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Abstract: Safeis a first-order eager language with facilities for prograemtontrolled
destruction and copying of data structures. It provides igions i.e. disjoint parts of
the heap where the programmer may allocate data structirgge system is used to
avoid dangling pointers arising from the inadequate uséteese facilities. In this paper
we present an inference algorithm, we describe its impleatien, and give a number of
successfully typed examples. Also the correctness of gwithm is reasoned about.

1 INTRODUCTION

Many imperative languages offer low level mechanisms tocalle and free heap mem-
ory, which the programmer may use in order to dynamicallatrend destroy pointer
based data structures. These mechanisms give the prograromelete control over
memory usage but are very error prone. Well known problemsritiay arise when using
a programmer-controlled memory management are dangliegereces, undesired shar-
ing between data structures with complex side effects asaegmence, and polluting
memory with garbage.

On the other hand, functional languages usually considenang management as a
low level issue. Allocation is done implicitly and usuallygarbage collector takes care
of the memory exhaustion situation.

In previous papers [1, 2] we proposed a semi-explicit apgrda memory control
by defining a functional language, call&afe in which the programmer cooperates with
the memory management system by providing some informatiaut the intended use
of data structures. For instance, the programmer may itedibat some particular data
structure will not be needed in the future and that, as a cpesee, it may be safely
destroyed by the runtime system and its memory recoveregllafiguage uses regions to
locate data structures. It also allows controlling the degrf sharing between different
data structures. A garbage collector is not needed. Allmcaind destruction of data
structures are done as execution proceeds.

More interesting is the definition of a type system guarantgthat destruction facil-
ities and region management can be done in a safe way. Ircydartiit guarantees that
dangling pointers are never created in the live heap. Inghjser we present an infer-
ence algorithm, we describe its implementation, and giveesexamples of use. We also
reason about the correctness of the algorithm with respdbettype system.

In Section 2 we summarize language Safe. The type systerassmied in Section 3
and the corresponding inference algorithm is explainecketiBn 4. Finally, in Section 5
we show some examples whose types have been successfaledaf

*Work partially supported by the Spanish project TIN200843-C04.
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2 SUMMARY OF SAFE

2.1 Syntax

We start by reproducing some crucial definitions which ulelé¢he language. In [2] we
compared our language design with other approaches ugijimnseand memory man-
agement facilities.

Definition 1. A region is a contiguous memory area in the heap where data structures
can be constructed, read, or destroyed. It is allocated aedd as a whole, in constant
time.

Definition 2. A cell is a small memory space, big enough to hold a data construbriior
implementation terms, a cell contains the mark (or code teojrof the constructor, and
a representation of the free variables to which the constnuis applied. These may
consist, either of basic values, or of pointers to non-basices.

Definition 3. A data structure, in the following a DS, is the set of cells obtained by
starting at one cell considered as the root, and taking theasitive closure of the relation
C; — Cy, where G and G are cells of the same type T, and intBere is a pointer to &

That means that, for instance in a list of tyjpea] ] , we are considering as a DS the
cells of the cons-nil spine of theutermostist, but not those belonging to the individual
innermost lists. Each one of the latter constitute a sepd&t

The following decisions were taken:

1. A DS completely resides in one region.
2. One DS can be part of another DS, or two DSs can share a tiérd o

3. The basic values —integers, booleans, etc.— do not alaedls in regions. They
live inside the cells of DSs, or in the stack.

4. A function ofn parameters can access:

e Its n parameters, each one residing in a possibly different negio

e lIts output region, whenever it builds a DS as a result. There is at most one
output region per function. Delivering this region idemtifas a parameter
is the responsibility of the call. We force functions to leatweir result in
an output region belonging to the calling context in ordesdfely delete the
intermediate results computed by the function.

e Its (optional)working region, referred to through the reserved identietf,
where it may create intermediate DSs. The working regionthassame
lifetime as the function call: It is allocated at each inviima and freed at
function termination.

5. If a parameter of a function is a DS, it can be destroyed éythction. We will say
that the parameter isondemnedbecause this capability depends on the function
definition, not on its use.
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prog — deg;...;deg;expr

dec — fx"r=expr {recursive, polymorphic functign
| f X" =expr
expr — a {atom: literalc or variablex}
| x@r {copy}
| X! {reusé
| (f g™ @r {function application
| (fa") {function applicatio
| (Ca")@r {constructor application
| let x; = expr; in expr {non-recursive, monomorphic
| casex of alt; {read-only casge
| casé x of alt;" {destructive case

at — CX"— expr

FIGURE 1. First-order functional language Core-Safe

6. The capabilities a function has on its accessible DSs egidns are: a function
may only read a DS which is safe (not condemned) parameter; a function may
read (before destroying it), and must destroy, a DS whichceralemned parame-
ter; a function may construct, read, or destroy DSs, in eite®utput or its working
region.

The syntax ofCore-Safas shown in Figure 1. This is a first-order eager functional
language where sharing is expressed using variables itidarend constructor applica-
tions. This is obtained after the desugaring of a highesllt&anguage similar to Haskell
or ML, called Full-Safe However, several analyses and type inference are doneeat co
level. This is a usual approach in many compilers.

A programprog in Core-Safds a sequence of possibly recursive polymorphic func-
tion definitions followed by a main expressioaxpr, calling them, whose value is the
program result. Function definitions building and retugnannew DS will have an addi-
tional parameter, which is the output region, where the resulting DS is to bestruicted.

In the right hand side expression onmhyand its own working regioself may be used.
Polymorphic algebraic data types definitions are also atbw/\e will assume they are
defined separately througtata declarations.

The program expressions include variables, literals,tfan@and constructor applica-
tions, and alsdet andcaseexpressions, but there are some additional expressions:

If xis a DS, the expressiox@r represents a copy in regianof the DS accessed
from x. The DSx must live in a region’ # r. Bothx andx@r have the same recursive
structure and they share their non-recursive substrugture

The expression! means the reusing of the destroyable DS to whiginints. This is
useful when we do not want to destroy completely a condemaeahpeter but instead to
reuse part of it. In semantic termsandx! point to the same physical structure but, in
language terms, oncé is used, the namebecomes unaccessible in the subsequent text.

1The extension to mutual recursion would pose no speciall@ned) but we restrict ourselves
to non-mutual recursion in order to ease the presentation.
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revD:: Va, p1,p2.[a]!@p1 — p2 — [a]@p2
revD xs r= (revauxD xg |@r)@r

revauxD:: Va, p1, p2.[a]!@p1 — [a]@p2 — P2 — [a]@p2
revauxD xs ys = case xsof
[1—ys
X:XX— letx; = (X:ys)@r
in (revauxD xx x)@r

FIGURE 2. Destructive list inversion

In function application we have a special syntax @ express the inclusion of the
additional output region parameter. Using the same symievexpress that a constructor
application is to be allocated in region

The casé expression indicates that the outer constructok @f disposed after the
pattern matching so thatis not accessible anymore. The recursive substructures may
be explicitly destroyed in the subsequent code via anatheeg or reused viax!. A
condemned variable may be read but, once its content hasdestmoyed or reused in
another structure, it may not be accessed again. This istivbdype system guarantees.
It annotates the type of such variable with a !.

We show now with an example how to use the language facilitidse example is
the function that reverses a list and, at the same time, ayssit. Its Core-Safe code
is shown in Figure 2. We show also the types that the functiensive from the type
inference algorithm presented in Section 3. We use the w@audliary function with an
accumulator parameter. Notice that the differences wighubual functional version are,
on the one hand, the use of the region parametard, on the other, thatease is used
over the original list. The recursive application of the dtion destroys it completely.
Those who caltevD should know that the argument is lost in the inversion precasd
should not try to use it anymore. This is reflected in the tyfne first argument with a
I annotation.

3 TYPESYSTEM

In this section we describe a polymorphic type system witia tigpes for programming
in a safe way when using the destruction facilities offergdHe language. This type
system has been proven correct with respect to a small-gEational semantics of the
language, and it is the main topic of a journal paper curyentlpreparation. Here we
describe it briefly.

In Figure 3 the types syntax is defined. As the language isdidgr, we distinguish
between functionalf, and non-functional types,r. Non-functional algebraic types may
be safe types, condemned typed or in-danger types. In-danger and condemned types
are respectively distinguished by a # or ! annotation at iltermost level. In-danger
types arise as an intermediate step during typing but ntiietefunctional types (i.e. the
types of functions) can only include either safe or condaiigpes.

The predicateitype?(t,t’) says whether two types have the same underlying (i.e. safe)
type. The predicatsafe?(1) tells us whether is a safe type, whileinsafé(1) tells us
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T — t {outermos} r — TpsH@p

| r {in danget b - a {variablé
|o {polym. functior} | B {basig
Ip {region} tt — & —p—Tps@p
t — s {safg |T"—s
| d {condemned |5"—p - Tps@p {constructof
s — Tps@p c — Vao
| b | Vp.o
d — Tps@p | tf

FIGURE 3. Type expressions

whethert is either a condemned or in-danger type. Predicager?(t) andfunctior?(t)
respectively indicate thatis a region type or a functional type.
The intended semantics of these types is the following:

1. Safe types represent pointers to closures in the heap that may be repkdcor
used to build other closures, but that cannot be reused togled.

2. Condemned typas are given to those pointers directly involved in the desivec
action of acase expression or a reuse somewhere in the program. More specif
ically, not only the discriminant of aase expression is condemned but also the
recursive pattern variables in its alternatives. The clqointed to by a con-
demned pointer may be read usingaseor copied before thease destroys it, but
it may not be used to build another closure or returned asudtrénce the closure
is destroyed, such pointer may not be accessed any more.

3. In-danger types are given to those pointers that are not directly condemmduki
program but that point to a closure that is a recursive ctiil@mndemned one, i.e.
it potentially may be a dangling pointer. Consequentlyythave the same access
constraints as the condemned ones.

Consistently, condemned and in-danger types appear otilg autermost level: It
is not reasonable to build a closure with potentially darglbointers.

Functional types returning algebraic types may have artiaddl region parameter
p’ where the result must be allocated. Only if the functionnetia basic value or does
not build a DS (e.g. it returns a part of one of its argumertishtthe region parameter
is not necessary. However data constructors always neegianrparameter where to
build a DS. As recursive sharing of DSs may happen only ingidesame region, the
constructors are given types indicating that the recursivestructure and the structure
itself must live in the same region. For example, in the cddists:

[]:Va,p.p— [al@p
(:):Va,p.a— [a)@p — p — [a]@p
We assume that the types of the constructors are given imaroement, easily built
from thedata type declarations.
A partial order between types is defined allowing a condenuméa danger DS to be
read or copied while they are not destroyed> T, T!@p > T@p, andT#@p > T @p.
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This partial order is extended below to type environmenthéncontext of the expression
being typed.

In the type environmentg,, we can find region type assignmentsp, variable type
assignments : t, and polymorphic type assignments to functidnso. Additionally we
attach to the environments the geof safe input DS of the function that is being defined,
and we writel™ ", In the rules we will also usgen(tf,I") andtf < ¢ to denote respectively
(standard) generalization of a monomorphic type and {céstt to safe types) instantia-
tion of a polymorphic type.

Several operators over environments are used:

e Usual operator- demands disjoint domains in order to join them.
e Operatory is defined only if common variables have the same type.

e Operator® demands that variables may have an unsafe type at most inf dine o
environments.

In Figure 4 we show the type rules for the expressions (theralao rules for function
definitions but we do not show them here). We explain here tiaildgome of them.

In some rules we use the sedlsareallx;,e) andsharere¢x;,e), obtained from the
sharing analysis defined in [2]:

e shareallx,e) returns the set of all the variables in scopeeiwhich, at runtime,
may share any substructure of the structure pointed tao by

e shareregx,e) returns the set of all the variables in scopeeiwhich, at runtime,
may share any recursive substructure of the structuregqmbiotbyx.

There are rules for typing literals ([LIT]), and variablet several kinds ([VAR],
[REGION] and [FUNCTION]). Notice that these are given a typeler the smallest
typing environment. Rules [EXTS] and [EXTD] allow to extetig typing environments
in a controlled way:

1. Only fresh variables in scope may be added.

2. Rule [EXTS] allows the addition of variables with safe égpin-danger types, re-
gion types or functional types.

3. If a variable with a condemned type is added, all thoseatsées sharing its recur-
sive substructure but itself (i.eharere¢x, e) — {x}) must be also added to the envi-
ronment with its corresponding in-danger type. This is aallgd by rule [EXTD].
Notation danger(type(y)) represents the in-danger version of the Hindley-Milner
type inferred for variabley (at this point they have already been inferred, see the
following section).

Rule [COPY] allows any variable to be copied. Even condemvathbles may be
copied before being destroyed. This is expressed by extgritie previously defined
partial order between types to environments:

M1 >el2= dOI’T’(rz) - dO[T'(rl)/\
VX e dOfT'(rg).rl(X) > rz(X)/\
Vze dom(1).l'1(X) = d — Vz € sharere¢x, e) — {x}.unsaf@(I"1(2))
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rte:s x¢domrP)
r"e:s x¢domrP)

R = sharere¢x, e) — {x}
safe?(t) v dangef(t) V regior?(t) V functior?(t k= {y:dange €eR
(T ger(t) V regior?(1) (1) ExTs] - F {y: dangextypg(y))| y € R} [EXTD]
rP+x:1]ke:s rPerg+x:dre:s
T [VAR] [REGION] __fg0 [FUNCTION]
orcB T x:9PFx:s [F:plPkr:p [f:0]PHf:tf

R = sharere¢x, x!) — {x}
M'r={y:dangertypey))|y € R}
MR+ [x:TI@pIP-X: T@p

[REUSE] M >xer X T@P,r:p]  p#

/
5 i [COPY]
M Exar:T@p

Mre:ss M+X:sFe:s C=shareal(x,e)

[LET1]
Fi’bfg@ rokletx;=erine:s
Mre s Mo+ x:dijFe:s =5
C = shareallxy, €) R = sharere¢xy,e) PNR=0
T _ [LET2]
MocrlM Fletxy=eine:s

" —p—=T@p SFr:p
P =rf+ L fa:t]
R= UL {sharereca;, (f §")@r) — {ai} | cdn?(ti)} r= {y:dangertypey))|y € R} APPL
rR+rPH(faM@r:T @p [ ]

3C)=0 §"—p—TF*@p<o TP=@ a:s]+[r:
© §"—p J_@p_ il OiLilai:s]+r:p] [CONS]
rPEHCamer:Ts*@p

(Vi€ {1..n}).2(C) =0 (Vie{ln}) 5" —=p—T@p<g;
TP > sex of oy e X:T@p] (Vi€ {lL.n}.Vje {L.n}).innh(tj,s;j,MP(X)
. —;
(Vi € {1.n}).77 + [ i.Tn] :a 's (CASE]
rPrcasexof G X" — & :s

(Vie{l.n}). Z(C) = o
R = sharere¢x,casé x of G X" — &)
VzeRie€{l.n}.z¢ fv(e)

(Vie{l.n}).5;" —p—T @pJoj
(Vie{l.n}.Vje{l.n}).inh!(tj,s;j, T !n@p)

(Vi e {1..n}). F‘F’Jr[xn: T #@p]+ X :tj] Fe:s ICASE]
TP+[x:T!@p]Fcasé xof Gix" — & :s

FIGURE 4. Rules for expressions
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def(Frf>5r5) = (vxe dom(f)ndom(y). utype(rf(x), 5 (x)))A
(vx € dom('). unsaf@(rf(x)) — x & L)A
(vx € CNLNdom5).~unsaf@(r5(x)))

rox) if x¢ domrf)v
vx € domf)udom(ry). rf-Erf(x) = { (x € dom(I'Y) ndom(rY) A safgrf(x)))
rf(x) otherwise

FIGURE 5. Operator over environments

This operator is later used also in rule [CASE] indicatingtth is possible to read
any variable, even a condemned one, before it is destroyed.

Rules [LET1] and [LETZ2] control the intermediate resultse Wse a family of opera-
torsi>5, beingC andL sets of variables, formally defined in Figure 5. If the copeeding
operator is not well defined then the rule cannot be applied.

An invariant of the type system (see below) tells that if dalale is condemned in the
typing environment, then those variables sharing a regusibstructure appear also in
the environment with unsafe types. This is necessary inrdodpropagate information
about the possibly damaged pointers from a let-bound esjoreso the main continuation
expression.

Rule [LETZ2] allows the intermediate resuf to be used destructively in the main
expressiore if desired. But this only may be done if the safe input paramsetio not
share a recursive substructure xaf (P N sharere¢x;,e) = 0). In this rule operator-
guarantees that:

1. Each variabley condemned or in-danger & may not be referenced ia (i.e.
y ¢ fv(e), as it could be a dangling reference.

2. Those variables sharing non-recursive descendariqicé. those irshareallx;,e) —
sharere¢xy, e)) but itself which are referenced @may not have condemned or in-
danger types i Otherwisex; would be corrupted.

3. Those variables marked as condemned or in-danger eithérar in 'S will keep
those types in the combined environment.

Rule [LET1] is applied when the intermediate result is safeded in the main ex-
pression. The main difference with the previous one is thatsecond constraint must
be even more restrictive: None of the variables sharing esgu(sive or non-recursive)
descendant of; may have unsafe types.

Rule [REUSE] establishes that in order to reuse a variateyust have a condemned
type in the environment. Those variables sharing its résidescendants are given in-
danger types in the environment.The rest of the rules ertbatenone of them can be
used anymore.

Rule [APP1] deal with function application. The use of theigtor® avoids a vari-
able to be used in two or more different positions unless #neall read-only parameters.
Otherwise undesired side-effects could happen. Thersdsaatule [APP2] for functions
without the additional region parameter.
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inh(s,s, 1) —— 10?(T) vdgr?(1) V (—utype(s, 1) Acmd?(1))
inh(dangers),s,t) «— dgr?(t)V (utype?(s,T) Acmd?(1))

inhl(s,s,d) —— —utype(s,d)
inh!(d,s,d) —— utype?(s,d)

FIGURE 6. Definitions of inheritance compatibility

The setR collects all the variables sharing a recursive substractfira condemned
parameter. These are marked as in-danger in environmegniThe condemned actual
parameters are marked as such'in The combined environment ’informs’ the rest of the
text of these type assignments. Combining this rule withTLEand [LET2], whenever
a variable is used in a condemned position the subsequdrtdeki access neither to it
nor to the variables sharing a recursive part of it.

Rule [CONS] is more restrictive as only read-only varialias be used to construct
a DS.

In rule [CASE!] the discriminank is destroyed and consequently the text should not
try to reference it in the alternatives. The same happenhdset variables sharing a
recursive substructure @&f as they may be corrupted now. Such those variables are added
to the seR. This means that access to recursive substructurgsaf only be achieved
through the pattern variables, as it is safe to access meewsbstructures that have not
been destroyed yet.

Relationinh!, defined in Figure 6, determines the types inherited byepattariables,
according to the types semantics previously explained:-fd¢oarsive pattern variables
are safe while recursive pattern variables are condemmetict it can be considered a
function, and sometimes we will write= inh! (s, d) instead ofinh!(t,s,d). As recursive
pattern variables inherit condemned types, the type emviemts for the alternatives must
contain all the variables sharing their recursive subtiires with in-danger types. In
particularx appears with an in-danger type. In order to type the wholeesgion we
must change such type to a condemned one becasdzeing destroyed.

In rule [CASE] a different inheritance relation is used hesmthe discriminant may
be of any type according to the partial order previously defirRelationinh, defined in
Figure 6, determines which types are acceptable for pat@iables, according to the
types semantics previously explained:

e If the discriminant is safe, so must be all the pattern véegmb
e If the discriminant is in-danger, the pattern variables rheayafe or in-danger.

e If the discriminant is condemned, recursive pattern véemlutype?(s,t)) are in-
danger while non-recursive ones are safe.

One of the key points to prove the correctness of the typesystith respect to the
semantics is the following invariant property that may bevpd by structural induction
over the expression being typed.
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Lemma 4. If TP e:sandrP(x) =d then

Vy € sharere¢x, e) — {x}.y € dom") A unsaf@('(y)).

4 INFERENCE ALGORITHM

The typing rules presented in Section 3 allow in principleesal correct typings for a
program. On the one hand, this is due to polymorphism andh@nther hand, to the fact
that it may assign more condemned and in-danger types thse tieally needed. We are
interested iminimal types in the sense of being as much polymorphic as possildle an
having as less unsafe types as possible.

As an example, let consider the following function:

f(x:x9@r = xs@r

The type system can givietype [a)@rho— > rho — > [a]@rha’ but also the typéa]!@rho— >
rho’— > [a]@rho’. The algorithm will return the first one.

Also, we are not interested in having mandatory explicitetgeclarations. This is
what the inference algorithm presented in this sectioneselsi.

It has two different phases: a (modified) Hindley-Milner pa@and an unsafety prop-
agation phase. The first one is rather straightforward withddded complication of
assigning polymorphic types to region variables and hagdinequalities of the form
p1 # P2 arising from the typing rule of the COPY expression. Its otitponsists of dec-
orating each applied occurrence of a variable and each dgfatcurrence of a function
symbol in the abstract syntax tree (AST) with its Hindleyhhr type. We will not insist
further in this phase here.

The second phase propagates unsafety information fromatts pf the text where
condemned and in-danger types arise to the rest of the prnoget. As the Hindley-
Milner types are already available, the only additionabiniation needed for each vari-
able is amark telling whether it is a safe, in-danger or condemned one. d€omed
and in-danger marks arise for instance in the [CASE!], [RElJ&nd [APP] typing rules
while mandatory safe marks arise for instance in rules fastractor applications. The
algorithm generates minimal sets of these marks in the progites where they are
mandatory and propagates this information bottom-up inAB& looking for consis-
tency of the marks. It may happen that a safe mark is infelwed fariable in a program
site and a condemned mark is inferred for the same variatdaather site. This some-
times is allowed by the type system —e.g. it is legal to readréable in the auxiliary
expression of &t and to destroy it in the main expression—, and disallowedesotner
times—e.g. in a&ase it is not legal to have a safe type for a variable in one adttva
and a condemned or in-danger type for it in another alter@ati

So, the algorithm has two working modes. In the bottom-upkingr mode, it accu-
mulates sets of marks for variables. In fact, it propagatét®m-up four sets of variables
(D,R, S N) respectively meaning condemned, in-danger, safe, and-kiooiv variables
in the corresponding expression. The fourth set arises themmon-deterministic typing
rules for [COPY] and [CASE] expressions. The algorithm &sefor consistency the
information coming from two or more different branches of AST. This happens for
instance irlet andcaseexpressions. Eventhough the information is consistenait be
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[LIT] [VAR|]

[COPYi]

chint (0,0,0,0) Xtint (0,0,{x},0) X@r Fins (0,0,0,{x})

R=sharere¢x,x!) — {x} typgx)=T
X! Finf ({X}7R, 0, 0)

VI (S {1n}a| }_inf (0707370)

@p
RE
[REUSE] Ca"@r Fin (0,0,UL;1S,0)

[CONS]

Vie{Ln}Di={aliclp} (U{D)NU~,S)=0 RN (UL1S)
vie{ln.§={alielss (U ;D)N(U",N)=0 RN (UM, Di)
Vie{LnpNi={alicly} Vije{ln}.i#j=DnND;=0 RAULN)
S+ f:(lp,0,ls,IN) R= U, {sharereca, fa"@r) — {a}|a € Di}
fg"@r Finr (U1 Di,RUL1S, UL N - UL S)

0
0
0

[APP]

c_ { shareal(xq, e;) if X1 € D2URy
shareal(x;, &) — sharere€xi, &) if x; € Dy
€1 Fint (D1,R1,S1,Nyp) N =N;— (D2URUS)UN;
& Fint (D2,Re, S, No) def((D1URy) >6"® (D2URy))
(0,0,N1N(D2URUS)) Fehecker (0,0,(SLU{x1}) N N2) Feheck€

letxy =egin & int ((D1U Dz) — {Xl}, RiU (sz D;L)7 (S]_ — N2) US — ({Xl} uUDoU Rz), N — {Xl})

[LET)]

Vie{l.n}.e i (Di,R,S,N) def(LU ,(Di,R,S,Ni,P))
vie{ln}. R =UL,{x;} (D,RSN) =UL,(D;,R,S,Ni, R)
Vie {l.n}.Reg = Urj":l{x;j | j € RecPofCi)} Vie {1..n}.def(inh(typex),Di, R, S,P,Reg))
d ifxeD
¢ ) r ifxeR ,_J N if xe DURUS
ypelx) = s ifxeS 7{ NuU{x} ifx¢DURUS
n otherwise

vie {L.n}. ((DUD)NN;, (RUR)NN;, (SUS) NN Fenecke

0 if typgx) =s R if type(x) =s
whereD/=0 R =¢ 0 if typegx)=r S§=< 0 if type(x) =r
Reg if t =d P —Reg ift =d
e¢ i ypé(X) ¢ e¢ if type(x) [CASE]
casexof %" — & kit (D,R, SN)
v' € {1n} -6 Finf (Di7 Ri7S>Ni) dEf(ule(Dh Ri7S7 NIPI))
vie {L.n}. R =U{x} (D,R,SN)=1",(D;,R,S,N;,R)
Vi€ {1.n}.Re¢=U} 1{;| j € RecPogC)} Vi€ {1.n}.def(inh!(D;.R..S. P, Reg))
R = sharere¢x, case!x of G X" — a)—{xt def(Ru{x}) >5 (DUR))
L = FV(case!x of mn) —{x} type(x) = T@p
Vie {1..n}.((DUReg) NN;,RNN;, (SU (P —Reg)) NN;) Fcheck® (CASEL]

caselx of GX;™ — & Fint (DU{X},RU(R —{x}),SN)

FIGURE 7. Bottom-up inference rules
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def(inh(n,D;,R;,S,P,Reg)) = true
def(inh(s.D;,R;,S,R.Req)) = RN(DUR)=
def(inh(r,Di,R, S,P,Reg)) = RND =0
def(inh(d,D;,R,S,P,Reg)) =

Re¢N(DiUS) =0A (R —Reg)N(DiUR)
def(inh!(D;,R;, S, P, Reg)) Re¢N(RUS)=0A (R —Re¢)N(DiUR)

def(L" ,(Di,R,S.N,R)) = Vi,je{ln}.i£j= (D—R)N(R—P)=0A
(Di—R)N(S—Pj) =0A
(R=R)N(§—-P) =0

UL1(Di —PR)
ULi(R—PR)
ULi(S—PR)
(ULi(Ni—R))— (DURUS)

def

u?,(bi,R,S,N;,R)=(D,R,SN) where

Zun o0

FIGURE 8. Predicates and least upper bounds

necessary to propagate some information down the AST. Btarinex € D; andx € Np
is consistent in two different branches 1 and 2 afageor acase! but aD mark forx
must be propagated down the branch 2.

So, the algorithm consists of a single bottom-up travers#th® AST, occassionally
interrupted by top-down traversals when new informatiorstine propagated in one or
more branches. If the propagation does not rise an erram, tthe bottom-up phase is
resumed.

In Figure 7 we show the rules that drive the bottom-up workimzde. A judgement
of the formet-i¢ (D,R,S N) should be read as: from expressiine 4-tuple(D,R S N)
of marked variables is inferred. A straightforward invatiaf this set of rules is that the
four sets inferred for each expressieare pairwise disjoint and their union is a superset
of €s free variables. The s&may contain variables in scope but not free.iThis is due
to the use of the setharerecandshareallconsisting ofall variables in scope satisfying
the respective sharing property. The predicates and lgg&rbound appearing in the
rules [LET,] and [CASE]|] are defined in Figure 8.

In Figure 9 we show the top-down checking rules. A judgemétheform (D,R,S)
Fcheck€ Should be understood that the sets of marked varidb)&Sare correctly prop-
agated down the expressienThe invariant in this case is that the three sets are parwis
disjoint and that their union is contained in the fourth denferred from the expression
by theks rules. It can be seen that thg; rules may invoke thé checkrules. However,
the Feheck rules do not invoke théiys ones. The ocurrences bf in the Feheck rules
should be interpreted as a remembering of the sets that wienead in the bottom-up
mode and that the algorithm recorded in the AST. So there igrd to infer them again.

The algorithm is modular in the sense that each function bedydependently in-
ferred. The result is reflected in the function type and tjietis available for typing the
remaining functions. For typing a recursive function a fixpa@omputation is needed.
In the initial environment a don’t-know mark is assigned &steformal argument. After
each iteration, some don't-know marks may have turned intalemned, in-danger or
safe marks. This procedure continues until the mark for @agbment stabilises. If the
fixpoint assigns an in-danger mark to an argument, this é&tegl as a bad typing. Oth-
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fa"@r in (D,R,S,N) Rp:0
VaeDp.(#j:1<j<n:g=a;)=1

EMPTY,
[ cl (Dp,Ro, Sp) Feheck A" @r

0,0.0) Fenecce [APPe]

[COPYL] [COPYZ] [COPYZ]

({x},0,0) Fcheckx@r (0,{x},0) Fcheckx@r (0,0,{x}) Fcheckx@r

€1 Fint (Dl-, Ry, S, Nl) (Dp NNy, Rp NNy, Sp N Nl) Fcheck€1
€ Finf (D2,Re,S,N2)  (DpN N2, RoNN2, S5 N N2) Feheck€2
_ _ [ shareall(x;, &) fxeS
L=FV(e) C= { shareallx;, ;) — sharere€x;, ) if x; € D2
def((DpURp) NNy & (DpURp) NNy)

(Dp,Rp,Sp) Fehecklet x1 = €1 in &

[LETC]

Vie{1.n}.& ki (Di,R,S,N) Vie {l.n}.Dy =0

Vie{l.n}.R= UT':l{xij} vie 1 R — Reg if xe Dp

vie {1.n}.Reg=UJ_1{x|j € RecPoCi)} Pe{l.n} Ry = { 0 otherwise
d if xeDp P —Re¢ ifxeDy
r ifxeR ' _ R ifxe$S,

ypex) =1 ¢ ifxeSJp AELnh- S =3 R_(RUS) ifxeR,
n otherwise 0 otherwise

Vie {1.n}.((DpUDp) NN, (RyURp) NN;, (SpU Sy ) NN Fcheck®
x€ DpURpUS, = Vi € {1..n} . def(inh(typex),Di, R, S, R, Reg))

(Dp,Rp, Sp) Feheckcasex of 6%, ™ — @'

[CASE(]

vie{l.n}.q ki (Di,R,S,N)
vie {1.n}.(DpNN;, RyNN;, S NN;) Feneck®

————=— [CASEL]
(Dp,Rp, Sp) Feheckcase!x of Cix™ — g

FIGURE 9. Top-down checking rules

erwise, if any don’t-know mark remains, this is forced to sate mark by the algorithm
and propagated down the whole function body by using-#ags.krules once more.

If nis the size of the AST for a function body ands the number of its formal argu-
ments, the algorithm runs i@®(mr?) in the worst case. This correspondsntaterations
of the fixpoint and a top-down traversal at each intermedixigression. We conjec-
ture however that the average case is ne® (@), corresponding to a single bottom-up
traversal and a single fixpoint iteration.

4.1 Correctness of the inference algorithm

Lemma 5. Let us assume that during the inference algorithm we havg €D,R S N)
and(D',R,S) checke for an expression e. Then

1. D,R S and N are pairwise disjoint.

2. DUSUN C FV(e), RC scopge) and DURUSUN D FV(e).
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3. D,R and S are pairwise disjoint.
4. DURUS CN.

Proof. (1) and (2) by structural induction og (3) and (4) hold at each initial call to
Feheck@nd it is preserved at each recursive call.

Lemma 6. Let f X" = e be a function declaration. If the algorithm eventually ceeds
with (D,0,S,0) for e, including the fixpoint computation and the fiftgheck forcing all
don't-know variables to be safe, then for alEwar(e), x has got a mark & or r.

Proof. This is an invariant of thé-check rules. The final-check forces all don’t-know
arguments to have ammark. Then, assuming that every free variable bfas a mark
different fromn, and by cases og it can be easily seen that each recursive cald@ck
preserves the property that every variable free in a subssjmn gets a mark different
fromn.

A single subexpressioa may suffer more than onecneck during the inference al-
gorithm but always with different variables. This is due ke tfact, not reflected in
the rules, that whenever some variables in theNsatferred fore are forced to get a
mark different fromn, the decoration in the AST is changed to the new marks. More
precisely, ifet-js (D,R,SN) and (D/,R,S) Fcheck€ then the decoration is changed to
(DUD',RUR,SUS,N— (D'URUS)). So, the next-check for expressiore will get
a smaller selN — (D’ UR U S) of don't-know variables and, by Lemma 5, only those
variables can be forced to change its mark. As a corollag/ntlark for a variable can
change during the algorithm fromto d,r or s, but no other transitions between marks
are possible.

Let (D',R,S) F,eck€ denote the accumulation of all theneck suffered bye during
the algorithm and leD’,R and S represent the union of respectively all the maaks
andsforced in these calls tocheck If €Fine (D, R, S N) represent the sets inferred during
the bottom-up mode, then by Lemmal8,J R US = N must hold.

The next proposition uses these lemmas to establish thectoess of the inference
algorithm. As Hindley-Milner types are correctly inferraddd our concern now is the
correctness of the marks, we use the convertion) = s (respectivelyy or d) to indicate
thatx has a safe type (respectively, an in danger or a condemneylwyhout worrying
about which precise type it has.

Proposition 7. Let us assume that the function declaratioX;T = e has been success-
fully typed by the inference algorithm and léthe any subexpression of e for which the
algorithm has got&-i;; (D,R,SN) and(D’,R,S) I € Then there exists a safe type
s and a well-formed type environmenitsuch that:

1.T+€:9d,and

2. Vxescopée). xeDUD' T (x)=dA
X€ SUS < '(x) =SsA
(xe RURV3ye DUD'.x € shareregy,e) Ax¢ DUD') < T'(x) =r

Proof. It can be done by structural induction en
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-- Binary Tree data type
data Tree a @rho = Enpty @rho
| Node (Tree a @rho) a (Tree a @rho) @rho

-- Insertion in a binary search tree
insertD x Enpty! @r = Node (Enpty @r) x (Enpty @r) @

insertD x (Node i y d)! @r
| X <y = Node (insertDx i @) y d @
| X ==y =Node i! y d @
| x>y = Node i! y (insertDx d @) @

-- List concatenation
concatD []! xs @r = xs
concatD (x:xs)! ys @r = (x:(concatD xs ys @r)) @

-- List split

splitD0 zs! @ = ([]@, zs!)@
splitbn []! @ = ([]l@, []@)@
splitDn (y:ys)! @r = ((y:ysl)@, ys2)@

[itD (n-1) ys @

o "

where (ysl, ys2) = s
FIGURE 10. Example function definitions related to lists andbinary search trees

5 SMALL EXAMPLES

In this section we show some examples. First, we review thenpie of reversing a list.
Given the definition ofevauxD (Figure 2), initially all parameter positions ofvauxD
are marked as dont-know. Thereforeandxx belong to selN. Besides thatx andysare
marked as safe in the auxiliar expresion of ldtebinding since they are used to construct
a DS. Combining the results of auxiliar and principal expi@ss inlet we obtain thak;

is not used destructively in function application and head®p-down traversal is needed
to check thatx; may be marked as safe. Information from both alternativesase!is
gathered in the following sets:

D1=0 Ri=0 S ={ys} Ny =0 PL=0 Reg =0 ([] guard)
D=0 R,=0 SS={xys} No={xx} P,={xxx} Reg={xx} (x:xxguard)

The following sets are inferred for the definitio® = {xs},R= {},S= {ys},N = {}.
Consequently, the type signature fewvauxDis updated: the first position is now de-
structive and the second one is safe. Since fixpoint has rest bEached yet, another
bottom-up traversal is needed.

In the second iteration, variablgz andx; appearing in function applicatioevauxD
are respectively inferred as destructive and safe. Variabils also given a danger type,
since it shares a recursive structurexaf However, operatODEV(eZ) in let binding is
still well defined, axsis not free in the main expression. At the end of this iteratio
variables are marked as dont-know and a fixpoint has beehedacThe final sets are
revauxD— ({1},0,{2},0).
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In Figure 10 we present more examples already writtefruilh-Safe where construc-
tor patterns are allowed as parameters in function defivstioA mark ! after a pattern
means that the corresponding data structure is condemr@d.will be translated into
Core-Safeas acase! expression. Region variables in left hand side of defingtiane
separated from ordinary variables by means of @ symbol.

Functioni nser t Dinserts an element into a binary search tree. Those nodes- cor
sponding to the path between the root and the new createdamedkestroyed and the rest
of them are reused.

Functionconcat D returns a list resulting from the concatenation of its paiars.
The first list is destroyed while the second list is reused.

Finally the functionspl i t Ddivides a list into it first components and the remain-
ing ones. The nodes of the linked list corresponding ta fisst positions are destroyed,
while the remaining ones are reused. The types inferreddwgltjorithm are as follows:

insertD :: Int — Tree Int'@p — p — Tree IN@p
concatD : Val[a!@p; — [a)@p2 — p2 — [a)@p2
splitD :: Valnt — [a!@p — p — ([a]@p, [a)@p) @p
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