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Abstract

We give a quick presentation of the language CURIO, which gives a semantics to
concurrent I/O in pure functional languages by way of modelling the API directly.
Central to CURIO is the fact that an I/O model must obey a pre-condition — some
broad axiomatic properties — so that program execution can be deterministic.

We then present some mechanisms for modelling the dynamic allocation of data,
combinators which can be used to build larger (deterministic) APIs from smaller
ones, and show how they may be used to encode a small, useful subset of the func-
tionality of Haskell’s file I/O library.

1 INTRODUCTION

In lazy languages, the order in which expressions are evaluated is hard to predict
so one is forced instead to concentrate on the logic of the program. This has often
been considered one of their great selling points since optimisations then, ideally
at least, become side issues which we tinker with once the program is logically
correct. It also allows us to write software at a more abstract level, almost at the
level of a specification, making programs more general and reusable.

However, this particular approach seems to vanish in the presence of I/O. In
(plain monadic) Haskell [10] all actions must be explicitly sequenced. This is not
abstract at all, and is no more a specification of I/O than any C program. What
is needed is a way to specify the extent to which the ordering of actions may be
loosened; to permit concurrency while still ensuring determinism.

For many people this seems confusing because surely if a program is determin-
istic then by definition it always does the same thing — so why bother with concur-
rency at all? The answer is that concurrency improves program efficiency and user
response time for I/O bound programs, and also increases program reusability.

As an example, let’s say I have written a file-encoder and want to give it a
user interface. The encoder and the interface should probably be understood as
two relatively distinct pieces of code — one reads and writes to files, and the other
communicates with the user. Yet if actions are sequenced explicitly then either user
input will have to halt while a file is being encoded, or the two applications will
have to be entangled together.

The CURIO language was designed with a view to solving these sorts of prob-
lems, and can be seen as a further generalisation of the principles of lazy languages.
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The central contribution of this paper is a description of how we went about con-
structing a more large scale, practical I/O model for CURIO, and the numerous
technical problems which had to be solved in doing so.

All results in this paper have been machine-verified using the Sparkle proof-
assistant [2], and the language is encoded using Core-Clean as a meta-language.
We use Haskell syntax instead because it will be more familiar to most readers.
We omit all the actual proof details in this document. Instructions on how one can
obtain the machine-readable form of the proofs is available from:

http://www.cs.tcd.ie/Malcolm.Dowse/I0Toolkit

2 THE CURIO LANGUAGE - A QUICK INTRODUCTION

CURIO is a small functional language with concurrency, interprocess communica-
tion and monadic constructs which together let the user write expressive programs
which perform I/O. This expressivity is due to our ability to enforce determinism.

The Concurrent Haskell language [9] is probably the most fully-fledged seman-
tics for I/O in a lazy functional language. CURIO’s semantics is different however,
since it is inductive rather than co-inductive. There exists a “world-state” which
the program interacts with and modifies when doing I/O, and the observable effect
of a program is its resultant world-state. In Concurrent Haskell all actions are ob-
servable, whereas with CURIO it is only the cumulative effect of a finite number of
actions over a program’s lifetime that is observable.

What makes the semantics of CURIO somewhat more expressive (if less ele-
gant) is that it ascribes to each action a precise effect on world state, and therefore
allows us to distinguish actions which do and do not interfere with one another.
Insofar as a language semantics should be a vehicle for compiler optimisations and
formal proofs, this would appear to make it more powerful — but we cannot tell at
this early stage.

2.1 Language Primitives

In reality, CURIO is less a full language specification than a rigorous semantics
for a collection of powerful I/O primitives which can be wrapped around a pure
functional language using solely its denotational semantics. A program in CURIO
is any element of the type Prog,, B and the five I/O primitives are as follows:
(the three types v, o and p are bound by the particular I/O model, and these are
explained later.)

(>>=) = VB. VY. Progvocp B—PB— Progvocp ) — Progvocp v

return : VB.Pp— Progvap B
action i o — Prog,y, v
test = VB.o— Prog,,, B — Prog,,, B — Progy,, B

par i VB.Vy.Ve.p— Progy, B — Progy,, vy— (B —v—¢) — Prog,,, &
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Each of the five primitives correspond to a different data constructor in a higher-
order non-strict algebraic data type in the meta language. Central to these language
primitives is the notion of an I/O context. Each (sub-) program is executed within
a context ¢ € ¢, and that context dictates which actions that (sub-) program can
perform, and therefore affects the program’s outcome.

A more complete explanation of the semantics may be found elsewhere [3, 4],
but very briefly: >>= and return are the familiar monadic functions in Haskell;
action a performs primitive action a, which may stall (it fails if a is not permitted
by the context); test a m; my performs program m;, if action a is permitted in the
current context, and program my it is not. Program par p m; m, (*) runs m; and
m, concurrently, splitting the current context in the way determined by p. If m; and
m, reduce in their own contexts to return v; and return v, respectively then
par pmy m, (x) will reduce to return v; *v,.

Concurrency introduces non-determinism, and reduction proceeds in a non-
deterministic fashion until the world/program pair is in normal form — meaning
either that the program is of the form return v for some v, or that the program
contains actions which are stalled.

2.2 1/0 Models

We are now in a position to explain where the types v, o, p and ¢ come from.
These, together with the type @ and four functions, describe the world-state, the
effect of actions, I/O contexts and how contexts are divided among sub-programs
in the presence of concurrency.

An I/0 model in the metalanguage is a 4-tuple parameterised by five types:'

s::IOModelvapwg 2 (af ot — ©® — (©,V)
,wa: o — o — Bool
,ap: ¢ — o — Bool
PEup =6 — (G,9)

2.2.1 The API - af and wa

The functions af and wa define the API. af :: 00 — ® — (®, V) defines the state-
transformer for each action. Elements of type a identify I/O actions which can be
performed and for any actiona:: o, af a:: ® — (®, V) is the state-transformer for
that action. Type V is typically a sum-type capable of storing Ints, Bools, Chars
or any other value that an action might need to return. If communication is to be
permitted then there must be occasions in which an action is waiting for something
to occur and cannot proceed. The function wa :: & — ® — Bool indicates exactly
this. We say an action a is stalled (in world state w) if wa a w = TRUE.

Unless otherwise indicated we assume the existence of some arbitrary, implicit I/O model
called s which binds the five types v, o, p, ® and ¢, and the four functions af, wa, ap and pf.
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lsvally, o — o — B Car0s:G—G— B

c1Cse Vaca-apacy =>apacs

> >

c; Os Cr Vaca-Vaca-ap craiANap ¢ ap = ap |||s ar ANallyg(ar,a,) Aallyg(ar, ap)

FIGURE 1. Relations on actions and contexts

Figure 1 shows two relations on actions and the APL a; |||s @ means that for
any two actions a; and a», if neither are stalled then the order in which they are
executed is irrelevant — both with regard to their effect on world state and their
return values. ally,(aj,az) indicates that if action a; is not stalled then performing
it cannot cause action as, if also not stalled, to then become stalled. That is, a; will
not impede a,.

2.2.2 1/0O Contexts — ap and pf

I/0 contexts are elements of the type ¢ and the function ap :: ¢ — o — Bool defines
the actions permitted by any context. Note that the API does not mention contexts
at all. A context merely determines whether or not an action can be performed, not
the effect of the action on world state if it is.

Figure 1 defines two important relations on contexts.

e ¢; ¢ ¢p: any action permitted by context c; is also permitted by c;.

e ¢; Qs cp: for all actions a; and ap, permitted by contexts ¢; and ¢, respec-
tively, it is true that a; |||s a2, allys(ai,az) and ally,(az,a;).

The function pf :: p — ¢ — (G, G) is used to constrain the behaviour of sub-
programs running concurrently. When a process par p m; m, (*) is run in context
c it forks into two processes m; and m, running in contexts ¢; and c, respectively,
where pf pc= (¢, ¢c;) .

We have proved separately [3], using the Sparkle proof-assistant [2], the pow-
erful (and difficult) result that if pf obeys certain properties then reduction is con-
fluent. This means that regardless of the non-deterministic interleaving of the exe-
cution of sub-processes, a program will either always diverge or always converge to
the same resultant world-state and program. These properties form a pre-condition
on an I/O model, written PRE;, and it is stated formally as:

A
PRE; = Vpep-Veec-VeecVeecrfpe= (c,¢) = Esc AN, Ege A ¢ Qs e

It can be summarised as follows. Firstly, no child process should be allowed to
perform an action forbidden by the parent context: ¢; T4 ¢ and ¢, C4 ¢. Secondly,
the order in which actions in the two child sub-programs are performed should be
irrelevant: ¢; Qs ¢,
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A
term :: IOMOdeI VTerm (xTerm pTerm (DTerm <;Term = <afTerm7 WdaTerms apTem>prem>

Char OTerm
([Char], TermlO) Prerm;Grerm

PuTC Char | GETC
TcxT Bool Bool

VTerm

> 1>
e 11>

Orerm

TermlO £ TERMIO (Char — ([Char], TermlO))

warern (PUTCc)  (cs,1) 2 FALSE

afrerm (PUTCc)  (cs, TERMIO f) 2 ((cs++fst (fe),snd(fe)),” ’)
warerm GETC (cs,t) 2 Julles

afrermn GETC ((c:es),t) 2 ((es,t),0)

aprern (TCXTh.) (PUTCec) 2y

aPrerm (TCXT _b) GETC £y

2

Pfrerm (TCXT bp, bgp) (TCXT bp bg)
(TCXT (bp && bpp) (bg && bgp), TCXT (bp && not bp,) (bg && not bgp))

FIGURE 2. A Model for Terminal I/0O

We make no mention at all of initial world states because a program can be as-
sumed to have no control over the initial environment in which it runs (i.e. which
files exist). Also we do not discuss the initial I/O context in which an entire pro-
gram runs. This should probably permit the maximum number of actions possible.

2.3 Examples
2.3.1 Terminal I/O

As a small example, consider the complete model of terminal I/O given in Figure 2.
There are two actions: PUTC ¢ writes character ¢, and GETC reads a character. The
model is not perfect, since it does not capture any interesting temporal properties
of stdin/stdout. There is no notion of absolute time — each outputted Char
gives rise to 0 or more inputted characters instantaneously. It is adequate, nonethe-
less, and obeys the simple property that if characters are available for input then
outputting characters cannot change that. The model also lets us exploit the fact
that stdin and stdout are two separate handles, and we may want a process
to wait for input on one whilst another outputs data on the other. (This is proba-
bly only useful for filtering programs such as grep. Interactive programs would
usually require a lock-step synchronisation of input and output).

The proof of PRE ., is not difficult. Reading may take place in parallel with
writing in this semantics since (1) if a Char is ready for input then writing a
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putStr :: String — Prog;.,, ()
putsStr [] = return ()
putStr (c:cs) = action (PutC c) >> putStr cs

stdPermissions :: Prog,,., String

stdPermissions = do
in <- test GetC (return "stdin") (return "no stdin")
out <- test (PutC ’"x’) (return "stdout") (return "no stdout")
return (in ++ ", " ++ out)

getPutC :: Char — Prog,.,,, Char
getPutC ¢ = par (Tcxt True False) (action (PutC c))
(action GetC) (\_ cl -> cl)

FIGURE 3. Three Terminal I/O programs

character will not change that and (2) if a character is not available for input then the
read will stall until one is. The function pf|. ., guarantees that if many processes
are running concurrently then at most one can call PUTC and at most one can
perform GETC.

We give three example programs in Figure 3. putStr writes a string to
stdout (or fails if that is not allowed). stdPermissions returns a string
which indicates which actions the current context permits. The program
getPutC c outputs character ¢ whilst concurrently requesting a character from
input. The entire program returns the character that was read. Here Prog,,, P is
used as a convenient short-hand for ProgVTermocTermpTerm [ —a notation used through-
out this paper. We also make use of Haskell’s monadic >> operator and do-
notation.

2.3.2 Communication Channels

Consider the type TermlO once again. One possible instance of it is 1loopBack,
defined as follows:

loopBack = TermIO (\c -> ([c],loopBack))

This really just models a user who re-inputs each character which was out-
putted. By constructing an I/O model with these exact semantics one then has a
one-to-one “communication channel” allowing the writer process to stream data to
the reader process. Let us call this model chan. It is modelled as follows. The
types Pchan and Genan are omitted but they are effectively the same as that of term.

Wchan = [Char]  Vepan 2Char  0lcnan = CHPUTC Char | CHGETC
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wachan (CHPUTCc) cs 2 FALSE
afchan (CHPUTCc) cs L (este,’ )
wWachan CHGETC cs 2 nhulles
afchan CHGETC (c:cs) 2 (cs,c)

3 DYNAMICALLY ALLOCATING DATA

One of the difficulties with a global, state-based semantics is how one deals with
the dynamic allocation of data. Consider the allocation of handles for the shared
reading of a file. A handle is effectively a pointer to an internal system structure.
However, if we loosen the order in which handles are allocated then processes may
acquire different handles on different program executions — they will be just as
useful, but not indistinguishable — and the world state will be subtly different also.

The bottom line is that despite our global state and API we still need a mecha-
nism for allocating data locally within the global state. The technical problem can
be solved by supplying the state-transformer with a tiny piece of additional infor-
mation for certain actions. This information is a value of type Loc, a list of L/R
constructors, which indicates at run-time the current branch in the tree of concur-
rent processes that the action’s caller inhabits. This allows an action to allocate a
structure in global world-state without the danger of it “stepping on the toes” of an-
other process doing the same at that very moment. The data allocated is itself still
global and may be accessed long after the creating process has gone — this approach
merely ensures that the act of allocating data will not affect other processes.

The Pool B structure was developed for this reason. It is, abstractly, a finite
lookup table from HndP to B, partitioned into locations. Each HndP contains both
a Loc, the location, and a Indx, the index within the location. Pools are modified
and queried with ovwP and 1kpP (which obey the expected properties of lookup
table). To allocate a new pool element one must first determine the next free index
with respect to some location using nextP. Then one combines this location with
the index to give a valid handle, and calls newP with the initial value. A Pool 3 is
implemented internally using a strict? binary tree of lists of f.

Loc 2 [L|R] Indx £ Int HndP £ (Loc, Indx)
ovwP,newP : HndP — B — Pool § — Pool 3
1kpP : HndP — Pool —f
nextP : Loc— Pool — Indx

Locations can be encoded into I/O models in an ad-hoc manner by (1) extend-
ing the context ¢ to include the current location, (2) modifying pf so that when
a context with location [ is split, the left- and right-hand contexts have locations

2 A great deal of strictness annotation was required in order to prove the technical results in this
paper. We omit all these details, however, since it makes the presentation clearer.
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s::IOModelLvapwg £ (af':: (Loc, o) — © — (0,V)
,wa' :: (Loc,a) — ® — Bool
,ap' ¢ — o — Bool
,pf'loc — p — ¢ — (G,6)
,ig’:: o0 — Bool)

Oy ¢ ¢—¢—B

(4] <>l5 Cr £ Va,eoc‘vl,eLoc-Vareoc‘VlreLoc-ap, ca Aap ¢ ar A
(id'a v id'a, Vi #1)= U, a) s (L, a) A
allys (i, ar), (ryar) ) Aallyg((r,ar), (I, ar))
PRE, 2 Vpep-Veec Ve Ve,ecPE pe= (ci,¢p) = ¢ Csc A ey Coc A ¢ O ¢

FIGURE 4. Definition of Location-Based I/0 Models

[++]L] and /++[R], and (3) making the user supply the current location as an argu-
ment to those actions which require it.

This ad-hoc encoding works OK, but because locations are so useful and only
ought to be added once, it is worthwhile to devise a new sort of “location-based”
I/0 model, IOModelL v a.p w ¢, as defined in Figure 4. Tt is like IOModelvap og
except that the behaviour of certain actions is affected by a location, and there is
an extra function ig’ which indicates whether a given action ignores the location
information. The all-important pre-condition PRE; becomes PRE,, — it is also sim-
ilar except for the additional constraint that two location dependent actions cannot
interfere with one another if their respective locations differ.

The functions LMt oM and Mt oLM defined in Figure 5 are used to convert a
location-based I/O models into a normal I/O model and back again, preserving the
respective pre-conditions. [ < [ is equivalent to the statement that there exists a
I3 such that [;+H13 = I,.

Theorem 3.1.
o PRE; implies PREM:oLMs-
® PRE; lmplles PRELMCOMS-

The function Mt oLM is very simple — Mt oLM s embeds all the actions in s
directly into the more sophisticated framework by adding the information that no
action is location dependent.

LMt oM can be viewed as giving the semantics of location-based I/O models by
converting them back to a traditional I/O model which contains extra information.
In the resultant I/O model one must supply an additional location argument to each
action, which may be ignored, depending on the action. The context also contains
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DActiona. £ PROBE | ACT ot
MtoLM : Wv.Va.Vp.Vo. Vs IOModelvap wg— IOModelLvap wg
LMtoM : Vv.Va. Vp.Vo. Ve IOModelLvap o —
IOModel v (Loc, DAction o) p @ (Loc, ¢)

LMtoM (af’,wa',ap’,pt’,1g’) = (

MtoLM (af,wa,ap,pf) 2 ( AL, AcTa).w. af’ (I,a) w,
A, a) Aw.afaw, A(,ACcTa).w.wa' (I,a) w,
AL, a) Aw.waaw, A, c). AM(l,,a).caseaof
ap, ACTa— ap'cass(ig'alll.<1,)
Al.pf, PROBE — [. <1,
Aa. TRUE ApA(l,c).case(pf'lpc)of
) (cr,cr) — CU+H[L], ), (IH[R], ¢/))

)

FIGURE 5. Converting between IOModel and IOModelL.

a location /, and when a context is split this location is modified accordingly to be
[++]L] and [++[R] for the left and right-hand sides respectively. Finally, there is an
extra “helper” action PROBE which should never actually be performed. Instead,
a program, using test repeatedly to query whether PROBE is permitted, can dis-
cover the location in which it is running. This enables a program to supply the
hidden extra argument to other location dependent actions.

After converting a location-based model back to a traditional one, it is possible
to completely hide the extra Loc argument by replacing action and test with
actionL and testL as follows: (actions and return values in s are of type o and
v respectively, and testL, unlike test, returns a Bool indicating if the action is
permitted by the current context.)

actionL:: o — Prog;ous v
actionlL. a = probeloc >>= \1 -> action (1,Act a)

testL:: o — Prog; . .u, BoOI
testL a = probelLoc >>= \1 ->
test (1,Act a) (return True) (return False)

The function probeLoc :: Prog; . ., LOC (definition omitted) uses test
and PROBE to determine a process’s location. This is rather inefficient, and it is
possible that location-based I/0 models should completely replace the normal I/O
models in the language semantics. This, however, is future work and we will not
consider it here.
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4 COMBINATORS FOR I/0 MODELS

In this section we take the first steps towards modelling a real functional I/O API
and develop some tools for this purpose. Haskell’s System. IO library is a fully-
fledged I/O interface, and it is our rough basis for this work. We choose to ignore
some aspects of this I/O interface. For example: those which are semantically
transparent, and included for efficiency reasons (ie. those to do with buffering);
verbose error messages; actions which do not allow us any means of exploiting
concurrency, for example, those which relate to directory structure; lazy file I/O
functions such as hGet Content s which read file contents lazily, and would need
an operational semantics of lazy evaluation, such as Launchbury’s [7].

4.1 Combinators

We now give three general “combinators” for /O models — one of the central con-
tributions of this paper. These let one build large confluent formal models of I/O
(ie. those that obey PRE’) by combining existing, smaller confluent models.

(%) : IOModelLv; oy p; ®; g — IOModelL v, o, pr 2 ¢ —
IOModelL (Either vy v,) (Either oy a2) (p1, p2) (@1, @) (1, S)
smap : |OModelLv ap ®g— IOModellL v (String, o)
[ (String, Splitter p) ] (String — ®) (String — Cxtg)

DynActiontac £ DYNACT1 o | NEXT | ALLOC 1
dmap : ®— IOModelLvoapm¢—
IOModelL (Either v HndP) (DynAction HndP o)
[ (HndP, Splitter p) | (Pool ®) (HndP — Cxt ¢)

5, * 5, represents the cartesian product of I/O models s, and s,. The world
state becomes the cartesian product of the world states of s, and s,, and an action
can be either an action from s, or one from s,. Similarly, a context must be able to
determine whether actions from either s, or s, are allowed, and when performing
concurrency, one must specify the permissions given to each sub-program for both
sides of the world state.

The smap combinator turns an I/O model s into one in which world state is
a map from String to the world state of s. (String could really be any type with
an equality relation defined on it.) This is similar to the cartesian product, except
there are an infinite number of s models, each indexed by a different String. An
action (n,a) performs action a from s on the world state associated with name n.
When performing concurrency, one must supply a list of how the permissions for
each String are to be distributed between the left- and right-hand sides. If a String
n isn’t mentioned in the list, then all the current permissions will be given to the
right side, preventing the left side from doing anything at all with n. If a String
occurs twice then the second one is ignored.
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How do we give no permissions at all to a particular side? The type constructors
Cxt and Spilitter are used for this purpose:

Cxtg2 ... Splitter p £ ALLLEFT | SPLIT p | ALLRIGHT

The type Cxt ¢ denotes the context g extended to guarantee the existence of a
context which permits no actions and a context which permits every action (we do
not give its definition.) Splitter p is used to split contexts of type Cxt ¢. SPLIT p
splits the context as specified above using p, ALLLEFT gives all permissions to the
left-hand side and ALLRIGHT gives all permissions to the right-hand side.

dmap wp s is an I/O model in which the world state is Pool m (where ® is the
world state type of s), and when a new ® is created dynamically its initial state is
wo. Each action either performs an a action on a particular ® identified by handle
h, DynAct h a, or it is one of two separate steps required to create a new ®. To
create a new @ a process first determines the next free handle at its location using
NEXT and then allocates it with ALLOC h. The reason for this two-step process is
that a process must have complete access to a handle that it allocates (it must be the
“everything” element of type Cxt g), and I/O contexts cannot forbid actions based
on their return values, only their arguments.

DynAct 4 a is location dependent if and only if @ was location dependent origi-
nally. ALLOC and NEXT are both always location dependent. Contexts are splitin a
style roughly similar to that smap except that the default behaviour differs. A sub-
process should, by default, have access to all possible future handles it might need.
(Contexts cannot “know” dynamic facts about the world state, such as whether a
handle is in use, so one cannot prevent a programmer from distributing access to an
as yet unused handle.) So if a process running in location [ splits into two processes
then, unless otherwise specified, all permissions to access the ® identified by han-
dle (I, i) will go the left-hand side if and only if /4++[L] < Ij.

Theorem 4.1. The important technical results are

1. PRE, and PRE] imply PRE;

51 %5,

2. PRE, implies PRE'

smap s

3. PRE, implies PRE.

dmap wg §

4.2 A File I/0 model

Figure 6 contains the outline of a simple location-based model of a single file. A
file either doesn’t exist, NOFILE, or it exists and contains both the file contents, a
sequence of characters, and either a single write-pointer or a pool of read-pointers,
some of which may be closed. The concurrent allocation and deallocation of read
and write pointers required a few subtle design decisions. All deallocated point-
ers, STALE, must be left within the pool because reusing old read-handles could
cause non-determinism. Depending on the interleaving of process execution, two
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Ori1e = NOFILE | FILE [Char] (Either (Pool FPtr) Int)
FPtr £ ACTIVE Int| STALE

Vrile = RCHAR Char|RHNDP HndP | RBooL Bool | RNULL -
FHnd £ RWHND | RHND HndP
Oriie = FDELETE | FWRITE Char | FWROPEN - -

| HGETC FHnd | HCLOSE FHnd | HISEOF FHnd - - -

| FNEXTRDHND | HRDOPEN HndP | FDOESEXIST - -
Grize = FWRITECXT | FREADCXT (HndP — Bool) | FNONECXT
prite = ([FHnd], [FHnd])

FIGURE 6. Fragments of a file Model

processes could obtain different handles. Also, for the same reason there is no ex-
plicit representation of a closed file. A file is closed if the pool of read-pointers
contains only inactive pointers. If the structure was reset when all pointers became
inactive then this could also introduce non-determinism.

The 1/0 context associated with a file is either FWRITECXT, indicating that
all actions are possible, FREADCXT m, indicating that the process has access to
certain read-handles, and FNONECXT, indicating that the process cannot perform
any action whatsoever.

There are roughly three sorts of actions on files.

e Those which affect the entire file. These are only permitted by the FWRITECXT
context and must be explicitly sequenced, admitting no concurrency at all.
These include: opening a file for writing; writing to a file; deleting a file.

e Those actions which affect only a single pointer and may examine the file
contents, but not change them. These require an extra parameter of type
FHNd, and two actions on two different read-handles are order independent.
These actions include: reading a character; checking for end-of-file; closing
an open handle; checking the file size.

e Anomalous actions which must be treated separately. These include the two
location-dependent actions required of allocating a new read handle.

Like with dmap, when splitting a context, one must supply the specific handles
which each side requires access to. This is done by giving two lists of FHNd, one
for the left-hand process, one for the right-hand process. If both sides request the
same permissions then the requests of one side will be turned down, and requesting
write-access immediately causes the other side to be given no permissions at all.
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There is also the same possibility that although a process will able to create a new
handle, due to the way in which contexts had been split it will not have access to it.
The same default scheme is employed as was used with dmap. The procedure for
allocating new read handles is similar to allocation with dmap: first one acquires
the next read-handle using FNEXTRDHND; then one allocates the new read pointer
using HRDOPEN. These are the only location dependent actions in the file model,
and no file actions stall.

This is still a far cry from a normal I/O interface. In particular the opening of
a file requires three separate actions — two when opening for reading and another
separate action when opening for writing. This is solved by wrapping these actions
in libraries which provide a convenient interface, and a unified notion of handle.

5 A UNIFIED I/O LIBRARY

Finally, using the above combinators we can combine all our scraps into one unified
I/0 model io as follows:

i0 £ LMt oMo’ chan’ £ Mt oLM chan term’ £ Mt oLM term
. A .
io’ = term’ x (smap file * dmap [] chan’)

This lets the user (1) do terminal I/O, (2) access a potentially infinite number of
files, each identified by a different string and (3) dynamically allocate communi-
cation channels, whose initial world state is an empty buffer [|, to allow processes
to communicate. One can also, when splitting contexts, allocate to a particular
process access to a particular file, a collection of files, or, perhaps, full access to
one file, read access to another and write access to a particular channel.

The type of model io’ is enormous:

io’ 1 IOModelL
(Either v, (Either vei1o (Either vena, HNdP)))
(Either dire ., (Either (String, arii.) (DynAction HndP ocnan)))
(Prerm, ([(String, Splitter pri1c)], [(HNAP, Splitter pcnan)]) )
(@7erm, (String — ®r;i1e, POOl Ochan) )
(Grerm, (String — Cxtgri1e, HNAP — Cxt Genan) )

This is quite cumbersome to use but it is only a back-end ultimately. In practice
the sum and product types become transparent by using a suitable set of libraries.
The Haskell 98 Revised Report [10] defines a collection of built-in I/O actions.
Both terminal and file I/O are performed using a Handle type, and these include

stdin,stdout : Handle
fopen : String — |OMode — Prog;, Handle
fClose : Handle — Prog;, ()
hGetChar : Handle — Prog;, Char
hPutChar : Handle — Char — Prog,, ()
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programWithLogFile :: Prog;, ()
programWithLogFile = do
(cr,cw) <— chOpen -- open a new communication channel
parIO
[FileHnd "logfile.txt"™ RWHnd, cr] (process_data_and_ log cr)
[] (rest_of_program cw)

interactiveLoop :: Prog;, ()
interactiveLoop = do
cmd <- readNextCmd stdin
case cmd of
EncodeFile fn -> do

parIO [FileHnd fn RWHnd] (fEncode fn) [] interactiveLoop
return ()
ExitProgram -> return ()

—— ... other actions, recursively calling ‘interactiveLoop’

FIGURE 7. Two Program Skeletons written using I/0 Libraries

We give a semantics to these and also extend the interface: chOpen allocates
a new communication channel, returning the separate read handle and write han-
dle. canRead and canWrite determine at run-time if the current I/O context
permits reading/writing to a particular handle. parIO gives a convenient way of
distributing permissions to each process when doing concurrency — each process is
accompanied by a list of handles which it would like to have access to, and if these
are underspecified then the default for the various I/O models will apply.

chopen : Prog;, (Handle, Handle)
canRead : Handle — Prog;, Bool
canWrite : Handle — Prog;, Bool

parIo : Vf.Vy.[Handle] — Prog;, B — [Handle] — Prog;, v — Prog;, (B,?Y)

Figure 8 shows the implementation of some of the above functions, and Fig-
ure 7 gives two basic example programs. In the first example, a program creates
a separate process for logging data, and sends it data to log via a channel, and in
the second an interactive program spawns a new process which encodes a file. In
both cases, as is always the case with CURIO, the termination of two concurrent
processes spawned with a single par must be synchronised.

6 RELATED WORK, CONCLUSIONS AND FUTURE WORK

There have been a number of attempts at deterministic, concurrent I/O in the func-
tional language literature. Probably the most famous approach is that of Clean’s
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uniqueness types [1] which allow the world-state to be split into its component files.
Work on concurrent monadic interfacing [6] uses rank-2 polymorphism to guaran-
tee concurrent access to different files in a monadic setting. Ultimately, however,
we are concerned not only with deterministic concurrency but also explaining the
actual API with a view to eventually giving correctness proofs for programs. Ex-
isting semantics for I/O have been co-inductive [5, 8], so CURIO is rather different.
Future work will focus on the development of a more elegant lattice-like struc-
ture for I/O contexts which would automatically include such notions as a context
which permits all actions and a context which permits no actions. We also plan to
investigate whether the run-time checks CURIO requires could be performed sta-
tically using the type-checker. Ideally we would like to abolish the use of test
entirely by forcing the type-checker to detect these problems. I/O contexts are quite
type-like, since a program’s enclosing I/O context does not change over time.
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Handle

STDINHND | STDOUTHND | FILEHND String FHnd
CHANRDHND HndP | CHANWRHND HndP

stdin, stdout :: Handle

stdin =
stdout =

StdInHnd
StdOutHnd

fopen :: String — IOMode — Prog;, Handle

fOpen fn ReadMode =

Right
actionL

actionL

return

(Left

actionL
return

(Right
(Right
(FileHnd n
fOpen fn ReadWriteMode =
(Right
(FileHnd n RWHnd)

do

(RHndP rh)) <-

(Left (n,FNextRdHnd)))
(Left (n,HRdOpen rh)))
(RHnd rh))

do

(Left (n,FWrOpen)))

hPutChar :: Handle — Char — Prog;, ()

hPutChar hnd c

case hnd of
StdOutHnd
FileHnd n
actionL
ChanWrHnd
actionL
return ()

= do

-> actionlL (Left (PutC c))
RWHnd —>
(Right (Left
h >

(Right (Right

(n, FWrite c)))

(DynAct h (ChPutC c))))

choOpen :: Prog;, (Handle, Handle)

chOpen = do
Right

actionL
actionlL

return

(Right
(Right
(Right
(ChanRdHnd h, ChanWrHnd h)

(Right h)) <-
(Right Next))

(Right (Alloc h)))

canRead :: Handle — Prog;, Bool

canRed hnd =
StdInHnd
FileHnd n h
ChanRdHnd h

case hnd of

-> testlL (Left Get(C)
testl (Right (Left
testlL (Right (Right

return False

—> (n, HGetC h)))

- (DynAct h ChGetC)))

->

FIGURE 8. The Semantics of High-Level I/O Actions
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