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Abstract

A new approach is presented for performing concurrent 1/O in a functional programming language. A new monad
Stis introduced which generalizes Haskdidsmonad: Avalue of typeSt arepresents an imperatiygogram
which, at certain times duringts execution will produce a value of typg In contrast, a value of tyg® a
represents an imperative program whihthe end of its executipwill produce a value of typa Not only may
values of typeSt abe used to represent imperate@mmands, they also serve to create so-caihgerative
streams The computer's physicalput devicesare represented as primitive strea@smposite streamsay be
constructed and interleaved in a non-preemptive way using, for instance, the rmotbaf®ration.

By way of aseries of example programs, the usage of imperative streams is illustrated. Moreover, an
implementation in terms of tH® monad is giverthat is suitabldor executinghe examplgrograms on the
Gofer interpreter. An extension of the graphical user interfaggtem BGETS with imperative streams is
planned.

1 Introduction

This paper presentsreew approach to performing concurrent 1/O in a functignagramming language. With
concurrent I/O we mean I/O in the presence of multiple imgvices, on which values mégcome available
concurrently. An important application area is graphical user interfaces (GUB)! Application must respond to
input whichmay, at different times, be generated from, for instatiee computer'&eyboard, fronthe mouse, or
from the timer. In addition to theg@dysical input devicest hasproven to be a useful abstraction to represent GUI
elements such as buttons and scrollbarsragl I/O devicegsee, for instance, [Finne, Peyton Jones 96]).

The canonical problem whédrandling inputfrom multiple sources is how to wait ftire first data item to
becomeavailable from either dfwvo input devices, since itannot be known beforehand on whitdvicethe item
will becomeavailable. According teheir solutions tathis problem, many existing approaches fall into one of the
following three categories:

The classical streamapproaches, such as [KalviacQueen 77][Stoy 86], [Turner 87], [Breitinger et al.
95], view an input device as a stream of values becoming availatiie dourse of time. A stream is represented as
a list which is evaluated lazily. Each inglévice is represented ap@mitive stream. In order to wait fahe first
data item tdbecomeavailable from either ofwo streams, a non-deterministic merge primitive is provided which
mergeswo lists into one, suckhat theorder of data items in the resulting list is the temporal order in which the
data items become available on their respective devices. Becaus®n-determinismdestroys referential
transparency, most approaches restrict it to the system level.

The abstract streams&pproaches represent a stream of values [Carlsson, HallgrefNéBle, Runciman
95], or anobject whose valugaries discretely [Scholz 96] or continuously [Elliott, Hudak 8&rtime, by an
object of aprimitive datatypeinstead of a by a list. Thiallows primitive combinators fomergingdevices to be
provided without compromising referential transparency.

In theexplicit concurrencyapproaches [Peyton Joneskt95], [Grieskamp et al. 95]5cholz 95] based on
the I0 monad[Peyton Jones, Wadl&3], inputdevicesare represented abjects of aprimitive datatype, too.
However, a value isead from adeviceusing an imperative read primitive whithocksthe thread executing it
until avalue is available from thaevice. In order to determine whichtafo input devices ighe next tgproduce a
value, two concurrent threads are spawned, each of wiishin aloop, forevereading the inpudevice, blocking
until an input value becomes available, and then writing the value to a common output device.

Our approach, like the explicit concurrency approachedased onthe well-known framework for
imperative functional programming using monadewever,instead of using explicit concurrency in HaskdlDs
monad, we introduce a new mon@twhich is a generalization of tH® monad andeplacest: A value of typeSt
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a represents an imperative program whihcertain times during its executiowill produce a value dipea. In
contrast, a value djpe IO a represents an imperative program whighthe end of its executipwill produce a
value of typea. Values of typeSt aserve to create so-called imperative strednymut devicesare represented as
primitive streams. In order to determine whichteb streams is the next toroduce a value, streams may be
interleaved non-preemptively using, for instance Stmonad'sind operation.

In contrast to the explicit concurrency approaches, our appiwhheproperty of producing programs
which are deterministic witheference tdheir input. In contrast to the abstract streams approachesnpenative
streams allow arbitrary monad 1/0 commands to be performed exactly ad@hrienad.

We expecthe new monad to be useful fprogramming reactiveystemssuch as graphical user interfaces
and plan to enhance our systemdeTs [Scholz 96] to work with imperative streams.

The paper is organized &sllows: Section 2 gives aimformal introduction to the primitives defined on the
Stmonad, illustrating theinse with a series of example programs. Sectigiveés an implementation fdhe St
monad by implementing it in terms of th@ monad. Section 4 draws conclusion.

The implementation given in Sectionn3ay be used toun allthe paper's examples using Mddnes's
Gofer interpreter [Jones 94]. Sindbe standard distribution @ofer supports only one physicalput device,
namely, thekeyboard,the examples in Section 2 makee of no other physicalput devices. However, it is
demonstrated how the implementation may easily be extended to cater for multiple input devices.

2 Using imperative streams

A new monadstis presented which generalizes Haskél'snonad in the following ways:

1. A value of typdO a represents an imperative program whighthe end of its executipmill produce a
value of typea. In contrast, a value dype St arepresents an imperative program whighgertain times
during its executiopwill produce a value of type

2. In thelO monadonly imperative commandse represented as primitive operations on the mavtaeteas
in theStmonad, also input devices are represented as primitive operations.
3. In thelO monad, runnindpind ma fmeans: first execut@a, wait till it produces a valua, thenexecute a,

wait till it produces a valub, thenproduceb. In theStmonad, runnindind ma fmeansexecutema, while
ma is executing, whenever it produces a vayeun f a concurrentlyuntil ma produceshe next value.
Whenever the curreifita produces a value produceb.

An imperative streantan be seen as a state machivery time one of the computer's inpdévices produces a
new value of a given typé¢he imperative stream can perform a sffect, change its internal statproduce a
value, or stop.

It may come as a surprise that imperative streams are not firsebjasts inour model; instead, operations
creating imperative streams arevalue of typeSt arepresents an operation which, when executed, will create a
stream that is able to produce values of typdote that the operation may perform side effects.

The main program must be type St () Its semantics are (i) the sid&ectsperformed by executing, and
(ii) the sideeffectsperformed by the stream it creat@$is stream is called thmp-level streamThe program
terminates when the top-level stream stops.

Streams mayeither bedevice streams or programmer-defined streadgvice streamsepresent the
computer's inputdevices and produce a value whenever fitas become available from the inputdevice.
Programmer-defined streanmsay be constructedising a number of primitives defined on iemonad.They can
again be distinguished according to whetthery are composite streamer leaf streams All the streams in the
system are organized as a tree whose root is the top-level stream.

In addition to aggregation, two other relations are possible between streams:

. Source-sinkWhenever thesource streanproduces a valuehe sink streanreacts by producing the same
value. One source may have multiple sinks, but each sink has exactly one source.
. Trigger-target: Whenever thérigger streamproduces a new value thetarget streanmdestroys itselfand

recursivelyall of its components), executes an operation obtained by applying atffigger functionf to a,
and then becomes the resulting stream. Each trigger has exactly one target, and vice versa.
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A streammay be in one divo states: eithedormantor active A stream idormantif hasnever produced a value
yet. After it hasproduced its first value, it is calleattive An active stream keepgack of the last value it has
produced, called itsost recent value

1.1 The basics

All Haskell I/O instructions, customarily represented by operatiorth®©® monad, have counterparts defined on
the Stmonad. All of these primitives have in commtbat, when executed, they perforttmne designated sidsffect

of their counterpart in thBD monad and thenreate a new strearihis streamimmediately producethe value
returned by the 1/O operation and then stops.

putString :: String - St ()

newVar : a - St(MutablevVar RealWorld a)
writeVar :: MutableVar RealWorld a-» a - St ()
readVar :: MutableVar RealWorld a- St a

For instanceputString sperforms the sideffect of printing out s, then creates a stream which immediately
produceshe valud) and thenstops.newVar aperforms the sideffect of creating a new mutable variable with
initial valuea, thencreates a stream which immediately produbesreference to theew variableand therstops.
read_Var vreads the current contembf v, then creates a stream which immediately prodiheesaluea and then
stops.

The computer's inputlevices, most notablthe mouse,the timer, and th&eyboard,are represented by
devicestreamsDevicestreams never perform aside-effectandnever terminate. For instance, any time the user
enters a character, the keyboard stream will produce that character.

keyboard:: St Char

When executedthe operatiorkeyboardwill create a leaf strearm which is a sink of thé&eyboardstream, i.e.,
whenever, the user enters a character, this will be produced by the keyboard stream and conseguéltty, the
following: If the keyboard stream is active at the tigie created, the keyboard's most recent vaiee, thelast
character the user entered, will immediately be producesl by

result aperforms no side-effecand creates a stream which immediately produtes valuea and then
stops.

result:: a - Sta

The Stmonad'sind operation is one of two ways to build composite streams.

bind aSt fis an operation which, when executed, willtde following: First, it will executeaSt creating a
streamsl Second, it will waituntil s1 produces its first valua. Third, itwill apply f to a, creating a strears2
Fourth, it will set upslass2s trigger, with trigger functiom. Fifth, it will create a streara andset ups2 asss
sink. Sixth it will returns. Becauselis s2s trigger,s2will be destroyed and replaced by the resuftadfwhenever
slproduces a new valae

bind:: Sta- (a - Stb)- Stb

The following examplexamplelllustrates how streams are combined viithd. Like all of the example programs
in this paper, the code ekamplels given together with alfO diagramwhich illustrates what output is generated

Glasgow FP Workshop 3



A Monad of Imperative Streams

by each character the user enters. In an I/O diagram, the input column contains dor enteyycharacter the

user enters. The corresponding entry in the output colsimmwsthe characters which the program outputs in
response. If the progradoesnot make any output in response, the entry in the output column is "-". In order to
show the output which the program produces when it is initialized, the first entry in the input cohlmays "-".

Thus, the 1/0 diagrarbelowillustrates that, initiallyexamplelprintsout "Hello world\n",andafterthat, itechoes

every character the user types in.

Example 1 Input Output
examplel = - Hello world\n
do putString ("Hello world!\n") E Etn
n

char « keyboard
putString (show char ++ "\n")

Note thatexamplelnever terminates: Whenever the keyboard stream produces a new value, it is lmhandaiod
putString (show char ++ "\n"}s reexecuted.

To understand the behavioretamplellet us expand Haskell 1.3's do notation [Peterson et al. 96]:

examplel':: St ()
examplel' = bind (putString ("Hello world!\n"))
(\_ - bind keyboard
(\char - putString (show char ++ "\n")))

In Fig. 1,examplelis represented graphically using a so-caffiedam diagramin a stream diagranevery
stream is represented byax containing thecodewhich was executed to obtdime stream. To thisox, a smaller
box containing the stream&ream identifielis attached unless the stream weaicestream. The identifier of the
top-level stream ialways '§'. A composite stream's componeate numbered; the identifier of any programmer-
defined stream other than the top-level stream is the name of its parent to wbwhrnitsmber is appended. Solid
arrows point from composite streams to component streams; déseeghoint from a source stream to siek
streams; stippled lines point from a trigger stream to its target stream. The stippled arrow is optionally annotated
with the name of the variable that is bound each time the trigger produces a value.

~---8...> trigger - target S
————— > source— sink bind
——» composite- component /:\
sl s2 vl
putString "Hello world\n"| ----------------mmmmmees > | bind
I\
|
[s21] [522] vI
keyboard| -------- ?-h L > putString (show char ++ "\n")
N\
|
KEYBOARD

Fig. 1: Stream diagram fazxamplel
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When executecexampleIfirst createsl, executingoutString ("Helloworld\n™). Sincesl produces its firsvalue
() without delaypind keyboard (\char- putString (show char ++ "\n")) may be executed immediately, which
causeskeyboardto be executecands21to be createdNow a delayoccursuntil the firstvalue of thekeyboard
stream is available, i.euntil the user has entered a character. When the user has entered the first chayacter,
'a’, putString(show'a' ++ "\n") is executed, creating2 Thens21lis set up as22s trigger with trigger function
(\char - putString (show char ++ "\n")ands2is created and set up &2s sink. Therslis set up as2s trigger
ands s createchndset up asls sink. Frornow on, whenever the user enterseav characteis22is destroyed
andreplaced by a new version obtained by execuficigar — putString(showchar ++ "\n")) applied to the new
character, which causes the character to be echoed as a side-effect. Because the keyboard s@leviitopser
stop, s22 will be destroyed regularily, to be replaced by a new vergiahimmediately produce§), which is
propagated via2to s, which will thus never stop.

In the sequel, we will makese of streandiagramsfor larger programshan examplel That iswhy it is
worthwhile to introduce a slightly more condensed notation by compressing composite streams crediad with
whose left component streams stop immediately. Fig. 2 shows the compressed stream diageampfet

5]
putString "Hello world!\n"
N\
|
|
1] (2]
keyboard| ........ char . > putString (show char ++ "\n")
n
|
|
KEYBOARD

Fig. 2: Compressed stream diagram éaamplel

1.2 Interleaving side effects

One source streamay have multiplesinks, each of whiclmay trigger a different target, causing differesite
effects to bgerformed when the targets are replaced. Thus, the question arises in whichsoutees sinks are
notified of thefact that anew valuehasbeen produced, enablinbem to react to thisvent by triggeringheir
target and thus causing side-effects.

Consider the following example program:

Example 2 Input Output
example2 = - -
do keyboard a Hi\nHo\n
b Hi\nHo\n

putString "Hi\n"
keyboard
putString "Ho\n"

It has the stream diagram given in Fig. 3.
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[s]
bind
A\
=] 4/?| il
mos > | keyboard| .--............. > | putString "Hi\n"
| iA'
: —————— > | keyboard| ------------...> | putString "Ho\n"
|
KEYBOARD

Fig. 3: Stream diagram fazxample2

When thekeyboardstream produces a new charactiee, question is which o1 or s21are notified firstyielding
the following alternatives:

. s21is notified first, causing it to trigges22 causing "Ho\n" to be printedlis notified second, causing it to
triggers2 causing "Hi" to berinted, causing aews21to be created. Since thkeyboardstream is active,
its most recent value will be produced by tiew s21 immediately, enabling thaew s22to be created
without delay, causing "Ho\n" to berinted. This alternative means thakample2 would output
"Ho\nHi\nHo\n" every time the user enters a character.

. slis notified first, causing it to trigges2, causing "Hi" to berinted, causing aews21to be created. Since
the keyboardstream is active, its most recent value will be produced bpeahes21immediately, enabling
thenews22to be created without delay, causing "Ho\n" tgphiated. Now the olds21 should be notified,
but this doesnot happerbecause it ndonger exists. This mearthat example2would output "Hi\nHo\n"
every time the user enters a character.

As is obviousrom theabovel/O diagram, the second alternative is corridre generally, valueare propagated
according to the following two rules:

1. A source's sinks are notified in the lexical order of their stream identifiers.
2. Destroyed sinks are not notified

1.3 Using themap operation

In any monad, the following law holds (cf. [Wadler 92]):

map f ma = bind ma (\a- result (f a)).

For theStmonad, according to the definitionskhd andresult, it can bededucedhatexecutingmap f aSt
will create a strears’ which has théollowing relation to the streammwhich would be created by executia§t s'
is dormant whiles is dormant, it performs the same seféects ass, and atany times produceshe values, s'
produces the valufea.

This is illustrated by thdollowing programexample3 For every character the user enters, it prints out
whether the character iska.
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Example 3 Input Output
example3 = - -
do boolean— map (== 'b") keyboard a False\n
: " b True\n
putString (show boolean ++ "\n")
c False\n

In the sequel, it will be useful to monitor the state transitions of a given stream. Therefore, let us encapsulate this in
an abstractiomonitorwhich prints out the new observable state of a stream each time it makes a state transition.

monitor :: Textdl Sta- St ()
monitor ma =
do a—~ ma

putString (show a ++ "\n")

Using monitorexample3nay be rephrased as follows:

example3' =
monitor (map (== 'b") keyboard)

1.4 Defining streams with internal state

In addition to theiobservablestate, streams can have iaternal statdhat isstored in mutable variable$his is
illustrated by the following abstractidristorywhich serves to record a stream's past observable states.

history :: St a- St [a]
history aSt =
do asVar— newVar []
a — aSt
as — readVar asVar
writeVar asVar (as ++ [a])
result (as ++ [a])

In the implementation diistory, note thahewVarandaStareexecuted only once, whiteadVar, writeVar,
andresultare executed once for every new value produced by the stream created when e&tuting

The following examplexample4llustrates the use diistory.

Example 4 Input Output
example4 = - -
monitor (history keyboard) a a\n
b ab\n
c abc\n

Since the problem explained in tf@lowing subsection will makéurther use ofhistory, let us be a little
more precise about its semantitse streans' created by executinfistory aStat a given time will have the

following relationship tothe streans obtained by executingSt at t: Whenevers produces a valua,, s' will
produce a value which is the Ijsty,..,a)] of valuess has ever produced.

1.5 Making multiple references to a stream

So far, we have made a greddtort to distinguishbetween a value of typ8t 8 which denotes a command for
creating a stream, and the stream itself. The following exaexalmpleSllustrates the reason for this.
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Example 5 Input Output
example5 = - P
do keysl— history keyboard E Egbab)\)rln
keys2- history keyboard c ("ab c ¢\

putString (show (keys1l, keys2) ++ "\n")

At first, it may come as a surprise thalyslandkeys2are notoound to the same valtier everycharacter the user
enters. However this behavior is easily explained usikagnpleS stream diagram, which is given in Fig. 4.

The stream diagrarshowsthat, whenever thékeyboardstream produces a new value, it is propagated to
s11, triggerings12 Whens12is replaced, it immediately produces a value which is propagatdddausings2 to
be triggered, causingll, s211 s212 ands22to be destroyed. Along witR1, its variableasVaris destroyed. Sure
enough, a new version sR1will eventually be created, but it creates a new variable nas\éal; which initially
stores theemptylist. When thenew s212is created, it will immediately produdke singleton list containing the
new characterThis list will be bound tokeys2whens22 is created anewand thus, théehavior illustrated by
example5s 1/0 diagram is explained.

[s]
bind
A
|
|
B 2y
asVar— newVar[]| ....... k_gy_s_l_____> bind
A A
|
|
si1 512 ! |
a |
keyboard| ---- > | as . readVar asVar :
-7 writeVar asVar as ++ [a] |
e result (as ++ [a]) :
// |
7 I
| |
| |
| |
| |
I 21 s22 \ A
: keys2 :  ho
! asVar — newVar [J| ---°-- > | putString (show (keysl, keys2) ++ "\n")
|
I A
| |
| |
: o1 s212 !
| | keyboard| ---2.> | as readVar asVar
I writeVar asVar as ++ [a]
L7 result (as ++ [a])
V/
|
KEYBOARD

Fig. 4: Stream diagram fazxample5
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In order to be able to refer to one stream in various places in a prageaprimitivestart exists.start aStis an
operationthat, when executed, will dthe following: First, it will executeaSt creating a streasil. Second, it will
create an operaticaSt'which is defined afllows: WhenaSt'is executed, it will create a streat andset it up
as a sink okl sl1' has thespecial propertyhat it will stop if s1 stops.Third, it will create a streans which
immediately produces the vala&t. Fourth, it will returns.

start:: Sta—- St (Sta)

Usingstart, we can rewritexampleSsuchthat,for everycharacter the useypesin, keyslandkeys2arebound to
the same values:

Example 6 Input Output
example6 = - P
do aSt start (history keyboard) a ("a”,"a’)\n
b ("ab","ab")\n
keysl. aSt c ("abc","abc™)\n
keys2~ aSt ’
putString (show (keys1l, keys2) ++ "\n")
[s]
bind
A
|
|
sl [s2 w I
ast bind
start | T > In
A
|
|
[s11] v s21 vl 522y '
eys
asVar— newvar [J| - - - > ast | ...3 bind
|
A | A
| |
|
511 s113 A 4 ! : :
keyboard ..8.>5 | as  readVar asVar : I
writeVar asVar as ++ [a] | :
result (as ++ [a]) : :
|
| |
! |
! |
! |
! |
|
! |
s221] V . 5222 \ 4
eys2
ast | ---3 putString (show (keys1, keys2) ++ "\n")

Fig. 5: Stream diagram fazxample6
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The abovestream diagranshows how both occurrencesa$trefer to the stream created when executiisgory
keyboardonly once.

From nowon, we will no longer distinguisbetween values of typ8t a and streams unless there is a
possibility for confusion.

1.6 Testing whether a stream is dormant

As mentioned in the definition dfistory above, ifhistorys argument stream is dormant, the stream returned is
dormanttoo. However, alormant stream's list of pagilues is well defined, namely, to the emptylist. Thus, a
primitive for testing whether a stream is dormant is needed. Here it is:

isDormant:: St a — St Bool

isDormant aStlenotes an operation which, when executed, withddollowing: First, aStis executedieturning a
streams. Second, a streamis created and returned, whose behaviour is defined as follosis: ititially active,s'
immediately producethe valueFalse andstops. Ifs is initially dormant, thers' immediately producethe value
True Shoulds ever become active later anwill produce the valu&alseand stop.

UsingisDormant we can rewritdnistory suchthathistory aStwill never be dormant butither,while aStis
dormant, the observable statehidtory aStwill be the empty list.

history' aSt = -- incorrect
do b ~ isDormant aSt
if b then result []
else history aSt

example’eems to demonstrate this:

Example 7 Input Output
example7 = - \n
monitor (history' keyboard) a a\n
b ab\n
c abc\n

However, our definition ofhistory' is not correctyet. Forinstance,example8yields the following undesirable
output:

Example 8 Input Output

example8 = - Hello\nHello\n
monitor (history' (putString "Hello\n"))

BecausaStoccurs twice in the definition dfistory; it is executed twice!
Again, this problem can be remedied by using the primgfag. Here is the correct definition bfstory:

history" aSt = -- correct
do aSt'— start aSt
b — isDormant aSt'
if b then result ]
else history aSt'
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1.7 The art of not producing a value

With the operations on the mon&tithatwere introduced sfar, only streamsan be constructatiat produce one
value initially, and one for every time the user presses a key. What if we want to write an abstraction

lines :: St String

which creates a stream that only produces a new value whenever thass@npleted onéine by pressing
carriage return? The following operatioih makes this possible.

nil :: Sta

Executingnil creates a stream which immediately stops, without producing any values.
This is how it is used in the definition lrfies

lines =
do prefixStringVar— newVar []
char — keyboard
prefixString — readVar prefixStringVar
if char =="\n' then
do writeVar prefixStringVar []
result prefixString
else
do writeVar prefixStringVar (prefixString ++ [char])
nil
In a mutable variabldines stores as its internal state the sequgmeéxStringof characters typed in but not
yetterminated by a carriage retudWhenever the usgresses a kekeyboardproduces a valuand the character
typed in is bound tahar. However lines produces a value only tifiis character is carriage return, in whidse
the new state is the current content of the characiféer. If the character is not carriage retuings only updates
its internal state, but does not produce a value.

Example 9 Input Output
example9 = - -
monitor lines H -
| —_
\n Hi\n
y —_
0 —_
u —_
\n you\n

1.8 Customizing a stream's input devices

With the operations on mon&t thatwere defined séar, streamsould be constructed whicire reactive to the
computer's inputevices. However, ithe St monad, it is possible to customize a stream's perception of the
computer's inputlevices. Foiinstance, the primitivevithKeyboardchanges a stream's perception of what the
keyboard stream is.

withKeyboard:: St Char- Sta- Sta
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withKeyboard keyboard' ast an operation which, when executed, doeddh@wing. First,keyboard’s executed,
creating a strearsil. SecondaStis executed in a special way causing all streams create@teyitioardto be set up
as sinks oblinstead of being set up as sinks of the keyboard stream.

For example, théollowing exampleprogram rundines butfools it into thinking that theusertypes only
uppercase characters:

Example 10 Input Output
examplel0 = - -
do let keyboard' = map toUpper keyboard | H -
. . s i -

monitor (wnhKeyboarq keyboard \n Hi\n
lines)

y —_
0 —_
u —_

\n YOU\n

1.9 Two AcTivE VRML-like combinators

We have now completed our survey of the primitives defined on the stream monad's primitives. To further illustrate
their versatility, let us definéwo abstractionssnap and until which bear some resemblance toaTAEVRML's
snapshoanduntil [Elliott 96], [Elliott, Hudak 96].

First, let us define an auxiliary function on top of whittapanduntil may be definedsnapWhen p aSs$
dormant untilaStproduces a valug such thap aevaluates tdrue, then it producea and stops.

snapWhen :: (a» Bool) - Sta- Sta
snapWhen p aSt =
do isFirstTimeVar— newVar True
a — aSt
isFirstTime — readVar isFirstTimeVar
if isFirstTime && p a then
do writeVar isFirstTimeVar False
result a
else
nil
shapis just an instantiation adnapWhensnap aStis dormant untilaSt produces its first valughen it
produces that value itself and stops.

snapWhen :: Sta. Sta
snapWhen = snap (const True)

until bSt aSt1 aStRehaves likaStluntil bStproducesrue After that, it behaves likaSt2

until ;; St Bool» Sta- Sta- Sta
until bSt aStl aSt2 =
do b ~ isDormant (snapWhen (== True) bSt)
if b then aSt1
else aSt2

examplelillustrates the use aftil andsnap Any time the user enters a character which is not a digit, the
character is printed times in a row. Initiallyn is 1. Any time the user enters a series of digits, these are taken to be
a new value fon. Initially, and whenever the user has entered a new value flois is printed out.
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Example 11 Input | Output
examplell = n\: 1\n
a\n

do let parselnt digits =
foldl (\sum char- 10 * sum + ord char - 48) 0 digitg
let loop n =
do putString ("n =" ++ show n ++ "\n")
until (map isDigit keyboard)
(do char~ keyboard
putString (copy n char ++ "\n"))
(do digitsSt start (history keyboard)
until (map (not . isDigit) keyboard)
(result ()
(do digits — snap digitsSt
loop (parselnt (init digits))

n = 12\nbbbbbbbbbbbb\n
cceeeeccceec\n

OTNFQ |

loop 1

In the implementation, notespecially how atreamdigitSt recording the history of thkeyboard isstarted when
the user enters the first dighpw a snapshdtigits is made ofdigitSt when the user enters the first non-digit
afterwards, and how all but the last elemertigits is parsed to become the new value.of

3 Implementing imperative streams

A stream producing values typea is implemented by a function tfpe Devices— 10 (Maybe a, Bool)called a
stream function

type Stream a = Devices |0 (Maybe a, Bool)

Everytime a new valu@a becomesavailable on one of the computer's inpevicesthe stream function is
applied to a record dfpe Deviceswhich for eachinput device indicatesvhether it has terminatednd what the
new valueis, if there is one. The resulting pair's first element indicates whether the stream produced a value in
responseJust g or not (Nothing, the second element indicates whether the stream has stopped.

In order to make the implementation of tBemonad implementable in the standard versioGafer, we
restrict the physical inpudevices to be onlthe keyboard. Howevelget us prepare the machinery needed to cater
for multiple input devices bydefining a recordype Deviceswith selectorsand update functions which, for the
moment, contains only the possible states of the keyboard.

type Devices = (Maybe Char, Bool)

selectkeyboard :: Devices (Maybe Char, Bool)
selectkeyboard = id

updateKeyboard :: (Maybe Char, Bool) Devices— Devices
updateKeyboard = const

Type St adenotes an operation for creating a stream. We define it as a resyietesynonym in Gofer (cf.
[Jones 94]).

type Sta =10 (Stream a) in result_St, bind_St, nil, isDormant, start, io, keyboard, withKeyboard, eval
This allows us to declargtto be an instance of type class monad, enabling the do notati®n for

instance Monad St where result = result_St
bind = bind_St

Every valueioa of typelO a has a counterpart dfpe St g i.e., an operation whicexecutesa — ioa and
creates a stream which immediately retwrrand stops. This means that the stream function retlussa, True)
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io::l0a- Sta
io ioa =
do isFirstTimeVar— newVar True
result (\devices» do isFirstTime~ readVar isFirstTimeVar
if isFirstTime then
do a-~ ioa
writeVar isFirstTimeVar False
result (Just a, True)
else
result (Nothing, True))

The Stmonad'sesultcan conveniently be implemented in termsoof

result_ St::a- Sta
result_St a =io (result a)

The bind operation first creates a stream functatreamrepresenting the trigger stream. T$wmurce stream,
which may be replaced whenggered, is stored in a mutable varial8treamMaybeVarinitially, it is not
present.

Whenever the stream function createdobyd is invoked, it first invokesStream If this produces a new
value a, a nevbStreamis created; it replacesStreamMaybeVa current content. Then the curréa8tream no
matter whether it imew ornot, is invoked, if it exists. The stream function creatediby stops if bothaStream
andbStreamhave stopped.

bind_St:: Stas (a » Stb)- Stb
bind_St aSt f = do aStream aSt
bStreamMaybeVar newVar Nothing
result (\devices- do (aMaybe, aHasTerminated) aStream devices
case aMaybe of
Just a-
do bStream- fa
writeVar bStreamMaybeVar (Just bStream)
Nothing -
result ()
bStreamMaybe- readVar bStreamMaybeVar
case bStreamMaybe of
Just bStream-
do (bMaybe, bHasTerminated) bStream devices
result (bMaybe, aHasTerminated && bHasTerminated)
Nothing -
result (Nothing, aHasTerminated))

The stream function created $tart uses a mutable variahilg-irstTimeVaranalogously téo. Whenever invoked,

it first invokesthe stream functionStreamcreated by executingSt thenmakes the result available in a mutable
variableaVar. The first time it iSnvoke itreturns an operation ¢fpe St awhich, whenever invoked witieturn a
stream function which, whenever invoked, returns the current reafitafampresently stored iaVar.
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start :: Sta- St (Sta)
start aSt = do aVar- newVar undefined
aStream— aSt
isFirstTimeVar— newVar True
result (\devices- do (aMaybe, aHasStopped) aStream devices
writeVar aVar (aMaybe, aHasStopped)
isFirstTime — readVar isFirstTimeVar
if isFirstTime then
do writeVar isFirstTimeVar False
result (Just (result \ —» readVar aVar)), aHasStopped)
else
result (Nothing, aHasStopped))

nil creates a stream function which retuNwhingand stops immediately.

nil :: St a
nil = result (\_ - result (Nothing, True))

The first time the stream function returnedi§ormant aSts invoked, it invokeshe stream functioaStream
created by executingStandproduces a booleandicating whetheaStreamproduced a value or not. #Stream
did not produce a valughe stream function returned l3Dormant aSis prepared to produdbe valueralse as
soon aaStreanmproduces its first value.

isDormant :: St a-» St Bool
isDormant aSt = do aStream aSt
stateVar— newVar (True, True)
result (\devices- do (aMaybe, aHasStopped) aStream devices
(isDormant, isFirstTime)- readVar stateVar
case aMaybe of
Nothing | isFirstTime-
do writeVar stateVar (isDormant, False)
result (Just True, aHasStopped)
Just a | isDormant.
do writeVar stateVar (False, False)
result (Just False, aHasStopped)

result (Nothing, aHasStopped))

At any time, the streams associated with a given device will make the same state transitions as the device itself.

keyboard :: St Char
keyboard = result (\devices result (selectKeyboard devices))
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In withKeyboard the state of the keyboard whiaBtreamsees is determined by the resulkeyboardStream

withKeyboard :: St Char- Sta- Sta
withKeyboard keyboardSt aSt =
do keyboardStream- keyboardSt
aStream- aSt
result (\devices- do (charMaybe, keyboardHasStopped)keyboardStream devices
aStream (updateKeyboard (charMaybe, keyboardHasStopped) devices))

The implementation aofithKeyboardreveals why, in the definition devices we had to account for the possibility
of one of the devices terminating: Although physical devices wenm'tinate, a streamievices may be customized
to be arbitrary streams, which may of course terminate.

To run a value of typ8t a the top-level stream is created which is first appliedtathing, Falseand then
to (Just char, Falsejor every charactezhar read in. The program runs until the top-level stream stops.

eval :: St ()- 10 ()
eval aSt =
do aStream- aSt
(_, hasTerminated)- aStream (Nothing, False)
if hasTerminated then
result ()
else
do letloop = do char— getch
(_, hasTerminated) aStream (Just char, False)
if hasTerminated then
result ()
else
loop
loop

Notethat, if Gofer were suitably extendedth a primitive for querying, for instancée X event queue, would
be trivial to introduce mouse pointer, mouse button, and timer devices lexfesting théevicesrecord, writing
function such asnousePointerand withMousePointer and passing auitable devicestructure to thetop-level
stream.

4  Conclusion

We have presented a new monad for performing concurrent I/O in a fungifogaamming language. The new
monad represents an integratiortvad well-knownideas: To represent streams of values of an arbitypgusing

a primitive type constructorand torepresent imperative commands returningalie of an arbitraryype using a
primitive monad: Our monaf8itencapsulates reactiebjectswhich may, in response to values becoming available
on the computer's inpudevices, both produce valuasd execute imperative commands. Moreover, a reactive
object's perception ¢he computer's I/@evices may be customizemdhich is a property we consider to be of great
importance for building reusable user interface components.

We have given an implementation suitablerfamning all thepaper's examples using tB®ferinterpreter.
Shortly, weplan toexplore the suitability of th&t monad for interactive graphiggogramming in the context of
our GUI system BGETS.
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