the @ function), and forS,, 7" constructs
alet-term with the future as the term boundi@nd the continuation as the body,

thus7 (Sy) = T(Ss) = N

— Here,C = (main, (-1, 1), (r,d/)), S1 = S|(e[let = future(N) in N'])¢,
S = S|(N) e, |(e[R(N"[z/p'])*" e,
Therefore:

7(S1) =1letxy = Nyinlet 2o = Ny in ...g[let 2 = N in N']

T7(S2) =1letxy = Npinlet 2o = Ny in ...g[let 2 = N in N']
Need to show, there exists’ such that7 (S1) =%., N” and7(S;) =7, N".
This can be shown trivially because the functibrremoves the future annotation
from the future spawning term ifi; (via theQ function), and forS,, 7 constructs
alet-term with the future as the term boundit@nd the continuation as the body,
thus7(S1) = 7(S2) = N”.

Case 4:Sl(u%bl§;k) So

V) o,y €5
S|(e[N*P])c =sa S|(e[N])c

(unblock)

Need to show, there exists’ such that7 (5;) =%., N” and7 (S;) =%, N". This
is trivial because process statggs and S, are the same except for the on term N
in S;. The transform functiory” erases all occurrences %f in creating a sequential

runtime term (via the function); thereforel (S1) = 7(S2) = N”.

Case 5:51(’25;? So

V) o tray .y €5

S|(elp™ e =sa Sl(e[VDe (touch)

The term being evaluated in evaluation contexs either a future computation (i.e.
C = (p,(r',d),(r,d))) oritis the main thread (i.&”' = (main, (—1,—1), (r,d))).

— Here,C = (p, (r',d), (r,d)), S1 = S|(epT])c, S2=S|(e[V])c.
Therefore:

T(S1)=1letz; =...letz; =V;in ... letx; =¢[...x;...]in ...
T(S2)=1letz; =...letz; =V;in ...letx; =¢[...V;...]in ...



Need to show, there existsN” such that7 (S1) =3, N” and7(Sz) =, N".

The runtime terms to be bound to variablgsto =;_; (i.e. Ny to V;_;) may eval-
uate to a value, raise an escaping exception or exit. We densach case.

case aTermsN; to N;_; evaluate tovaluesy” = (...letz; =¢[... V;...]in ...)[z1/V4]..

(Sl) :;l;ilq (let Tj = V in ...letx; = €[...(Ej ] in )[l'l/Vl] [.fj,l/‘/},l]
( lzeq (..leta; =¢l... V.. ]in .. ) [z /VA]. .. [z;/V}]
T(Sy) =k, (letz; =Vjin ... letw; =c[...V;.. ]in .. )z /VA]. .. [z;—1/Vj_4]
(bznd)(

deta; =¢l.. V.. ]in .. ) [z /VA]. . [z / V]

seq

case b:Let IV, be the first runtime term to raise an escaping exception.
N" = raise; X, and

T(5) =

aeq

=1, (letz, =raise; X...letz; =V;in ...letz; =¢[...x;...]in ...)

(raise)

[@1/V1] ... [@h—1/Vih-1] Sseq Taise X

seq (

T(Sy) =k, (letxp = Np...letz; =V;in ... letz; =c[... V.. ]in ..) [z /VA]..
=1, (let zp =raise; X...letz; =V;in ...leta; =¢[...V;...]in ...)

[xl/Vl] e [.%‘h,l/Vhfl]

(raise)
=seq Taise X

case cLet V,, be the first runtime term to exit with. N =V, and

T(51) = éeq (letxp, =Np,...letz; =V;in ...letx; =¢l...z;...]in ...)[z1/VA]..

log Lletxy =¢lexit; V]...letz; =V;in ... letx; =¢l...x;...]in .. )

[x1/VA]. . [zhe1/ V1] = (eng(), 1%

=4

T(Sy) =k, (letxp =Np...letz; =Vjin ... letz; =c[...V;.. ]in .. )z /4] ...

=1, (let zp =¢clexit; V].. . letz; =V;in ...letx; =¢[... V.. ]in ...)
(exit)

[xl/‘/l] cee [thl/vhfl] = seq |4

Here,C' = (main, (—1,—1),(r,d)), S1 = S|(g[let x = N*P1*Pn in N'])¢,
SQ — S|(€[N//op1...0pn])c
Therefore:

T(S1)=1letx; =Nyin ...leta; =V;in ...c[... 2]
T(S2)=1letx; =Nyin ...leta; =V;in ...c[... V]
Need to show, there existsé’ such that7 (S1) =3., N” and7(Sz) =7, N".
The runtime terms to be bound to variabigsto x;_ (i.e. N; to N;_;) may eval-
uate to a value, raise an escaping exception or exit. We densach case.

case a:TermsN; to V,_; evaluate to values.
N"=(...e[...ViD[z1/V4]...|z;/V;], and

(letxp, =Np...letx; =V;in ...letx; =¢[...x;...]in .. )[z1/VA]...

NEALE

[x}t—l/%L—l]

Jxn—1/Vi-1]

. [x}t—l/%L—l]

[@h—1/Vi-1]



7(51) =

seq

(letx; =Viin ...el...x])[x1/Vh] ... [wiz1/Viz1]
& (el Vil VAl ... i/ Vi)

T(S2) =¥, (letz; =V;in ...e[... Vi])[x1/VA]. .. [2i—1/Vii]
D (el VDV - [/ Vi)

case b:Let N; be the first runtime term to raise an escaping exception @vher
1<j<1i).N"=raise; X, and

T(S1) =k, (letz; = Njin ... letx; = Viin ...e[..z]) [z /VA] ... [25-1/ V4]
=, (let z; = raise X in ... letaz; =Viin ... el )|z /VA] .. [z-1/ V-]

(raise)
=seq Taise; X

T(Sy) =, (letx; =Njin ... letx; = V;in ...e[... Vi])[w1/VA].. . [z;_1/Vj_1]
=%, (let vj =raise; X in ...letz; = V;in ...e[... Vi])[z1/VA]. .. [2;-1/Vj 1]

(raise)
=seq Taise; X

case clLet N, be the first runtime term to exit with (wherel < j < ). N”" =V.

T(S1)=F, (letz; =Njin ... letx; = V;in ...el... ])[xl/Vl] zj—1/Vi-a]
€

=, (let v =clexit; V]in ...letx; = Viin ...e[...z)) [z /Vi] ... [2j-1/ V)]
(exit)

:sseq V
T(S2) = Seq (letz; =Njin...letz; =V;in ...¢[... ])[xl/Vl] Nz / V-]
€

=4, (letx; = 5[ex1tl V] in ...letz; = Viin ...e[... Vi])[w1/VA]. .. [xj—1/Vj_1]
(exit)

seq V

(raise)

Case 6:51 =54 S22

Cy = {p, (r,d), (', d"))
S =AW e rrany T )i, (n d Yy €5, (rp <r’orri = (r+0. 571}
Se ={(LDc [ (N')g €5, (N')c €5} §"=5"US.
Sl|(raise X)q, [(c [N.p])cc =sa §"|(raise X) |(c[raise X])q,

(raise)

The raising term is a future computation (& = (p, (r,d), (r’,d’))) because in state
S there exits a threatl. which is evaluating in th& context.

Here,Cy = (p, (r,d), (r',d")), S1 = S|(raise; X)c,|(e[N*F])c,,

Sy = §"|(raise; X)c,|(e[raise; X])c,.

Therefore:

T(S1) =1letx; =...(let z; = e[let x = raise; X in
(lety=Ny1... in N.)]in N) in

T(S2) =1letz; =... (let z; = ¢[let © = raise; X in

(let y = (exit; —1)... inraise; X)]in N) in



Need to show, there exists\d” such thatZ (S,) =, N” and7 (S;) =, N".

seq

N" = ((let z; = e[raise; X]in N) in...)[x1/VA]...[®i—1/Vi-1], @and

T(S1) =%, (let z; = e[let = raise; X in
(lety=Nyi... in N)]in N) in.. )z /Vi]. .. [xi=1/Viz4]
=1 ((let z; = e[raise; X] in N) in...)[z1/VA]...[zi—1/Vi 1]

seq
T(S3) =k, (let z; = e[let x = raise; X in
(let y = (exit; —1)... inraise; X)]in N) in..)[z1/V4]... [xi—1/Vi-1]
=1 . ((let z; = e[raise; X] in N) in...)[x1/V4]...[zi—1/Vi1]

seq

Case 7:51(;;;2 So
C= <p’ (T/7 d/)’ (T’ d)>
(Ni)<pi,(r§,d;),(m,di)> ¢ S r, <r N; 75 %4

! exit
S|(elexit V])o =sd {(V) main,(~1,-1),(rd)) } (eait)

The exiting term is either a future computation (&= (p, (r',d’), (r,d))) or it is the
main thread (i.eC' = (main, (—1,—1), (r,d))).

— Here,C = <p, (I‘/,d/), (I‘7d)>, S = S|(5[exit VDC’ Sy = {(V)(main,(—l,—l),(r,d»}-
Note that there does not exist any thread in the process\sttitea lower order
identifier which has not evaluated to a value. Therefore:

T(S1)=1letx; =Viinletzg = Vo in ...let z =¢lexit; V]in ...
T(S2)=V

Need to show, there exists\d” such that7 (S;) =3., N” and7 (S2) =3, N".
N" =V, and
T(S1) =4, (Let z =celexity V]in ... )|z /Vi]...[2,/ Vo] =i, V

seq

T(SQ) :>O Vv

seq

— Here,C = <main, (—1, —1), (I‘,d)>, Sl = S|(5[exitl VDC, Sz = {(V)(main,(—l,—l),(r,d»}-
As before all computations logically ordered before théiegicomputation is guar-
antted to have evaluated to a value. Therefore:

T(S1) =1letxzy =Viinlet zo = Vo in ... glexit; V]
T(S2)=V

Need to show, there exists\d” such that (S;) =3., N” and7 (Sz) =3, N".
N" =V, and
T(S1) =0, (elexity V) [z /Vi] .. 20/ V] =g V

seq

T(Sz) :>0 %4

seq



Theorem 1. If Fyq(M) = R, thenFs.o(M) =R

The result of evaluating prograi under the safe dynamic semantics is guaranteed to
be the same as the result of evaluativigunder the sequential semantics. The proof is
by induction on the length of the>,; evaluation sequence. The base case states that
if S maps to final stat&’ in one=-,, step then the resuk from stateS’ is the same
result as evaluating@ (S) under sequential semantics. The base case is demonstyated b
instantiating Lemma 1 and 2. The inductive hypothesis stéttat given an evaluation
sequence of length such thatS =%, S, evaluating sequential terrds(S) and7 (S”)
under=>,., will eventually map to a common stafé. Instantiating Lemma 2 and the
inductive hypothesis proves the inductive case.

4 Instrumented Evaluation

The operational semantics defined thus far prevents a c@tiim from executing past a
try expression if a future spawned within the try block has yetmplete. In this sec-
tion, we present a flow-sensitive static analysis, prograstrimentation, and a refined
operational semantics that extracts more parallelism thanconservative treatment
while still guaranteeing determinism. Informally, our sibn is based on the observa-
tion that if a future reaches a point in its execution whevélitno longer raise escaping
exceptionX, then its continuation can proceed past a handler for exgept.

In the instrumented semantics, the blocking evaluationediis of the forme® ).
The evaluation context signifies that the term being evatliat the whole is a contin-
uation of the future that corresponds to placehold@nd that the evaluation of the
future may result in a raise of escaping exceptione X' or may exit the program if
exit € X. A continuation evaluating runtime ternaxfy V*>) handle X +— N}),
whereX ¢ X' may proceed past thery expression (unlike in the previously presented
semantics), thus discarding the handler. Static instraatien specifies which escaping
exceptions an evaluating future computation may raise dmethver or not it may exit
the program. We present an operational semantics thaelgesthe instrumentation so
that a future computation notifies its continuation immegliawhen its computation
and the futures it creates may no longer raise an escapimgp&sn or perform an exit
operation (by removing elements framin the blocking context of its continuation).

4.1 Static Analysis and Program Instrumentation

Our instrumentation assumes the presence of control-flalysis Flowp(x) [6, 7]
which maps variable to all possible values it may be bound to during the evalumatio
of programP. Program termM is instrumented with grant setX (represented by
superscript-X) and anograntsetY’ (represented by subscript’). Thegrantsety
includes all escaping exceptions that may be raised by steumented term, and a
specialexit element if the term may exit the program. TinegrantsetX” includes all
escaping exceptions that may be raised after evaluatidreahstrumented term by the
enclosing term and thexit element if the enclosing term may exit the program after
evaluation of the instrumented term. Thegrantset ensures a computation does not



prematurely notify its continuation that it cannot reacheagaping exception or exit.
Term M is transformed to the instrumented tefidefined by the following grammar:

T € InstTerms' ==V, | z; | exit; x | raise;
| try, T handle X — T | ...

T € InstTerms == T%

When a futuref is spawned its continuation is evaluated in conteX>), where X
is initially equal tof’s grantset. Letf be the following future computation:

(let x = if y thenraise z else My in M)

If Flowp(z) = {X} and computationd/; andM do not raise an escaping exception
X (or exit), then the continuation gf may discardX’s handler as soon as control
enters the false branch during the evaluatiory oStatic instrumentation allows the
instrumented semantics to notifis continuation when control enters the false branch.
In the instrumented term below and X'; are thegrant sets (i.e. the sets of possible
escaping exceptions and exit that may be reached) ahd/;, respectively.

D{X}UZfUZ
)4{}

As mentioned abové/; and M do not raiseX (i.e. X ¢ (X; U X)). Thegrant set
of the entire term captures all escaping exceptions that loeayaised by the future
(i.e. {X} U X, U X). Thenograntset is empty; the term represents the entire future
computation and therefore has no enclosing terny. fomputes placeholder, the
continuation off evaluates in context*™>"), whereX’ = ({X} U ¥; U ¥). When
f's evaluation enters the false branch of thfethen-else statementf will remove
those escaping exceptions it can no longer reach ff8rm the evaluation context of
its continuation. Since both the false branch and the bodieo§tatement do not raise
X, the future will remove element from X’. The result is thaf’s continuation will
evaluate in the following evaluation context(»*¥s*)

RelationZ (T') defines constraints on instrumented teffi{see Figure 10). Variable
and value terms are uniquely labeled with their static locgtand each term has its own
nograntset depending on its context. Of course, value and variatdercences may not
raise exceptions or exit the program so tlggaint sets are always empty. An exit state-
ment obviously exits and therefore hgant set{exit}, and a raise statement clearly
raises an exception. Since exceptions are first-classatbe statementgrant set con-
tains all exceptions inayraise (i.e. thegrant set for term(raise; x) is Flowp(z)).

A try expression’gjrant set includes all exceptions (arait) that escape from the
try block except the handled exception, and all escaping excepfrom the handler
block. Thus, the continuation of a futufewill not be forced to wait for a grant on an
exception that is handled internally iy The nograntset for thetry expression’s try
block includes the try expression®mgrantset, all escaping exceptions raised by the
handler block, and the handled exception. Computingthatandnograntsets for the
try’s handler block is straightforward, as is the case for valneling let-expressions
andif-then-else expressions.

(let z = if y then (raise z):{EX} else Mf:? in Mz{z}



Since abstractions are first-class, grant set of an application term with abstrac-
tion variabley is the union ofgrant sets forT; where X z.T; € Flowp(y ) and the
grant set for the body of theet-expression. An abstractions may appear in different
contexts; therefore, the body oPaexpression must be instrumented with a conserva-
tive approximation for itiograntset. Thenograntset is the union ohograntsets for
each context the abstraction may be applied. This is demadedtin the instrumen-
tation constraints presented in Figure 10 by requiring thahograntsets associated
with the bodies of each potential abstraction suasef the set of exceptions for the
current context. This overly conservatiwegrantset disallows grants that are safe. The
disallowed grants that should have been granted duringatiah of the application are
applied at runtime after evaluating the application (segifé 11). Thegrant set for a
term that spawns a future consists of rant set of the future term and the continua-
tion. Thus if the term itself is spawned as a future, its cardtion will need to wait for
both the (sub) future and the original future to grant on pkioas andexit. A future
computation has an empitygrantset because it is evaluated as a separate computation.

Y = Flowp(x)
Vi) Z@Y)  I((exiwna)25™)  I((raisero)iy)
LTS s,0ixy)  Z(Tninr)
I((try, TEEE’uzhu{X} handle X — Tj :?’z)
I(T25)
Z(letx =V in TEEZ/):;

>(I\{X}Huz),

)

>
I(thz”uz) I(be f ) I(qu”)

<zMux

>3 > UYpUN
Z((let x = if y then thz/'uz else Ty i 5 inT. 2”)42,,
Flowp(y) = {\z1.Th, ..., Az0. T} Z(legp S I(Tsr)
I(qu/) Xic (Zu El) Y= UZ‘:U

>xux’’

I((Qetz = (y2)inT55 )5 )
S5
I(qu{}f) I(qu')
Z((letx = future(qu{} ) in TEZEI)

SX;0%

)

X’

Fig. 10.Instrumentation Constraints

4.2 Semantics

Terms instrumented withrant andnograntsets are evaluated using the semantics de-
fined in Figures 11 and 12. In Figure 11 we omit instrumentati@t is not relevant

to evaluation. A local evaluation rul®y —;; (N’,X) reduces an instrumented run-
time term N to a new instrumented runtime ter?W and a grant effect’. The grant



effect represents the escaping exceptions arid) that were reachable kﬁ( but not
reachable byV'.

For thetTg} rule, the try block evaluates to a value and thus does notreethe
exception handler. The»;, evaluator will compute a grant effect consisting of those
elements in the handlergrant set that are not in itsograntset. If the body of thery
statement raises the handled exception (i.e. kuledle), the —;, evaluator grants ex-
ceptions in the raise statemergiantset (i.e. the static approximation of which excep-
tionsmayhave been raised by this statement), that are not moiggantset. Note that
the instrumentation constraints ensure the exceptiorgldendled, which is clearly in
thegrantset, is also in thaograntset disallowing the rule to grant on the raised excep-
tion. This is correct because the instrumentation comgg@nsure that a continuation
of a future does not wait for exceptions internally handlgdtb future. If another ex-
ception is raised in the try block (i.éryraise rule), the exception is propagated and
since the handler is not invoked, the;; evaluator will grant elements in the handler’s
grantset that are not in iteograntset.

The grant effect computed by rulend for avalue-binding et-expression is empty,
because the new runtime term may raise the same set of egaapiaptions as the
reduced term. If the expression being bound results in & mafisan exception, rule
bindraise will compute a grant effect that includes escaping excegtithhat may be
raised by the body of thaet-expression, which will never be reached, (i) as
long as those exceptions may not be raised by the raise satdire.Y’.) or by the
computation following the entire term (i.£"). The rule also computes the newgrant
set that results from propagating the raise without evalgdhelet-expression body.
The newnograntset is equal to thaograntset of thelet-expression body.

Theﬁ rule computes the grant effect resulting from taking a binasf@nif-then-
else statement, and recomputes ti@ant set of the entire term based on the branch
taken. If the true (false) branch is taken, tirant set of the entire term is the union of
the true (false) branch'grant set and thegrant set of thelet-body. The grant effect
consists of exceptions raised (agx¢li t) by the false (true) branch that cannot be raised
by the true (false) branch, thet-body, or the computation that follows.

Rule m computes the grant effect for an application term. Tibgrantset of
the abstraction body (i.€2) may be overly conservative, not allowing the evaluation
of the body to grant on certain exceptions. Thus the runtitlegvant all exceptions in
the nograntset of the abstraction body that are not raised by the resteoferm (i.e.
X1\ (XU X)) as soon as the application has completed evaluation. § hishieved by
replacing the body of theet-expression with a grant effect causing the grant effect to
be applied before evaluating the body. The grant effect idiately computed by the
rule consists of those exceptions in thet-expression’grant set modulo those in the
grantset of the abstraction’s body (i.&);), those that are reachable from thet-body
(i.e. X) and those associated with the computation followingtke-body (i.e.X").
Note that the grant effect will include exceptions addedhtegrant set based on the
static approximation of which abstractionsyhave been bound t& as long as the
exceptions may not be raised by the rest of the term or by thigaattion value actually
bound toV at runtime.



The global evaluation rules are mostly analogous to theuatiain rules for the safe
dynamic semantics. Thenblock rule is worth noting because it removes the blocking
evaluation for futuref from a continuation as soon gsreaches a point where it has
granted everything that was in iggant set. This allows a future computation to eval-
uate to a value (rather than a blocked value) before its édstaomplete, if they are
guaranteed to not invalidate its evaluation by exiting dsing an escaping exception.
Thus unlike the safe dynamic semantics, in the instrumesgetantics a continuation
touching a placeholder corresponding to futirdoes not need to block until all of
f's futures complete. Three new rules are also defipeghitmain, grant andtry. The
first two deal with grant effects and they allows computation within a continuation
to discard an exception handler if its future indicates #dfe to do so.

The grantmain rule ignores grant effects from the main computation, bseatls
not a future of any continuation. When a local evaluation ceduo a term and grant
effect(V, X') the grant rule will grant elements irt’ that are safe to grant. An element
is safe to grant if the granting computation cannot reaclelf@ent (i.e. it is notirt’;)
and the granting future is not a continuation of anotherrfutaat still may reach the
element (i.e. it is not i”"). To computeX”’, we use functiomd,, which computes the
set of futures a given term is a continuation of. The graribagds reflected in thgrant
rule by removing elements, from X" in the continuation's*(:*") context. The grant
effect is then propagated to the continuation which mayfitsea future.

The try rule exploits concurrency that could not be availed in theeale of instru-
mentation. A continuation may proceed past a try statemeforé its futures complete
if the futures and all the futures they spawn will not require handler defined by the
try expression. This rule is similar to thet rule which allows evaluation of a con-
tinuation to proceed pastlat term, except thery rule is conditional on the blocking
instrumentation indicating it is safe to discard the handle

4.3 Example

The following example shows how the instrumented semaatlosis for greater par-
allelism than the safe dynamic semantics. For brevity we lemitted the instrumenta-
tion from the example, but we assume the program has beeuarmstted to satisfy the
instrumentation constraints presented in Figure 10. Wéaexn the text any instru-
mentation that is relevant to the evaluation of the program.

let x = future(7}) in
try let y = future(7}) in
let z = future(let w = if false then raise X
else T in T3})
in raise X’
handle X — ¢

Sk =

Let NLand ]Yg be runtime terms in the process state corresponding taimstited
termsT} andTy, respectively)NVs be the runtime term for thef-then-else expression
on line 3, andV, be the following runtime term:

(try (raise X')*+ 5402 handle X v "5



N € RTTerms' ==V | exit V | raise X | try N handle X — N | let z = if V then N else N in N |
N € RTTerms := N5 | L | pt | N*®%) | (N, x)
VeValue:=... | p
p € PhVars ::= {main, p1,p2,...}
C € TermContext ::= (p X (real x int) X (real X int))
S = {(N)gys--- (Nu)g, }
S|N¢ == SU{Nc}

A - [ DVUAGERD a5 § = (N0
1) otherwise
1% if {(letz = T in exit; x) mai;,gfl,fl),(0,0))} =%
Fis(M) = {(Nl)cl (Na)o on (Vagy )<mam,<—1,—1),(r,d>>}
where T is instrumented version of M
error otherwise
EVALUATION RULES:
e € EvalCntat =[] | trychandle X — N | letz =cin N | exit ¢ | raisec
| letz =ifethen N;else NjinN | letz = (¢ V)in N | 2@
>3, / Py
try V handle X — N_/ —s (V, 2R\ 2") (try)
try (raise X)’3; handle X — N —is (N, 2\ 27 (handle)
try (raise X') e ; handle X — N:;h —is ((raise X' )qu , X\ (tryraise)
. > T
letx =V in NJ5/ —is (N [a:/V])qE,, o) (bind)
let z = (raise X)Zgi in N%3, —is ((raise X)%5r, D\ (X' U X,)) (bindraise)
> . >XUx
. . ((let z = NtZZ,Jf’UZJ in N, 2//) s V — true
let x = if V then N: % 5 ZA\(Zyu XU X)) —
1 N > : N —is > UX (’Lf)
else faxius in INgxnm <(1et Tr = qu%‘”UZ in N, 21/)42,, B V = false
Z\(ZruX’u )
(letz = (V V') in N33 5 —is (let z = N’:?[ JV'] V =\y. (N’ZE}) (apply)

in (N35, Z\(ZUZ)))m ", S\(Z1uzux))

FIG.11.LoCcAL EVALUATION RULES FORINSTRUMENTED SEMANTICS




N —i (N, %)

v (local)
S|(e[N)g =is SIE[RN'), D))
o Ger= NN o (V) -
S|(z~:[let T = No(pl,Z‘l)...o(pn,Z‘n) in N/])C =4 S‘(E[<N”.<p1’El)m.(p"’E"),2>])c
C = {p,(r,d),(r',d")) p' fresh
Cy={p, (', d’) (r',d +1)) C.= (p, (7“ d), (r' 4+ 0. 57,d + 1)) (future)
Sl(e[let z = future(Nq{} ) in N'))c =sa S|(N, <1{} ) |(E[R( "[z/p'])*®" Zf>])Cc
(Vj{{}})<p’(r’d>’(rl’d/)> ~ ~ (touch) (unblock)
Slelp™De = SlelVDe  S|(e[N*®9))c =is S|(e[N])c
. Cr = (p, (ryd), (7, )
S" = AN iy | o i oty € S5 (7 <17 or i > (r+0.5771)}
Se={(L)c | (N €5 (N) ¢85} 8" =5US. (raise)
S|((raise X)°2f) |(e[N*Z*PF)) =4 87|((raise X)70)  |(el(raise X)7ud])
<12’f oy Xl Ce s qZ‘} oy <12’ C.
_ C= <p7 ('I"/,d/),(’f‘, d)> _
(N3) sttty 8 mi <r Nig VIR (exit)
S1(l(exit VIEE™ ) St (VAT ) i1t}
¢= (maln (=1, 1), (T’ﬁl)) (grantmain)
S|(el(N, D)) =is SI(e[N])¢
C1f = <p7 (Tv d)7 (T/7dl)> A‘(E[ :j;}) = {(phEl) DR (pn72n)}
D=l S Zy=S\(Z"U ) (gramt)
SIEUNGS, 20 NS, =io SIENS D IELNETTN, 5,
c;y ooy
(try N handle X — N') —;, (N, %) X" = ey Zi X ¢ X" (try)
Y

S|(e[try Ne®1,Z1) 0, Tn) pandle X — ﬁ/])c =i S‘(€[<N”.(p1721>~~~'(p7172n),Z’)])C

Fig. 12.Global Evaluation Rules for Instrumented Semantics




In the above runtime termy is the grant set for theif-then-else expressiont;

is thegrant set for N; and X5 is thegrant set for N». Assume thatX ¢ X (i.e. T
may not raise escaping exceptidf). SinceX < X' due to the raise in the true branch
of the future computation, thery rule does not hold forV, and the handler cannot
be discarded. Once control enters the false brach duringviddeation ofN3, the —;,
evaluator will compute a grant effect that includes elem@mthegrant set of the true
branch (i.e{X}) that are not in thgrantandnograntsets of the false branch. L&l
and %}, be thegrantandnograntsets of7s and assume that ¢ (X3 U %) (i.e. the
false branch and the body of the expression do not raise an escaping excepkon
According to thez7 rule, the grant effect, containsX. The grant rule removesX
from X of the blocking evaluation context associated within term N,. The grant
would be propagated but sin¢é, is not a future computation (i.e. its term context is
(main, (-1, —1), (r,d))), the grantmain rule applies. SinceX is no longer inX' the
try rule applies for terniv, allowing evaluation to proceed past the handler even though
the future computations correspondingptoandps have yet to complete.

4.4 Equivalence Proof

In this section we prove equivalence between the safe dynsemhantics presented in
Figure 8 and the instrumented semantics presented in Bigdrand 12. We first prove
Lemma 3 and 4 which we leverage in the proof of Theorem 2, wsligtes equivalence
between semantics.

Given a process stat§; in the instrumented semantics we can straightforwardly
transform the state to a state in the safe dynamic semaniticsransform functiori/.
The transform functiod/ ignores instrumentation, replaces evaluation contéxt)
with *P and replaces the instrumented runtime term and grant gfféct’) with the
uninstrumented runtime terf¥. In the proof presentation, we usg for process states
in the safe dynamic semantics afigfor process states in the instrumented semantics.

Lemma 3. If S; is afinal state with resull theni((S;) =%, Ss, andS; is afinal state

in the safe dynamic semantics with reshlt

The proof states that if a final process stétds reached by evaluation under instru-
mented semantics results iy then the transform of the process state evaluates under
safe dynamic semantics to a final statewith resultR.

Si ={(N1)cys-- (Nn)cn, (V) main,(—1,—1),(rd)) }
U(S:) ={(N1)cys -+ (Nn)e s (V) main, (—1,—1),(rd)) }

Because the main thread has evaluatedtm the instrumented semantics (and not
V@2, the static analysis and instrumentation guaranteestinéime termsV; to
N,, do not raise an escaping exception or exit the program. Thus,

US) =5 {V)eys - (Vi) ons (V) main, (=1,-1),(rd))

After then evaluation steps shown above from std{; ), the result is a final process
state in the safe dynamic semantics with regult



Most evaluation steps in the instrumented semantics ategmss to steps in the in-
strumented semantics. To prove equivalence when the metrted semantics proceeds
past a try statement that the safe dynamic semantics cotlevatuate, we leverages
the observation that runtime tefftry, let = future(N) in N’ handle X + ...)
and runtime ternflet z = future(/V) in try, N’ handle X — ...) are equivalent
as long asV and any future spawned frofi do not raise escaping exceptigh The
instrumented semantics allows hoisting a future froarg block’s evaluation context
only when the static instrumentation and runtime deterniting safe to do so. The
unblock rule is also different for the instrumented semantics. @appshows that the
guarantee provided from the instrumentation that certaimrés will not raise escaping
exceptions or exit the program ensures that the evaluatidaninstrumented semantics
preserves the same meaning as under safe dynamic semantics.

Lemma4. If S; =, S, thenld(S;) =%, Ss andU(S]) =%, Ss.
The proof is by case analysis on evaluation derivatigins>; S..

K3

Case 1:Si(l0:>ci~lsl) S!

_ N-oi (N %)
SIelND)e =is SIERN), )¢

(local)

Here,S; = S|(e[N))c, Si = S|(e[(R(N"), X)])c-
Therefore:
U(S;) = Sl(e[Nl)e U(S;) = S|(e[R(N")])c

Need to show, there exists® such that{(S;) =%, S, andU () =%, Ss. Note
that all local evaluation rules for the instrumented semcarft—;; presented in Fig. 11)
are analogous to the sequential evaluation rules,. More specifically, if a runtime
term N —,., N’, then the instrumented runtime terl —,, (N’, ). Recall the
transform function/ erases the instrumentation and remove the grant effecs; thu
U8y = S|(e[R(N")])c and

U(S:) S0 S| RN US) =2 SIER(N)e

Case 2:Sig§2 S

(let 2 = N in N') —;, (N”, %)
S|(e[let z = N*(P1.Z1)-o(Pn.2n) jp N/])C =.d 5|(5[<N//-(p1,21)...0(197“2”)’2>])C

(let)

Here,S; = S|(e[let & = N*®1.¥1)-*@n.3n) in N')) ¢,
Sz( — S|(E[<Nllo(p1721)....(pn,2n),E>])C.
Therefore:

U(S;) = S|(c[let = N*P1=*pn in N} U(S!) = S|(e[N"*P1-=*P])



Need to show, there exists& such that/(S;) =%, Ss andU/(S)) =7, S,. Note
that (let # = N in N’) —;, (N”,X) then it must be the case thétet z =
N in N') —eq N” thusS’ = S|(e[N"*P1--*Pn]), and

let)

U(S) S SIEN" Do US)) =0 SI(EN"P-*)c

Case 3.5; ‘f%’:;"e) S’

C = {(p,(r,d),(r",d))y p' fresh ,
Cr=, 0, d), (', d+1)) C.=(p (rd), " +05" d+1))
S|(s[1etz:future(N'jf} ) in N')o = S|( j{ ) f|( e[R(N'[z/p])*@¥1]),

c

Here,S; = S|(¢[let = future(N, 4{} Y in N'))e,

= 5|( f,ﬁf) |(E[R(N'[2/p'])* @ 5)))c,
Therefore
U(S;) = S|(e[let x = future(N) in N'])¢

U(S)) = SI(N)e, RN [2/p)™ e.
Need to show, there existsSg such that/(S;) =%, Ss andl{/(S}) =%, Ss.
Ss = SI(N)c, [(e[R(N"[z/p])*" ])c.., and

(future)

U(Si) S|(N)c; [(E[R(N'[z/p )™ De.
Uu(s;) =>Sd SI( )e; RN e/ e,

(unblock)

Case 4.5; S!
~ ~ (unblock)
S|(e[N*®P) o =5 S|(e[N])e
Here,S; = S|(e[N*®?)])¢, S! = S|(e[N])c. Therefore:

U(Si) = Sle[N**))e U(S)) = Sl(e[NDe

Need to show, there existsSg such that{(S;) =%, S, andi/(S]) =%, Ss. This rule

is not analogous to the safe dynamieblock rule because under the instrumented se-
mantics the blocking context may be removed before the dutompletes. Assuming
correctness of the static analysis and instrumentatian future computation corre-
sponding tg is guaranteed to not raise an escaping exception or exis, The future
evaluatingp is guaranteed to evaluate to a valugisteps. Our proof leverages this fact
to show that there must exist a state whereS, = S'|(e[N])c|(V) (p,x/,a'),(x,a)) -

U(S;) ?Sd S/l( [IN*"Del(V) . er.a0).x.a))
unblock ’
S'NEIND (V) p e a0),(x.a))
U(S;) =k, S'(eIN) el (V) (o), (r,0))

(future)



Case 5:5; "% st

Vol €S
( <{} )(p,(r,d),(r’,d/)> (tO’LLCh)
Sl(elp™)e =sa SI(e[V])e

HefeS = 5|(€[P+])c|( Y sy, ()
= S|(e[Vi el (Ve })<p,<r,d>,<r L)
Therefore

US;) = Slelp™ el (V)p,aray,aray  USE) = SIEVDel(V)p,tray,or,a))

Need to show, there existsSa such that{(S;) =, Ss andi/(S}) =%, Ss.
Ss = SIelVDel(V)ip,ray,r.aryy» @and

(touch)
US:) =sa” SIEVDel(V) .y, o.a)

USEH =2, SIEVD el (V) ip iy, o))

(raise)

Case 6:S; =i S,

_ Cr=(p,(r,d),(r",d))
8" = AN ety | ) ot g,y € S5 (<7 or > (r+0.597))}
Se={(L)c | (N)c €8, (N)c ¢85} S"=5US,
*(p,%) . z
Sl((raso X)) 1IN, s ") (raoo X)) [clizatoe X))

(raise)

Ce

o(p,X)
Here,S; = S|((raise; (qu,))@,)cfu NG5S e

/ 1" . >{} >2s : >{} >Xs
Si = 5"|((raise; (Xopr)) oz o, (el(raiser (Xoxy)) o, De.
Therefore: ’
U(S;) = S|(raise; X)cf|(5[N’p])cc
U(S;) = 5" |(raise; X)c,|(e[raise; X])c,

Need to show, there existsSa such that{(S;) =, Ss andi/(S}) =%, Ss.
S, = §"|(raise; X)¢,|(e[raise; X])c., and

(razse)

U(S;) =sqa S"|(raise; X)c¢,|(e[raise; X])c.
U(S:H =9, 9" (raise; X)c,l(e[raise; X])e.

Applying theraise transition rule to the transform of the initial state wilbtgt in
the transform of the new state, becausethi&e rule in the safe dynamic semantics
and the instrumented semantics are analagous. Both sesassign the same order
identifiers, and therefore both will keep the same threadsqY) when a future raises
an escaping exception.



Case 7:5; (:gits) S

C= <p’ (T/7 d/)’ (T’ d)>
N N {3
(ND) (o sty (o £8 Ti <1 Ni#£ V4

exi (6.’)3"Lt)
Sl(el(exit V)55 ) o = s {(VEY) matn.(-1.-1).(ra) }

Here,S; = S|(el(exit V)37, 80 = {(V2) fan (1.1,
Therefore:

U(Si) = Slelexit V] U(S) = {(V) main,(~1,-1).0.00) }

Need to show, there existsSa such that{(S;) =, Ss andi/(S}) =%, Ss.
S = {(V)(main,(fl,fl),((],o»}a and

ea:zt

u(s;) i (v ) main,(~1,-1),0,0) }  U(S7) =24 {(V) main,(-1,-1).00,0)) }

(gTantma'Ln)

Case 8.5; =is

C = <~main, (-1,-1), (r,il)>
S|(el(N, X))o =is SI(e[N]) ¢

(grantmain)

Here,S; = S|(c[(N, 2)])¢ Si = S|(e[N])e

Therefore:
U(Si) = Sl(e[N))e  U(S}) = S|(e[N])c

Need to show, there exists® such that/(S;) =%, Ss andi/(S)) =%, Ss. This is
trivial becauseé/(S;) = U(S]) = S..

(grant)

Case 9:S; =is S

Cp = (p, (rd), (")) Au(elNo5/]) = {1 Z1). - (b Zn))
2= Upy 5 5, = D\

SI(EUNZ/ s 2, IENET Do, =i SIENZE D) LN, 550

<1Z’

(grant)

c

Here,S: = SI(=[(NZ/ . ), EINE? )

= SIEINGE D) IEUNES =, 2,0,
Therefore '
U(S:) = SIEINe, [N, U(SH = SIENDe |EIN e,

Need to show, there exists® such that/(S;) =%, Ss andi/(S)) =%, Ss. This is
trivial because{(S;) = U(S}) = Ss.

c

c



Case 10:Siaz>ri~’3 S

(try N handle X — N') —; (N, X') X" =}, 5 X ¢ X"
S)(e[try N*@1>1)-@n2n) handle X s N'|), =5 S| (e[(N/*@1>1)0nZn) 51

(try)

Here,S; = S|(e[try N*(®1:¥1)--¢(Pn.¥n) handle X N’])C
S/ = S|(EKNH-(M,Zl)u--(pn,zn)72/>])C
Therefore:

U(S;) = S|(e[try N*Pr*Pn handle X — N'])¢  U(S]) = S|(e[N"*Pr*Pn])

Need to show, there existsSg such that/(S;) =%, Ss andi/(S]) =%, Ss. Itis not the

case that{(S;) =4 U(S]) as was the case with many of the previous cases, because
the safe dynamic semantics do not allow a try statement twepibefore all its futures
complete and remove the blocking context via th&lock rule. The instrumentation
guarantees that future computations correspondinpg to p,, do not raise an escaping
exception that would be handled by this try statement. Thay still evaluate to values
(case a), one or more may evaluate to a raise of an escapiegtexcthat is notX

(case b), or one or more may exit the program (case c). We denatathere exists a

S’ for each one of these cases.

case aSs = 5'[(Vi) oy, (r,d1). (rad)) | - - (Vi) o) () | (LN D)

USi) =51 SV tpr, ), radiy - - [ (Vi) (o, () (i) [ (E[ETY; NP1 handle X+ N'])e
(unblock)
=5 STV era).eral - [(Va) g, ey ar) (a0 | (€[tTy; N handle X — N')¢

(local)
=sd SNV r,r,a), i) - -1 (V) o), () EIN )

US]) =51 SNV tpr ), rasdiy - - Vi) (o () )y | (ELNTSPEP0 ) o
(unblock)
=5d S/‘(V1)<p1,(7“’1»d’1)7(m,d1)>| e |(Vn)(pn.,(r;,’,d;,),(rn,dn))|(5[NH])C

caseb S; = 5’|(raise X’)@i’(rg’d;)}(m’di»‘(E[N”])C, wherel < i < n.

U(S;) =%y S'l(raise X')i, (r0.a)).(re.a [(E[ery, N*P1*P" handle X - N'])o

=1y S'|(raise X', (ar),(ridi) | (Vie ) ity )i
(Vo) pu(rty 1), (rdy | €[ty N°P1-*Pi handle X — N'])c

(raise) .
=sd S"|(raise X')ip, (11,a),(rid)) | (Vi) pisa, (0l ) (rigen i) |

(Vo) gty ), (rdy | (E[raise X'])o
USY) =4, 8'|(raise X') oty rotop| N
:>£d S'|(raise Xl)(?iv(réxdi)’(rivdi»|(Vi+1)<Pi+17(T§+17d§+1)>(”+1xdi+1)>|
(Vo) () () | E LN

(raise

) .
=sa S"|(raise X')p, (rr,d0), (ri,di)) Vit 1) piga, (72 1ol ) (riea dig)) |
(Vo) (pr () (. | (Elraise X])o



case C€Ss = (V) main,(—1,~1),(0,0))

U(S;) =k, S'|(e[try, N*P1--*Pn handle X — N'])c|(exit V)¢, (1<i<n)
exzt)

d (V) main,(~1,-1).(0,0))

U(S]) =5 S'|(e[N"*Pr*Pr])c|(exit Ve, (1 <i<n)

ea:zt)

d (V) (main,(—1,-1),(0,0))

The term with contex’; is the first exiting computation. Since all threads logigial
ordered before it, do not exit or raise (since the raise wss by then aftek transitions

the term will be free to exit the program. In both cases the texits with valuel’.

Theorem 2. If F;5(M) = R, thenF,4;(M) = R.

The theorem states that evaluating progr&frunder the instrumented semantics will
have the same result as evaluating progfdnunder the safe dynamic semantics (and
thus transitively the same result as evaluating the prognager the sequential seman-
tics). The proof is by induction on the length of;,; evaluation sequences. The base
case states that i maps to final staté’ in one=-;, step then the resuR correspond-
ing to P’ is the same result as evaluatitld P) under safe dynamic semantics, and it
is demonstrated by instantiating Lemma 3 and 4. The indeidtixpothesis states that
given an evaluation sequence of lengtsuch thatP =, P’, evaluating terms{(P)
andU(P’) under=-,4 will eventually map to a common staté Instantiating Lemma

4 and the inductive hypothesis proves the inductive case.

5 Related Work and Conclusions

Futures were first introduced in Multilisp [3] as a high leeeincurrency abstraction
for functional languages. Implementation of futures hasnbeell-studied in the con-
text of functional languages [4, 5] and future-like conemay constructs have emerged
in many multithreaded languages. Recent proposals [13h&dhave future-like con-
structs do not guarantee safety of the kind provided by oluttiso.

In [10], deterministic execution of Java programs equippét futures is enforced
using a dynamic analysis that tracks accesses and updafiesit®s and their continu-
ations; while this techniques deals with side-effects trsti fields, it does not enforce
equivalence between a sequential and future-annotatedpiagram in the presence
of exceptions. In [9], a static analysis and program tramsé&tion to provide coordi-
nation between futures and their continuations is giveh] {4 closest in spirit to our
work; their implementation is similar to the safe dynamimsaatics presented here, but
significantly less precise than the instrumented semantics

The formal semantics of futures have been studied in [1, B¢irTwork develops
a semantic framework for an idealized language with futubes the results do not
consider how to enforce safety (i.e. determinism) in thes@mnee of exceptions. More
recently, a formal semantics for an object-oriented lagguaith active objects, asyn-
chronous method calls and futures was presented in [12thlsupresentation does not
consider enforcing determinism or deal with exceptions.



This paper presents a formulation of safe futures for a mighger language with

first-class exceptions, via a combination of a static amalis instrument programs
with information about when exceptions may or may not beadisind an operational
semantics that leverages this instrumentation to exti@otwrency without violating

safety. We believe our results provide a precise basis fplementations of safe futures

in

realistic languages that support expressive contral-fibstractions.
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