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ABSTRACT

Region-based memory management can be used to control dy-

namic memory allocations and deallocations safely andieffily.
Existing (direct-style) region systems that staticallyagantee re-
gion safety—no dereferencing of dangling pointers—aretam
refinements of Tofte and Talpin’s seminal work on regioniiefee
for managing heap memory in stacks of regions.

We present a unified Floyd-Hoare Logic inspired region tyse s
tem for reasoning about and inferring region-based memag-m
agement, using a sublanguage of imperative region comménds
system expresses and performs control-sensitive regiamagea
ment without requiring a stack discipline for allocatingladeallo-
cating regions. Furthermore, it captures storage modeysisand
late allocation/early deallocation analysis in a singbgressive,
unified logical framework. Explicit region aliasing in coinhtion
with reference-counted regions provides flexible, congexisitive
early memory deallocation and simultaneously dispensés tive
need for an integrated region alias analysis.

In this paper we present the design of our region type system,
illustrate its practical expressiveness, compare it tgteag region
analyses, demonstrate how this eliminates the need foiqusy
required source code rewritings for good memory perfornreanc
and describe automatic inference of region commands that gi
consistently better (or at least equally good) memory perémce
as existing inference techniques.

1. INTRODUCTION

Region-based memory managemaahieves efficiency by bulk
allocation and deallocation of objects in memory. This isalw
known technique for improving efficiency of programs [5, §, 9
However, it is still as error prone and unsafe as the tracktio
C-like malloc/free framework. In particular, it is still hard
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and algorithm that inserts region-based deallocation aijmars
automatically, eliminating the potential for human error.

In the Tofte/Talpin system (TT) the central expressiorieis
region p in €[p]. Operationally, upon entry a new region is
allocated and bound to the lexically scoped varighlexpression
e[p] is evaluated, the region is deallocated, and the resufff
is returned to the context of the evaluation (and the vagigbl
disappears as its scope is left).

The region safetyof the annotated prograni.€., the property
that it never accesses data after they have been deallpcatpr-
anteed by aegion type systenwhere ordinary types are annotated
with the region variables that control the values’ lifetendn TT,
placinge[p] in theletregion construct is permitted only  occurs
neither in the typing assumptions fejp] nor in its result type. This
means that data can only be deallocated when they are nihnifes
unobservable byny context ofe[p], not just by the contex¢[p]
happens to have in the given program. Furthermoreletregion
construct must be aligned with the program’s expressiorahiay,
so all region allocations and deallocations follow a staskigline
in unison with the original program’s expression structure

The original inspiration for Tofte and Talpin's region calas
came from work oneffect systems[4, 12]. Recent research
shows how such systems can be represented in the monadiddamb
calculus [17, 10].

The TT system is efficient for smaller programs [15], but
requires a number of extra analyses to give reasonable toefiax
larger programs [2]. The problem is that in practice objéetimes
do not follow a stack discipline. In the ML Kit [13], a compiléor
Standard ML using region-based memory managemestorage
mode analysiss used to determine when it is safe to deallocate the
data in a region—prior to deallocation of the region itséifken,
Fahndrich, and Levien [1] (AFL) employ another techniquatth
separates region allocation and deallocation from intctida of

to verify that a program does not contain space leaks and doesregion variables. The technique postpones allocation @géon

not deallocate a region before the last use of data allociated
it. Tofte and Talpin [15] introduced &egion inferencesystem
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until just before its first access, and deallocates it justrahe
last access. This leads kate allocationand early deallocatiorof
regions. Characteristic of these variations is that theyhailt on
top of the basic TT region framework.

Most previous work on region-based memory management has
focused on typed lambda calculi, in particular Standard What
means integrating first-class functions and lexical clesunto the
framework from the outset. Being able to handle these iactitre
theoretically (and for ML programmers), but it also entadls
number of difficult technical problems, some of which stilfat
a full solution. For example, it is not known whether the Tpey
system has principal types; a fact due directly to the wagyistem
handles regions that become trapped in lexical closures.



In this paper we instead pursue the goal of constructing the Outline

best possible region architecture finst-order programs. We see
several advantages to this approach. Most prosaic is thplesim
fact that it gets us longer with a given amount of work. Igngri
higher-order functions allows us to investigate differergtys of
managing regions without losing sight of their essentiapgrties
amidst the complex machinery needed to support higherrorde
programming. Also, there is a growing interest in using oegi

in other programming paradigms such as object-orientedgic|
programming. In these contexts there is little point in &kisag a
possibility simply because it will not work for ML.

We present a system that includes the first-order fragmeints o
the earlier proposals as special cases and is arguablyicup®zr
them with respect to first-order programs. Our basic ideais t
dispense with the hierarchietregion construct and instead embed

Section 2 presents existing region techniques and deschibe
they handle the so-called Game of Life. Section 3 informally
presents our framework, based on an imperative region subla
guage. Sections 4 and 5 contain our formal development gfiarre
type system for an ML subset with imperative region managgme
Section 6 presents a negative result: There does not alwistsae
“best” way to add region annotations to the program. Thisltes
extended to existing improvements of the TT system. Sedtitis-
cusses implementation techniques, including an outlireerefjion
inference algorithm for our system. Finally, Section 8 dades.

2. BACKGROUND

For existing region systems there are known difficultie®aiss

animperativeregion sublanguage in the base language. Access to ated with iterative algorithms. The classic example is $ating

memory is managed through region variables pointing to ntgmo
regions. A region variable can be updated by assigning itva ne
region or a region from another region variable, and by sEhea

it. When a region variable is released, the region it poiotsst
deallocated if and only if no other variable points to the eam
region. We use classieference countingo determine when this
situation occurs.

Functions are parameterized by three kinds of region viasab
constant region parametensiput region parametersand output
region parametersData can be read from and written to constant
region parameters, but the binding of the region parametétst
actual region cannot be updated in the body of the functionthg
TT system all region parameters are constant in this semhsgL
region parameters are updateable region variables thatemsed
into the function by the caller; the function takes respbitisy for
releasing them. Output region parameters are also updateat
are assigned by the function and returned to the caller.

We use a Floyd-Hoare Logic inspired region type system to
keep track of the changes in the set of assigned region Vesiab
and the relation between region variables and data valuehel

type system region variables are used to decorate the types o

values. For examplel,x:(intg,p) expresses that is bound to
an address containing an infinite precision integer in thgore
currently bound tg. The region variable can be thought of as an
access capability: Aslong as its binding does not changegtiion
will still exist, so it is safe to access However, ifp’s binding is
lost—by explicitly un-binding it or by passing it as an inpagion

the Game of Life fon generations, but the problems it raises apply
to iteration of any function with a nontrivial domain.

The standard way of programming an iteration in a functional
language is to use tail recursion:

fun nextgerig) = (readg; create and return new generatjon
fun life(n,g) = if n=0theng
elselife(n— 1, nextgerig))

We shall leave the details obxtgerunspecified here and in the fol-
lowing discussion (see the Kit distribution for an implertegion;
(http://www.it-c.dk/research/mlkit)). Furthermore we make
the simplifying assumption that a single region holds adl pieces
of a generation description, and ignore other non-esdediails
in the discussion.

2.1 Tofte/Talpin

In the basic TT system [15, 16], the Game of Life would be
annotated as follows:

fun nextgerfip] (g) = (readg from p; create new gerat p)
fun life[pn, pg] (n,9) =
if n=0theng
else letregionp},
in life[ph, pgl ((n— 1) at pp,, nextgeripg] (g))
There are two major problems here. First, the recursivetodife

is not a tail call anymore because it takes some work to destko
a region at the end détregion. This means that all thg/, regions

to a function—it cannot be used for access any more. This may will pile up on the call stack during the iteration and be ttezdted

happen even thoughtstill exists in the value environment, in which
case the loss gb is marked by changing the type environment to
I x:(intg, T). The T intuitively means that the address thais
bound tomaynot contain meaningful data anymore.

Our type system is expressive enough that it captures apda@sxt
TT- and AFL-style region annotated programs, including ifimo
morphic) region resetting. At the same time it leads to sicityl

since we need only be concerned with one framework, and not as

for the Kit and AFL with both the original region system andrax
analyses on top. Altogether, these principles make it lesessary,
although still possible, to rewrite source programs to wbggod

region performance. Such rewritings were previously regflias
illustrated below.

Litis well known that reference counting cannot be used astthe
memory-management strategy for a language that allowsccycl

values to be formed, such as Standard ML with referencest Tha

problem does not apply to our system because region vasiable
never occurinside regions, so there can be no cyclic region
references.

only when the final result has been found.

Second, thenextgenfunction is forced to be aegion endomor-
phism that is, it must construct its result in the same region that
contains its input. This means that the program has a sesjpare
leak: all the intermediate-generation data will be dealted only
when the result of the iteration is deallocated.

2.2 The ML Kit

The ML Kit's region implementation [2, 13] is based on the
original TT system. After a TT region inference,séorage mode
analysisinfers when it is possible teesetregions safely. Resetting
a region means deallocating all data in the region, while not
deallocating the region itself.

With the Kit system one can rewrite the original Life program
follows to obtain better region behavior:

fun copy(g) = (readg; make fresh copy
fun life’ (pas(n,g)) = if n=0then p

elselife’ (n — 1, copy(nextgerig)))
fun life (p) = #2(life’ p)



wherecopy (whose body is omitted here for brevity) takes apart a
generation description and constructs a fresh, identiopy.c The
ML Kit will then produce the region annotations

fun nextgerfip, p'] (g) = (readg from p; new genat p')
fun copy{p',p] (g) = (readg from p'; fresh copysat p)
fun life' [pn, pgl (P as(n,g)) =
if n=0thenp
elselife’ [pn, pg] ((n— 1) atbot pn,
letregion py
in copy{ pg, atbot pg]
. _ (nextgerfipg, pg] (9)))
fun life[pn, pg] p = #2(life’ [pn, pg] P)

Letting life’ return the innermosh along with the result forces
region inference to place all of th&s in the same regiop,. A
memory leak inpy is prevented by thetbot allocation, whose
effect is that the regiopy, is reset prior to placing— 1 in it. This
solves the first of the problems with the original code.

The second problem is solved with the introduction of they
function. This makes it possible to construct the new gedimaran
a separate regiqpi; once the old generation is not needed anymore,
the new generation is copied infiy with the atbot mode which
frees the old generation.

This solution does make it possible flife to run in constant
space (assuming that the size of a singlis bounded), but it is
by no means obvious that precisely these changes to thenalrigi
program would improve the space behavior. Furthermoreriimg
such region optimizations in the program impede maintalitgb
because they obscure the intended algorithm. Finally, th&) C
cycles spent oropy may be considered “waste” because they do
not contribute to the computatiqrer se

Having region parameters in function definitions potehtial
leads toregion aliasing For example, in a (hypothetical) call
life’ [p, p](n,g), the region variablep, andpy in the function body
will denote the same region. Therefore, one has to be candfeh
resetting regions. The analyses in the ML Kit solve this feob
by conservatively approximating the set of aliased reganiables
[13, Section 12.2]. Our solution, as described later, isddieitly
count the number of references to a region at runtime.

2.3 Aiken/Fahndrich/Levien

The AFL system [1] extends the TT system in another direétion
decoupling dynamic region allocation and deallocatiomftbe in-
troduction of region variables in the interpretation of thregion
construct.

In the AFL system, entry into &tregion block introduces a
region variable, but does not allocate a region for it. Dgrin
evaluation of the body detregion, a region variable goes through
precisely three states: unallocated, allocated, and yirtshllo-
cated. After a TT region inference, a constraint-basedyais+
guided by a higher-order data-flow analysis for region \@éa—is
used to insert explicit region allocation and deallocatommands
which update the state of the region variables.

With this system the Life example can be improved by rewgitin
the original program to

fun copy(g) = (readg; make fresh copy
fun life (n,g) = if n=0then copy(g)
elselife(n— 1, nextgerig))

(the only difference from the original program being that tiase

2|n [1] the system is presented as an extension to the Kit syste
We think it is fruitful to view the two extensions as orthogdn

case returns a fresh copy of its input rather than the ingetfjt
This program is analyzed &s

fun nextgerip, p'] (9) =
[alloc p'] (readg from p; new genat p’) [free p]

fun copyip,p'l (9) =
[alloc p'] (readg from p; fresh copyat p') [free p]
fun life [pn. pg, p'] (N,9) =
if n= 0then [free pn] copyipg, '] (9)
else letregionpy,, p’g
in life [ph, pj, p'] ([alloc pj] (n— 1) at pj [free pal,
nextgeripg, Pg] (9))

Because deallocation of each region is done explicitly aotd n
by letregion, the body ofletregion is a tail call context, and the
regions containing the oldandg can be freed as soon as- 1 and
nextger{g) have been computed. Without rewriting the original
program this would not be the case, because a function nthst ei
alwaysfree one of its input regions areverdo it.

2.4 Walker/Crary/Morrisett

The development of the Calculus of Capabilities (CC) by Walk
Crary and Morrisett [3, 18] was motivated by the goal of using
region-based memory management to certify the memoryysafet
object code. This leads to two unique characteristics ofGle
system. First, it does not come with a region inference dlgor,
only an execution model and a region type system; Walker.et al
suggest that the TT or AFL region inference can be used as fro
end for their system. Second, the region type system isisurgly
strong and expressive, and offers possibilties that byréarscend
what the AFL region inference is capable of utilizing.

The strength of the CC system is mandated by the fact that it
must work in a low-level context where transfer of controtoin
and out of functions must be reasoned about separatelyefner
the system is defined in terms of a continuation-passinte-sty
language. The need to be able to type CPS-transformed mersio
TT-annotated program translates into severe demands diypbe
system. When the CPS transformation encounters a funcéibbn ¢
in the direct-style original program, the caller's entigneext must
be reified as a continuation function. This means that they€ t
system must be able to pack into a function type all the region
state information that other systems blithely assume cariveua
function call.

The CC type system thus ends up being highly expressive and
complex, generalizing region variables to “capability inbfes”
which are subject to System-F—-style polymorphism and bednd
quantification. It can express very subtle control-flow def@ncies
and opens vast possibilities for interaction between re@ased
memory management and higher-order programming whose true
limits are not yet well understood.

Our system appears to have comparable expressive power to
CC when the latter is only applied to CPS-transformed firdeo
programs. Most of what our system allows will be accepted
by CC after CPS-transformation—the exception being refeze
counting for regions, which can be added to the CC systenowith
conceptual difficulties. Conversely, we believe that any-CC
correct annotation of a CPS-transformed first-order pnogcan
be mapped back to an equivalent program that our systemtaccep

Expressing a region type system in direct-style (as TT, the
Kit, AFL and we do) has the advantage of being closer to what
programmers actually write—and experience strongly sstgghat

3The syntax here is not identical with the one used in [1]; for
example, AFL write free_after p € for what we write as &
[free p]".



programmers need to be able to understand the basics of hat t Here thepj's are theconstantparameters, the;’s are theinput
region type system does, or they won't be able to make good useregion parameters, and tpg's are theoutputregion parameters.
of it—but also comes at a technical price. For example, oudeho The constant regions and input regions must be bound before

and typing rule for function calls are roughly twice as coexpas
it would be in a CPS formulation, because a direct-style tionc
call includes two transfers of control instead of just one.

3. IMPERATIVE REGION MANAGEMENT

Our fundamental idea is to embed amperativesublanguage
for manipulating region variables into the “base” languaddis
language has four kinds of operations.

¢ [newp]: allocates a new region with reference count 1 and
assigns it tgp; p must not be assigned a region before this.

o [releasep]: decrements the reference count of the region
assigned tg and then makep unassigned; the region is
deallocated if (and only if) the reference count drops to 0.

e [p' := alias p]: assigns the region ip to p’ and increments
its reference countp’ must be unassigned amdmust be
assigned a region.

e [p’ := p]: this renaming operation is equivalent to the
sequencép’ := alias p] [releasep]. It has no net effect on
the reference count of the region originally boungtdOne
can think of this as dinear variant of region assignment in
the previous case.)

Region operations can be inserted at arbitrary places isdhece
program. When the base language is functional, as is theigase
our formal development later in the paper, this means thatan
more region operations can be attached to each expresséopras
or post-operation. Thus, for example, an effect similarhie TT
system’s fetregion p in € can be simulated in our system by
“[new p] e [releasep]”, but new and releaseoperations are not
required to match up in this way.

The internal ordering of region operations is not subjecarny
hierarchical discipline. The “scope” of a region variabiepne
insists on using such a concept, reaches from when it is rEsbig
using anew, alias, or renaming operation and until it is consumed

the function call. When the called function starts exeaytithe
bindings are transfered to region variables listed as fonegion
parameters in the function definition. No other region Jalea are
bound at the beginning of the function body. The functionybod
may not change the bindings of its formal constant paramgetert
may do anything with the formal input region parameters eAthe
function body has been executed, the bound region varizales
be exacty the formal constant parameters plus a set of fautplt
region parameters. The bindings of these are then trarnsberek
to the caller’s actual constant regions and output regions.

If any region variable that is neither an actual constanampeter
nor an actual input parameter is bound before the functidnicis
hidden from the called function but reappears in the cafier she
call. It must not have the same name as an actual output pemame

An actual input region parameter must not be identical tdtzero
actual input parameter or actual constant parameter inahes
call. Likewise, each actual output region parameter must be
distinct from other actual output parameters and from thestant
parameters. However, two actual constant region parameter
be identical. These rules make sure that the region referemants
are maintained correctly: Any region aliasing must be doye b
explicit alias operations, and previously bound region variables
may not be rebound without first being explicitly releasecheT
relaxation for constant actuals is sound because the daltedion
may not change the bindings of the corresponding formalss the
bindings of the constant actuals is always the same befarafter
the call.

Note that an actual input region parameter loses its binding
during the call (but can get a new one if it is used as an actual
output parameter too).

The following examples illustrate the power of input andpuit
regions. Seeing the need for constant regions requires lkedge
of our type system, so we defer the rationale to the comments t
our typing rule for function calls.

3.1 Game of Life in our system
With imperative region management it is possible to harigke t

by releaseor renaming. The scope need not have a “nice” shape Game of Life with no rewriting at all. In our system we get:

(the same region variable can toggle arbitrarily back andhfo

between bound and unbound), and there are no ties between the

scope of different region variables.

The two exceptions to the general rule that the region sublan
guage is independent of the structure of the base language ar

conditionals and function call.

In a conditional, the two branches of a condtional must lead t
the same region variables being assigned at the end, buhdesl/
not do it by the same means. Thus both of

if ... then ... [releasep] [newp] ... else...
if ... then [newp'] ... [releasep] else[p’ :=p] ...

are legal but
if ... then ... [releasep] else...

is not.

fun nextgeri: p;0:p'] (g) =
[newp'] (readg from p; new genat p') [releasep]
fun life[i: pn, pg; 0:p'] (N, Q) =
if n=0then [releasepn] g [p' := pg]
elselifei: p, py; 0:p']
([newp;] (n—1) at py, [releasepn],
nextgerfi: pg; 0: pg] (9))

where each iteration dife decides for itself whether to release the
region it gets as its second parameter or to return it backeo t
caller.

The [p' := pg] operation serves the same purpose asctiygy
operation in the AFL solution, but has no runtime cost. Infjee
even the]p’ := pg] operation itself is superfluous in this particular
example; as an alternative all occurencespotould simply be
changed tqg. Thenpg would appear as a formal output region

Function calls are more complex (and the reader may want as well as a formal input region, but that does not matteretie

to refer to the example in Sections 3.1 and 3.2 while diggstin
the general discussion that follows). The region annatafor a
function call specifies three lists attual region parameters

. aie A UMY |} "
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no a priori relation between the input and output regions.

3.2 Context-sensitive early deallocation

To see the benefits of tHp' := alias p] operation, consider the
function



fun twolife (g,n,m) = let g = life(n,g)
g’ = life(m,d)
in(g,9")
In our system this can be annotated as

fun twolife[i: pg, pn, Pm; 0: Py, Pg (9,n, M) =
let g’ = life[i: pn, pg; 0: pg] (N, 9)
g" = [pg := alias pg] life[i: pm, pg; 0: pgl (M, @)
in(d.9")
The second call tdife is prevented from deallocatingl because
the binding inpgJ keeps the region alive aftdife releasepy. All
other invocations ofife still deallocate the generation input.

This behavior is not possible in the AFL and CC systems: If any
call to life needs to preserve the region where some of its inputs
live, no call can be allowed to deallocate its argument.

The ML Kit system can handle certain instances of this sitnat
through a device calledtorage-mode polymorphisnwhich lets a
function either reset one of its region parameters or nogtrés
according to instructions passed by the caller.

Thetwolifeexample is not handled well by the ML Kit, however,
since the Kit-friendlife implementation from Section 2.2 depends
on being allowed to reset the region with the generation.data

A combination of the AFL and Kit solutions would be able to
obtain a behavior similar to our system farolife. It would need to
be guided by an explicit annotation from the programmerugino
because by default the Kit attempts to reset a region onlynwhe
something gets allocated in it.

3.3 Simulation of the Kit and AFL systems

It is immediately clear that our system can express evergthi
allowed by the (first-order fragment of the) TT system. We now
argue that a similar relation holds between our system amdih
and AFL systems.

Region resetting in the Kit can be simulated in our systenpkim
by the combination [freleasep] [new p]”. The Kit prohibits
resetting if any live value has a type that mentions the regio
variable. When this is not the case, our region type systdhalso
allow thereleasenew combination. Resetting a region parameter
in the Kit requires that the actual parameter was not livehat t
call site, in which case our system would allow the paramgter
be converted from a constant parameter to a pair of (iddhtica
named) input and output regions such that the function céin st
reset the region.

What our systentannotsimulate directly is the storage-mode
polymorphism we mentioned in Section 3.2. We expect that
most storage-polymorphic region parameters can be sietilay
a combination of an input region for use before the resetiing
a constant parameter or output region for use after thetmeget
However, this does not always work in cases like

fun nonnedp] (x) = if x < Og at p then (O satp) elsex

where the region is only reset in some execution paths thirooeg
function. Region renaming in thelsebranch might work here, but
only if all callers can accept thaonnegdecides which region the
result will be allocated in.

Simple cases of early deallocation in the AFL system is gasil
modeled by our input region parameters. It is less clear hdret
our system can model precisely all the effects of the AFLey&
handling of region aliasing. Consider, for example, théofeing
program fragment with AFL annotations:

fun f[px,pyl (x,y) = letb =x >y [free py]
in (code not depending cnandy)

fun g[p]x= f[p,p] (x,x)
fun h[p]x = letregion p’
in f[p,p'](x, (x+ 1 [allocp']) atp’) [freep']

The best emulation of this in our system is

fun f[i: px,py] (x,y) =
letb = x>y [releasepy] [releasepy]
in (code not depending cnandy)
fun g[i: p]x= [p' :=aliasp] f[i: p,p'] (x,X)
fun hli: p]x = f[i: p,p'] (X, (x+ 1 [newp’]) at p’)

In our version, f will delete both of its input regions after the
comparison, whereas the AFL version cannot deallocate ppth
andpy lest the same region would be deallocated twice whés
called fromg. We conjecture that the pattern in this example holds
generally: that an AFL annotation can always be translatezla
program in our system that gives at least as good lifetimesllof
memory blocks.

4. SOURCE AND TARGET LANGUAGES

For our formal development we consider a small ML subset
calledFun. The primitive data types are integers in unboxeud)(
and boxed iptg) versions. Our main reason for having boxed
integers is that they make it easy for small examples to redugap
allocation; one can also think of them as infinite-precisigagers.
We also include constructed data in the form of binary paid a
lists. The language contains the usual variablesexpressions,
constructors and destructors for data, and functiéins.is “almost
higher order” in that functions are first-class values, s inot
possible to create closures. Thus function values behaviasly
to C’s “function pointers”.

Fun is the source language in which the programmer writes her
programs. Region inference (Section 7) takéua-program and
emits a region annotated program. The resulting progranmittaw
in the target languagBegFun, which is Fun with our imperative
region sublanguage embedded and explicit region annotato
each allocation.

Figure 1 shows the syntax &egFun, from which the syntax
of Fun can also be inferred by ignoring the region constructs. An
evaluation semantics fétegFun is given in [6].

5. AREGION TYPE SYSTEM

We now define a region type system fRegFun. As for the
original TT region type system, its purpose is to only accept
programs that are memory safe. The region type system carthu
used to guide the design (and ultimately help prove the ctress)
of region inference algorithms, and as a contract betweretion
inference and later phases of the implementation.

Figure 2 shows the semantic objects used in the type system.
The various constructions will be explained along with tbkes
that use them. In addition to the operations, we use the wgt)fr
of free region variables of a region type(where, by definition,
frv(o) = @). By point-wise extension, the free variables of an
environment” is called fr(T").

Our typing judgments keep track of available regions and.dat
The judgments are inspired by Floyd-Hoare Logic and take the
form of pre- and post-descriptions of the runtime state. tagn
typing judgment has the form

wH{a/T}epu{a/T'}

Here A and A’ are the sets of updateable bound region variables
before and after the evaluation. They are complemente&’by



R € (RegOpp

ee (Expr) z=[Rle|e[R]

| letx=eine|Xx

\

| (egatp|me|me
|

ef¢le
F € (FunDef)y :=fun f[¢]x=e
d € (DeclSeq :=(empty |dF
P e (Program :=letdine
& € (RegParms::=c:;i: p;0:p

p € (RegVal f,x € (VarName

m=newp | p:=aliasp|releasep |p:=p

n|(exe)|if e#£0theneelsee|ng atp | (e®e) atp

[Jatp|e:eatp|caseeof [| = eor x::x=e

n € (IntCons}

(region operations)

(region operations)
(variables and bindings)
(integer operations)
(pairs)
(lists)
(function calls)
(function definitions)

(declarations)
(programs)

ng € (BigNumConst  ® € (Operator)

Figure 1. Abstract syntax of RegFun (an ML subset with explicit region annotations)

e (RegionTypg::= int | (intg, ) | (Kx | P)
| (list,p) |0
o€ (FunTypé :=Vp.(3p.W) — (3P.Y)
p € (Place =L p| T
I € (VarEny D=0 Fxp| ML
W,A € (RegSets = in((RegVay)
p is an ordered sequence of region variables

pen T Aun (whenana = o)

I, Xu —
def M xXp=r'(x) (x#X)
I(x) = casel of [ sl o T(X)
0 — (undefined)

{pi}; converts a sequence to a set (whengieare distinct)

Figure 2; Semantic objects and associated operations used in the region type system

which is the set of formal constant parameters in the current This is possible if the context of an expression does notni:pa

function. They behave mostly like the region variableajexcept
that their bindings cannot change. Therefdiéstays the same
throughout an expression and needs only occur once in a jeiigm
W andA (or W andA') are always disjoint; their union is the set of
bound (or ive”) regions variables before (or after) evaluatiag

Though the actuaValuesin the runtime environment ideally
do not change while evaluating an expression, embeddedrregi
operations may change the bindings of the region varialtiat t
allow access to them, such that their region-annotated typst
be updated. Therefore the judgment contains two differgne t
environmentsl” and I’ which both describe the same runtime
environment, but relative to the region-variable bindibgéore and
after the evaluation cd, respectively. The typing rules maintain the
invariant that™ andl™ have the same structure—that is, the only
differences are in théPlace’s inside types. The idea of tracking
state changes in types is not new; an early example is thetsies
system [11]. However, the typestates system is not based on
specification with pre- and post-descriptions as abovee#usit
is based on a flow analysis of the program.

The specia(Place T is used to mark the types of values that are
not accessible through any currently-bound variable. kanwle,
the occurrence of in

F{{p.p'}/x(intg,0") }
(x+1g atp’) at p [releasep’] : (intg,p)
{{p}/x:(intg, T)}

signals that, after evaluation of the expression, the value is

no longer accessible. Attempting a subsequent operatiaiving

access to the value afwould be rejected by the type system.
Intuitively, our region type system is very aggressive abou

deallocating regions: anything can be deallocated at amyt.po

the deallocated data—they are semantically dead. If théegbn
requires data from the deallocated region then our typeesyst
gives a type error at the point of the data access. This dwditm
strategy is different from the strategy in the Tofte/Talgystem
that only allows deallocation of unobservable regions.

(W {a/r}R{a/T}]
We start by defining the effect of region operations on theo$et
available regions and on the region-annotated types of/iliges:

Region operations

p ¢ Yo
W{a/T} newp {Au{p}/T}
peWuh p ¢WuA
WH{A/T[P/y]} p' :=aliasp {AW{p'}/T}
p¢frv(l)
W {Aw{p}/T} releasep {A/T}
p' ¢ WuA
Wi {aw{p}/T} o' :=p {Ae{p'}/ TP/l }
Except forp ¢ frv(I") in the third rule, the side conditions on
the rules correspond to the preconditions listed for eadfore
operation in Section 3. The side conditipr¢ frv(I") in the third
rule is meant to handle the following situation:

&)

a

(4)

let x= [newp] (1g at p) [releasep]
in [newp] (x+1g atp) atp

This fragment should be rejected by the type system sinceethe
gion created in the body of tHet is actually a fresh region different



from the region used in the binding to And indeed the side
condition rejects the fragment. To tyfjeewp] (1g at p) [release

p] one would have to use a subtyping step (below), which would
give x the type(intg, T), making it inaccessible in the body of the
let expression.

Expressions \W{A/F} erp{a/r'} \

Expressions with region operations
The rule for a prefixed region operation is natural:

Y {Al/ I'l} R {Ag/ Fz}

Yy F{Ag/ rz} e: U{Ag/rg}
W{A1/T1} [Rle:p{As/T3}
but the corresponding attempt to handle a postfix:
Yy F{Al/ Fl} e: U{Az/rg}
Y {Az/ Fz} R {Ag/ F3}
WE{A1/T1} e[R]: u{ds/ 3}

does not work! BecausR is executedafter the evaluation o€ it
might affect regions variables that appeaninFor example, the
rule above would allow constructions such as

(WRONG)

1 ((5,7) at p [releasep] [newp])

Instead of this rule we have to thread theéhrough the typing of
R so the latter can rewrite it appropriately. Similar case® @rise
elsewhere in the system, so we invent a general solution:n&i e
ronmentl” can contairanonymous entrieslenoted by, which
hold the region-annotated types of intermediate resuétisaie only
needed during the evaluation of the current expressiorgtipe.
The intuition is that & models the contents of the value stack if

the expression were to be evaluated on a stack machine. Téwus w

write
W{A1/T1}erpo {D2/T2}
W {B2/ T2 %k} R{Ag/ T3, x:p}
W {A/T1}e[R]:u{As/T3}

This explains the unusual definition @farEnv) in Figure 2 and the
corresponding lookup operation.

(6)

Region subtyping
We define a partial order on places by
lcpCT

and its natural pointwise extensionsis (not allowing C inside
function types) and’'s. The subtyping rule

WH{A1/T)}erpo {D2/T2}
FAC) Foxipo C o %y
frv(I)) C Weihy  frv(Ih, <) C Wy,

WH{Ay/T1}erp {0y/Th}

now allows region variables inside region types to be chdrige
T. The effect of this is that the new type does not allow theeglu
it describes to be accessed. On the other hand, if all instaot
a region variable are changed Tothe variable is not free in the
environment anymore; this allows it to be released.

Similarly, a place can start out dsand be changed to a region
variable at a later time when the desired region variableesimto
existence. That allows constructions such as

(7)

letx=[]atpin (lifefi:..;0:p'](..) = x) at p

where life creates the region that contains the list elemexfts
ter the [] has been constructed. The type>ofan start out as
((...,L) list,p) and just before the cons operation it can be rein-
terpreted ag(...,p') list,p).

Variables and variable bindings
Variables and variable bindings are standard:

W{Ay/T1}e:p{ny/T2}

W {0/ To,xp} € ) {A3/T3.xH'}
WH{Ay/T1}letx=einé€ | {A3/T3}

(8)

W {A/TYx:T(X) {B/T] ©)

where the environment lookup(x) ignores anonymous entries.

Operations on unboxed integers

With unboxed integers no memory management or regions are
needed at all, and all we have to do is mechanically pass droun
the environments. Note that the two branches of a conditionat
have the same net effects on the regions and region types

Wi {a/T}n:int {8/T) 10
WE{A1/T1} eint {Bg/T 2}
Wy }—{Ag/ F2} e :int {Ag/ F3}

LPF{Al/r]_} (e®e() vint {Ag/r3}

Yy }—{Al/rl} e:int {Az/rg}
LP}—{Az/rg} e: H{Ag/ rg}
W }—{Az/ rg} e H{Ag/ rg}

Wi {A1/T1}if e# 0thene’ elsee’ : u{Az/ 3}

(11

(12)

Operations on boxed integers

Boxed integers are our main example of a primitive data tyjae t
must be heap allocated. Each constructor expression ggecifi
where its result should be placed, and the rules check that al
involved regions are live.

p € WwA s
W {A/T g atp: (ints.p) {&/T) 3
W{A1/T1}erpo {82/T2}
W{Ay/T2,x o} € : (intg,p') {Ag/ T3, *:(intg,p) }
p,p',p" € Wiz (14

W{A1/T1} (ex€)atp”: (intg,p") {A3/T3}

In the latter rule, the side conditiop,p’ € WwA3 is, strictly
speaking, redundant, because the typing rules maintaimvae-
ant that fr{I") C WUA (or, respectively, frfl”’ :p) C WUA'). We
choose to leave them in for readability. The condit@he WAz
is essential.

Pairs

The rules for pairs are simple. Observe that none of the ahlesk
that the pair'scomponentsare readable. It does no harm to put a
dangling pointer into a pair and later extract it. What mattis
that the pointer does not dangle if we try to read throughhis is



independent of whether it has been stored in a pair in the tinean

Y F{Al/rl} [ShVs) {Ag/rg}
WH{Dy/T2,x o} € 1 {A3/T3,xu}
p € WuiA3

WH{A1/T1} (e€)atp: (ux,p) {A3/T3} (15
W {A1/T1} e: (e x b, p) {82/ T2}
p € YuA, (16)

WH{A/T1}me:pw {82/ T2}
Lists

Lists are the prototypical example of a recursive data typhe
rules contain no surprises for readers who are familiar Wit
handling of lists in other region systems. This does not mean
however, that lists are trivial. In a sense, recursive typash as
lists are only source of imprecision in our system: A progtiat
does not use lists can always be annotated such that at syrtanoh
region is used for exactly one allocatfon

{p}Ufrv(y) C YuA

Wi{Aa/T} [atp: (ulist,p) {A/T} (17)
W {A1/T1} e o {B2/T2}
W {Dy/T2, o} € : (Hlist,p) {Az/T3,%:u}
pe YAz 19

LPF{A]_/ I'l} e:€atp: (plist,p) {A3/ I'3}

W {A1/T1} e: (ulist,p) {A2/T2}
LP"{Az/rz} e: V] {Ag/rg}
Wt {Ay/To,xuX:(plist,p) } € 1 pg {Az/ Tz, xl X'}
p € YuA,
Wk {Ay/T1} caseeof [| = € or x:: X' = &' : g {A3/ T3}
(1

9

Function calls
Our model for function call is illustrated by our syntax famiction
types:

VP.(3p' 1) — (3" ")

wherep are the constant region parametgisare the input region

parameters)! is the argument typep" are the output region

parameters, angl’ is the result type. We do not allow function
types to have free region variables, so there are implicil-we
formedness conditions

frv(i) € fpikiufeili and M) € fpi' U fpi
The intuition behind the existential quantifiers comes from

The entire notation supports a type-theoretic intuitioauwghvho
selects the bindings of which region variables: Ptis are selected
by the caller because they are universally quantified. phe
are selected by the called function because they are efiatgn
quantified. Thep;’s are also existentially quantified, but the
quantifier is in a contravariant position, so they are sekktiy the
caller.

The purpose of having constant region parameters in ouesyst
is to allow the caller to control the bindings of some of thgioa
variables in the result type. Without constant region patems we
would not be able to type calls such as

letx=17g:: []in (f 0):: X

The list construction requires that the return value fromust live
in the same region as the previously-constructedf we did not
have constant region parametefsyould need to have a type like

(.int) —o (Ip.(intg,p))

which would not give the caller any guarantee that the region
produced by the function were identical to the region whers
allocated. Even if we passgdl into the function

(3px-int) —o (Ipx.(intg, Px))

it would be allowed to release tipg input and create a new region
to use as output, so we could not even be surexbatalue still
existed after the call. (To prevent this situation, the mgprule
below explicitly forbids any of the actual input regions tecar in
the caller’s type environment).

With constant region parameters, however, we can ditbe

type
Vpx.(3.int) —o (3.(intg,px))

which allows the caller to specify where the results shoutd b
allocated.

The rule for function calls is the most complex rule in our
system, and we therefore introduce it with an example. Gamsi
the functionf defined by

fun f[i: pi;0:po] X = €¢

where f expects a boxed integer g and returns a boxed integer
in po (f may releas@; and creat,, we do not know). We capture
this with the function type:

f:¥.(3pi.(intg, pi)) — (3Po.(ints; Po))
To type
fi: p';0:p"] (175 at ')

dependent types: A region-annotated type can be viewed aswe first type the subexpressions using the typing rules abode

depending on the region variables in it, and so the input (gput)
to the function consists of an existential pair with someaeg and
a value whose type depends on the regions.

The peculiar function arrow—o" comes from linear logic and
supports the intuition that the input regions and argumesties
disappear from the caller's context in the call; that is,essl the
caller explicitly takes steps to save copies of them.

Finally, the universal quantification of the constant regdaram-
eters is borrowed from the TT type system. The constant nsgio
may be present in the argument type as well as in the resut typ

get

W {Awp'/T} fro{Awp'/T}
Wi {Awp'/T} 17z atp': (intg,p’) {Awp'/T}

We next have to match the actual region paramepérand p”
with the formal parameterp; and po, resulting in substitutions
0 and 8. Then we match argument and resull(intg,p’)
and 0’ (intg,p") with (intg,p;) and (intg,po). The actual input
parameterp’ loses its binding in the call, so we remove it from
Awp’; converselyp” gets bound, and we add that to get the fikal

4This property does not hold for the TT system. It depends on We have then derived

being able to use region renamings to reconcile the regipimgy
of then andelsebranches.

Wi {awp'/T} fi: p’;0:p"] (175 atp') : (intg,p") {Awp”/T}



In the general case with multiple region parameters, consta
regions, and potential region operations in the operand ete¢hg
following rule.

W{A1/T1}erpo {D2/T2}
W {0y/To x:po} € 1 W {A3/T3,%0}
M3, WH {Az/1} o[&] {Aq/K'}
Yy F{Al/ I'l} E[E] €: Ll" {A4/ F3}

where we have used an auxiliary relation, described below, t
handle the matching of actual parameters to formal paramete

(20)

Parameter matching ‘ CWE{A/0) o] {A" /1)

The first rule below does the actual matching of parametas vi
substitutionsd, 8', and8”. The remaining rules allow the manipu-
lation of the current sets of region variables to match trepshof
the function type. The third rule ensures that the bindimgthie
type environment does not contain references to the regiassed

to the function.

0= Vp.(36" ) — (354"
[c:6(B);i:0'(p');0:0"(B")]

W=0({pi};) &' =6({pi}) A"=0"({p/})

b= (8% 8)(H) bo=(8%8")(W) (20

O;WH {4/} o[€] {A" / 1o}
oW {A"/W} o[ {A"/1"} (200)

0;Wu{p} - {A'/W} o[E] {A"/1"}

O;WH{&'/u} o[g] {A"/u"} frv(M) C W (200

MW {a'/u} o[€] {A"/u"}
r;We{p} - {4'/W} o[g] {A"/u'} (20d)

MWE{Aw{p}/W} o[E] {&"w{p}/K'}

MN-F=x:p

Typing a function definition is simply a matter of wrapping te
typing judgment for the body as a function type:

Function definitions

foili F{fei i/ f e {{pf 3/ xp"}
Vi j:pi # P
I Hfun flc:p;i:p';0:p" " x=¢e

=11

= f:vp.(3p' W) — (3P

(21)
_u//)

Declaration sequences

Typing declarations is simply a matter of bookkeeping:

TF=0 (22
FrFkd=r" rEF=x:p
7 (23
FrN-drF=r'xp

Programs

The rule for programs sets up some simple boundary condition
r-d=r okr{g/rleu{es/r'}
Fletdine

Note that we require that all regions be deallocated when the
program is finished.

(24)

6. NON-OPTIMALITY OF
REGION ANNOTATIONS

We would like now to present a theorem

Theorem 6.1 (false)For a given Fun program, there is a set
of region annotations that is optimal in the sense that nceoth
well-typed annotations for that program will deallocateyavalue
sooner than the optimal one.

and give an algorithm to find optimal region annotations. dgnf
tunately the claim cannot be true, as witnessed by the fatigw
program:

letfun f n=Ilet p= (5g,7g) inif n=0then pelsef (n—1)
fungn=let (x,y)=fn;z=x:y:[]in (usez
inlet x=1m (f 42) in (space-critical section that uses

The functiong is never called but must still be typed. The
list construction means that andy must have the same region
annotations. Thug must be able to calf in such a way that
the components of the pair thétreturns are guaranteed to be in
the same region. Ignoring (for brevity) the region where paé
containing  and % is allocated, there are two fundamentally
different ways to region-annotafewhich allow this:

a) f:Vp1,p2.(3.int) —o (3 .(intg,p1) x (intg,P2))
fun flc:p1,p2] n= let p= (5p at p1, 7p atpy)
inif n=0thenp
elsef[c: p1,p2] (N—1)

b) f:V.(3.int) — (3ps.(intg,P3) X (intg, P3))
fun f[o:p3] n= let p=[newps] (5g at p3,7g at p3)
inif n=0thenp
else[releaseps] f[o: ps] (n—1)

Each of these have different advantages. Version (a) cti
space leak inf itself if n is large, because theg’s and &'s
allocated by each iteration are never deallocated. In eeréd),
the region containing  and % is released before the recursive
call.

However, from the main program’s point of view, version (a)
is desirable, because then the two components of the pair can
be allocated in different regions, and the second one ded#d
before the space-critical section. With version (b), theirma
program must keep both elements around uxtdan be safely
deallocated.

The net result of this is that neither typing (a) nor (b) isacle
superior to the other.

One way to resolve this dilemma would be to replicate the defi-
nition of f such that call sites requiring different region separation
of the return value call different implementations faf Then the
call fromg could use typing (b) while the main program would call
a different implementation of with typing

c) f:V.(3.int) —o (Ip1,p2-(intg,p1) x (intg,P2))

This strategy would be sound and terminating even in thespiees
of recursion, because there is only a finite number of fundeatly
different region annotations of each return type. Howeernum-
ber of different versions of each function might grow expatnaly
with the size of the return type, so the strategy is not necégs
optimal in a practical sense.
This could be viewed as a weakness of our system, but it turns
out that the previous systems have similar problems.
The CC system has exactly the same problem as our system.
The TT system does not have the problem; it allows the two
typing variants



&) f:Vpy,po.int— (intg,p1) x (intg,P2)

b) f:Vps.int — (intg,p3) x (intg,P3)

but in the TT system (Ris never inferior to (), so (d) can safely
be used.

The ML Kit system faces a problem similar to the one in our
system. It builds upon the TT system, but with region resgtti
present therare situations where (bis preferable to (3. Namely,
with (&) the call fromg will alias the region parameteys; and
p2, which means thaf cannot be allowed to reseb before the
allocation of &. Thus the B’s will pile up in po when f is
called from the main program. On the other hand, usifpdives
problems in the main program as outlined previously.

The AFL system has a related problem. Consider

let fun f (x,y) = let z=x+yin (space-critical sectign
fun g x= f(x,X)
inletx=5g ;y="7g
in if (something then f(x,y)
else(space-critical section that uses

Again two TT typings may be considered for
d') Vpa,pz.(intg,p1) x (intg,p2) — ...

b") Vps.(intg,p3) x (intg,P3) — ...

In typing (d') the two region parametes andp, are aliased in
the call fromg. This means thaf can be allowed to free only one
of them early, lest it would try to free the same region twitaus

in the call from the main program, eitheior y must stay allocated
during the space-critical section. Typing'jldoes not have that
problem, but would on the other hand require the main program
to allocate B and % in the same region, keeping both allocated
during the space-critical section in te&sebranch.

This kind of trade-offs in the Kit and AFL systems has appar-
ently not been reported in the literature before. Their texise
questions the fundamental design approach of these systdrich
is to build on a classical TT region inference. An unspokesuagp-
tion here is that region annotations produced by a regicerémice
that aims at a pure TT execution model will also be “good” as a
baseline for more advanced execution models. Our examiptes s
that in some situations the memory behavior can be bettengf o
uses a baseline that would be inferior in a pure TT setting.

More generally, these findings emphasize Tofte and Hallerdbe
conslusion [14] that region inference cannot be left congbjeto
the compiler: A practical region-based language impleutsor
must allow the programmer to influence the region annotation
more directly than by rewriting the source program. On thHeeot
hand, the region annotations for even trivial program pastsily
become so numerous that it is impractical to expect the progrer
to write them all by hand. Some middle way must be found where
the programmer can nudge a mostly-automatic region inferém
the right direction at critical points and get the boringaiisttended
to in the rest of the program. How such manual annotationbest
made is still an open question.

7. IMPLEMENTATION TECHNIQUES

We have produced a prototypgein/RegFun system, available
at (http://www.diku.dk/~hniss/rbmm/regfun.tar.gz). Below

7.1 Region inference

Region inference for the TT system traditionally works bgffir
spreading fresh region variables over a standard typingttier
program, and then unifying region variables until the regippe
system’s demands are satisfied. This principle does nanéxtell
to our system because the region annotations of a variatyieés
can change during its lifetime.

We therefore propose another strategy for producing region
annotations for our system. Our basic method can be classifie
as backwards abstract interpretatioThe method is not defined
formally except as code in our prototype implementation knwew
from the previous section that its theoretical propertiasnot be
impressive), but we give the flavor of the analysis by mearasnof
example. We consider the analysis of the expression:

if x> Og then x+ 75 elsex

Imagine that the inference has already discovered that wen
expression has been evaluated the result should be in aregjied

p1 andx is not used in the continuation. We thus have a partial
typing judgement

H{?/?}if..then..else..: (intg,p1) {{p1}/X (intg, T)}

In the rest of the example we will use a simplified notation
where {intg, p)” is abbreviated to just f" and the A parts of
the judgement are omitted. During the inferendejs always
implicitly equal to fry(l") \ W (and W is empty in this example).
The abbreviated boundary condition is thus

F{?}if..then.else..:py {xT}

The analysis of the conditional begins by analyzing #iee
branch with the same end state. This results in

F{xp1}x:ip1 {xT}

Thethen branch is also analyzed with this end state. The result
of the addition must be delivered im and becaus@; is not
mentioned elsewhere in the environment, it becomes thefjtieo
“+” expression to create it. The operands must also be read from
some regions. The weakest possible precondition is to st
each operand is in its own region that can be released after th
addition. So we select two fresh region variabpesand p3 for
them. We then insert appropriate region operations to get

(... +... [newp1]) at py [releasepy] [releaseps]

and proceed to analyze the second operand with boundary-cond
tion

F{?} Te i p3 {xT,*:p2}
The analysis of the constang Fields
F{xT,x:p2} [newps] 7g at p3: p3 {x:T,*:p2}
after which the first operand can be analyzed to get
F{xpa} x:p2 {xT}
We can now synthesize an entire annotated addition:

= {xp2} (x+ [newps] 7g at p3 [newpy]) at py
[releasep,] [releaseps]

Now that both branches of the conditional have been analyzed
we need to unify their pre-environment, andx:pz. In this case
we can letx:p; be the least upper bound and insefpa:= p;] at

P {xT}

we discuss selected aspects of our implementation as well asthe beginning of thehen branch to fit it to the new precondition.

implementation issues that we feel need more work.

(If one of the environments had required regions to be echatl t



were different in the other, we would also have needed tortinse
alias operations).
The conditional is how partially analyzed as

if ... then [p2:= p1] (x+ [newps] 75 at p3 [newp1]) at p1

[releasep,] [releaseps]
elsex

and we need to analyze the condition in the context
F{?} x>0g :int {x:p2}

The analysis of> and G mimics that of+ and %, but we then
have to analyze

H{?} x:pa {xp1}
Here we neeg, andp; to be explicit aliases. We get

F{xp1} x[pas:=aliasp1] : p4 {x:p1}
The entire annotated conditional becomes

F{xp1} if (x[pa:=aliasps] > [newps] Og at p5)
[releasep,] [releaseps]
then [p2 := p1]
(x+ [newpg] 7g at pg [newps]) at p1
[releasep,] [releaseps]

elsex Dp{xT}

Though we showed in Section 6 that optimal region annotation
for entire programs are not always possible, we conjectaethe
backward analysis we have described here does produceabptim
annotations if the region-annotated types of all the pnoga
functions are fixed in advance.

This assumption does, of course, not hold in our prototype
implementation, where we use a global fixpoint iteration¢cide
on the region-annotated types of function. That algorithakes
no attempt to choose intelligently between the various @®in
examples such as the one we gave in Section 6.

7.2 Region optimizations

Our experience with the prototype region inference is that i
generally results in “fairly good” object lifetimes, evelmough we
know it to not always be optimal.

However, it makes far from good use of the region-management

operations themselves. For example, ph@lias above was clearly
superfluous. We extend the basic region inference with a post
optimization pass doing the equivalent of copy propagafmm
the region sublanguage, which converts the annotated dgamp
expression to

if (x> [newpz] Og at p2) [releaseps]
then (x+ [newps] 7g at p3 [newp,]) at pa

[releasep, | [releaseps] [p1 := pa]
elsex

One can also imagine other, more advanced, optimizatiaats th
result in more efficient use of the region operations. Exaspl
include:

e a global variant of the just mentioned copy propagation,
merging region parameters that are aliased at all call;sites

e an analysis that tries to replace region creations \ltas
operations if another region can be shown to be eventually

deallocated at about the same time as the one to be created;

deallocated by the function—either because it is always
reused as an output region, or because it is always kept alive
by aliasing in the caller;

e elimination of region outputs when the region actually otitp
is always created as an alias for a constant region parameter

e elimination of constant region parameters that are not men-
tioned in the function body. Those parameters may be nec-
essary for typing the function (because they appear in the
region-annotated types of values that are read) but are not
operationally needed by it (in the standard implementation
model described below). Removing them will not preserve
theRegFun program’s typeability, but it does preserve mem-
ory safety.

A particularly nice feature of region-based memory manag@m
is that such optimizations generally depend on only the natpes
region sublanguage, and not on data-manipulation coriiinsc
except region-annotated allocation points. For examptealeas
analysis for region variables should be vastly simpler tharalias
analysis for data, because no structured values are irolve

7.3 Implementing the region operations

The intended implementation model fRegFun is the same as
the one used in the ML Kit: Regions are dynamically extemsibl
linked lists of fixed-size pages that can be deallocated nstzmt
time. Adding reference counts to the implementation isativ

In this implementation model, a data pointer is albpsolute
addresses (though, for technical reasons, a formal sersamtiuld
modeled it as a region—offset pair). An interesting altéweavould
be to bind variables to relative addresses (offsets) orithout the
region address they belong to. Both read and write accessalsl w
require the corresponding region variable, which can beghoof
as base registers for addressing.

It is not always necessary or desirable to use completelgrgén
implementations of each region operation. As a simple examp
a data-flow analysis on the imperative region sublanguagg ma
reveal that a particularleaseoperation will always decrease the
reference count to 0, in which case it can be implemented as an
unconditional deallocation.

More importantly, experience with the ML Kit has shown that i
often improves both time and memory behavior to use a special
implementation model for “finite” regions where a static hdu
on the amount of allocated data can be inferred. We belieat th
the multiplicity inference which identifies the finite regions [2]
would be relatively easy to adapt to our system, but it is reit y
clear what the special treatment of finite regions shouldlbéhe
ML Kit a finite region is simply stack-allocated on the exéont
stack, but that solution can not always be used in our systeenav
we have deliberately broken the ties between region lifetand
the execution stack. The same problem results from tryingst®
multiplicity inference with the AFL system, but the topic net
discussed in [1].

8. CONCLUSION AND FURTHER WORK

We have developed a region type system for reasoning abdut an
managing region-based heap memory for direct-style fanefi
programs. Our system is based on a simple imperative sublan-
guage of region operations. Primitive region operationssisi of
assigning a newly allocated region to a region variablegsitig

e conversion of region inputs to constant regions parameters region variables (assigning a region from one region végiab

whenever it can be shown that an input region cannot be

another), renaming a region variable, releasing (unasgiyra



region variable and finally, all sequential compositionsFlayd-
Hoare style type system keeps track of the assigned regi@bles
and the data in the heap that are accessible through them.

Our contributions consist of the use of reference countgitnes,
introduction of explicit region aliasing and renaming coamds,
and the design of a region type system that tracks assiggézhre
variables in a control-flow sensitive fashion. The regiopety
system constitutes a relatively simple, yet very expreskigic that
lets us capture the original region management systemsfiaf diod
Talpin as well as its refinements, the ML Kit system with sgra
mode analysis and the allocation/deallocation analysi8ikén,
Fahndrich and Levien. Disregarding reference countingpftears

to be comparable in expressive power to the Walker, Crary and

Morrisett’s Calculus of Capabilities for continuationgsing style
programs.

In practice this means that memory behavior can be analyzed

precisely and directly at the source code level in our redige
system in cases that either required rewriting the sourcke ar
additional analyses or both in the previous systems:

e Tail recursive functions remain tail recursive since regial-
located in the body of a recursive function can be deallatate
inside its tail call(s).

e The region in which results are returned can be determined

dynamically by executing explicit region aliasing or assig

ment commands under dynamic control; that is, the actual
branch taken at runtime determines which region is bound to

an output region variable.

e Reference counting simplifies the inference system and lets

us deallocate regions earlier than TT, AFL or CC. If a

region is unaliased at runtime (has reference count 1) it

is deallocated by aeleasecommand, whereas it is not if

another region variable still holds a handle to it. This nsean
different call contexts of a function may result in diffeten

region deallocation behavior.
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We have not provided a soundness proof for our type system [13] M. Tofte, L. Birkedal, M. Elsman, N. Hallenberg, T. H.

here. A companion technical report [6] contains the forneled
opments and a proof of region safety. We are working on extgnd
the region type system to cover lexical closures (fully leighrder
functions) and strengthen it by advanced region subtypivig are
considering region inference where copy operations arerted
automatically. Practical use and experiments requirensioa of
our prototype implementations to support larger subsetMf. S
support for recursive data types and other common language f
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As mentioned earlier competitive implementations requégion
management that is specialized to small sized regions a@idne
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Eventually we wish to support real-time programming with

dynamic memory management, analogous to the work of Hughes

and Pareto [7] on sized types, which is based on a TT-stylemeg
type system.
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APPENDIX
A. EVALUATION SEMANTICS

The dynamic semantics fdtegFun is based on the semantics
given by Tofte and Talpin [15, 16] (and we refer to these pajer
more details) except that each region is equipped with agete
count as discussed above.

The semantic objects used during evaluation are shown in
Figure 3. The runtime configuration consists of a st&e) and
a value environmenE. The region environmerR is a mapping
of region variablep to region names. The storec maps region
names to concrete regions and the reference count for tienred
region is a mapping from offsetsto storable values. An address is
a pair(r,0) of a region name and an offset into that region. Storable
values are boxed integers, pairs of valuesl, and acons of two
values; values are unboxed integers, function codes, atrésagks.
Finally, the environmenE maps (normal) variables to values.

We useE, x — Vv to denote an extension & with x bound tov
even in the case whdhalready contains a binding far When the
domains of the maps andm'’ are disjoint we usenx m' to denote
m+ m'. We useR\\p to denote thap has been removed froR

To simplify the rules that access regions we shall define two
auxiliary notions for reading a value from a region and wgti
a value in a region. Reading a value at addr@ss) in state
s= (R;0) corresponds t¢#(or)) (0); we shall abbreviate this by
s(r,0). Writing a (storable) value to a regigminvolves locating
the concrete region denoted pyand updating the region at a fresh
offset. We denote this by the following relation:

Rp)=r o=0g*xr—(nR) o¢domR
0 =0gxr— (N (R *x0~—sv)
(R;0) F sv@p — (r,0);(R;0")

Note how this yields an updated store, but does not change the
region environment.

Region operations stR— ¢

R=Rxp—=r o =0xr—(1,2)
(R;0) Fnewp — (R;0’)

Rp)=r o=0g*r—(NR)
R=Rxp'—=r d=0pxr— (n+1;R)
(Ro)lp' :=aliasp — (R;0)

(1)

R=Rxp—=r o=0d*r— (1;%)
(R0) +releasep — (R;0')

r € (RegNamg o € (Offse}

a,(r,0) € (Addry = (RegNamgx (Offse}
ve(Valug :=a|n|cl
cl € (Closure ::=[c:p;i: p;0:p;a:x b: €
sve (Stvalug ::=ng | (V,V) | nil | cons(V,V)
Regiony = (Offset fin (StValue

RegNam)sf'—n> (N x (Region)
RegVaj fin (RegNamg
RegEny x (Storg

fin

= (VarName — (Value

egEnv
tate

€

€

€(R

€(S
/\Ee(Env)

o~ o~~~

Figure 3: Semantic objects for evaluation

R=Rxp—=r o=0gxr—N+1L%) n>0

o' =ap*r— (MR)

Expressions

(R;0) +releasep — (R;0')
R=Rygxp—r
R=Ryxp' —r

(Ro)Fp' :=p— (R;0)

skFR—9d E;dkpe—vd
E;ska [Rle— v; ¢’

E;skpe—v,s SsFR—¢'
E;stae[R] — v, s’

E;skpe—v;s
E,x—vVv,sp€ —V;d
E;skpletx=eine — V¢’

E(x)=v
E;sFaAX—vV;s

E;sFan—n;s
E;skpe—ns E;g§kp€ —n';d’
(n® nl) — n//

E;ska (e®€) —n";s’

E;skpe—ns n#0 E;Skp€ —V;d

E;stnif e#0then€ else¢’ — V;s'
E;skpe—ns n=0 E;srp€ — V¢

E;skaif e£0Othen€ elsee’ — V';s’

skFnp@p — a;s
E;skang atp — a;s

E;skpe—as E;hp€ —ad;d
(s"(ay®s'(d))=ng ¢'Fng@p—a’;s"
E;skp (e@€)atp — a’;s”

E;skpe— v, E;skp€d —V;d
'+ (vV)@p — a9"
E;skta (g €)atp — &s”

E;stae—as S(a)=
E;skaomie—v;s

(Vi,v2)

sknil@p — a;s
E;ska[]atp — &g

E;stpe—vVv;s E;skp€ —V;d
st cons(v,V)@p — &;s’
E;skpe:€atp—as’

E;stae— a9 d(a) =nil
E;Skp€ — v

E;stacaseeof [[= € orxi:X =€ —vs’

E;skpe— as s’(a) = cons(v,\/)
Ex—=vX —=V;skpe — Vs

E;stacaseeof [[= € orx:X =€ — V¢’

(3

(4)

(5)

(10)

(17)

(12)

(12)

(14)

(18)

(16)

(17)

(18)

(19)

(19")



E;skpe—cl;s
E;Skp€ — Vs
' Fpacl[E]V — V' 8"

Eisip e[f] € — ;8" 20)

Parameter matching

We use two auxiliary relations to perform the function cafirst
st ¢l [E]V — V'; S extracts the actual (region) arguments to the
function fromg, and thero - cl(7;¥;V') — (F';V'); 0’ evaluates
the function body in a configuration containing the argura@nt’,
andV/, obtaining a result valug’ and output regiong’.

Ax—=V;(RxR;0)Fpe— V' (R';0")
R={pi—ri}i R={pi—ri}
oFplcp;i:plio:p"aixh € (77 V) — (R'(p");V'); 0
oA cl(RP);R(B);V) — (F";V'); 0
domR) = {pi}i R'={p' =1}

(RxR;0) Fpclc:p;i:p';0:p"1V — V' (RxR';0")

Definitions and programs

. = 7] (211)
F fun flc:p;i:p;0:p lx=¢e
— f[c:p;i:pliop"aix b€
T o 22)
Fd—A FF—x—cdl (23)
FdF — A,x—cl
Fd— A NA(2:9)Fpe— vV, (2;9) (24)

Fletdine



