Stret hing the storage manager: weak pointers
and stable names in Haskell
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Every now and then, a user of the Glasgow Haskell Compiler asks for a feature that requires spe ialised support from the storage
manager. Memo fun tions, pointer equality, external pointers, nalizers,
and weak pointers, are all examples.
We take memo fun tions as our exemplar be ause they turn out to be
the tri kiest to support. We present no fewer than four distin t me hanisms that are needed to support memo tables, and that (in various
ombinations) satisfy a variety of other needs.
The resulting set of primitives is undoubtedly powerful and useful.
Whether they are too powerful is not yet lear. While the fo us of our
dis ussion is on Haskell, there is nothing Haskell-spe i about most of
the primitives, whi h ould readily be used in other settings.

Abstra t.

1 Introdu tion
\Given an arbitrary fun tion f, onstru t a memoised version of f; that is,
onstru t a new fun tion with the property that it returns exa tly the same results
as f, but if it is applied a se ond time to a parti ular argument it returns the
result it omputed the rst time, rather than re omputing it."
Surely this task should be simple in a fun tional language! After all, there
are no side e e ts to muddy the waters. However, it is well known that this
simple problem raises a whole raft of tri ky questions. A memo table inherently
involves a sort of \benign side e e t", sin e the memo table is hanged as a
result of an appli ation of the fun tion; how should we a ommodate this side
e e t in a purely-fun tional language? What does it mean for an argument to be
\the same" as a previously en ountered one? Does a memo fun tion have to be
stri t? EÆ ient memo tables require at least ordering, and preferably hashing;
how should this be implemented for arbitrary argument types? Does the memo
fun tion retain all past (argument,result) pairs, or an it be purged? Can the
entire memo table ever be re overed by the garbage olle tor? And so on.
One \solution" is to build in memo fun tions as a primitive of the language
implementation, with spe ial magi in the garbage olle tor and elsewhere to
deal with these questions. But this is unsatisfa tory, be ause a \one size ts
all" solution is unlikely to satisfy all ustomers. It would be better to provide a
simpler set of primitives that together allowed a programmer to write a variety

of memo-table implementations. The purpose of this paper is to propose just
su h a set of primitives. Our design proposes four related me hanisms:
1. The unsafePerformIO primitive allows the programmer to exe ute benign
side e e ts (Se tion 3).
2. Typed stable names allow a stable (i.e. invariant under garbage olle tion)
\key" to be derived from an arbitrary value (Se tion 4).
3. Typed weak pointers allow the programmer to avoid an otherwise-lethal
spa e leak (Se tion 5).
4. Finalization allows the programmer to express a variety of poli ies for purging the memo table of unused values (Se tion 6).
Ea h of these four primitives also has independent uses of its own. The latter
three have in ommon that they require integrated support from the garbage
olle tor.
Compared to earlier work, our new ontributions are these:

{ We o er the

rst omplete, integrated design that supports userprogrammable memo tables in Haskell, a non-stri t, purely-fun tional language.
{ So far as we know, our stable-name proposal is new. The same underlying run-time system me hanism also supports both inter-heap referen es in
GPH, our distributed implementation of Haskell [11℄, and Haskell referen es
held by external agents su h as GUI widgets or COM obje ts.
{ Weak pointers, in ontrast, have been in use sin e at least the early 80's.
Our design has some neat wrinkles, and solves the little-known key-in-value
problem. Though developed independently, our solution is very lose to that
of [4℄, but we believe that our hara terisation of the (tri ky) semanti s of
weak pointers is easier for a programmer to understand.

Everything we des ribe is implemented in the Glasgow Haskell Compiler
(GHC). No single aspe t of the design is startling, yet it has taken us a surprisingly long time to a hieve, due to a number of intera ting subtleties. One
ontribution of the paper is to summarise the folklore in this tri ky area, though
we believe that we have also developed it signi antly.

2 Memo fun tions
We use memo fun tions as our running example be ause they highlight most
of the awkward issues. The basi idea is very simple: if a fun tion is applied
a se ond time to a given argument, return the result omputed the rst time
instead of re omputing it.
Memoisation is parti ularly attra tive for a purely-fun tional language, beause there are guaranteed to be no side e e ts that might hange the result
even if the argument is the same as before [7℄. Hughes [5℄ studied the impli ations of memoisation in a lazy language. More re ently, Cook and Laun hbury [1℄

des ribe disposable memo fun tions, a variant of Hughes' lazy memo fun tions,
and give an operational semanti s that lari es their behaviour. Hash- onsing
is a spe ialised kind of memo table appli ation that remembers previously-built
heap obje ts in ase an identi al obje t is required again. All these papers give
appli ations that explain the usefulness of memo fun tions.

2.1 A design for memo fun tions
Following [1℄, the most elegant way to onstru t a memo fun tion is by providing
a higher-order fun tion memo:
memo :: (a -> b) -> (a -> b)

That is, memo takes a fun tion with arbitrary range and domain, and returns
a memoised version of the fun tion. The memoised fun tion is a new value, in
ontrast to other approa hes where memoisation is a hieved by some kind of
pragma or side e e t.
The standard toy example is the Fibona i fun tion, whose omplexity turns
from exponential to linear if the fun tion is memoised in this way:
fib :: Int -> Int
fib = memo ufib

ufib
ufib
ufib
ufib

:: Int -> Int
0 = 1
1 = 1
n = fib (n-1) + fib (n-2)

(Noti e that the re ursive all is made to fib, the memoised version of ufib).
In this example we de ned a single memoised bona i fun tion, but memo
does not require that. Indeed, there may be many memoised versions of the same
fun tion in use at any time. Ea h su h all to memo reates its own memo table,
whi h should be garbage olle ted when the memoised fun tion is dis arded. For
example, here is a version of map that might be used when the argument list is
expe ted to have many o urren es of the same value:
memo_map f xs = map (memo f) xs

Here, a single memoised version of f is applied to ea h element of the list
xs. A fun tion of several arguments an easily be memoised on a parti ular
argument. For example, here is how to memoise a three-argument fun tion, f,

on its se ond argument1 :

memo_2_3 :: (a -> b -> -> d) -> (a -> b -> -> d)
memo_2_3 f = \ a b -> mf b a
where mf = memo (\b a -> f a b )

Similarly, a fun tion an easily be memoised on several arguments. The rst
use of memo maps the rst argument to a fun tion that is itself memoised:
memo2 :: (a -> b -> ) -> (a -> b -> )
memo2 f = memo (\ a -> memo (f a))
1

\\"is Haskell's notation for lambda

2.2 Variations on the theme
The rst question that springs to mind is: how does memo de ide whether a new
argument is \the same" as one it has seen before? One ould imagine at least
three di erent variants of memo:

{ Perform no evaluation on the argument; simply use pointer equality. Re all

that Haskell is a lazy language and we would prefer it if memo did not hange
the stri tness of the fun tion it is memoising, and using pointer equality
ertainly has this property. On the other hand, pointer equality will not
dete t that the arguments (1+2) and (4-1) are the same, be ause they are
thunks held at di erent addresses.
{ Evaluate the argument to weak-head normal form, and then use pointer
equality. This approa h will produ e more \hits", be ause two thunks that
evaluate to the same value will mat h. It would also make the memoised
version of the fun tion stri t. Even then we might worry that two thunks
that both evaluate to 3, say, might nevertheless evaluate to values held at
distin t addresses.
{ Perform a proper equality he k on the argument. In this ase, the type of
memo must hange, sin e it is no longer fully polymorphi 2 :
memoEq :: Eq a => (a -> b) -> a -> b

The main point is that there is more than one possible semanti s for memo, a
powerful argument for allowing the programmer to de ne it rather than building
it in.

3 Benign side e e ts
Although a purely-fun tional language has no visible side e e ts, the implementation overwrites heap obje ts all the time! When the value of a thunk (e.g. an
unevaluated fun tion argument) is demanded, the thunk is overwritten with the
newly- omputed value, so that any subsequent demands need not re ompute it.
Memo fun tions require a similar sort of \benign side e e t", but if we are to
program memo in Haskell then we must expose this ability to the programmer.
Side e e ts are expressed in Haskell using the IO monad [10℄. In parti ular,
the IO monad provides mutable ells with the following primitives:
newIORef :: a -> IO (IORef a)
readIORef :: IORef a -> IO a
writeIORef :: IORef a -> a -> IO ()

A value of type IORef t is a referen e to a mutable ell holding a value of type
t. The primitives to allo ate, read, and write the ell are all in the IO monad.
The idea is to use an IORef to hold the memo table. But memo is polymorphi :
it says nothing about IO. We need a way to express side e e ts, and yet laim
that the overall e e t is pure. So we provide one new primitive:
2

The notation Eq a means that the type a is a member of the Eq type lass, i.e. it
supports equality.

unsafePerformIO :: IO a -> a

This fun tion takes an I/O performing omputation that delivers a value of
type a, and turns it into a value of type a. The I/O will be performed when
(and if) the value is demanded. There is no guarantee when that will be, or
how it will interleave with other I/O omputations; that is why the fun tion
is unsafe. However \unsafe" is not the same as \wrong". It simply means that
the programmer, not the ompiler, must undertake the proof obligation that the
program's semanti s is una e ted by the moment at whi h all these side e e ts
take pla e.
We are nally ready to give one possible implementation of memoEq; we hoose
this variant be ause it allows us to evade the issues of pointer equality for the
present.
memoEq :: Eq a => (a -> b) -> a -> b
memoEq f = unsafePerformIO ( do { tref <- newIORef emptyEq
; return (applyEq f tref)
})
applyEq :: Eq a => (a -> b) -> IORef (TblEq a b) -> a -> b
applyEq f tref arg
= unsafePerformIO (
do { tbl <- readIORef tref
; ase lookupEq tbl arg of
Just result -> return result
Nothing
-> do { let res = f arg
; let tbl' = insertEq tbl arg res
; writeIORef tref tbl'
; return res
}
})
type TblEq a b = [(a,b)℄
emptyEq :: TblEq a b
lookupEq :: Eq a => TblEq a b -> a -> Maybe b
insertEq :: Eq a => TblEq a b -> a -> b -> TblEq a b
-- Implementations omitted

The rst appli ation of unsafePerformIO allo ates a mutable ell that holds
the memo table, of type TblEq a b. It then immediately returns the memoised
fun tion, a partial appli ation of applyEq. When the latter is given an argument,
it again uses unsafePerformIO to get hold of the memo table, query it, and
perhaps write a new value into it. The memo table, here represented as a simple
asso iation list, ontains argument-value pairs. In the ontext of memo tables
we will often refer to the fun tion argument as the key, and the result as the
value.
Of ourse, an asso iation list is hardly the most eÆ ient stru ture for a memo
table, a further reason for wanting memo tables to be programmable. We ould

instead use some kind of lookup tree, based on ordering (not just equality) of
the argument. That would in turn require that the argument type was ordered,
thus hanging memo's type again:
memoOrd :: Ord a => (a -> b) -> a -> b
memoOrd an be implemented exa tly as above, ex ept that the lookup and insert fun tions be ome more ompli ated. We an do hashing in a very similar
way. Notation apart, all of this is exa tly how a Lisp programmer might implement memo fun tions. All we have done is to make expli it exa tly where the
programmer is undertaking proof obligations | a modest but important step.

4 Stable names
Using equality, as we have done in memoEq, works OK for base types, su h as Int
and Float, but it be omes too expensive when the fun tion's argument is (say)
a list. In this ase, we almost ertainly want something like pointer equality; in
ex hange for the fast test we a ept that two lists might be equal without being
pointer-equal.
However, having only (pointer) equality would for e us ba k to asso iation
lists. To do better we need ordering or a hash fun tion. The well-known diÆulty is that unless the garbage olle tor never moves obje ts (an ex essively
onstraining hoi e), an obje t's address may hange, and so it makes a poor
hash key. Even the relative ordering of obje ts may hange.
What we need is a heap address-like value, or name that an be derived
from an arbitrary value. This name should be stable, in the sense that it does
not hange over the lifetime of the obje t it names. With this in mind, we provide
an abstra t data type StableName, with the following operations:
data StableName a

-- Abstra t

mkStableName :: a -> IO (StableName a)
hashStableName :: StableName a -> Int
instan e Eq (StableName a)
instan e Ord (StableName a)

The fun tion mkStableName makes a stable name from any value. Stable names
support equality ( lass Eq) and ordering ( lass Ord). In addition, the fun tion
hashStableName onverts a stable name to a hash key.
Noti e that mkStableName is in the IO monad. Why? Be ause two stable
names might ompare less-than in one run of the program, and greater-than in
another run. Putting mkStableName in the IO monad is a standard tri k that allows mkStableName to onsult (in prin iple) some external ora le before de iding
what stable name to return. In pra ti e, we often wrap alls to mkStableName in
an unsafePerformIO, thereby undertaking a proof obligation that the meaning

data SNMap k v -- abstra t
newSNMap
lookupSNMap
insertSNMap
removeSNMap
snMapElems

::
::
::
::
::

IO (SNMap
SNMap k v
SNMap k v
SNMap k v
SNMap k v

k v)
-> StableName k -> IO (Maybe v)
-> StableName k -> v -> IO ()
-> StableName k -> IO ()
-> IO [(k,v)℄

Fig. 1.

Stable Name Map Library

of the program does not depend on the parti ular stable name that the system
hooses.
Stable names have the following property: if two values have the same stable
name, the two values are equal
(y)

mkStableName x = mkStableName y ) x = y

This property means that stable names are unlike hash keys, where two keys
might a identally ollide. If two stable names are equal, no further test for
equality is ne essary. An immediate onsequen e of (y) is this: if two values are
not equal, their stable names will di er.
x 6= y ) mkStableName x 6= mkStableName y
mkStableName is not stri t; it does not evaluate its argument. This means that

two equal values might not have the same stable name, be ause they are still
distin t unevaluated thunks. For example, onsider the de nitions
p = (x,x); f1 = fst p; f2 = snd p

So long as f1 and f2 remain unevaluated, mkStableName f1 will return a different stable name than mkStableName f23 .
It is easy to make mkStableName stri t, by using Haskell's stri t-appli ation
fun tion \$!". For example, mkStableName $! f1 and mkStableName $! f2
would return the same stable name. Using stri t appli ation loses laziness, but
in reases sharing of stable names, a hoi e that only the programmer an make.

4.1 Using stable names for memo tables
Throughout the rest of this paper, we will make use of Stable Name Maps, an
abstra t data type that maps Stable Names to values (Figure 1). The imple3

A ompiler optimisation might well have evaluated f1 and f2 at ompile time, in
whi h ase the two alls would return the same stable name; another example of
why mkStableName is in the IO monad.

mentation may be any kind of mutable nite map, or a real hash table (using
hashStableName).
Using stable names it is easy to modify our memo-table implementation to
use pointer equality (stri t or lazy) instead of value equality. We give only the
ode for the apply part of the implementation
applyStable :: (a -> b) -> SNMap a b -> a -> b
applyStable f tbl arg
= unsafePerformIO ( do
{ sn <- mkStableName arg
; lkp <- lookupSNMap tbl sn
; ase lkp of
Just result -> return result
Nothing
-> do { let res = f arg
; insertSNMap tbl sn res
; return res
}
})

4.2 Implementing stable names
Our implementation is depi ted in Figure 2. We maintain two tables. The rst
is a hash table that maps the address of an obje t to an o set into the se ond
table, the Stable Name Table. If the address of a target hanges during garbage
olle tion, the hash table must be updated to re e t its new address. There are
two possible approa hes:

{ Always throw away the old hash table and rebuild a new one after ea h

garbage olle tion. This would slow down garbage olle tion onsiderably
when there are a large number of stable names.
{ In a generational olle tor, we have the option of partially updating the
hash table during a minor olle tion. Only the entries for targets whi h have
moved during the urrent GC need to be updated. This is the method used
by our implementation.

Ea h slot in the Stable Name Table (SNT) orresponds to a distin t stable
name. The stable name an be des ribed by its o set in the SNT, and it is this
o set that is used for equality and omparison of stable names.
However, we annot simply use this o set as the value returned by
mkStableName! Why not? Be ause in order to maintain (y) we must ensure that
we never re-use a stable name to whi h the program still has a ess, even if the
obje t from whi h the stable name was derived has long sin e died.
A ordingly, we represent a value of type StableName a by a stable name
obje t, a heap-allo ated ell ontaining the SNT o set. It is this obje t that is
returned as the result of mkStableName. The entry in the SNT points to the
orresponding stable name obje t, and also the obje t for whi h the stable name
was reated (the target ).

Hash
Table

Stable Name
Table

n

Hash

RTS
Heap
SN
Target

Fig. 2.

n

Stable Name
Object

Stable Name Implementation

Now entries in the SNT an be garbage- olle ted as follows. The SNT is not
treated as part of the root set. Instead, when garbage olle tion is omplete, we
s an the entries of the SNT that are urrently in use. If an entry's stable name
obje t is dead (not rea hable), then it is safe to re-use the stable name entry,
be ause the program annot possibly \re-invent" it. For ea h stable name entry
that is still live, we also need to update the pointers to the stable name obje t
and the target, be ause a opying olle tor might have moved them.
Available entries in the SNT are hained on a free list through the stableobje t-pointer eld.

4.3 hashStableName
The hashStableName fun tion satis es the following property, for stable names
a and b:
a = b ) hashStableName a = hashStableName b
The onverse is not true, however. Why? The all hashStableName a is implemented by simply returning the o set of the stable name a in the SNT. Be ause
the Int value returned an't be tra ked by the garbage olle tor in the same
way as the stable name obje t, it is possible that alls to hashStableName on
di erent stable names ould return the same value. For example:
do {
;
;
;
;
}

sn_a <- mkStableName a
let hash_a = hashStableName sn_a
sn_b <- mkStableName b
let hash_b = hashStableName sn_b
return (hash_a == hash_b)

Assuming a and b are distin t obje ts, this pie e of ode ould return True if
the garbage olle tor runs just after the rst all to hashStableName, be ause
the slot in the SNT allo ated to sn_a ould be re-used by sn_b sin e sn_a is
garbage at this point.

4.4 Other appli ations
An advantage of the implementation we have des ribed is that we an use the
very same pair of tables for two other purposes. When alling external libraries
written in some other language, it is often ne essary to pass a Haskell obje t.
Sin e Haskell obje ts move around from time to time, we a tually pass a Stable
Pointer to the obje t. A stable pointer is a variant of a stable name, with slightly
di erent properties:
1. It is possible to dereferen e a stable pointer to get to the target. This means
that the existen e of a stable pointer must guarantee the existen e of the
target.
2. Stable pointers are referen e ounted, and must be expli itly freed by the
programmer. This is be ause a stable pointer an be passed to a foreign
fun tion, leaving no way for the Haskell garbage olle tor to tra k it.
We implement stable pointers using the same stable name te hnology. The
stable name table already ontains a pointer to the target of the stable name,
hen e (1) is easy. To support (2) we add a referen e ount to the SNT entry, and
operations to in rement and de rement it. The pointer to the target is treated
as a root by the garbage olle tor if and only if the referen e ount is greater
than zero.
We use exa tly the same te hnology again for our parallel implementation
of Haskell, Glasgow Parallel Haskell (GPH). GPH distributes a single logi al
Haskell heap over a number of disjoint address spa es [11℄. Pointers between
these sub-heaps go via stable names, thus allowing ea h sub-heap to be garbage
olle ted independently. Weighted referen e ounting is used for global garbage
olle tion [8℄.
The point here is simply that a single, primitive me hanism supports all
three fa ilities: stable names, passing pointers to foreign libraries, and distributed
heaps.

5 Weak pointers
If a memoised fun tion is dis arded, then its memo table will automati ally be
garbage olle ted. But suppose that a memoised fun tion is long-lived, and is
applied to many arguments, many of whi h are soon dis arded. This situation
gives rise to a well-known spa e leak:

{ Sin e the memo table ontains referen es to all the arguments to whi h the

fun tion has ever been applied, those arguments will be rea hable (in the

eyes of the garbage olle tor) even though the fun tion will never be applied
to that argument again.
{ Not only that, but the result of applying the fun tion to those arguments is
also held in the memo table, and hen e will be retained for ever.
{ Finally, the memo table itself be omes logged with useless entries that serve
only to slow down lookup operations.
The rst of these problems seems to go away when we use stable names, sin e
it is the stable names that are retained in the memo table, not the argument
itself; but the latter two problems remain, and the rst reappears as an inability
to re y le stable names.

5.1 Weak pointers
The standard solution to these woes is to use weak pointers. The garbage olle tor
re overs all heap obje ts that are not rea hable. A heap obje t is rea hable if
it is in the transitive losure of the points-to relation starting from the set of
root pointers. A weak pointer is a pointer that is not treated as a pointer for the
purposes of omputing rea hability. That is, even if obje t A is rea hable, and A
ontains a weak pointer to another obje t B, the latter is not thereby onsidered
rea hable4 .
Obje t B may be rea hable from the root set by some other path, of ourse,
but if not, it is onsidered garbage. In this ase, the weak pointer in obje t A
no longer points to a valid obje t, and is repla ed by a tombstone. The a t of
dereferen ing a weak pointer will fail if the latter has been tombstoned.
Weak pointers help memo tables in the following way. Ignoring stable names
for now, assume that the memo table refers to both the keys and values. If the
pointer to the key is a weak pointer, then the memo table will not keep the
key alive, thus solving the rst problem. Periodi ally the memo table an be
\purged", by sear hing for keys that have been tombstoned, and deleting their
entry from the memo table, thus releasing the value as well.

5.2 A problem with weak pointers
A little-re ognised problem with using weak pointers for memo tables is this: if
the value ontains a pointer to the key, the entry will never be removed. If the
value refers to the key, then the memo table will keep the value alive, the value
will keep the key alive, and the entry in the memo table an never be purged,
whi h defeats the whole purpose of the weak pointer. We will refer to this as the
key-in-value problem.
If this problem a tually o urs in pra ti e, it auses a potentially-lethal spa e
leak, and one that is not easy to identify or ure. Unfortunately, the situation
is by no means unusual. Consider a lookup table that maps a person's name
to a re ord des ribing the person. It is quite likely that the re ord will in lude,
among other things, the person's name.
4

The alert reader may have noti ed that an entry in the Stable Name Table of Se tion 4.2 e e tively ontains a weak pointer to its stable name obje t.

5.3 A new design
In the light of these issues, we have developed a new design for weak pointers
in Haskell, alled key/value weak pointers. Here is (part of) the signature of the
Weak module:
data Weak a

-- Abstra t

mkSimpleWeak :: k -> v -> IO (Weak v)
deRefWeak
:: Weak v -> IO (Maybe v)

The fun tion mkSimpleWeak takes a \key", a \value" of type v, and builds a
weak pointer obje t of type Weak v. Weak pointers have the following e e t on
garbage olle tion:

{ The value of a weak pointer obje t is rea hable if the key is rea hable 5 .
The spe i ation says nothing about the rea hability of the weak pointer
obje t itself, so whether or not the weak pointer obje t is rea hable does not
a e t the rea hability of its key or value.
This simple, risp, spe i ation on eals quite a subtle implementation (Se tion 5.5), but it o ers pre isely the support we need for memo tables. It does not
matter if the value refers to the key, be ause the value is not rea hable unless
the key is | or unless the value is rea hable some other way, in whi h ase the
key is ertainly rea hable via the value.
mkSimpleWeak is in the IO monad be ause it has an important operational
behaviour: before the all, the key and value are both rea hable, but after the
all the rea hability of the value is dependent on the rea hability of the key. This
isn't a side-e e t as su h | it wouldn't hange the meaning of the program if
we delayed the operation | but to obtain the desired e e t it's important that
we an for e the all to mkSimpleWeak to be performed at a ertain time, hen e
we use the IO monad for sequen ing.
The fun tion deRefWeak dereferen es a weak pointer, returning either
Nothing (if the value has been garbage olle ted), or Just v (where v is the
value originally given to mkSimpleWeak). The deRefWeak operation is in the IO
monad for an obvious reason: its return value an depend on the time at whi h
the garbage olle tor runs.
Though we developed our design independently, we subsequently dis overed
that Hayes's OOPSLA'97 paper [4℄ des ribes a mu h earlier implementation of
the same ore idea, there dubbed ephemerons, originally due to Bosworth. We
ontrast our designs in Se tion 8.

5.4 Memo table using key/value weak pointers
We an now give the ode for a memo table that uses weak pointers, based on
our earlier stable-name version.
5

Re all that the garbage olle tor re overs memory that is not rea hable; and also
note that the statement says \if", not \if and only if".

applyWeak :: (a -> b) -> SNMap a (Weak b) -> a -> b
applyWeak f tbl arg
= unsafePerformIO (do
{ sn <- mkStableName arg
; lkp <- lookupSNMap tbl sn
; ase lkp of
Nothing -> not_found tbl sn
Just weak -> do { val <- deRefWeak weak
; ase val of
Just result -> return result
Nothing
-> not_found tbl sn
}
})
where
not_found tbl sn = do { let res = f arg
; weak <- mkSimpleWeak arg res
; insertSNMap tbl sn weak
; return res
}

The memo table maps a stable name for the argument to a weak pointer to the
value. If the fun tion has not been applied to arg before, the all to lookupSNMap
will return Nothing, and the auxiliary fun tion not_found will be alled. The
latter makes a weak pointer for the result, with a lifetime ontrolled by arg, and
inserts this weak pointer into the memo table as before.
If the lookup is su essful, deRefWeak is used to nd the a tual value. There
is an awkward ra e ondition here, be ause at the moment deRefWeak is alled
there might, on eivably, be no further referen es to arg. If that is so, and
a garbage olle tion intervenes, the weak pointer might be tombstoned before
deRefWeak gets to it. In this unusual ase we simply all not_found. Strangely
enough, doing so makes arg rea hable in the ontinuation of deRefWeak, and thus
ensures that deRefWeak will always su eed. This sort of weirdness is typi al of
the world of weak pointers.

5.5 Implementing weak pointers
The de nition of rea hability is simple, but it takes a little are to implement it
orre tly. Our implementation works as follows. We maintain a list of all urrent
weak pointer obje ts, alled the Weak Pointer List. When a new weak pointer
obje t is reated, it is immediately added to this list. Garbage olle tion pro eeds
as follows:
1. Mark all the heap rea hable from the roots. (We will pretend that we are
using a mark-sweep garbage olle tor, but everything works ne for opying
olle tors too.)
2. Examine ea h weak pointer obje t on the Weak Pointer List, whether or not
it is itself rea hable. If it has a key that is marked (i.e. is rea hable), then

mark all the heap rea hable from its value eld, and move the weak pointer
obje t to a new list.
3. Repeat from step (2), until a omplete s an of the Weak Pointer List nds
no weak pointer obje t with a marked key.
4. For ea h remaining obje t on the Weak Pointer List, either tombstone it (if
it is marked), or simply dis ard it (otherwise).
5. The list a umulated in step (2) be omes the new Weak Pointer List. Mark
any unrea hable weak pointer obje ts on this list as rea hable, so that they
will be retained by the garbage olle tor.
There are two subtleties in the implementation. The rst is the iteration
ne essary in step (3). This is required, be ause making one value rea hable may
make the key of some other weak pointer obje t rea hable; and so on. Noti e
that the rea hability of the value of a weak pointer obje t is in uen ed only by
the rea hability of the orresponding key, and not at all by the rea hability, or
otherwise, of the weak pointer obje t itself.
The se ond subtlety is the relationship between rea hability and retainability.
The rea hability riterion is used to determine whi h weak pointers to tombstone,
but it is not the same as the set of obje ts retained by the garbage olle tor.
The obje ts retained are pre isely the rea hable obje ts, plus any weak pointer
obje ts whi h have rea hable keys, but whi h are unrea hable themselves at the
end of the algorithm.
Although all live weak pointer obje ts are impli itly kept by the garbage
olle tor regardless of whether they are rea hable, it would be wrong to mark
them all as rea hable as a rst step in the above algorithm. This is be ause doing
so would pre lude having a weak pointer obje t whose key is itself a weak pointer
obje t, be ause the key would always be onsidered rea hable. Weak pointers to
weak pointers are a useful on ept, as we shall see later (Se tion 8).
The above implementation an be extended straightforwardly to work with a
generational garbage olle tor. The guiding prin iple is: any obje t whi h resides
in a generation whi h we are not olle ting is onsidered to be rea hable for the
purposes of this olle tion. So if the key of a weak pointer lives in the oldest
generation, we will not be able to determine that the weak pointer is dead until
we perform a major olle tion.

5.6 Other appli ations
Another situation where we found weak pointers to be \just the right thing" is
when referen ing obje ts outside the Haskell heap via proxy obje ts (a proxy
obje t is an obje t in the lo al heap that just ontains a pointer to the foreign
obje t).
Consider a stru tured foreign obje t, to whi h we have a proxy obje t in the
Haskell heap. The garbage olle tor will tra k the proxy obje t in order that
the foreign obje t an be freed when it is no longer referen ed from Haskell
(probably using a nalizer, see the next se tion). If we are given a pointer to
a sub omponent of the foreign obje t, then we need a suitable way to keep the

proxy for the root of the foreign obje t alive until we drop the referen e to the
sub omponent.
A weak pointer solves this problem ni ely: the key points to a proxy for
the sub omponent, and the value points to the proxy for the root. The entire
foreign obje t will thereby be retained until all referen es to the sub omponent
are dropped.

6 Finalization
We did not present ode for purging the memo table of useless key/value pairs.
Indeed, the whole idea is less than satisfa tory, be ause it amounts to polling
the keys to see if they have died. It would be better to re eive some sort of
noti ation when the key died.
Indeed, it is quite ommon to want to perform some sort of lean-up a tion
when an obje t dies; su h a tions are ommonly alled nalization. If it were
possible to atta h a nalizer to the key, then when the key dies, the nalizer
ould delete the entry from the memo table. A parti ular key might be in many
memo tables, so it is very desirable to be able to atta h multiple nalizers to a
parti ular obje t.
Finalizers are often used for proxy obje ts that en apsulate some external
resour e, su h as a le handle, graphi s ontext, mallo 'd blo k, network onne tion, or whatever. When the obje t be omes garbage, the nalizer runs, and
an lose the le, release the graphi s ontext, free the mallo 'd blo k, et . In
some sense, these proxy obje ts are the dual to stable pointers (Se tion 4.4):
they en apsulate a pointer from Haskell to some external world, while a stable
pointer en apsulates a pointer from the external world into Haskell.
Finalizers raise numerous subtle issues. For example, does it matter whi h
order nalizers run in, if several obje ts die \simultaneously" (whatever that
means)? The nalizer may need to refer to the obje t it is nalizing, whi h
presumably means \resurre ting" it from the dead. If the nalizer refers to the
obje t, might that keep it alive, thereby vitiating the whole e e t? If not, how
does the nalizer get a ess to the obje t? How promptly do nalizers run? And
so on. [3℄ gives a useful overview of these issues, and a survey of implementations.

6.1 A design for nalizers
In our experien e, appli ations that use weak pointers almost always require
some sort of nalization as well, so we have hosen to ouple the two. We add
the following two new fun tions:
mkWeak :: k -> v -> Maybe (IO ()) -> IO (Weak v)
finalize :: Weak v -> IO ()
mkWeak is like mkSimpleWeak, ex ept that it takes an extra argument, an optional nalization a tion. The all (mkWeak k v (Just a)) has the following

semanti s:

{ If k be omes unrea hable, the nalization a tion a is performed some time

afterwards. There is no guarantee of how soon afterwards, nor about the
order in whi h nalizers are run.
{ Finalization of a weak obje t may be initiated at any time, by applying
finalize to it. The weak pointer obje t is immediately repla ed by a tombstone, and its nalizer (if it has one) is run. The finalize operation returns
only on ompletion of the nalizer.
{ The nalization a tion a is guaranteed to be performed exa tly on e during
the run of the program, either when the programmer alls finalize, or some
time after k be omes unrea hable, or at the end of the program run.

The mkSimpleWeak operation is implemented in terms of mkWeak, by passing
Nothing as the nalizer.
The nalization a tion a is simply an I/O a tion of type IO (). Here, for
example, is how one might arrange to automati ally lose a le that was no
longer required:
fopen :: String -> IO Handle
fopen filename
= do { hdl <- open filename
; mkWeak hdl () (Just ( lose hdl))
; return hdl
}
open :: String -> IO Handle
lose :: Handle -> IO ()

Here, fopen uses open to open the le, and then alls mkWeak to atta h a nalizer
to the handle returned by open. (In this ase the se ond parameter of mkWeak
is irrelevant.) The nalizer ( lose hdl) is of type IO (); when hdl be omes
unrea hable the nalizer is performed, whi h loses the le.
The following points are worth noti ing about nalizers:

{ In the fopen example, the nalizer refers to hdl. We are immediately fa ed

with a variant of the key/value problem for memo tables (Se tion 5.2). It
would be a disaster if the nalizer kept the key alive, whi h in turn would
ensure the nalizer never ran! We solve this simply by modifying the rea hability rule for weak pointers:
 The value and nalizer of a weak pointer obje t are rea hable if the key
is rea hable.
{ Any value whatsoever (even a weak pointer obje t) an have a nalizer
atta hed in this way { this is alled ontainer-based nalization. It ontrasts
with destru tors in C++, whi h implement obje t-based nalization in whi h
the nalizer is part of the obje t's de nition.
{ A value an have any number of nalizers atta hed, simply by making several alls to mkWeak. (This is essential if (say) a key is entered in several
memo tables.) Ea h of the nalizers is run exa tly on e, with no guarantee
of relative order.

{ The program may dis ard the weak pointer obje t returned by mkWeak if it

isn't required (as we did in the example above). The nalizer will still run
when the key be omes unrea hable, but we won't be able to all finalize
to run the nalizer early.

6.2 Implementing nalization
Finalizers are relatively easy to implement. The weak pointer implementation of
Se tion 5.5 needs modi ation as follows:
1. Mark all the heap rea hable from the roots.
2. S an the Weak Pointer List. If a weak pointer obje t has a key that is
marked (i.e. is rea hable), then mark all the heap rea hable from its value
or its nalizer, and move the weak pointer obje t to a new list.
3. Repeat from step (2), until a omplete s an of the Weak Pointer List nds
no weak pointer obje t with a marked key.
4. S an the Weak Pointer List again. If the weak pointer obje t is rea hable,
then tombstone it. If the weak pointer obje t has a nalizer, then move
it to the Finalization Pending List, and mark all the heap rea hable from
the nalizer. If the nalizer refers to the key (and/or value), this step will
\resurre t" it.
5. The list a umulated in step (3) be omes the new Weak Pointer List. Mark
any unrea hable weak pointer obje ts on this list as rea hable.
Subsequent to garbage olle tion, a dedi ated nalization thread su essively
removes an item from the Finalization Pending List, and exe utes the nalizer.
The nalization thread runs pseudo- on urrently with the program; if a nalizer
shares state with the main program then suitable syn hronisation must be used.
We use the primitives of Con urrent Haskell for this purpose [9℄.

7 Memo tables with nalization
In this se tion we bring together stable names, weak pointers and nalizers in
an implementation of a memo table that an purge itself of unneeded key/value
pairs, and also release itself when the memoized fun tion is no longer rea hable.
The implementation is given in Figure 3, and a diagram depi ting the memo
table stru ture is given in Figure 4.
The memo table representation is identi al to the one given in Se tion 5.4,
ex ept that we now add a nalizer to ea h weak pointer in the table. When
invoked, the nalizer will remove its own entry from the memo table, allowing
the value (the memoized result of this omputation) to be garbage olle ted.
This inadvertently reates a problem for garbage olle ting the entire memo
table: sin e ea h nalizer now needs to refer to the memo table, and by the
rea hability rule we gave for weak pointers with nalizers, this means that the
memo table is rea hable if the key of any weak pointer in the table is rea hable.

type MemoTable a b = SNMap a (Weak b)
memo :: (a -> b) -> a -> b
memo f =
let (tbl,weak) = unsafePerformIO (
do { tbl <- newSNMap
; weak <- mkWeak tbl tbl (Just (table_finalizer tbl))
; return (tbl,weak)
})
in memo' f tbl weak
table_finalizer :: SNMap a (Weak b) -> IO ()
table_finalizer tbl =
do { pairs <- snMapElems tbl; sequen e_ [ finalize w | (_,w) <- pairs ℄ }
memo' :: (a -> b) -> MemoTable a b -> Weak (MemoTable a b) -> a -> b
memo' f tbl weak_tbl arg = unsafePerformIO (
do { sn <- mkStableName arg
; lkp <- lookupSNMap tbl sn
; ase lkp of
Nothing -> not_found
Just w -> do { maybe_val <- deRefWeak w
; ase maybe_val of
Nothing -> not_found
Just val -> return val
})
}
where val = f arg
not_found = do { weak <- mkWeak arg val (Just (finalizer sn weak_tbl))
; insertSNMap tbl sn val
; return val
}
finalizer :: StableName a -> Weak (MemoTable a b) -> IO ()
finalizer sn weak_tbl = do { r <- deRefWeak weak_tbl
; ase r of
Nothing -> return ()
Just mvar -> removeSNMap tbl sn
}
Fig. 3.

Full Memo Table Implementation

This is a disaster! Even if the memoized fun tion dies, the memo table, in luding
all the a hed values, will live on until all the keys be ome unrea hable.
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The solution, not unsurprisingly, is to use another weak pointer. If all the
nalizers refer to the memo table only through a weak pointer, we retain the
desired rea hability behaviour for the memo table itself. If a running nalizer
nds that the memo table has already be ome unrea hable, be ause deRefWeak
on the weak pointer to the table returns Nothing, then there's no nalization to
do.
We also add a nalizer to the memo table (table_finalizer), whi h runs
through all the entries in the table alling finalize on ea h weak pointer. This
is important be ause it allows all the values to be garbage olle ted at the same
time as the table; without this nalizer, the values would live on until their
respe tive keys be ame unrea hable.

7.1 Observations
We have deliberately ast the dis ussion in general terms, be ause we believe
that it illuminates a fundamental mis-mat h between traditional garbage olle tion and \push" appli ations. Solving the mis-mat h seems to require the full
generality of key/value weak pointers. An open question is whether key/value
weak pointers are \ omplete" (whatever that means), or whether some new appli ation may require something yet more ompli ated.

8 Related Work
We are not aware of any other published work on stable names, although it
seems likely that others have implemented similar me hanisms internally. Java's
global and lo al referen es (part of the Java Native Interfa e, des ribed in [6℄)
are similar to our stable pointers (Se tion 4.4) in that their primary fun tion is to
allow Java obje ts to be passed to foreign fun tions, by providing an indire tion
table and expli it freeing of referen es.
Weak pointers, on the other hand, are well known. Several language implementations in lude simple weak pointers, that is weak pointers that annot express the key/value relationship and hen e su er from the problem we des ribed
in Se tion 5.2. These in lude Smalltalk, T, Caml, Mos ow ML, SML/NJ, and
several S heme implementations. Java has no less than three kinds of weak pointer [6℄: Soft Referen es allow obje ts to be re laimed when memory is short, Weak
Referen es are simple weak pointers, and Phantom Referen es are a weaker form
of Weak Referen e.
Ephemerons, des ribed by Hayes [4℄, are very similar to our weak pointers.
They di er in subtle but important ways. First, the semanti s of ephemerons
is des ribed by presenting a tri ky garbage olle tion algorithm (similar to that
in Se tion 5.5). We believe that our hara terisation in terms of rea hability is
mu h more useful for programmers. This is a presentational di eren e, but there
is a semanti di eren e too: the rea hability rule for ephemerons is

{ The value eld of an ephemeron is rea hable if both (a) the ephemeron (weak
pointer obje t) is rea hable, and (b) the key is rea hable.

This semanti s is a tually a little more onvenient than ours for the memotable appli ation, be ause it means there is no need to nalize the memo table
itself (Se tion 7). We hose our semanti s (i.e. delete lause (a)) for several
reasons. First, it is simpler. Se ond, with the ephemeron semanti s it is not lear
when the nalizer should be run. When the key be omes unrea hable? When
the key and the ephemeron be ome unrea hable? In fa t, the hoi e made for
ephemerons is neither of these: the nalizer of an ephemeron is run only if (a)
the ephemeron is rea hable and (b) the key is not. If the ephemeron itself is not
rea hable, the nalizer is never run. This ontrasts with our guarantee that ea h
nalizer is run pre isely on e.
Third, one an easily simulate the ephemeron rea hability semanti s with
ours, but the reverse is not possible. The following fun tion simulates the
ephemeron semanti s:
mkEphemeron :: k -> v -> Maybe (IO ()) -> IO (Weak v)
mkEphemeron k v f
= do { eph <- mkWeak k v f
; mkWeak eph () (Just (finalize eph))
; return eph
}

The se ond all to mkWeak simply atta hes a nalizer to the ephemeron, so that
if the ephemeron ever be omes unrea hable it is nalized, thus breaking the keyto-value link. This does not have the same nalization semanti s as ephemerons
do, but whether that is a bug or a feature is debatable.
Finalizers have been the subje t of heated debate on the g list mailing list.
The on lusions of this debate, and of Hayes's ex ellent survey [3℄, are that

{ A programmer should not rely on nalizers running promptly. Promptness
is just too hard to guarantee. If promptness is required, then expli it nalization is indi ated.
{ No guarantees should be made about the order in whi h nalizers should
run.

Dybvig proposed guardians for S heme [2℄, a sort of bat hed version of nalizers. A (weak) pointer an be added to a guardian, and the guardian an be
queried to nd out whi h of the obje ts it maintains have be ome ina essible.
Dybvig also des ribes how to implement hash tables using guardians. The hash
table he des ribes is apable of purging old key/value pairs, but only on a tivation of the lookup fun tion (i.e. not asyn hronously), and it also su ers from
the key-in-value problem.

9 Con lusion
We have now des ribed four me hanisms | unsafePerformIO, stable names,
weak pointers, and nalization | that olle tively allow us to implement memo
tables in Haskell. If that were the sole appli ation, we ould be a used of overkill.
But ea h of the me hanisms has independent uses of its own, as we have already
indi ated. What is surprising, perhaps, is that memo fun tions require su h an
elaborate armoury.
Many readers, ourselves in luded, will have a queasy feeling by this stage.
What is left of the beauty of fun tional programming by the time all these
primitives have been added? How an the unspe i ed \proof obligations" of
unsafePerformIO be hara terised and proved? Has the baby been thrown out
with the bath water? These are justi able riti isms. The baby is indeed in
danger.
Our primary response is this: if we an simply provide a ompletely en apsulated implementation of memo, implemented as a primitive in (say) C, would
that have been better? Far from it! The same fun tionality would have to be
implemented, but with greater s ope for error. Furthermore, it would take intervention by the language implementors to modify or extend the implementation.
In any ase, memo is but one of a whole raft of appli ations for the primitives we
have introdu ed. So, we regard the primitives of this paper as the raw material
from whi h experien ed system programmers an onstru t beautiful abstra tions. We wish that it were possible for the primitives to themselves be beautiful
abstra tions, but that aspiration seems to be beyond our rea h.

So, our proposals have lear short omings. But the alternatives are worse.
We ould es hew weak pointers, nalizers, et et , and thereby ex lude an important and useful lass of appli ations. Or we ould keep their existen e se ret,
advertising only their a eptable fa e (su h as memo). Instead, we have striven to
develop as pre ise a hara terisation of our primitives as we an, warts and all.
We hope thereby to provoke a debate that may ultimately lead to new insights,
and a better overall design.
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