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1.1

Effect Types and Region-based Memory
Management

By Fritz Henglein, Henning Makholm, and Henning Niss

Type-based program analysis is program analysis based on the concepts,
theories and technologies developed for type systems and employed in the
definition of programming languages. It is a vast field of research with nu-
merous applications and considerable practical impact. Applications include
strictness analysis, data representation analysis, binding-time analysis, soft
typing (also called dynamic typing inference), boxing analysis, pointer alias-
ing, value flow analysis (and all its applications), region-based memory man-
agement, communication topology analysis, Year 2000 type analysis, crypto-
graphic protocol verification, locking, race detection, and others; see Palsberg
(2001) for an overview of additional applications.

This chapter presents type-based program analysis based on type and effect
systems (or effect type systems) and illustrates their application in region-based
memory management, which is the chapter’s ultimate focus. Classical type sys-
tems express properties of values, not the computations leading to those val-
ues. Effect types describe all important effects of computation, not just their
results. Region-based memory management refers to programming where
heap data is allocated in individually managed regions that are explicitly al-
located and deallocated. As we shall see, state-of-the-art region-based mem-
ory management employs effect type systems to ensure region safety, which
guarantees that no accesses to unallocated or deallocated regions occur at
run time.

Introduction and overview

Region-based memory management has a well-developed theory, has been
subject to practice-oriented engineering and is deployed in industrial-quality
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language implementations and prototype systems. We provide a consoli-
dated review of its state of the art and use it as an application domain to
develop fundamental concepts of effect type systems step by step.

Value flow and simple effect analyses

In §1.2, we introduce BL, a standard typed higher-order functional language.
Then we present an TL, an extension of BL, with atomic labels p (tags, names)
and corresponding tagging and untagging operationstatp andt ! p.Evalu-
ationoftatp equips the value v of t with label p resulting in a tagged value
(V) correspondingly, evaluation of t | p’ simply removes checks that p in
the value (v), of t equals label p’ before returning v. We present a type sys-
tem which ensures that the checkint ! p’ always succeeds. Thus, intuitively,
the labels and their operations can be thought of as annotations that let us
trace where values are created and used at run-time; they express and make
explicit value flow information of the underlying BL-program. The connection
of TL and the value flow information expressed in it to region-based memory
management is a reinterpretation of labels as regions and tagging /untagging
operations as region access operations. An expressiontatp is then reinter-
preted as “evaluate t, allocate it in the region bound to p and return the
corresponding pointer” and t ! p is reinterpreted as “evaluate t to a pointer
into the region bound to p and load its contents from there.” This leaves
the problem of figuring out when to allocated and deallocate a region. The
basic idea is extracting lifetime information about values living in a region
p from typing derivations: If a (sub)term t that contains uses of a region p
can be typed such that p neither occurs in the typing assumptions nor in the
result we take this to mean that p does not need to exist before evaluating
t nor after. So we can evaluate t by first allocating a new region p, then
evaluating t, and finally deallocating p. To express this we extend TL with
a construct newp.t and add straightforward evaluation and typing rules,
which yields language STL. §1.2 concludes with the observation that STL is
unsound because the typing judgements do not capture accesses to regions
from the environment part in lexical closures; that is, important properties
of the computation (evaluation) itself are not reflected in (the types of) the
values produced by those computations.

The unsoundness motivates the use of effect type systems to capture ac-
cesses to regions during an evaluation. In §1.3, we introduce effect types (types
and effects), which represent relevant effects (accesses to regions) of an eval-
uation together with the type of its result. The basic lifetime interpretation of
typing judgements for region allocation and deallocation with explicit effects
is then sound since all accesses to regions are represented in the effect of an
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expression, also those from the environment part of a lexical closure.

Region-based effect analyses

The development in §1.2 and §1.3 is focussed on the conceptual roles of
types, effects, value flow information and lifetime interpretation of typing
judgements. In particular, the type systems are monomorphic, and regions
cannot be passed as parameters. Turning our attention to realistic region-
based memory management, §1.4 extends the region annotations by adding
region abstraction and region application. This provides the basis for region
polymorphism, which is crucial for practicality. The key result of this sec-
tion is conditional correctness: If a region annotated program does not run into
an error (in particular, does not access an unallocated or deallocated region)
then it has the same result as the underlying program without region anno-
tations. This result by itself expresses that region annotations may introduce
errors during evaluation, but do not otherwise change the semantics of the
underlying program. It is noteworthy that conditional correctness holds for
all region-annotated terms independent of any type system.

§1.5 presents TT, the Tofte-Talpin region type system, simplified and adapted
to our setting. The main result in this section is type soundness: no TT-annotated
term can go wrong. Combining soundness with conditional correctness we
obtain correctness: A TT-annotated program produces the same result as the
underlying unannotated program. This section highlights the role of the type
system: its job is to ensure soundness; conditional correctness is already taken
care of.

Region-based systems: inference and systems

There are usually many different well-annotated versions of a given under-
lying program, all of which are correct. They do not have the same efficiency
characteristics: Some retain regions substantially longer during execution
than others. In §1.6 we turn to the question of how to automatically in-
fer “good” region annotations. Region inference is technically complex. The
section discusses the algorithmic techniques that have been used for TT in-
ference and a number of restricted cases, providing pointers to the relevant
literature for detailed descriptions.

The Tofte-Talpin type system enforces a stack discipline on region allo-
cation and deallocation driven by a lexically scoped region-creation expres-
sion. §1.7 presents refinements of its standard implementation to accomplish
better region performance for lexically scoped regions: region resetting and
delayed allocation/early deallocation. Furthermore, it discusses region life-
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time subtyping and systems where region allocation and deallocation are
decoupled altogether: calculus of capabilities for continuation passing style
programs and imperative regions.

Finally, §1.8 surveys implementations with statically checked region-based
memory management: ML Kit with Regions, a Standard ML compiler; Cy-
clone and Vault, which are type-safe C-like languages with explicit region
management and other novel extensions; and prototype systems for Java and
Prolog. It briefly reviews systems and libraries for region-based program-
ming with no static region safety guarantees, but dynamic or no region fault
detection.

1.2 Value flow by typing with labels

The language BL, also called Finitary PCF (Jung and Stoughton, 1993; Loader,
2001), is a simply typed lambda-calculus with general recursion (fix), Boolean
values and call-by-value semantics. It is the underlying language, for which
we shall develop region-based memory management based on effect type
systems in this section. Its syntax and small-step operational semantics are
given in Figure 1-1.

Tagged language

In this subsection we introduce TL, which is BL extended with explicit tag-
ging and untagging operations. Syntax and operational semantics are de-
fined by the definitions of Figure 1-2 extending the definitions for BL as given
in Figure 1-1.

The category of label variables p designates a denumerable set of label
variables po, p1, . . .. Like ordinary program variables label, variables are atomic
and have no internal structure. For convenience we may abbreviate label ex-
pression to label. Labels p can only consist of label variables for now. We shall
extend p later. Anticipating their reinterpretation later we shall also call label
variables region variables and labels regions or places.

Operationally, evaluation of t at p  consists of tagging the value of t with
label p. We write the result of tagging value v with p as (v),,. The untagging
operationt atp ’evaluatest to a tagged value (v),, checks that its label p
matches p’ and, if so, returns the underlying value v. If the label does not
match the evaluation gets stuck—it goes wrong. As we shall see, the typing
rules of TL guarantee that evaluation never goes wrong in this way for well-
typed terms.

The tagging and untagging operations serve to name certain sets of values
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Terms
t = terms:
v value expression
X variable
tt application
iftthentelset conditional
fixx .t recursion
v ou= value expressions:
AX.t abstraction
bv truth value
bv = truth values:
t true
ff false
Evaluation rules
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- (T-IF)
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r,X T Ht T,
(T-ABS)
'EAXt Ty =T
FFto:T1 =T FEtq:T
o: I 2 1:h (T-APP)
FEtot:T,
Cx:THt:T
- (T-FI1x)
MEfixx &t :T

Derived form

letx =t int zdzef()\X.tz)t1

Figure 1-1: Base language BL.

and to mark where such values are constructed and used. Note the following:

e Multiple subterms of a term may have the same label.

e Even though a label may occur only once in a program, it may tag multiple
different values at run time; e.g., in AXo.(Xo at po) the same label po will
tag multiple different values if the function is called multiple times with

different argument values.

e Labels let us distinguish between values produced in different places even

though they are extensionally equal; e.g.,ina call f (tt at

po) (ttat  py)
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New terms
t o= .. terms:
tatp tagging
t!p untagging
vV on= oLl value expressions:
(V)p tagged value
p = label expressions:
) label variable
New evaluation rules

t —t’

(E-TAG)

tat
vat p— (v),

p—t’at p

(E-TAGBETA)
t —t’

T (E-UNTAG)

t!lp—t’'lp

V), lp—v (E-UNTAGBETA)

New types
T == ...
Tatp
New typing rules
FEt:T
N'-tatp :Tatp
't:Tatp
FEtlp:T
FEv:T

FE(v),:Tatp

types:
tagged value type

(T-TAG)
(T-UNTAG)

(T-TAGVALUE)

Figure 1-2: Tagged Language, TL (Extension of BL)

we can keep track of the uses of both arguments separately even though

they are the same values.

e We distinguish between v at p and (v),. The former denotes an uneval-
uated expression, where v has not been tagged with p yet, and the lat-
ter denotes the result of performing the tagging. This distinction will be
important when interpreting labels as regions later on: evaluation of the
former has the effect of accessing the region p whereas the latter does not.

A term is closed if it has no free occurrences of variables. (Closed terms may
have free occurrences of label variables.) A closed value expression is a value.

We writet — t’ift — t / can be derived from the TL evaluation rules;
that is, the evaluation rules of both Figures 1-1 and 1-2. A term t is final (or

a final state) if there is no term t ’ such that t — t /. Bach value expression
is final. We call all final states that are not value expressions stuck (or stuck

states).

*
We writet | t'ift L5 t’and t’ is final. We write t 1 if there exists t ’
such thatt | t’.Ift has no final state and thus does not terminate we write

t 1.
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For simplicity we shall think of BL as a subset of TL. This is justified since
all BL-terms are also TL-terms and both evaluation and typing relations for

TL are conservative over BL. For emphasis we may writet —— t ’ if t 5t
andt ,t ’ are BL-terms.

Labels as value flow information

The label erasure (or simply erasure) of a TL-term is the BL-term we obtain
by erasing all occurrences of at p, ! p and (.), in it. More precisely, we
define erasure and its inverse, completion, as follows:

DEFINITION [ERASURE, COMPLETION]: Lett € TL. Then the erasure ||t || of
termt is defined as follows:

X[l = x
[trtall = [t itz
ift ithent selset 3] = if |[t]] then [t else ||ts]|
Ifixx t] = fixx .t]
IAX.t] = At
It | = tt
[ = ff
ltatp || = [{t]
lttpl =l
[Vl = v
Conversely, we call a TL-term t / a completion of BL-term t if [t /|| =t. ]

Note that erasures are BL-terms. Note also that erasures are closed under
substitution:

PROPOSITION: |[[X — t 5]t 1] =[x — ||t 2|[]]|t 1] =

A constructor/deconstructor completion (or con/decon completion) is a comple-
tion where each value expression is tagged and untagging takes place in each
destructive context; labels must not occur anywhere else. Formally, con/decon
completions are generated from t in Figure 1-3.

In a con/decon completion each value gets tagged when it is created and
every such tag is checked and removed immediately before the underlying
untagged value is destructed; that is, needed as the function in a function
application or as the Boolean test in a conditional. In this fashion the label p
int ! p tells us which value expressions could have constructed the value of
t.
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Con/decon completion templates v oo .
t == : (Ax.t)atp abstraction
v bv at p truth value

X bv = truth values:

(t!p)t tt true

if (t!p)thentelset f false

fixx .t 1

Figure 1-3: Con/decon completions

For this to be true, however, evaluations of TL-terms must not get stuck
due to label mismatch in aredex (v) , ! p’. Intuitively, the reason for this is as
follows. It would be clearly wrong to conclude that evaluation of t ! p; uses
a value constructed by a value expression labeled p; in the original source
program if t evaluates to (tt ), . Note, however, that (tt ), ! p; is stuck,
which means t | p; gets stuck. Conversely, if an evaluation does not get
stuck, all its computation steps of the form (tt ) ! p’ succeed, which is only
possible if p = p’. In that case a subterm t | p expresses that the value of t is
constructed from one of the value expressions labeled p.

As we shall see, the type system of TL guarantees that no stuck states can
occur during evaluation of (well-typed) TL-terms. So the label information
in TL-terms can be soundly interpreted as value flow information.

123 EXAMPLE: Consider the BL-programt :

let fst= AUAV.U in
(letx =Ap.pttffin AY.AQ.q (Xfst )y)
tt

Value flow analysis should tell us that x may be applied to fst (which is
rather easy to see), fsSt may be applied to tt (which is not immediately
obvious from the source code), and the A-abstraction Ay Ap.p (x fst )y may
be applied to tt , but Ap.p (xfst )y is not applied anywhere.

The following con/decon completion t 1 of t o captures this:

letfst= Ay U V.U in
(letx =Aip.((pt tt )" ff 1,)in
ALy A a.((ate (xb fst )™ y)
tt o,

To make the completion more readable, we have written Apx.t for (Ax.t ) atp ,
bv, forbvatp ,and (tPt ') for (t ! p)t’. ]
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EXERCISE [%-+]: Show that t | is a TL-term by giving a TL-typing deriva-
tion for it. o

EXERCISE [%—]: Give a reduction sequence t ; L B k such that
t i is final. Which (E-UNTAGBETA) reduction steps occur in it? Which labels
occur in those steps? o

EXERCISE [%—]: Note that t ¢ is the erasure of t ;: ||t 1]] = to. Give a re-
duction sequence ||t 1| —= ... — t/ such thatt/, is final. How are t i
from Exercise 1.2.5 and t ] related to each other? How long is the reduc-
tion sequence for t ¢ to t i in comparison to the reduction sequence for t 1?
(Generalize to arbitrary TL-terms and their erasures.) ]

EXERCISE [ ]: Let S be a substitution mapping the labels occurring in t 4
to (not necessarily different) labels. Consider the term S(t 1), whichist ; with
its labels substituted according to S. Is S(t 1) TL-typable? If so, does closure
under all substitutions hold for all closed TL-terms? If not, for which subset
of the closed TL-terms does it hold? O

SOLUTION: All TL-typing rules are closed under arbitrary substitutions. Con-
sequently all substitutions of TL-typable closed terms yield typable terms. In
particular, S(t 1) is TL-typable.

Correctness

A TL-term can be thought of as an instrumented version of the underlying BL-
term. Intuitively, this is because an evaluation of a TL-term performs the same
proper computation steps as its erasure (the underlying BL-term), with inter-
spersed auxiliary label reduction steps (E-TAGBETA) and (E-UNTAGBETA).

Correctness means that evaluation of TL-terms gives the “same” results as
evaluation of their underlying BL-terms. It is factored into two orthogonal
parts:

1. Conditional correctness, which states that TL-terms produce the same re-
sults as their underlying BL-terms unless they get stuck. Conditional cor-
rectness is a property of the evaluation rules for TL and BL alone; it is
independent of their typing rules.

2. Soundness, which states that TL-terms do not get stuck.

It is instructive to see how this method works in a technically very simple
setting such as TL. For this reason we shall introduce it below. The same
results for more expressive languages with effect typing, region scoping and
polymorphism will be proved later on in §1.4 and §1.5.
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1.2.8

1.29

1.2.10

1.2.11

1.2.12

1.2.13

) . T T
DEFINITION: Define relations . — . and . —= . on TL-terms as follows:

1. t, LEIN, 2 ift1 — t is derived by application of Axiom (E-TAGBETA)
or (E-UNTAGBETA) from Figure 1-2.

2.1, Dy 2ift ;1 — t ; is derived from all evaluation rules of Figures 1-1
and 1-2, though without application of Axioms (E-TAGBETA) or (E-UNTAGBETA).

O

Each —5 reduction step corresponds to a reduction step in the underlying

BL-term whereas —2 reductions do not change the underyling BL-term at
all. This is captured in the following lemma.

LEMMA [SIMULATION]: Lett  t,t, range over TL-terms.

1. If v is a value expression then so is ||V |
T . P
2. —% is strongly normalizing.

3. Ift; =5t then [t =5 ||t 2|

4 Ift ] =2t then ||t = |t 2. O
EXERCISE [%%—]: Prove Lemma 1.2.9. O

Using Lemma 1.2.9 we can prove the following theorem. It states that eval-
uation of a TL-term performs basically the same computation steps as the
underlying BL-term until it gets stuck or arrives at a value expression.

THEOREM [CONDITIONAL CORRECTNESS]: For TL-termst ,t ’ we have:
LIt 5t/ then [t | =25 |t 7],

2. Ift Tthen |t T.

3. If ||t || gets stuck then t gets stuck, too. |
EXERCISE [%]: Prove Theorem 1.2.11. O

The following lemma expresses that the type of a term is preserved under
evaluation.

LEMMA [SUBJECT REDUCTION (PRESERVATION)]: Let t ,t ’ be TL-terms. If
M-t :Tandt —t/thenTHt/:T. 0
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EXERCISE [%% —]: Prove Lemma 1.2.13 in standard fashion: by induction
ont —t’and formulating the requisite substitution lemma. o

LEMMA [PROGRESS]: If Ft : T then eithert = v for some value (closed
value expression) v or there exists t / such that t 5t ]

Proof: (Sketch) The lemma follows from the following statement: For all
derivable "'t : T,if ' = () then

1. there exists t / such thatt ——t’ , Or

2.(a) if Tis of the form T" — T” thent = Ax.t " for some x,t ", and

(b) if T=Dbool thent e{tt ,ff }
This statement can be proved by rule inductionon T+t : T. ]

The Progress Lemma says that a well-typed closed term is not stuck. To-
gether with the Subject Reduction Lemma it says that, since all its reducts are
well-typed, too, it never gets stuck.

THEOREM [SOUNDNESS]: If -t : T then evaluation of t does not get stuck.
|

Putting the Conditional Correctness Theorem and the Soundness Theorem
together we obtain as a corollary the correctness of TL relative to BL:

COROLLARY [CORRECTNESS]: Lett be a closed TL-term and v a TL-value.

1. t Tifand only if ||t || T.

2.1t LN Iv|| if and only if there exists a TL-value v’ such that ||v'|| = ||v]||

andt - v'. O
EXERCISE [ ]: Prove Corollary 1.2.17. O
SOLUTION:

1. Thatt T implies ||t || T follows directly from the Conditional Correctness
Theorem, part 2. Assume now t |, thatist terminates. By the Soundness

Theoremt cannot terminate with a stuck state, sot L>* v for some value
v. By Conditional Correctness, part 1, this implies that ||t | —"* ||v||. By
Lemma 1.2.9, part 1, ||v|| is also a value. Since all values are final (easy),
this shows that ||t || |.
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1.2.19

1.2.19

2. The implication from right to left follows directly from Conditional Cor-
rectness, part 1. As for the converse direction, assume ||t || —* ||v||. By
Soundness evaluation of t does not get stuck and by part 1 of the corollary

there exists a TL-value v such thatt — V. By Conditional Correctness,
part 1, we have ||t || —* ||v'||. Since — is deterministic and we also
have ||t || —* ||v|| by assumption, we can conclude that ||v'|| = ||v]|, and
we are done.

Inference of value flow information

Given a BL-term t we are interested in finding a con/decon completion to
obtain value flow information about t. Note, however, that a BL-term t
may have many different con/decon completions, and while each comple-
tion provides sound value flow information, some completions provide bet-
ter information than others. For example, the trivial completion where each
label operation in a term has the same label py contains basically no useful
value flow information: it says that any value created anywhere may be used
anywhere. Correct, but trivial. Intuitively, we are interested in a con/decon
completion with a maximal number of distinct labels as this gives the most
fine-grained value flow information.

EXERCISE: Considert o =

let fst = AUAV.U in
(letx =Ap.pttffin AY.AQ.q (xfst )y)
tt

again and its con/decon completiont ; =

let fst= AMUAL V.U N
(letx =Ayp.((phtt ()" ff ,)in

ALY ALG-((gle (xb fst ) y))
tt o,

Does there exist another con/decon completion of t o with more distinct la-
bels or is t 1 maximal in this sense? |

SOLUTION: (Sketch) There is a better completion. The two occurrences of tt
can be given distinct labels.

Indeed, it can be shown that each BL-term has a con/decon completion
such that any other of its con/decon completions can be obtained by apply-
ing a label substitution to it. We call it a principal completion of the given BL-
term. In particular principal completions have the maximal possible number
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of distinct labels. Furthermore, principal completions are unique up to re-
naming of labels.

We shall not go into any technical details on how to infer principal com-
pletions, but present the basic ideas.

A con/decon completion template for an BL-term t is a con/decon com-
pletion of t where each label variable occurs exactly once. Clearly, each con/decon
completion that satisfies the TL-typing rules is a substitution instance (map-
ping labels to labels) of this template. Furthermore, it can be shown that a
substitution gives rise to a well-typed con/decon completion if and only if it
satisfies a set of equational constraints between the template labels. That set
can be computed in linear time from the con/decon completion and a most
general solution of the constraints, likewise, can be computed in linear time.
The most general solution, in turn, gives rise to a principal completion when
applied to the con/decon completion template. What we have described is
the standard method for simple type inference by equational constraint ex-
traction and solution; see e.g. Wand (1987); Henglein (1989) for simple type
inference and Mossin (1997, Section 2) for its application to value flow anal-
ysis.

The pleasant properties of processing sets of equational constraints, in par-
ticular existence of most general/principal solutions and very efficient incre-
mental algorithms for computing them (unification), appears to have led to
type systems whose design has been driven to a considerable degree by a
desire to deploy efficient unification technology for automatic inference, not
only by semantic or logical analysis for capturing relevant semantic informa-
tion.

Labels as regions

We can think of region variables being bound to memory regions and (re)interpret
tagging and untagging operations as follows. The value (v), denotes a(ny)
pointer into region p where V is stored. The tagging operationt at p isim-
plemented by storing the value of t in region p. Its result is the pointer to
where the value is stored. The untagging operationt ! p is implemented as
evaluating t to a pointer, checking that it points into region p and, if it does,
retrieving the pointer’s value. The TL type system guarantees that all checks
succeed and so can be elided at run time.

Now consider the (derivable) judgement ' -t : T for a subtermt in a pro-
gram. Assume that p occurs in t in tagging and/or untagging operations. If
p does not occur in I" then, intuitively, the environment in which t evaluates
contains no values in p; it is empty. If, furthermore, p does not occur in T ei-
ther, then no values stored in p are needed by the context of t ; all the values
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New terms t —t’ (5-NEW)
t o= ot , ;etrms: newp.t — newp.t
W p. region-scoped term
P g P . newp.v — [pr— elv  (E-NEWBETA)
p = label expressions:
. deleted/inaccessible region) | New typing rules Nt T
New evaluation rules t Lo FEt:T
p&irv(T)
———— (T-NEWUNSOUND)
I'-newpt : T

Figure 1-4: Scoped Tagged Language (unsound), STL (Basis: TL)

stored in p can be deleted.

This leads us to the introduction of terms with (lexically) scoped regions:
new p.t . Here new p.t binds region variable p in t . The semantics of hew p.t
is as follows: allocate a new region, bind it to p, evaluate t and, finally, deallo-
cate the region bound to p. This results in a stack-oriented memory manage-
ment discipline for regions: the most recently allocated region is deallocated
first.

Figure 1-4 shows newp.t and corresponding evaluation and typing rules,
which extend TL to STL. In Rule (T-NEWUNSOUND) function frv (T, T) denotes
the set of region variables that occur freely in"and T,

Rule (E-NEW) expresses that a region-scoped term newp.t is evaluated
by reducing t to a value v. During this reduction accesses to region p are
possible. After evaluation is complete newp.v is reduced to [p — e]v by
Rule (E-NEWBETA), where e is substituted for all occurrences of p in v. In
particular, all occurrences in v of the form (v’) ; are replaced by (v'),. Since
Rule (E-UNTAGBETA) from Fig 1-2 requires a proper region variable, any ac-
cess to such a value gets stuck. Note in particular that the term (v'), ! e is
stuck. In this fashion the substitution of e for p makes all values stored in p
inaccessible in ensuing computation steps, which models deleting the whole
region of values stored in p.

The bad news is that STL is unsound: Stuck states can occur. The reason
for this is that a term t with derivable judgement I' F t : T may still access
region p during evaluation even if p occurs neither in I' nor T.

1220 EXAMPLE: Consider the following STL-term t ¢ =:

newpp.letx =ttat poin Ay.ifx ! potheny else ff at P1
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It reduces as follows:

newpp.letx =ttat poin Ay.if x!pgtheny else ff at P —
newpo.letx = (it >po in Ay.if x!potheny else ff at P71 —
new po.Ay.if  (tt )QO ! po theny else ff at P1 —

Ay.if (it ), | e theny else ff at P1

Note that po occurs freely in Ay.if (it ) ! potheny else ff at p1 be-
fore performing the last reduction step. Its type bool at p; — boolat p;,
however, does not mention py. Note that

Ay.if  (tt ), | e theny else ff at P71

is a value; it is not stuck. It is easy to see, however, how it can give rise to a
stuck state. The programt ¢ (ttat pq) is a well-typed STL-program of type
bool at pj, yet evaluation gets stuck:

te(ttat pq) =5
(Ay.if (&t ), ! e theny else ff at p1) (ttat py) —
if (tt ), ! e thenffat p7 else ff at P1

To continue evaluation would require reduction of (tt ), ! e to a Boolean
value; (tt ), ! e, however, is stuck. ]

In §1.3 we introduce explicit effects into types to to capture the accesses to
regions needed for evaluation. This is the path taken by (Tofte and Talpin,
1997) in their ground-breaking work on region-based memory management.

Notes on value flow analysis

Even though Reynolds (1969) was first to look at the problem of comput-
ing flow for structured data and called it data set computation, we follow
Schwartz (1975) in using the term value flow to emphasize its general applica-
bilty to primitive, structured and higher-order data. Schwartz (1975) devel-
oped value flow analysis for structured values in the context of SETL and was
the first to suggest exploiting lifetime analysis based on value flow analysis
for region-based memory management. Closure analysis, the term introduced
by Sestoft (Sestoft, 1988, 1989), and control flow analysis, the term used by
Shivers (Shivers, 1988, 1991), focus on the flow of function values (function
closures). Note that data and control flow are interdependent for higher-
order languages; see Mossin (Mossin, 1997, Section 1.4) for a discussion of
this. Shivers coined the term 0CFA, which in other literature is also used for
the monovariant value flow analyses above (which is different from Shivers’
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0CFA, however; see Mossin (1997) for a discussion of this). Another form of
monovariant value flow analysis is set-based analysis (Heintze, 1994).

Palsberg and O’Keefe (1995) showed that safety analysis, a constraint-based
analysis, characterizes typability in Amadio and Cardelli (1991)’s type sys-
tem with recursive subtyping, providing a type theoretic characterization
of monovariant value flow analysis. Constraint-based value flow analysis
for object-oriented languages was pioneered by Palsberg and Schwartzbach
(1990, 1994). See Nielson et al. (1999) for a presentation of monovariant value
flow analysis based on flow logic and abstract interpretation.

Classical data flow analysis corresponds to value flow analysis for prim-
itive data (only); it has been used in compilers already in the early 60s. See
Aho et al. (1986) for its history.

Monovariant value flow analysis is directional: values flow from construc-
tor points (value expressions) to uses, but not the other way round. The value
flow information for BL as expressed in TL-completions corresponds to a
very simple (and inexpressive) value flow analysis: equational flow analy-
sis, where value flows are treated symmetrically (Heintze, 1995). Intuitively,
this means all flows are bidirectional: values do not only “flow” from their
creation points to their uses as in monovariant value flow analysis (OCFA),
but, somewhat weirdly, also the other way round. The type-based presenta-
tion of equational value flow analysis in this section owes greatly to Mossin
(1997, Section 2) where it is called Simple Flow Analysis.

Polymorphic value flow analysis was developed by Mossin (1997), extend-
ing earlier work by Dussart et al. (1995); Henglein and Mossin (1994) on com-
bining subtyping, parametric polymorphism and polymorphic recursion for
binding-time analysis. Polymorphic value flow analysis is modular and can
be computed asymptotically in the same time as monomorphic value flow
analysis. Transitive closure is the algorithmic bottleneck in both. Efficient al-
gorithms are given in Fahndrich et al. (2000); Rehof and Fahndrich (2001)
and Gustavsson and Svenningsson (2001).

Polymorphic equational value flow analysis underlies Tofte-Talpin style
region-based memory management; see §1.5. Region-based memory man-
agement based on “directional” value flow analysis appears possible, but
is presently unexplored. The recognition that region inference performs a
form of value flow and dependency analysis is folklore; it has been exploited
by Helsen and Thiemann (2003) for polymorphic specialization. Developing
region-based memory management systematically from type-based value
flow analysis appears to new, however. The syntactic modeling of region
deallocation by e is due to Helsen and Thiemann (2000) and Calcagno (2001).

See §1.4 and the following sections for more references on region-based
memory management.
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Effects

We have seen in the previous subsection that the soundness of a typing rule
may depend not only on the results of evaluations, but on certain aspects
of the evaluation itself, in other words on how a value is computed, not just
which value is computed. To capture properties of evaluation we introduce
effects.

Effect type judgements

The basic effect type judgement is
M=t :*T

where ¢ is an effect expression (henceforth simply called effect) and T is an
effect type or type and effect. The judgement should be read informally as “Un-
der the assumptions I, the evaluation of t may have the observable effect ¢,
and it eventually yields a value of type T, if any.” For program analysis pur-
poses observable may also be understood as interesting. When an evaluation
has no observable effect, we say it has the empty effect, written (), and T is
abbreviated to T.

In a call-by-name language I" is a sequence of effect type assumptions of the
form x : “T since X may be bound to unevaluated thunks, whereas in a
call-by-value language we have type assumptions of the form X : T since vari-
ables are bound to values, whose evaluation is guaranteed to always have the
empty effect. Analogously, in a call-by-name language we have general func-
tional types of the form ®'T; — ®2T; in a call-by-value language, however,
we can restrict ourselves to functional types of the form Ty — °eT,.1

Effect typed language ETL

We shall now present an effect typing system for language ETL. ETL has the
same source terms and evaluation rules as STL. The only difference to STL

1. The syntax ® T has been chosen here for several reasons:

o It expresses that yielding a value of type T is the last “effect” of evaluation; that is it occurs
after .

e Functional types in a call-by-value language end up being written Ty — ®T;, which is
consistent with the notation used in the literature where the delayed effect ¢ is written above
the function type arrow.

e It is consistent with the syntax M®T used in monadic interpretations of type and effect
systems in the literature.
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Terms Effect typing rules
t o= terms: ,
v value expression X % r (TE-VAR)
X variable Ex: T, Ex®T
tt application '+ bv :® bool (TE-BOOL)
iftthentelset conditional I'Ft;:® bool
tatp tagging FEt,:°T ThHt3:@T (TE-IF)
tip untagging MFift ;thent elset 3:°T
new p.t label-scoped term o2
fixx .t recursion Lx:ThFt 2T, (TE-ABS)
v oo= value expressions: MEAXE 9T Ty — 92T,
AX.t abstraction FEty: Ty — T,
bv truth value NEtq,:°9T,
(V)p tagged value TFtot, Ty (TE-APP)
bv = truth values: Nt :eT c
tt true Pe? (TE-AT)
NFtatp :®Tatp
ff false
) . -t :®*Tatp p €¢
p = label/region expressions: — (TE-FROM)
o label/region variable) FreEtip:®T
° deleted/inaccessible label/region) MEv:®T (TE-CELL)
Effect expressions M=(v),:* Tatp
¢ == {p,...,p} effect expressions: FEt:®T p & frv(T) (TE-NEW)
Types MEnewpt :»~ P} T
o . CX:THt:*T
T o= types. - (TE'FIX)
bool Boolean type Mefixx .t :@T
T— T function type
Tatp tagged value type

Figure 1-5: Scoped effect typed language ETL(sound).

is its effect type system. Syntax and effect typing rules for ETL are given in

Figure 1-5.

An effect is a finite set of region variables. Note that it must not contain
o. Ajudgement ' - t :® T is intended to express that, assuming the free
variables of t are bound to values of types according to I', the regions that t
accesses during evaluation are included in ¢ and the result of the evaluation

has type T

if it terminates.



131

1.3.2

1.3.3

1.3 Effects 21

The typing rules of Figure 1-5 are basically those corresponding to the
monomorphic subset of the Tofte-Talpin System, which we shall encounter in
§1.5.2 They are inspired by a desire to employ equational constraint solving
for effect expressions as much as possible.

Since we are only interested in whether a particular region may be ac-
cessed during evaluation of a term or not, our effect system does not record
the order in which effects take place. We simply record the set of region vari-
ables that may be accessed during evaluation of t . In this sense our effect
type system is control-flow insensitive. Effect type systems that capture evalu-
ation order in their effects are discussed briefly later.

Soundness

Effects make the region variables accessed during evaluation sufficiently “vis-
ible” to ensure that the typing rule for newp.t is sound.

EXAMPLE: Consider the term
tf=newpp.letx =ttat ppoin Ay.ifx !pgtheny else ff at P1

from Example 1.2.20 again. Whereas it is typable in STL even though it gets
stuck when applied to an argument, it is not typable in ETL. To see this, con-
sider the let-expression t |

letx =ttat poin Ay.ifx ! pgtheny else ffat P1

inside t . Its ETL effect type Ty is {(P°}(bool at p; — {Po'bool at p;). Note
that pp occurs in the effect, but neither in the function type’s domain nor
its range type. This reflects the fact that an application of t | may access re-
gion po. Since po € frv(boolat p; — (Polbool at  py) Rule (TE-NEW) is not
applicable, and so there is no way of inferring a type for t ¢, which indeed
would be unsound. o

EXERCISE [%%—+]: Give a derivation of + t : Ti. Argue that any ETL-
derivable type T for t { must contain an occurrence of po. ]

Generally, we can prove the following soundness theorem.

THEOREM [SOUNDNESS OF ETL]: If -t :¢ T then evaluation of t does not
get stuck. =)

2. The only substantial difference is Rule (TE-APP). It is more restrictive than the corresponding
Rule (RT-APP) in the sense that it requires ¢, C ¢ in Rule (RT-APP) to be solved equationally.
Note that, in general, the typing rules of TT in §1.5 are for con/decon completions (only). They
can be derived from ETL by merging Rules (TE-FROM) and (TE-CELL) into the other rules.
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We shall not prove this result here. The techniques will be presented in §1.5
for a more general type system.

EXERCISE [%% %% —]: Prove correctness for ETL. Do so by extending the
Conditional Correctness Theorem and the Soundness Theorem for TL to ETL.
O

Notes on effect type systems

Type and effect systems are introduced by Lucassen, Gifford and Jouvelot
(Gifford and Lucassen, 1986; Lucassen, 1987; Lucassen and Gifford, 1988;
Jouvelot and Gifford, 1989) for integrating imperative operations, notably
updatable references and control effects, into functional languages. Type and
effect inference using unification technology, which is the basis for region
inference, is developed by Jouvelot and Gifford (1991); Talpin and Jouvelot
(1992, 1994). Tofte and Talpin (1997) develop it into region inference for region-
based memory management.

Nielson and Nielson (1994, 1996) pioneered type and effect systems with
behaviors or causal effects, where effect types model order of evaluation. In
such systems the language of effect expressions has operators for sequential
composition and choice. They also provide for recursively defined effect ex-
pressions. The sequential composition operator captures the sequential order
of the execution of effects. The choice operator corresponds to choice of one
effect or another. This changes the nature of effects substantially as they ba-
sically turn into process algebras and thus have a nontrivial theory of their
own. Modeling order of execution is key to capturing synchronization prop-
erties of concurrent processes, where atomic effects include the sending and
receiving of messages. See Amtoft et al. (1999) and Nielson et al. (1999) for
references on soundness, inference and applications.

Applications of type and effect systems include verification of cryptographic
protocols by effect type checking (Gordon and Jeffrey, 2001b,a, 2002), behav-
ior type systems for asynchronous programming (Igarashi and Kobayashi,
2001; Rajamani and Rehof, 2001; Chaki, Rajamani, and Rehof, 2002; Rajamani
and Rehof, 2002) and interference analysis for concurrent threads (see Flana-
gan and Qadeer (2003) for references).

In terms of the computational A-calculus of Moggi (1991), types are asso-
ciated with values and effect types with computations; that is, intuitively, an
effect type ®T corresponds to an (effect indexed) monad type M®T. This
connection is investigated by Semmelroth and Sabry (1999); Wadler (1998);
Fluet (2004).
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Region-based memory management

Region-based memory management is a particular way to manage the dy-
namically (or heap) allocated memory of a program. Traditionally, the heap
is managed either explicitly by the programmer using constructs such as C’s
malloc and free , or automatically by a garbage collector leaving the pro-
grammer with only the responsibility of when to allocate memory. Region-
based memory management uses explicit instructions for the allocation and
deallocation of memory, but the safety of the explicit deallocations is guar-
anteed by a type system, and in some cases a compile-time analysis called
“region inference” (§1.6) can insert the allocation and deallocation instruc-
tions automatically.

Basically a region is a sub-heap containing a number of heap-allocated val-
ues, and the heap is a collection of regions. A region starts out empty and
grows when a value is allocated in it. A region can grow independently of
the other regions constituting the heap; that is, one can allocate values in all
regions currently available. Regions can only shrink when the complete re-
gion is deallocated; that is, one does not deallocate individual values, only
complete regions.

In summary, we use three region primitives: (1) allocation of a new region,
(2) allocation of a value in a region, and (3) deallocation of a complete region
(and thereby all values allocated in the region). In contrast to TL in §1.2 we
simply elide dereferencing .

A region-annotated language

Our region-annotated language is a lambda calculus with a fixed-point oper-
ator and (Boolean) constants, extended with explicit region annotations. Its
syntax and evaluation semantics are defined in Figure 1-6. As usual, Ax.t
and fixx .u binds the variable x int and u, respectively. Similarly, Ap.u and
new p.t binds the region variable p in u and t, respectively.

By analogy to §1.2 we define basic semantic notions for RAL. We write

t “5 t’ift — t’ can be derived from the RAL evaluation rules in Fig-

RAL

ure 1-6. A RAL-term t is final if there is no term t ’ such thatt — t ’. Note

that each value expression is final. All other final terms are stuck.

We write t ——* t/ift 5" t/ and t’ is final. We write t 1 if there

existst ' such thatt | t’.Ift has no final state and thus does not terminate
we write t 7. the relation —*' between terms is defined by: t —*' t ’if
t —*t’andt’is final.

DEFINITION: Define the function “evalg(-)” from terms to {tt ,ff , L, wrong }
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I 1
Terms .
| Evaluation t 2t
t = terms: .
t; —t
u value or almostv.ulbbée . — 21 .f1 R (RE-TF)
?( Uaﬁlﬂl e Tt 1 elset 34)|t 1 elset 3
iftthen telset conditional | ifttthent  ,elset 3 — t, (RE-IFTRUE)
fixx .u m,wsfon if ff then t selset 3 —t 3 (RE-IFFALSE)
tt application . ¢
; —
t [pl region app. ML (RE-APP1)
new p.t region creation tit, —t)t,
= : ty —t)
u almost values: 2 2 (RE-APP2)
Vv value Vit — vt}
(Ax.t)atp abstraction Axtat p— (Ax.t), (RE-CLOS)
(Ap.u) atp region abs.
. (AXt), v — X = Vit (RE-BETA)
vV o= value expressions: ,
bv truth value : u— u (RE-FIX)
(Ax.t), closure fixx .u— fixx .u’
Ap.u region closure i .
(Ao >P 3 fix Xf. v (RE-FIXBETA)
bv = truth values: — = fixx.viv
tt t t —t’
" rlu ¢ — (RE-RAPP)
false t [pl —t’[pl
p = places: Apr.uat p; — (Ap1.u),,  (RE-RCLOS)
P region variable |y, ) o] — [py s plu (RE-RBETA)
. deallocated
t, —t {
- (RE-NEW)
newp.t; — newp.t
newp.v — [p+— e]Jv  (RE-DEALLOC)

Figure 1-6: Region-annotated language, RAL

by

a) evalR(t o) =bv ifft 0 —)E! bv.

b) evalg(t o) = L iff there is an infinite sequence t 1,t 2,...

thatt ; ﬁ>ti+1 for 0 <i.

c) evalg(t o) =wrong ifft  —*'t wheret is nota value.

,ti,...such

O

Recall that the newp.t construct introduces a new region variable p. The
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variable p can be used to annotate value-producing terms within t. The
allocation of the new region in our system is implicit; it happens automati-
cally when the execution focus moves inside the new binder. Implicit alpha-
conversion makes sure that the new does not capture any foreign region vari-
ables before the allocation. On the other hand, deallocation is explicit in the
evaluation semantics. The (RE-DEALLOC) rule records the fact that a value
stored in the deallocated region is no longer available by replacing the region
variable with the special marker . The “dangling pointers” to deallocated
values can be manipulated freely as long as one does not attempt to read the
values they point to. At that point execution will get stuck, because there is
no reduction rule for an expression of the form “(Ax.t ), v”. Rule (RE-BETA)
that would ordinarily reduce it applies only when the place is a p, which
explicitly does not include o as in the effect typed language ETL.

Observe that the substitution [p +— e] in (RE-DEALLOC) can affect alloca-
tion expressions (---) at p as well as already allocated values (- - -) o-In the
former case we end up with a “(---) at e” expression which asks to allo-
cate something in a region that does not exist anymore. This is impossible,
of course, but the occurrence of such a subterm is not an error. The error hap-
pens if the expression is eventually executed; in which case execution will
get stuck because (RE-CLOS) and (RE-RCLOS) demand a p rather than a p
after the “at ”. Similarly a e can appear as the actual parameter in a region
application, and the application can even be reduced without an error.

A novel aspect of the region-annotated language, compared to the tagged
language described previously, is the presence of region abstractions. The in-
tention is that a region abstraction “Ap.u”, where u is an “almost value (see
Figure 1-6) ranging over normal values and yet-to-be-allocated abstractions,
is the natural counter-part to a normal abstraction only at the level of re-
gions. One can apply such an abstraction to an actual place parameter p in
which case evaluation proceeds by substituting the place p for the formal
parameter p in u, and then evaluates the result of this substitution. Region
abstractions allow one to parameterize a function over the regions necessary
for the evaluation of the function. Typically, this means parameterizing over
the regions containing the input to the function, and the regions in which the
output should be stored. We say that such a function is region polymorphic in
the region parameters.

For example, consider the following program to compute Fibonacci num-
bers?

fix fib. An.

3. In examples we shall allow ourselves to use features such as integers allocated in regions
even though they are not part of the formal developments.
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if n<2 then 1
else fib(n-2)+fib(n-1)

One possible region annotation of this program is (ignore everything but the
first line for now)

fix fib. ( Api. ( Apo. ( An.
if new p. (n < (2 at p) then 1 at p,)
else new p;.
new py.fib [p2llp:1] (new p.n - o, (2 at p))
+at p,NeW p3.fib  [p3llp1] (new p.n - 4 o, (1 at p))
) at pi) at pi) at py

The point is that the fib  function expects two region parameters at runtime:
one, pi, in which the input n is stored, and one, p,, in which the function
is supposed to store its result. Thus, any caller of fib is required to choose
appropriate actual regions for these as witnessed in the two calls to fib in
the body.

Observe that, since the only way to allocate and deallocate a region is via
the new construct, it is not possible for the function to deallocate a region
associated with a parameter, and similarly, the function cannot itself allo-
cate such a region. The consequence is that the lifetime of regions passed as
parameters to a function encompasses the lifetime of the complete function
invocation. In order to avoid large, long-lived regions it is therefore impor-
tant to allow the body of a recursive function to use actual parameters to
recursive invocations different from the formal parameters. This is referred
to as region polymorphic recursion in the literature, as it allows us to choose
different instantiations of the polymorphically bound region parameters for
different invocations.

Continuing the Fibonacci example above, it is crucial that the two recursive
calls to fib  can each supply their own actual parameters (in this case p2, p1
and p3, p1). Thus, for each call we store the arguments in separate regions
whose lifetimes are just the duration of the function call. The results need
slightly longer lifetimes, since we need to add those up to give the result of
the original call, but they can be stored in the same region. (The example is
taken from Tofte and Talpin (1997).)

EXERCISE [%%]: What would happen to the region-behavior of the Fibonacci
program if region polymorphic recursion were disallowed (ie., if the recur-
sive calls were required to use the formal region parameters as actual region
parameters)? o

SOLUTION: Both of the two recursive calls would have to specify pi, po as
actual parameters, and so all intermediate arguments and results would end



1.4.3

143

1.4.4

1.4  Region-based memory management 27

up in the same two regions; namely the two argument regions supplied to
the function at the outermost level.

The original calculus proposed by Tofte and Talpin (let us call it the TT cal-
culus) differs from our RAL in a number of ways. The most conspicuous dif-
ference is that the region-creation construct “new p.t ” is written “letregion
pint ”. A more subtle one is that TT restricts the places where region ab-
stractions and recursive function definitions can occur. Region abstractions
are only allowed in the definition of recursive functions, and a recursive func-
tion definition must appear in a let binding. These restrictions are implicit
in the syntax of TT—it combines recursion and region abstraction in a single
combined construction

t == letrec f[ P1,..,pr]jX)at p=t;int ,
which corresponds to the RAL expression
letf =fixf .(Ap1,...,px,p.(Ax.t7)at p’)at pint ,

Using the letrec  as an abbreviation we can rewrite the Fibonacci exam-
ple to the following program:

letrec fib[ Pi, Po] (N) at pf =
if new p. (n < (2 at p) then 1 at p,)
else
new pj.
new py. fib[ p2,pr](new p. N - &y, (2 At p))
tat p,N€W p3. fib[  p3,pr](new p. n - 4o, (1 At p))

EXERCISE [ ]: This unfolding of the TT letrec  uses abstraction over
multiple regions at once, which is not actually part of the RAL calculus. Show
how n-ary region abstractions can be simulated using our unary ones. ]

SOLUTION: An n-ary region abstraction can be converted into a stack of
unary ones, but one must decide where the intermediate region closures that
the semantics require are allocated. The following solution takes care not to
cause any net heap allocation in the translation of an n-ary application:

(Ap1,...,pnt)at p= (Ap'.(Apr.---(Apn.t)at p’---)at p’)at p
f lp1,...,onl = newp’.f [p’] [p1]--- [pnl

EXERCISE [%]: What is the role of the p’ parameter in the above RAL ex-
pansion of TT’s letrec  construction? Can you guess why it is not part of
the original TT syntax? O
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SOLUTION: When the region abstraction is applied (i.e., each time f is men-
tioned), a closure must be allocated to contain the region parameters and the
free variables of the function body, because the ordinary BL parameter may
not be supplied right away. The parameter p’ selects the region in which this
closure will be allocated. It is not part of the TT syntax for letrec  because
this closure allocation is implicit in the letrec  construct; instead the original
syntax for applying the region abstraction is

!

t o=f p1,...,p;Jat p
which can be expressed as f [p1,..., pk, p’l in RAL.

EXERCISE [%]: What is the role of p in the letrec  construction? Is it really
operationally necessary? o

SOLUTION: p is the region where a closure for the region abstraction is allo-
cated. This closure contains the values of the free variables of the lambda ex-
pression. The intention in TT was that this closure would be consulted when
the region abstraction is applied, such that the variables could be moved to
the final closure in p’. However, due to the syntactic requirement that the
region abstraction is applied whenever f is mentioned int ; ort ,, the free
variables will actually still be in scope at the application point. Since the body
of the region abstraction is also statically known, nothing actually needs to
be allocated in p, and indeed the ML Kit, a practical realization of TT (refer
to Section 1.8), does not allocate this closure. But this was not realized when
TT was first formulated.

The dynamic semantics presented by Tofte and Talpin (1997) goes to some
length to stress that regions are allocated and deallocated according to a stack
discipline. A runtime configuration contains a region environment that maps
region variables to concrete regions (denoted by r), and a store that maps
(concrete) regions to the values stored in them. Evaluation of a newp.t then
proceeds as follows: (1) first choose a fresh (concrete) region r and extend
the region environment with a binding p — r and the store with a binding
r — ( where ) is the empty region containing no values; (2) then proceed with
the evaluation of t in this extended runtime configuration; (3) complete the
evaluation of the entire term by removing the bindings for p and r from the
configuration.

That original formulation is closer to an operational understanding of how
the region operations work than the store-less semantics we use here. On the
other hand, the store-less semantics is easier to reason about; a trick due to
Helsen and Thiemann (2000) and Calcagno (2001). See Calcagno et al. (2002)
for a proof that the two styles of semantics are indeed equivalent.
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Reusing deallocated memory

Intuitively it should be safe to reuse deallocated memory (indicated by the
special place o) while executing a region-safe program. More formally, as-
sume thatt , is a term containing deallocated values and thatt is constructed
from t , by replacing some of these with new values. Then if t , evaluates to
some value or loops indefinitely (ie., it does not go wrong), then so does t .

14.6  PROPOSITION: Let Valbe the set of values and Dead be the subset of values of
the form “(...),”. Let the relation < between terms be the compatible closure
of Dead x Val. Thatis, t 4 <t ift arises from t , by replacing some (zero or
more) deallocated values by arbitrary new values.

Ift, <t and evalg(t,) =Y # wrong, then evalg(t ) =Y, too. O

Proof: Exercise (Jc¥k). O

14.6  SOLUTION: By a simple induction over the derivation of the evaluation rela-

tion, we may prove thatift, RNy Landt, <t,then thereisat ’ such that

t “5t’andt) <t/
Apply this lemma to each step of the reduction of the original t ,. In the

case Y = bv, note that bv <t implieshv =t.

Annotating programs with regions preserves meanings

Region annotating a program is the process of adding region annotations
to it to make the memory management explicit (see §1.6 for how to do this
automatically). Thus, the process takes a program written in BL and pro-
duces a program written in RAL. The intention is, of course, that the region-
annotated program is supposed to have the same behavior as the original
program. In other words, we shall prove that adding region annotations pre-
serves the meaning of the program. We make this precise in the present sec-
tion. We do so by starting with a region-annotated program and showing
that it behaves the same as the program obtained by removing all region
annotations (thereby obtaining a program in BL, Figure 1-1),
Analogous to erasure for TL-terms, going from a term in the region-annotated

language RAL to a term in the underlying base language BL is a matter of
erasing all region annotations.

1.4.7  DEFINITION: The erasure ||t | of a region-annotated term t is the BL-term
defined by removing the region annotations, as shown in Figure 1-7. ]

The ideal meaning-preservation statement would be: For any region-anno-
tated program t , if evalg(t ) = Y then eval(||t ||) = Y and vice versa. Unfor-
tunately that is not true, since t can go wrong due to memory-management
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lbv| = bv [tatafl = tal it
_ thent _ then |t [fixx .ul] = fixx .[ul
ift o it [|toll
elset ; else ||t [newp.t| = |t
x|l = x [Ap.u)atp || = |u]
[Axt)atp || = A[t] [Apu),l| = lull
[l = At It [l = [t

Figure 1-7: Definition of the erasure function

1.4.8

1.4.9

1.4.10

errors (such as trying to read a value after it has been deallocated) that have
no counterpart in ||t ||. What we can prove, however, is the following theo-
rem:

THEOREM [CONDITIONAL CORRECTNESS]: Lett be a region-annotated pro-
gram (formally: any term), and assume evalg(t ) # wrong . Then evalg(t ) =
eval(|t |). 0

In other words, a region-annotated program behaves the same as the orig-
inal unannotated program, unless it goes wrong. Our semantics for region-
annotated programs does not allow us to distinguish between going wrong
because of memory-management errors and going wrong due to plain old
type errors, but it would be straightforward (though tedious) to extend the
semantics with such a notion and then prove that if eval(||t ||) # eval(t ) then
eval(t ) is memory-wrong rather than type-wrong. Since we are primarily
concerned with well-typed programs, we will not pursue that further.

The proof of the theorem proceeds through a series of lemmas:

LEMMA: Assume thatt isavalue Vv or an almost-value u. Then ||t || is a value
for BL. O

Proof: By structural induction on t . The induction hypothesis is used in the
case of region abstractions and closures, which disappear during erasure.
(This is why the body of a region abstraction is restricted to be an almost-
value rather than an arbitrary term). O

LEMMA [SIMULATION]: Assumet —— t’. Then either (a) ||t || — ||t /|| or
(b) [t [ =t "Il =

Proof: By induction on the derivation of t 5t .
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For the rules (RE-IF), (RE-APP1), and (RE-APP2), apply the induction hy-
pothesis. If this application yields case (a), use the corresponding context rule
from BL. In the case of (RE-APP2), Lemma 1.4.9 ensures that erasure of the
function expression is still a value, such that the corresponding BL rule is
available.

For the rule (RE-FIX), first observe that since the body of the fix is an
almost-value, the only rules that can establish the reduction u 22 u’ are
(RE-CLOS) and (RE-RCLOS). Then, by inspection of each of these rules we
find ||u]| = ||u’]|, and thus also |fix X .ul|| = |[fixx .u’J.

For (RE-IFTRUE), (RE-IFFALSE), (RE-BETA), and (RE-FIXBETA), the ||t || —
It /|| case applies through the corresponding BL reductions.

For (RE-RAPP), and (RE-NEW), use the induction hypothesis directly.

For (RE-CLOS) and (RE-RCLOS), ||t || = ||t /|| holds trivially. Similarly for
(RE-RBETA) and (RE-DEALLOC), because the erasure hides the effect of re-
gion substitutions. o

LEMMA [SIMULATED PROGRESS]: Assume t ~— t’ yet not ||t | — ||t /||.

Then t ’ is strictly smaller than t , under a size measure where unevaluated
abstractions are considered “larger” (e.g., twice as large) than closures. D

Proof: From the proof of Lemma 1.4.10 it is clear that the derivation of t ~

t / must consist of a stack of context rules with one of the axioms (RE-CLOS),
(RE-RCLOS), (RE-RBETA), or (RE-DEALLOC) at the top. Because the context
rules do not themselves add material to the term, it is sufficient to check
the lemma for those four axioms. For (RE-CLOS) and (RE-RCLOS), the size
measure is explicitly defined to make the lemma true. For (RE-RBETA) or
(RE-DEALLOC), the region substitution does not change the size of its argu-
ment, whereas the reductions remove either the A or the new binder. O

LEMMA: Assume evalg(t ) = bv. Then eval(||t ||) = bv, too. ]

Proof: We have thatt —*' bv. By applying Lemma 1.4.10 to each of the re-

duction steps in turn, we get ||t || —* ||bv || = bv. Since bv has no successor,
eval([t ||) = bv. ]

LEMMA: Assume evalg(t o) = L. Then eval(]|t o||) = L, too. o
Proof: The assumption gives us an infinite series of reductions
to—=ty—=--—=1ti...

By Lemma 1.4.10, we get for each i > 0 that either ||t ;|| = ||t ;1] or ||t ]| —
It ix1]. Lemma 1.4.11 guarantees that there does not exist an N such that
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1.5

[ti] 2= ||t ;1] for all i > N. Therefore, by choosing certain i’s, we get an
infinite series of BL reductions

Itoll = flt s, l = = it ..
Hence evalg(||t ||) = L. O

Proof: [of Theorem 1.4.8] Assume that evalg(t ) # wrong . Then evalg(t ) is
either bv or L, and one of the last two lemmas gives us eval(||t ||) = evalg(t ).
O

The Tofte-Talpin type system

One of the features that differentiates Tofte and Talpin’s region language
from other region-based systems (such as Hanson (1990), Ross (1967), and
Schwartz (1975)) is the presence of a type system. The type system is sound
(page 35) and thus well-typed programs do not go wrong at runtime. In the
present setting, this means that if the term t is well-typed then evalg(t ) #
wrong . In particular, well-typed programs are memory safe. In contrast to
this, in the other systems mentioned above, the programmer has to establish
memory safety manually and this is essentially just as hard as establishing
memory safety of C-like malloc /free programs.

In Figure 1-8, we define a region type system for RAL, called RTL for
“Region-Typed Language”.

The judgment I' - t :© T reads: in type environment I" the term t has
type T and effect @. The effect captures the regions that have to be live (ie.,
allocated) for the term to evaluate without memory problems. In types, VX.T
binds the type variable X in T, TTp.®T binds the region variable p in T and
@, and Ve.T binds the effect variable € in T. We denote the sets of free type
variables, free region variables, and free effect variables of a type T by ftv(T),
frv(T), and fev(T), respectively. These are extended to typing contexts in the
obvious manner. We write [X — T], [p — p], and [e — ¢] for the capture-
avoiding substitutions of type T for the type variable X, place p for the region
variable p, and effect ¢ for the effect variable €, respectively.

The typing rules in Figure 1-8 are natural extensions of the typing rules
for the effect typed language in Figure 1-5 (page 20). The region-annotated
language, is however, both type polymorphic and effect polymorphic. The
type system includes standard rules for introducing and eliminating type
polymorphism and the obvious variations for effect polymorphism. Com-
pared to System F (TAPL Chapter 23) we do not have explicit syntax for
these introductions and eliminations. As already mentioned, the language
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Type expressions

p € Place places
e € EffVar effect variables
© € Pen(Place U EffVar) effects
T == type expressions:
X type variable
bool Boolean type
(T— *T,p) function type
(TTp.*T,p) region func.
VXT type polymorphism
Ve.T effect polymorphism
Tiping e
Fx)=T
—_— (RT-VAR)
FEx:@T
I'F bv :“ bool (RT-BOOL)
'Etq:° bool
FEt,:®T FEt3:®T
. (RT-IF)
I'Eift qthent jelset 3:¢T

Cx:TiFt:?2T, peeo
F'E(Ax.t)atp :® (T; — ©2T,,p)
Cx:Ti L :°2T,
MEAxt), @ (T1 = ©2Ty,p)

(RT-ABS)

(RT-CLOS)

Nt 0:® (T] — (PZTz,p)
FEtq:°T € C
1 1 peo p2C @ (RT-APP)
M=t 0 t 1 R Tz
CX:THU:*®T
. (RT-FIX)
FEfixx u:®T
FTFu:®' T p & frv(l) peEao
I'E (Ap.u)atp : (TTp.2'T,p)
(RT-RABS)
FrFu:®' T frv(T
P ; 0 (RT-RCLOS)
Ik (Ap.u>p @ (TTp.? T,p)
TEt @ (Mp.®'T,p)
€ — p’le’ C
PE@® b= ple’ S o (RT-RAPP)
Tt [pl:® [p—p’T
=t :@°,T frv(ILT
p ¢ frv(l,T) (RT-NEW)
I'Enewp.t :¢T
Fet:°eT X ftv(T)
(RT-TGEN)
et 9 VXT
et 9 VXT
(RT-TINST)
Nt @ X—=TIT
Ne=t:°eT e & fev(T,
7 fev(l, ) (RT-EGEN)
M=t :9VeT
M=t :9VeT
(RT-EINST)

Nt :@le— @]T

Figure 1-8: The RTL region type system

also contains region polymorphism. Region polymorphism is explicit in the
syntax because it has operational significance.

Effect polymorphism is the natural complement to type polymorphism
and higher-order functions. Consider a higher-order polymorphic function
such as list map it takes a function and a list as arguments and applies the
function to each element in the list. In the region-free base language, maphas

type Vo, B.(oc — P) x « list

— B list

. What is the effect of applying the

equivalent of map in the region-annotated language to such arguments? It
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certainly has to include the effect. ¢ say, of applying the argument function,
and thus the type of the region-annotated map function would have to reflect
that in the latent effect of the complete function:

Vo, B.(oe — 9B) x (alist ,p) — PP Ve glist | p’)

(see page 40 for the typing rules concerning lists). However, that would only
allow us to apply mapto functions with latent effect ¢. We could of course in-
spect the complete program and make sure that all effects were large enough
that this is not a problem, but this approach would unnecessarily keep many
regions alive. Instead, we can employ effect polymorphism to propagate the
effect of the functional argument to the effect of the complete evaluation of
mapas in Vo, B.Ve.(a — €B) x (alist ,p) — PP IVe(Blist | p).

The RTL type system is based on the type system of the TT calculus in
Tofte and Talpin (1997).* Compared to TT, RTL has moved effect enlargement
upwards in the derivation tree so that the axioms are responsible for intro-
ducing proper effects. This simplifies both the presentation of the rules and
the soundness proof slightly, and it is possible to establish a meta-property of
the type system that allows effects to be enlarged. Moreover, the RTL system,
with it’s System F-like polymorphism in types, regions and effects, is more
permissive than the TT system with it’s let-polymorphism. The restrictions
present in the original system were there to simplify the region inference
algorithm.

The typing rules of RTL can be applied in sequence to obtain a typing of
the letrec  construction in the TT system. Recall, that a TT letrec

letrec f P1,..,p]jX)at  p=tiint ;
is expressed in RAL as
letf =fixf .(Ap1,...,px,p.(AX.t7)at p’)at pint »
4. The type system in that paper is not defined explicitly. The paper presents a typed translation

from a language resembling our Base Language BL to the TT calculus. From this translation one
can extract a type system for TT.
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The combined construction can be typed by a stack of RTL rules:

Nf =T, x—=TkFt:°" T,

; (RT-ABS)
Nf =Tkt Ty
(RT-RABS)
Nf—=TiokHt3:9Th3
(RT-EGEN)
i (RT-EGEN)
Nf—=TioHt13:9Th2
(RT-FIX)
FEtq7:9To2
——— (RT-TGEN)
- (RT-TGEN)
Fl—t”:“’T” r,fi—)Tﬂl—tzl(pTz
: (RT-LET)
't letrec f P1,..,pjX)at  p=tiint ,:°T,
where
tis=(Ax.tq)at p’ Tis=(T—®Ty,p')

tiz=Ap1,...,p, 0" t1a)at p T3 =(TTp1,...,pK,0"° T1a,p)
T]z :ve:]....Ven.T]g
tqg =fixf tis Ti11 =VX5.... VX Th2

As usual with let-polymorphism, each time f is mentioned in t 5, its type
scheme must immediately be fully instantiated. This principle is extended to
the effect and region abstractions; these must also be fully instantiated (ap-
plied, in the case of region abstraction) each time f is mentioned int ; ort ;.
Thus, the original TT type system does not allow expressions in general to
have type (I1p.®T, p); in particular region abstractions cannot be passed as
parameters to, or returned from, functions.

Syntactic type soundness

We will now prove that typable programs are memory safe. We do so by
establishing type soundness, ie. that well-typed programs do no go wrong.
The type soundness proof is structured as a standard sequence of Substitu-
tion, Subject Reduction, and Progress lemmas. This approach was pioneered
by Helsen and Thiemann (2000) in the context of region-based languages,
and apparently independently discovered by Calcagno (2001) for a big-step
semantics. Tofte and Talpin (1997) also proved type soundness, albeit not
directly but as a consequence of their “correctness theorem” of region infer-
ence, and using a complex co-inductive proof technique.
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1.5.1

1.5.2

1.5.2

1.5.3

As usual, we start by showing that one can massage derivations so that the
typing context only mentions the free variables of the term, and so that the
derivation does not end with one of the instantiation rules.

LEMMA: If T =t :® T, dom(I"') = fv(t ), and " and I'" agree when both are
defined, then T/ -t ¢ T. O

Proof: Straightforward induction on the typing derivation. O

LEMMA: Let S be a substitution of the form [p — p], [e — @], or [X — T]|. If
't :“ T can be derived in n steps, then likewise can ST" I St Se ST, O

Proof: Left as an exercise (). O

SOLUTION: The only interesting issue in the proof is that the substitutions
substitute from sets of variables to another syntactic class (from region vari-
ables to places, for example). Observe, however, that everywhere in the typ-
ing rules something is required to be a type, region, or effect variable (rather
than, say, a place or effect), it occurs in a binding context and so is unaffected
by substitution.

LEMMA: Assume that ' - v :® T has a derivation in n steps. Then it has a
derivation in at most n steps where the last rule used is neither (RT-TINST)
nor (RT-EINST). O

Proof: By induction on n. All but the cases for (RT-TINST) and (RT-EINST)
either are direct or are simple applications of the induction hypothesis. Thus,
assume that the derivation ends with (RT-EINST) (the case for (RT-TINST) is
similar). Apply the induction hypothesis to the derivation of its premiss; this
gives a derivation that concludes in a type with the shape Ve.T’ yet does
not end with (RT-EINST) or (RT-TINST). It cannot end with (RT-VAR), (RT-IF),
(RT-APP), (RT-FIX), (RT-RAPP), or (RT-NEW) either, because variables, condi-
tionals, applications, fixed-points, region applications, and region creations
are not values. The only other rule that can conclude Ve.T’ is (RT-EGEN), so
the whole derivation now must end with

Mv:® T e & fev(l, @)
Ne-v:®veT
FTEv:eT

where T = [e — @']T’ for some ¢’.

Lemma 1.5.2 now gives a derivation of [e — ¢@'II" - v leme’le ey @']T’
in n — 2 steps. But since € ¢ fev(T, @), this conclusion is the same as I' -
v :® T, so we can use that instead of the original derivation. Now apply the
induction hypothesis to this new derivation. o

(RT-EGEN)

(RT-EINST)
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LEMMA [CANONICAL FORMS]:

1. if v is a value of type bool , then v is of the form bv;
2. if v is a value of type (T; — ©T,,p) thenV is of the form (Ax.t >p;

3. if v is a value of type (Tp.*T,p) then v is of the form (Ap.u),. ]
Proof: Left as an exercise (% —). ]

We next prove some lemmas about effects. Firstly, one can always enlarge
the effect attributed to a term and obtain a derivable typing. Secondly, if a
value can be typed, then it can also be typed with an empty effect; that is,
evaluation of values does not cause any observable effects.

LEMMA: IfTHt :® Tand ¢ C @/, thenT Ht @' T. 0
Proof: Straightforward induction on the typing derivation. ]
LEMMA: Letvbeavalue. IfTFv :® TthenT v ¢ T. ]

Proof: From Lemma 1.5.3 we get a derivation of I' - v :® T that ends with
neither (RT-TINST) nor (RT-EINST). Therefore, the derivation must end with
one of the typing rules for values. By inspecting each of the rules (RT-BOOL),
(RT-CLOS), and (RT-RCLOS) for values we see that we can construct a deriva-
tion of ' v :? T (by choosing the effect to be empty in each case). ]

Having established these basic lemmas we can now prove the lemmas
leading to the type soundness result.

LEMMA [SUBSTITUTION]: If T)x; : Ty Ft :® Tand T F t; :? Ty, thenT +
[X] l—)t]h T, O

Proof: By induction on the typing derivation for t . The cases are all standard,
except for (RT-VAR) where t = X;. By (RT-VAR) itself, T = T; and since
[X7 =t 1]x7 =t the second assumption combined with Lemma 1.5.5 gives
us the desired derivation. ]

RAL

PROPOSITION [SUBJECT REDUCTION]: If 't :?* Tandt — t’thenT F
t/:°T. O

Proof: By induction over the typing derivation.
The rules (RT-VAR), (RT-BOOL), (RT-CLOS), and (RT-RCLOS) cannot occur;
these rules require t to have a shape that makest 5t ’ impossible.
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The cases for the rule (RT-ABS) and (RT-RABS) are immediate; the evalua-
tion step must be by rule (RE-CLOS) or (RE-RCLOS), and we can immediately
construct typings for the reduct using (RT-CLOS) or (RT-RCLOS).

For the rule (RT-IF), use case analysis on the last step in the derivation of
t =5 t’. The only possibilities are (RE-IF), (RE-IFTRUE), and (RE-IFFALSE).
In the two latter cases t ’ is one of the branches of the conditional, and the
sought-for conclusion is already one of the premises of (RT-IF). In the case
of (RE-IF), use the induction hypothesis on the typing of the condition; by
reusing the existing typing derivations for the branches we can produce a
typing for t / using (RT-IF) again.

For the rule (RT-APP), again use case analysis on the derivation of t ~=5t /.
The possible rules are now (RE-APP1), (RE-APP2), and (RE-BETA). The two
former are analogous to (RE-IF) above, so consider (RE-BETA). The term t
must be of the form (AX.ty), Vv, and the premises to (RT-APP) are (1) ' -
(AX.tp), :® (T = *'T,p)and (2) T+ v :© T/, where further p € ¢ and ¢’ C
@.Now, (Ax.t v), is a value and thus by Lemma 1.5.3 there exists a derivation
of (1) ending with (RT-CLOS) which must include a (sub-)derivation of (3)
Nx:T' F ty :® T. Applying first Lemma 1.5.6 to (2) yields T' + v :? T’
and then applying Lemma 1.5.7 to (3) above and this, we get a derivation
of TH[X—=V]ty : Tas required because ¢’ C ¢ and we can enlarge the
effect (Lemma 1.5.5).

For the rule (RT-F1X), the reduction must be by (RE-FIX) or (RE-FIXBETA).
Again, the case for (RE-FIX) is analogous to (RE-IF), so assume (RE-FIXBETA).
The term t must be of the form fix x .v and the typing derivation has a sub-
derivation of (1) [[x : T+ v :® T. First, apply Lemma 1.5.6 toget [x : T v o
T and use this and (RT-FIX) to construct a derivation of (2) T' - fixx v :? T.
Now, Lemma 1.5.7 applied to (1) and (2) yields I' - [X +— fixx .v]v :® T.

For the rule (RT-RAPP), the reduction must be by (RE-RAPP) (similar to
the other context rules above) or (RE-RBETA). The term t must be of the
form (Apy.u), [pl, and the typing derivation has a sub-derivation of (1) T" -
(Ap1.u), @ (TMpy 2T’ p) where further p € ¢, [p1 — ple’ C ¢, and
T = [p1 — pIT’. Now, (Ap; .u)p is a value and thus by Lemma 1.5.3 there
exists a derivation of (1) ending with (RT-RCLOS) which must include a sub-
derivation of 2) T' - u :®" T’ where p; ¢ frv(T"). Applying Lemma 1.5.2 to
(2) and [p1 — pl, we get a derivation of [p; — pIl" - [p1 — plu lprple’
[p1 +— p]T’ as required because [p; — pII' = T (since p; ¢ frv(T)), [p1 +—
ple’ C ¢ which we can enlarge (Lemma 1.5.5), and T = [p; — pIT".

For the rule (RT-NEW), t reduces by (RE-NEW) or (RE-DEALLOC). Only the
latter case is interesting. The term t must be of the form new p.v and the typ-
ing derivation must include a derivation of I' - v :*-? T where p ¢ frv(I; T).
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Then, by Lemma 1.5.6 we have I' - v : T. Applying Lemma 1.5.2 we thus get
a derivation of [p — eI F [p — e]v :[P=¢1? [5 1 o] T, thatis ' F [pr— elv ? T
(since p & frv(I; T)). Now use Lemma 1.5.5 to recover the original effect ¢.

For the rule (RT-TGEN) (the case for rule (RT-EGEN) is analogous) we have
a derivation of ' - t :® T’ where X ¢ ftv(I') and T = VXT'. Apply the
induction hypothesis to this to get ' -t/ :® T'. Since still X ¢ ftv(I") we can
use (RT-TGEN) to construct a derivation of ' H 't :? T where T = VX.T’ as
required.

For the rule (RT-TINST) (the case for rule (RT-EINST) is analogous) we have
a derivation of ' -t :® VX T’ where T = [X — T”]|T’ for some T”. Again
apply the induction hypothesis to this and get I' - t’ :® VX.T’ and use
(RT-TINST) to construct a derivation of ' Ft/ :? Twhere T = [X — T”]T' as
required.

|
PROPOSITION [PROGRESS]: If ) -t :® Tand e & ¢, then either t is a value
or there is some t / such thatt —5t /. O
Proof: By induction over the typing derivationof § -t :© T.

If the last rule in the derivation is (RT-TGEN), (RT-EGEN), (RT-TINST), or
(RT-EINST), the conclusion follows directly from the induction hypothesis
(which is applicable since the typing context remains empty and the effect
remains the same in each premise). For example, for (RT-TGEN) we have a
derivation of ) -t :® T’ where T = VX.T’. Applying the induction hypoth-
esis to this we get that either t is a value, or there exists some t ’ such that
t “5 t / as required.

The case (RT-VAR) is impossible (since I" is empty by assumption).

The cases for (RT-BOOL), (RT-CLOS), and (RT-RCLOS) are immediate.

For (RT-ABS) and (RT-RABS), there are immediate reductions by (RE-CLOS)
or (RE-RCLOS), respectively.

For (RT-FIX): If uinfixx .uis a value v then (RE-FIXBETA) applies and we
have a reduction. If u is an abstraction or a region abstraction, then it itself
reduces (by either (RE-CLOS) or (RE-RCLOS)), and we obtain a reduction by
(RE-FIX). This exhausts the possible syntactic forms of a non-value u.

For (RT-APP), t is an application t ¢ t 1, and we we have derivations of
Dto:?(Ty = ©2T,p)and P Ft:° T; forsomep € ¢ and 92 C . Apply
the induction hypothesis to each of these. This gives either a reduction for at
least one of them (in which case we can reducet by (RE-APP1) or (RE-APP2)),
or thatt ; and t ; are both values. In this latter case, by Lemma 1.5.4 t o must
have the form (AXo.t §),. Now we can apply the (RE-BETA) rule to obtain a
reduction, because p € ¢ cannot be e and so must be a region variable.

The cases for (RT-RAPP) and (RT-IF) are similar, but simpler.
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1.5.10

1.5.11

1.5.12

1.5.13

For (RT-NEW), t is newp.t 1, and we have a derivation of § + t; :¥-°
T. Since p is (by definition) not e, the induction hypothesis applies to t 1.
We get that either t; is a value, in which case we get a reduction using
(RE-DEALLOC), or t 1 reduces to another term t , in which case we get a
reduction using (RE-NEW). O

THEOREM: If § - t :? T, then either (1) there is some value v such that
t ->*vand 0+ v :? T, or(2) foreacht ' such thatt —* t’ there is somet ”
such thatt ’ —* t ”. o

Proof: Straightforward consequence of Propositions 1.5.8 and 1.5.9. o

COROLLARY [TYPE SOUNDNESS]: If @ -t :? bool , then it is not the case that
evalg(t ) = wrong . O

Extensions

The region-annotated language that we have presented so far only has Booleans
and functions, but it is straightforward to add most other common types of
data to it. As an example, in Figure 1-9 we give the necessary rules for ex-
tending the system with lists. The proofs of the metaproperties (in particular
type soundness and conditional correctness) carry through to this extended
system without any changes to the existing cases.

Rule (RT-CONS) implies that when adding a new element in front of a list,
it must have the same type as the elements already there. That is hardly sur-
prising, but note that it implies that the region part of the type must also be
the same. Thus, the different elements of a list are always allocated in the
same region and therefore will be deallocated at the same time. If a single
element of the list turns out to have a long lifetime, the region type system
propagates that long lifetime to all the other elements!

EXERCISE [RECOMMENDED, %% —]: Using Figure 1-9 as a guideline, write
rules to extend the system with one or more of: Let bindings (a lambda ab-
straction allocates a closure on the heap, so a let binding cannot simply be
simulated as a 3-redex). Pairs and records. Sums and variants. General re-
cursive types (equi- or iso-). Verify that the Conditional Correctness and Type
Soundness theorems still hold for your rules. O

EXERCISE [%%%]: References can be added easily to the type system with
rules like
FEt:®T peo
I-reftatp :® (Tref ,p)

(RT-REF)
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New syntactic forms

(Vizva)at p =25 (vyzvs)

P
t o= .. terms: (E-CONSALLOC)
(t=t)atp list constructor to 25t}
nil =t :
caset o Of st case on lists caset gofnil =t;|(xzx)=t,
vV o= oL values: | — caset jofnil =t (x:x')=>1t,
<V TV, cons c’ell (E-CASE)
nil empty list | case nil of nil St (xax) =t 25ty
T == ... types: (E-CASENIL)
(Tlist ,p) type of lists | case (vzv’) ofnil  =t,[(xzx)=1t;
New erasure rules — X' = VX =Vt
[Inil || = nil (E-CASECONS)
[(tr=ta)atp || = [tafl =]t New typing rules Tt :eT
ypmng
s ta)ll = fitall =il Fenil = (Thist ,p) (RT-NIL)
caset oof M =t ' ,
0 (x:x)=t 2 = | t Tkt T
case [tollof 7l Fota:? (TSt ,p) PE€P orcons)
) AL FE(ty=ty)atp @ (Tlist ,p)
New evaluation rules t —t’ .
R MEvy:@T M-vy:® (Tlist ,p)
! ; ! (E-CONS1) ME(vizvy), @ (Tlist ,p)
(ti=tz)atp — (tyztz)atp (RT-CONSCELL)
tr) 25t} MEto:®T T =(Tlist ,p) peEo
Vit atp (v sl at (B-CONS2) | rrt . 0T”  Ix:Tx :T'ht,:©T"
1t p 1uty p FI— " St e T
caset oof I .t ¢
(RT-CASE)
L 1
Figure 1-9: Extending the system with a list type
et @ (Tref | €
( 'p) Pee (RT-DEREF)
Felt *¢T
MEt @ (Tref Mt/ @T €
( P) - Pe® (RT-ASSIGN)
I'Et=t ’:° unit

Of course, these rules need to be combined with the usual value restriction

on type and effect polymorphism, as discussed on pages 335-336 in TAPL.
Which extensions to the semantics and soundness proofs are necessary for

proving these rules sound?

1.5.13

]

SOLUTION: The reference operations would need a formal semantics, so we
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1.6

1.6.1

would have to extend the evaluation and typing judgments with stores and
store typings as in Chapter 13 of TAPL. But that would break the lexical scop-
ing of region variables, on which the correct operation of rule (RE-DEALLOC)
depends critically. So the entire semantic treatment of region allocation and
deallocation needs to be reworked. How to do this can be seen in Calcagno
et al. (2002).

The typing rules presented in the above exercise correspond exactly to the
way updatable references are handled in the ML Kit. Observe that since the
(RT-ASSIGN) rule demands equality between the type of the value stored in
the reference and the type of the new value, the rule forces the two values to
have the same lifetime. For long-lived references, such as those found with
container-classes in object-oriented programs, this behavior is inadequate.
No better solution has, however, been proposed yet.

Region inference

So far, we have said a lot about the region type system and how region-
annotated programs are supposed to be executed, but next to nothing about
where the region annotations come from.

One easy answer would be, “why, the programmer wrote them”—but alas,
this answer would not be easy for the programmer. Realistic programs usu-
ally need quite a lot of region abstractions and applications in order to dis-
tribute their data over several regions while still being region typeable, and
it is not always obvious exactly where they should be put. While it just might
be possible to write a nontrivial well-typed program in the region-annotated
language, it would be quite impossible to maintain it.

Therefore, the idea of using a region type system to check the safety of
region annotations goes hand in hand with the idea that the region anno-
tations themselves are the product of an automatic compile-time analysis.
The human programmer writes a program t in BL, whereupon the compiler
will construct a region-annotated program t ’ such that [t /|| =t and t ’ is
well-typed in RTL. This process is known as region inference, because Tofte
and Talpin (1994) viewed it as kin to a type reconstruction (“type inference”)
problem.

EXERCISE [RECOMMENDED, %]: One can easily formulate a “trivial” region
inference: Just choose a single fixed p, annotate each lambda abstraction (and
other allocating expressions) in the input program with “at p”, and then
wrap the entire program in a single new construction. This evidently always
produces a region-annotated program that erases to the input program, but
will it always be RTL-typeable? o
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SOLUTION: No. It is typeable (if and) only if the input program satisfies our
syntactic restriction on the use of the fix operator, and is typeable in (region-
free) F with recursion, such that the type of the entire program is either bool
or a type variable. If the input program is ill-typed, it can never be region
annotated; a derivation of @ F t :® T can be converted into a derivation of
0 |t ] : [|T|| in System F with recursion simply by erasing all of the region-
related syntax. (||T||, is of course, T with the region annotations removed, in
a way similar to ||t ||). Such an erasure transforms each RTL type rule into
either a well-known F rule or the identity rule that concludes any judgment
from itself.

Of course, the trivial region inference is worthless from a memory-mana-
gement point of view. It produces a region-annotated program that never
deallocates anything until the entire computation is finished. What we want
is the opposite: Region annotations that deallocate data as soon as allowed
by the region type system. Unfortunately it is not known whether “best pos-
sible region annotations” in this sense always exist, but good approximate
solutions are available.

The articles by Tofte and Talpin (1994, 1997) do not themselves present an
algorithm for region inference, but the nondeterministic “region inference
system” they present has evidently been constructed with an inference algo-
rithm in mind. The inference algorithm was published by Tofte and Birkedal
(1998). We do not have the space to describe it in detail, but instead show
how it works in the context of an example. Consider the term

letrec m(f) = if f(0) then O else m( AX f(x+1)) + 1
in m( Ax.x=10)

Let us initially assume an that oracle has told us that the “correct” region-
polymorphic type scheme for mis

Ver, e2.1p1, p2.°2) ((int  — ¢1'bool |, py) — (e2€1-Plint  p,).

The driving force in the region inference algorithm is an attempt to construct
the RTL typing tree for the region-annotated program. The search proceeds
much like the familiar Algorithm W, unifying types as well as region vari-
ables and effect positions as we go. We don’t know yet what to with typing-
rule premises of the form p € ¢ or ¢ C ¢’, so let us initially just collect them
for further processing.

By the time we have analysed the subexpression m(Ax.f(x+1)) , the uni-
fication-based inference has built the typing tree shown in Figure 1-10. (For
bevity, we assume a primitive rule for adding one to an integer—it allows
concluding ' - t+1 :®int from "'t :“int ).
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I Ex:®*int

I'Ef:® (int — ®3bool ,p3) T'Fx+1:°4int
I Ff(x+1) :®* bool

' mlp4, ps] :? ((int — ®4bool ,ps) — ?2int | ps) M'E (Ax.f(x+1) )at pg:® (int — ®*bool ,p4)

I'Emlps, psI( (AX.f(x+1) )at ps) :* int
where I'is m: Veq, €2.1Tp1, p2.°23 ((int  — € bool |, p1) — (e2¢Prlint  po),f : (int — ®3bool ,p3) and
IMisT,x :int .
Collected effect constraints: @4 C @5, pa € ©5,{ps} C @, 3 C @4,p3 € P4,p1 € @, 5 C ©, p5 € P.

L
Figure 1-10: A partially region-inferred proof tree.

A set of collected effect constraints are also shown on the figure. Luckily
the effect polymorphism in the oracle’s type scheme has a form that allows
the possible instantiations of the effect fields in it to be descibed with with
subset and inclusion constraints; in this case @4 C @5 and p4 € @5. (Exercise
[%—]: Locate where in the proof tree the other collected constraints come
from).

Whenever we choose concrete substitutions for the symbols ¢, @3, ¢4,
and @s that satisfy the constraints, we get a valid proof. What it is proof of
depends on the substitutions we choose for ¢ and @3, because these effect
meta-variables occur in the conclusion. On the other hand, ¢4 and @5 do
not occur in the conclusion, so we can eliminate them from the constraint
set and simplify it to {ps € @,p5 € @,p3 € @,p3 C @}. Much of (Tofte
and Birkedal, 1998) is concerned with giving precise rules for such constraint
manipulation.

Observe now that the constaints imply that ps and ps must appear in the
effect position of the concluding statement, but there is no reason for any of
them to appear in either the type nor the environment. Therefore, we are al-
lowed to insert a new around the expression, and thus deallocate the closure
for m[p4, ps] as well as the one for Ax.f(x+1)  after the call returns. By doing
so, we make p4 and ps invisible from outside the expression, so constraints
that mention them can be dropped from the constraint set. On the other hand,
p3 cannot be finished off in this way yet, because it occurs (explicitly) in the
environment I".

The final result of the analysis of the expression is thus the judgment

' newpy, ps.(Mlps, psI( (A f(x+1) ) at ps) ) :® int
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plus the (simplified) constraint set {p3 € ¢, 93 C ¢}

EXERCISE [ ]: Why didn’t the region inference insert a new ps.- - - around
the subexpression (AX.f(x+1) )at p4? O

SOLUTION: The constraints collected during the analysis of that subexpres-
sion did not entail ps being in ¢ at all. It was only when the two sides of the
mapplication were combined that ps entered the picture. (The point here is
that construction of new must necessarily happen while each subterm is ana-
lyzed; the raw type tree plus constraints does not immediately show where
it is useful to insert new except at the root).

The analysis of the rest of the body of mis unsurprising; it ends with
m:---,f :(int — ®3bool ,p3) + if f(0) then O else («+)+1:®int

and still with the same constraint set {p3 € ¢, 3 C @} (another copy of each
of these constraints was produced by the analysis of f(0) ).

This gives the immediate type ((int — ®3bool ,p3) — ®int | p’) for m
where p’ was added by the letrec  construction itself. Since neither p3 nor
p’ appears in the (empty) environment for letrec , we can abstract over
them and make them region parameters. Finally we can abstract over ef-
fects by introducing an effect variable for each effect meta-variable in the
simplified constraint set that is not connected to the environment by sub-
set constraints. In the effect-polymorphic type, each ¢ position becomes the
set of effect and region variables that must be in the effect, according to the
constraints.” Thus the effect abstraction simply encapsulates the (transitive
closure of the) simplified constraint set.

It turns out our oracle was right! The abstracted type of mis exactly what
it said it would be, with € corresponding to ¢3, €, to @, py to p3, and p; to
p’. Now the analysis of the body of the letrec  is unsurprising; we get the
following region-annotated program:

letrec m[ p7](f) =

if f(0) then 0

else new ps,ps.(Mlpsl at ps( (Ax.f(x+1) )at ps)) + 1
innew pe, p7.(Mlpel at p7( (Ax.x=10) at pg) )

5. The way this is done in the published formulation of the algorithm includes considering one
effect variable in each latent effect to special; it is called the handle and is the one that corresponds
to the entire effect. The distinction between the handle and other effect variables is present in the
original TT calculus even though it has no special role in the soundness and correctness proofs.
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Where did the oracle get its prediction of s type from? Tofte and Birkedal
(1998) construct it by Mycroft iteration: First, nis body is analysed under the
optimistic assumption that mitself will have the type scheme

Ver, e2.1Tp1, p2.1°2 ((int  — {¢1'bool | p7) — {¢2%int | p,)

that is, with no constraints at all between the various region and effect parts
of polymorphic instances. If the type scheme constructed after the initial it-
eration does not match (which in this case it doesn’t), a new iteration is tried
with the new type scheme as assumption, and so forth until a fixpoint is
reached.

The trick, of course, lies in ensuring that a fixpoint is eventually reached; it
might well be that it just produces a list of ever larger type schemes. The
original (Tofte and Birkedal, 1998) region inference algorithm solved this
problem by heuristically omitting certain opportunities for region and effect
abstractions such that the iterative computation of a fixpoint for the recursive
function’s type scheme could be guaranteed to terminate. The cost of this ap-
proach is that completeness fails: Example programs can be constructed for
which the region inference algorithm lead to region annotations that are not
the best possible.

Later Birkedal and Tofte (2001) rephrased the algorithm in terms of con-
straint solving. This reworked algorithm seems to be complete in the sense
that for any region-annotated term t that can be TT-typed, the inference
algorithm’s output on ||t | will have as least as good space behavior as t .
However, Birkedal and Tofte prove only a weaker “restricted completeness”
result; full completeness in the sense described here was not considered in
the article.

Another restricted case with an easy region inference problem is known. It
is when the input program can be typed with first order types, that is, such that
neither the argument nor the return type for any function includes a function
type itself. Then there is no reason to use effect polymorphism, and one never
needs to generalize over region variables that apppear only in latent effects.
(For since there is only one arrow in each type, such a variable could just as
well have been discharged by a new within the lambda abstraction). These
two facts lead to a bounded representation of the latent effect: We simply
need to know for each of the p positions in the argument and return types
whether the actual p is in the latent effect. That solves the termination prob-
lem, and with a bit of ingenuity one does not even need fixpoint iteration for
finding the best type scheme.

This principle has been used to derive a region inference for an adaptation
of the Tofte-Talpin system for a Prolog dialect which is naturally first-order;
see (Makholm, 2000, Chapter 10).
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1.6.3  EXERCISE [%]: Why does effect polymorphism not make sense in a first-
order program? ]

1.6.3  SOLUTION: Effect polymorphism serves to enforce relations between the ef-
fect parts of different arrow constructions in the polymorphic variant of a
type. In a first-order program, there is at most one arrow in each type, so
there is no need for explicit effect polymorphism.

1.7 More powerful models for region-based memory management

Unfortunately, even with region-polymorphic recursion the Tofte-Talpin model
(as expressed either as RTL or the original TT) is not quite strong enough to
achieve reasonable object lifetimes. At fault is the very idea of new—that
the lifetime of a region must coincide with the time it takes to execute some
subexpression of the original program. To see how this is a problem, let us
look at how the Tofte-Talpin system treats the classic “Game of Life” exam-
ple. The task is to simulate a cellular automaton for n generations, starting
from a specified state. This is a typical case of iterative programming, and
the problems we will discover are common for iterative programs in general.

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

let rec nextgen(g) = (read g; create and return new generation)
let rec life(n,g) = if n=0 then g
else life(n-1,nextgen(q))

We shall leave the details of nextgen unspecified here and in the following
discussion. Furthermore we make the simplifying assumption that a single
region holds all the pieces of a generation description, and for the sake of
the argument we shall assume that the iteration count n needs to be heap-
allocated, too.

The ordinary TT region inference algorithm annotates the Game of Life
example as follows:

letrec nextgen[ pl(g) = (read g from p; create new gen. at p)
letrec life[ Pn, Pgl(n,g) =
if n=0 then g

else new p/
in life[  pp, pgl((n-1) at Pn. Nextgen  pgl(Q))

There are two major problems here. First, the recursive call of life  is not a
tail call anymore because it takes some work to deallocate a region at the end
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of new. Therefore all the p;, regions will pile up on the call stack during the
iteration and be deallocated only when the final result has been found.

Second any typeable region annotation of the program must let the nextgen
function construct its result in the same region that contains its input. This
means that the program has a serious space leak: all the intermediate-generation
data will be deallocated only when the result of the iteration is deallocated.

Both of these problems are caused by the fact that new aligns the lifetime
of its region with the hierarchical expression evaluation. Several solutions for
this have been proposed, but because their formal properties have not been
as thoroughly explored as the TT calculus, we will only present them briefly.

Region resetting in The ML Kit

The ML Kit’s region implementation (Birkedal et al., 1996; Tofte et al., 1998) is
based on the TT system. Its solution to the tail recursion problem is based on
a concept of resetting a region, meaning that its entire contents are deallocated
whereas the region itself continues existing.

After a TT region inference, a special storage-mode analysis (Birkedal et al.,
1996) that runs after region inference amends the region annotations to con-
trol resetting: Each “ at p” annotation gets replaced by either “atbot p”,
meaning first reset the region and then allocate the new object as the new
oldest object in the region, or “attop p”, meaning allocate without resetting
the region.

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

let rec copy(g) = (read g; make fresh copy)
let rec life’'((n,g) as p)
= if n=0 then p

else life’(n-1,copy(nextgen(g)))
let rec life(p) = snd (life’ (p))

where copy (whose body is omitted here for brevity) takes apart a genera-
tion description and constructs a fresh, identical copy. Region inference and
storage-mode analysis will then produce the region annotations

letrec nextgen[ p,p']1(@) =  (read g from p; new gen. at p’)
letrec copy[ p’,pl(@) = (read g from p’; fresh copy atbot p)
letrec life’[ Pn, Pgl((n,g) as p)
= if n=0 then p
else life’[ Pn, Pgl((n-1) atbot Pn,

new pg
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incopy[ pg,atbot pg]
(nextgen[  pg, pgl(9)))
letrec life[ Pn, Pgl(p) = snd (life’ Pn, Pgl(P))

Letting life ' return the entire p instead of just g forces region inference to
place all of the ns in the same region pn. A memory leak in py, is prevented
by the atbot allocation, whose effect is that the region py, is reset prior to
placing n-1 in it.

The memory leak in py is prevented with the introduction of the copy
function. Now the new generation can be constructed in a temporary region
pg that gets deallocated before the recursive call; once the old generation is
not needed anymore, the new generation is copied into pg with the atbot
mode which frees the old generation. (The atbot annotation in the passing
of the region parameter serves to allow copy to actually reset the region;
the need for this extra annotation has to do with aliasing between region
variables.)

The storage-mode analysis works by changing the region annotation for an
allocation to atbot if the value to be allocated is the only live value whose
type includes the region name, as determined by a simple local liveness anal-
ysis. Neither a formal definition of the storage-mode analysis nor a proof that
it is safe has appeared in the literature, but it is described briefly by Birkedal
et al. (1996), together with a number of other analyses that the ML Kit uses
to implement the region model efficiently.

This solution does make it possible for iterative computations to run in
constant space (assuming, in the Life example, that the size of a single g is
bounded), but it is by no means obvious that precisely these were the changes
one needed to make to the original unannotated program to improve the
space behavior. Furthermore, inserting such region optimizations in the pro-
gram impede maintainability because they obscure the intended algorithm.

Aiken-Fahndrich-Levien’s analysis for early deallocation

Aiken et al. (1995) extend the TT system in another direction, decoupling
dynamic region allocation and deallocation from the introduction of region
variables with the new construct.

In the AFL system, entry into a new block introduces a region variable, but
does not allocate a region for it. During evaluation of the body of new, a re-
gion variable goes through precisely three states: unallocated, allocated, and
finally deallocated. After a TT region inference (and possibly also storage-
mode analysis as in the ML Kit), a constraint-based analysis—guided by a
higher-order data-flow analysis for region variables—is used to insert ex-
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plicit region allocation [alloc  p] and deallocation commands [free p] into
the program. Ideally the [alloc  p] happens right before the first allocation
in the region, and [free p] just after the last read from the region, but some-
times they need to be pushed farther away from the ideal placements, be-
cause the same region annotations on a function body must match all call
sites.

With this system the Life example can be improved by rewriting the origi-
nal program to

let rec copy(g) = (read g; make fresh copy)
let rec life(n,q) if n=0 then copy(g)
else life(n-1,nextgen(q))

where the only difference from the original program is that the base case
returns a fresh copy of its input rather than the input itself. This program is
analyzed as®

letrec nextgen[  p,p’](9)
= [alloc  p’] (read g from p; new gen. at p’) [free ol
letrec copy[  p,p1(9)
=[alloc p'] (read g from p; fresh copy at p’) [free p]
letrec  life[ Pn, Pg, P'1(N,9)
=if n=0
then [free pn] copy[ pg,p’1(9)
else new pj;,p;
in life[  pp,p4,0']
([alloc  p/] (n-1) at  p. [free pyl,
nextgen[ pg, pgl(Q))

Because deallocation of each region is done explicitly and not by new, the
body of new is a tail call context, and the regions containing the old n and g
can be freed as soon as n-1 and nextgen(g) have been computed. Without
rewriting the original program this would not be the case, because a function
must either always free one of its input regions or never do it.

Imperative regions: the Henglein-Makholm-Niss calculus

Recently Henglein et al. (2001) published a region system that completely
severs the connection between region lifetimes and expression structures by

6. The syntax here is not identical with the one used by Aiken et al. (1995); for example, they
write “free_after pt” for what we write as “t [free p]”.
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eliminating the new construct. Instead, the region annotations form an im-
perative sublanguage for manipulating region handles asynchronously with
respect to the expression structure.

The HMN system does not, as the two previously sketched solutions, build
on top of the Tofte-Talpin model and its region inference algorithm; instead
it has its own region type system (proved sound by Niss (2002)) and infer-
ence algorithm (Makholm, 2003). Starting anew means that the system is
conceptually simpler while still incorporating the essential features of ML
Kit-like resetting and AFL-style early deallocation as special cases. On the
other hand, the theory has not yet been extended to higher-order functions.

In the HMN system it is possible to handle the Game of Life with no rewrit-
ing at all. A function can pass regions as output (indicated by 0: below) as
well as receive them as input (indicated by i: ); HMN region inference pro-
duces

letrec nextgen i p;0: p'l(9)
= [new p'] (read g from p; new gen. at p’) [release p]
letrec life i pn,pg;0: p’l(N,Q)
= if n=0 then [release  pnl g [p’ := pgl
else life  [ii pg,pg;0: p’l

(Inew p/l (n-1) at p, [release  ppl,
nextgen [i: pg;0: pgl(9))

where each iteration of life  decides for itself whether to release the region
it gets as its second parameter or to return it back to the caller.

The [p’ := pgl operation serves the same purpose as the copy operation
in the AFL solution, but is very cheap at runtime - it just renames the region
that was previously called pg to p’, whereupon it is returned to the caller.

The renaming of regions means that the region-annotated types of values
can change during the execution of the program. To manage that, the HMN
region type system is based around a typing judgement with the shape

YHE{ATE : T{A T}

where the contexts 'l and I'; describe the types of the local variables before
and after t is evaluated. The sets of region variables ¥, A; and A, describe
the available regions variables.

Other advanced features of the HMN system include reference-counted
regions with a linear type discipline for region handles, “constant” region pa-
rameters that correspond to the region abstraction of the Tofte-Talpin model,
and a subtyping discipline for regions that allows extensive manipulation of
dangling pointers.
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1.8

Other models

A number of more powerful region models and associated region type sys-
tems have been proposed without an accompanying inference algorithm.

Walker et al. (2000) have developed a region model with a region type-
system for a continuation-passing style language, intended to be used for
translating the Tofte-Talpin execution model to certified machine code. To
handle the CPS transformation of region abstractions, a very advanced type
system with bounded quantification over regions and effects was necessary.
The final system is much stronger than the Tofte-Talpin system itself, but
little is known about how to make automatic region inference utilize this
extra strength.

Walker and Watkins (2001) have developed a region type system in which
region references can be stored in data structures such as lists. They are still
not completely first-class, because they must have linear types (see Chap-
ter 2?), but the system is strong enough to reason about heterogenous lists (i.e.,
lists whose elements are allocated in different regions).

Another, more restricted, way of allowing heterogenous structures is found
in the Cyclone system (Grossman et al., 2002). Cyclone employs a kind of sub-
typing on region lifetimes and a simpler notion of effects: A region variable
p outlives another region variable p’ if the lifetime of p encompasses the life-
time of p’. In that event, a value allocated in the region denoted by p can
safely be used instead of the same value allocated in the region denoted by
p’. Cyclone supports subtyping of values according to this principle.

Practical region-based memory management systems

The ML Kit

The ML Kit (http://www.it-c.dk/research/mlkit ) essentially imple-
ments the theory described in §1.4 to §1.6 with two important extensions:
firstly it includes region resetting and a storage-mode analysis as already
described in §1.7, and secondly it includes a multiplicity inference allowing
the compiler to allocate finite regions on the runtime stack (Birkedal et al.,
1996). The multiplicity analysis is a type-based analysis that determines, for
all regions, whether they are finite or infinite. A finite region is a region into
which the analysis can determine that there will only be written one value
ever; all other regions are infinite. The importance of finite regions is that
they can be stack-allocated since it is known in advance how large they are.
Furthermore, since regions in the Tofte and Talpin region language follow a
stack-discipline aligned with the expression structure of the program, such
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regions can even be allocated on the normal runtime stack giving a particu-
larly simple and efficient implementation. The latest incarnation of the ML
Kit even includes a garbage collector (Hallenberg et al., 2002) suitable in sit-
uations where it is not practical to make a program more region friendly. See
Tofte et al. (2001) for a comprehensive introduction to programming with
regions in the ML Kit, and Tofte et al. (2003) for an excellent survey of the
interplay between theory and practice in the context of the ML Kit.

Cyclone

Cyclone (http://www.cs.cornell.edu/projects/cyclone/ ) is a di-
alect of C that is designed to prevent safety violations. It uses regions both as
a memory management discipline and as a way to guarantee safety (through
a type soundness result). Cyclone includes three kinds of regions: a single
global (or “heap”) region; stack regions (corresponding to stack frames al-
located from statement blocks); and dynamic regions (corresponding to the
lexically scoped regions we have seen in the present chapter).

Instead of having effect variables as in the Tofte and Talpin system, Cy-
clone uses an operator on types (with no operational significance) called
“regions of”. The regions_of  operator represents the region variables that
occur free in a type; the crucial trick is that the regions_of ~ operator applied
to a type variable is simply left abstract until the type variable is instantiated.
Intuitively, instead of propagating the effect of functional arguments via ef-
fect variables, they are propagated via the regions_of  operator. Returning
to the mapexample on page 34 we get the following Cyclone type for map

Vo, B, e.(a — B) x (axlist ,p) — (Pp/ivregions of (a=%B) (g jigt /),

For practical reasons a major aspect in the design of Cyclone was to make
it easy for C programmers to write Cyclone applications and to port legacy
C code to Cyclone. In particular, requiring programmers to write region-
annotations as seen in the present chapter is out of the question. Cyclone
addresses this by combining inference of region annotations with defaults
that work in many cases.

Cyclone began as a compiler for producing typed assembly language (see
Chapter ??) and as such can be seen as one way to realize proof-carrying code
(see Chapter ??). The region aspects of Cyclone are described by Grossman
et al. (2002); a system overview is given by Jim et al. (2002).
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Other systems

The ML Kit and Cyclone are both mature systems. Several research proto-
types demonstrating various principles for region-based memory manage-
ment have been described in the literature.

One trend has been to adapt Tofte and Talpin’s system (and its spirit) to
other languages. Christiansen and Velschow (1998) describe RegJava which
is a simple, region-annotated core subset of Java and an accompanying im-
plementation. Makholm and Sagonas (2002) extend a Prolog compiler with
region-based memory management and region inference based on Henglein
et al. (2001).

Another trend has been to experiment with the fundamental assumption
that regions should be allocated and deallocated according to a stack-discipline.
In this direction the present authors have constructed a prototype implemen-
tation of the system of Henglein et al. (2001) for a small functional language
with function pointers (but not lexical closures containing free variables). Cy-
clone can also be seen as the practical realization of some of the ideas in the
Calculus of Capabilities (Walker et al., 2000).

Finally, region-based memory management without the guarantees of mem-
ory safety offered by region type systems have a long history. The basic idea,
of gaining extra efficiency by bulk allocations and deallocations, is certainly
natural. Systems using region-like abstractions for their memory manage-
ment date as far back as 1967 (Ross, 1967; Schwartz, 1975; Hanson, 1990).
In contrast to these special purpose region abstractions, the GNU C Library
provides an abstraction, called obstacks, to application programmers (GNU,
2001).

Also in this line of work is Gay and Aiken’s RC compiler translating re-
gion annotated C programs to ordinary C programs with library support for
regions (Gay and Aiken, 2001). At runtime, each region is equipped with a
reference count keeping track of the number of (external) references to ob-
jects in the region. The operation for deleting a region can then flag instances
that attempt to delete a region with non-zero reference count. A type system
provides the compiler the opportunity to remove some of the reference count
operations, but it does not guarantee memory safety as the type systems dis-
cussed in this chapter do.
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