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A Network Programming Framework in Haskell
Based on Asynchronous Localized m-calculus

KEIGO IMAIL+ SHOJI YUEN' and KIYOSHI AGUSAf

We propose an embedding of the typed Asynchronous Localized m-calculus (AL7) into the
programming language Haskell as a framework for network programming. The framework
has following advantages due to the embedded language nature: (1) the framework is ro-
bust due to being built upon the Haskell framework, and (2) the framework can incorporate
various Haskell language elements, such as literals, types, and functions, in the framework.
Moreover, the limitation of mobility in AL7 simplifies the implementation of the framework.
ALm processes are implemented by means of a Haskell monad called PiMonad. As the result,
side-effects caused by communications are distinguished by the tags of PiMonad in typing.
The subtyping relations is realized by multi-parameter type classes in Haskell, where a pair
of subtype-related types belongs to three binary type classes reflecting the directions of com-
munication. We illustrate the usefulness and benefits of our framework with an example of
an implementation of instance messenger application over TCP/IP network.
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Values
v,w o n= X channel
| basval basic value
Processes
PQ == w0 asynchronous output
| v(z).P input
| P|Q parallel execution
| (vx : L)P restriction
| lw(x).P replicated input
| 0 terminated process
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Fig.1 ALm: grammar of processes and values.



12

goooooooooooooooo

Oct. 2006

AOQurt : T
7y.0 %0

N a(z).P 2 Ply/z)

REPIND 2 10 (2).P 2% P{y/z} | \a(z).P

PP ’
PAR-L : a—bna N fn(Q) =
FTo = P M@ @
Ty / Ty ’
Comm-L : r—r Q _ Q ComM-R :
P|Q—P|Q
P> p
RES : — if a ¢ {z,T}
(vex:L)P — (vx: L) P’
PXEp 2
CLOSE-L : P Gan(Q)

PlQ— (vz: L)(P'| Q)

a ’
—
PAR-R : mga—f)lq bn(a) N fn(P) = 0
—
PP QL
PlQ-——P|Q
PP
OPEN : — z# T
(vz:L)P "2 p/
pp QXA
CLOSE-R : P q;'fn(P)

PlQ— (vz: L)(P'| Q)

02 AL OQOOOO
Fig.2 ALm: operational transition rules.

Actions

s = Ty output action
| xy input action
| Z(z) bound output
| T internal action

03 ALxO0O0O0O0ODO
Fig.3 ALm: actions.
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Value types

VW = B basic type
| oV output capability
Link types
L =iV input capability
| oV output capability
| gV both capability

Type environments

r w= Iz:L
| Nzx:V
| 0

04 ALxO00OO0OO
Fig.4 ALm: grammar of types.
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Value typing
TV-BASE : m basval € B TV-NAME : Tz:Thaz:T
Process typing
'EP:o THEQ:o
T-PAR T-NiL: o
TFP|Q:o FFO0:o
Tz:LFP:o 'kFa:oV TFrw:V
T-RES : T-AOurT :
F"(VZCZL)PZO I'Faw.0:o
I'ka:iV Lz:VEP:o I'Fa:iVv Tx:VEP:o
T-INP : T-REPINP :
'ta(z).P:o I'Ha(z).P:o
Subtyping
'tov:S S<T
SUBSUMPTION :
I'to:T
Subtyping rules
SUB-REFL : T<T
SuB-f1 V<V SuB-0O : ﬁV <oV
S<§ §<T W<V V<W
SUB-TRANS : SuB-BB :
S<T gV <tw
V<w 9%
SuB-1I: ———— SuB-O0 : —
iV <iWw oV < oW

05 ALxO0DOODOODO
Fig.5 ALm: typing rules.
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Process type
data P =
Par P P

| Zero

| forall t.(Typeable t) => Recv (Ch t) (t -> P)
| forall t.(Typeable t) => Send (Ch t) t
| forall t.(Typeable t) => ReprRecv (Ch t) (t -> P)

parallel composition P|Q
inactive process O

input z(y).P
asynchronous output zy.0

replicated input !z(y).P

06 Arn Y 0O Haskel DOOD
Fig.6 Representation of Aw~" in Haskell.
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Table 1 Correspondence between Aw~" and Haskell.

Anr™v Haskell

z(y).P Recv x (\y->p)

zv Send x v

lz(y).P ReprRecv x (\y->p)
PlQ Par p q

0 Zero

z(y).(yz|'z(w). wv)  Recv x (\y—>
Par (Send y z)
(ReprRecv z (\w->

Send w v)))
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O0O0O0OO0OHaskelDOOODOODOOO 7Zv O Send x
vOOOOOUOO0OO0OO PlQO Par p qUUOOOODO
0000 ZeroOOOOOODOOODO z(y).PODODO
00000 ADOOOOOOORecy x (\y->p) OO
0000 lz(y).P 0000 ReprRecv x (\y->p) O
oooo0o00ooo0 1000000000000

O0000000OOforall t. Send (Ch t) t O
forall t. Recv (Ch t) (t->P) ODOOOOOOO
00000 ¢+ 0000000000000 00O0 ¢t
O000O00O0OHaskelOOOOOOOOOOOOOO
000 forall 00O HaskellOODOOOOODOODO
ooo

O0000O0ODOforall JOOOOOOOOOOO
000000000 0o0o0UooU0oooroOoOO
00000 “Send c¢1 v Recv c2 £00 £ vOO
0”0000000 HaskelOOOOOODOOOODO
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O0O00O0Oforall t. (Typeable t) => Send (Ch
t) t 00000 t0 Typeable 00O ODOOOODO
00 cast 00000000 OOOOOOOODOOO
oooO0oooo0o0OD0 000000000000
o0oooooooo
tau :: P -> P -> Maybe P

tau (Par (Send (Name i) v)
(Recv (Name j) £)) =
if i==j then Just (Par Zero (f (cast v)))
else Nothing

oooooOoOo0o0oOooooooOoooooooo
O0O0Axr Y OOOOOOOOO eO0OOOOOO
OO00oO00ooOoooOoOooOoooOoOOn chald
Typeable 00O O0O0000O0O0O0O0O0ORO

instance Typeable (Ch a) where

typeof = ...

3.2 A7V 00000O0O0OOOODOOOO
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OO0 pO0CDOOODOOO0OO0O0O00O0 ctxO00O000O
ooooDboo
data Ctx a = Ctx {runCtx :: ((a -> P) -> P)}
instance Monad Ctx where

return x = Ctx (\k -> k x)

(Ctx ¢) >>=f =

ctx (\k => ¢ (\a -> runCtx (f a) k))

Octxal0OO0OD0O0O0O0O0 aO0000000O0O0O
OO00O0O00000000O0OOO0OD>»>=000000
ooo0000o0ooooOO0O0o0o0oboooobO0000
Ooooooooooooooo
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ctx2pr 0O OO00O0OOODO
ctx2pr :: Ctx ) -> P
ctx2pr (Ctx f) = £ (\_ -> Zero)
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z(y).[] 0000000000 recv0 00000000

Y 000 Hugs 98 March 2005 DO00GHC6.4 00000
0 chO0 Typeablel 0000000000 O0O0O0O0OOOO
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Generator for fresh names
type Gen = [Int]
initial = [1..]

Unrestricted process
data APiSub =
Par APi APi

| Zero

| forall x.(Typeable x) =>

Recv (Ch x) (x -> Gen -> (APi, Gen))

| forall x.(Typeable x) =>
Send (Ch x) x
| forall x.(Typeable x) =>

ReprRecv (Ch x) (x -> Gen -> (APi, Gen))

Process type
type APi = ([NewChan], APiSub)

Restricted name

data NewChan = forall x.

NewChan (Ch x)

infinite list of integer

parallel composition P|Q

inactive process O

input z(y).P

asynchronous output zy.0

replicated input !z(y).P

process with restriction

placeholder of the name

07 An 0O Haskel 0000
Fig.7 Representation of A7 in Haskell.

recv :: (Typeable a) => Ch a -> Ctx a

recv ch = Ctx (\k -> Recv ch k)
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send :: (Typeable a) => Ch a -> a -> Ctx ()
send ch v = Ctx (\k —>

(Par (Send ch v) (kx ())))
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0000 0000000 O0OPPODOOOO
OP|[JOO00C000O00O0 forkDOOO0OOODOOO
fork :: Ctx () -> Ctx O

fork c =

let p = ctx2pr c

in Ctx (\k -> Par p (k ()))
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o0oooo0ooooooooooooooooooo

00 000000 lz(y).POOOOOODOOOO
00000000 'z(y).[]00000O00OOOODO
00000000000 00O000oo0oooooo
O000000000O000O0O0OoOoOoOoooooO
000000000000 0D0000!2(y).P|[]OO
0000000 rep00000000O0O
rep :: (Typeable a) =>
Ch a->(a->Ctx ()) -> Ctx O

rep ch cont =
let k> = \a -> ctx2pr (cont a)
in Ctx (\k ->

(Par (ReprRecv ch k’) (k (0)))
0100000000000000000DO 2000
O000000000000000000 forkOODO
0000 ctx2pr 0000000000 OOOOOO
o000
3.3 Am 0 HaskellOO OO
0000000000 A 000000 Haskell O
00000 700000000000000ODO0OO
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02 An 0 Haskell 00D O0ODOO
Table 2 Correspondence between Anw and Haskell.

Ar Haskell
(vz: L)z(y).P

([NewChan z], Recv x
(\y->\gen->(([1,p) ,gen)))
([NewChan v], Send x v)
([1, ReprRecv x
(\y->\gen->(([NewChan z],p),gen)))

(vv : L)zv
lz(y).(vz : L)P

oo0ObOO000ob0b000 GenOOOOOOOODOOO
OOO0O0O0O0D0000 headOOOOOOOOOOO
O tail 000O0O00O0000O0O00CO initial O
ooooo

000000 000000000000 Haskell
000000 api D0D0DOOOOOOOOODOOO
ocooooOooOoooooOoOOOOOoooooOD0OOO
ooooo0oooooooooo

oood 10000000wz: LOOONewChan z
gooooo

ooooooooooboboboono oooooooo
00000000000 APiswb OOOOOOOO
OpOO0000O0COO0O0O0OOOOOODODOO
OO00O0O0O0O0 RecvOReprRecy DO UODODOOODOO
ocoo0O0o0o0oooobOOo0o0ooooooOoboo00ooo
ocooooOoooooOoDOOO000000oooOoDO0O
oo0o0ooooooooOOO00o0oO00ooooooo
0000000000000 O000000O0Recv 00O
O ReprRecv DO DO OOOOOOOO

| Recv (Ch a) (a -> Gen -> (APi, Gen))
| ReprRecv (Ch a) (a -> Gen -> (APi, Gen))

obobooooo0C0OoO00 senddParlZero OO0
OO0 pO0O0O0DODOOOODOOOOOOO
0 (vz:#a)Tz O ([NewChan z], Send x z) O
000o0oOooooooOoooooooooooo
z(y).(vz 1 fa)yz OO
Recv x (\y -> gen —>
let z = (Name (head gen)) :: Ch a
in (([NewChan z], Send y z), tail gen)
00000o0o0o0ooooooooooo 200
ooo
3.4 0O000O0OOOOODOOO
O000DAr 000000000 ODOOO0OOOO
0oo0ooooos3200000 A~ 0000000
O00000000o00oo0oooOooooOooooo
0000ooooooo
O0oO0o0o0o0ooo0oo0oooo0ooos2000
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newtype PiMonad a =
PiMonad {runPi::(a -> Gen -> (APi,Gen))
-> Gen
-> (APi,Gen)}

instance Monad PiMonad where
return x = PiMonad (\k -> \g -> k x g)
m >>= f =
PiMonad (\k -> g ->
runPi m (\a-> \g’ ->
runPi (f a) k g’) g

0 8 PiMonadO A7 O0O00O Haskell 0OO0O
Fig.8 PiMonad: representation of Aw context in Haskell.

OooO0O0O0O0D0 ctx aO000O0O0ODOOOOOOO
O00o0o0o0o0o0oooogoo csooooooo
data ContState a =
cs ((a> s -> (R, 8)) -> S > (R, 8))
instance Monad ContState where
return a = CS (\k -> \s -> k a s)
(CS £f) >>=g =
cs (\k -> \s —>
f (\a > \s’ >
let (CS g’) =g aing’ ks’)
s)
OO0oO0oo0O0oOoO0o0O soooooooog rROOO0O
oooooOooOoooooodo (a-> s -> (R, 9))
oco0o0o0obo0 soboboobooooooooooo
(R, ) O0OO0OOOOOODOOOOOOOOOOO
ooooo
00000000000 GenOOODODODO APL O
O00DAx 00000000000 8O0000O00OO
PiMonad 00 00000DO0O
000000000 oooOooooO (ve: L)
OO000000 new OOODOOOO addNew 0D OO
oooooo
new :: (Typeable a) => PiMonad (Ch a)
new = PiMonad (\k -> \gen ->
let newname = Ch (head gen)
gen’ = tail gen
(process, gen’’) = k newname gen’
in (addNew newname process, gen’’)
)
where addNew n (ns, p) = (NewChan n:ns, p)
OOO0O0O0D0D0OD00O0 heed 00000000000
OO0 tail 00 0O0OO0OCOCOOODOOOOOOOO
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320000000Ax Y 00O000OODOODOOOO
O senddrecvlrepdfork 00 Ax OO0 PiMonad
00000000000 000000 sendd recvd
fork DOODOO
send :: (Typeable a) =>
Ch a -> a -> PiMonad ()
send ch v = PiMonad (\k -> \gen ->
let (p, gen’) =k () gen
in (([], Par (Send ch v) p), gen’)
)
recv :: (Typeable a) => Ch a -> PiMonad a
recv ch = PiMonad (\k -> \gen ->
(([1, Recv ch k), gen))
fork :: PiMonad () -> PiMonad ()
fork (PiMonad f) = PiMonad (\k -> \gen ->
f (\_->Zero) gen

let (p, gen’)
(q, gen’’) =k () gen’
in (([], Par p q), gen’’)
)
send 000000 k0000 genOOOOOO
00000000 pO0O0O0O0OOOrecvOOODOO
gooobopoobooooOoOoooooooooooo
000d00oO0ooooobobODrep0OOOCCCOOOOOO
3.5 00000000 PiMonad 000
PiMonad () OOOOOOOCOOCOOOOOOO
OO0oo0ooU0oO00DU0oU0ooArOOODOO
O0D00000D0O0O0O0OO0Haskell DODOOODOO
eval :: APi -> [Trans] OO0OOeval O 100
00000 1000000000 Ar00O00OOOQg
0000000000000 Trans 0 Ax OOOO0O
o0o0oUooooUoooUooo (WP)OOODDOODO
eval 00 20000000000000CO0ODOCOO
oooooooooo
000000 Trans 000 Trans OOOODOO
ooooooo
data Trans =
TauAct APi
| forall x. (Typeable x) =>
SendAct [NewChan] (Ch x) x APi
| forall x. (Typeable x) =>
RecvAct (Ch x) (x -> APi)
000000 TauAct O0ODO00O ComMm O CLOSE-
{LLR} 00000 r0000000O00OOODOO
oo0oooooooooo

Oct. 2006

SendAct 0000 AOurOD0OD0OOODOOOOOO
oOo0oOob 20000 30000booooooooo
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Channel for both input and output capability
data L a = L Integer

Input capable channel

data I a = I Integer

Output capable channel
data 0 a = 0 Integer

Type class for value types

class (Typeable a) => ValueType a where
-- no functions

instance ValueType Int where

instance ValueType Float where

instance (ValueType a) => ValueType (0 a) where

09 i/o000000000 Haskell DOOO
Fig.9 Refined channel types and value types in PiMonad.

Unrestricted process
data ALPiSub =
Par ALPi ALPi parallel composition P|Q
| Zero inactive process 0
| forall x.(ValueType x) =>
Recv (I x) (x -> Gen -> (ALPi, Gen)) input z(y).P
| forall x.(ValueType x) =>
Send (0 x) x asynchronous output zy.0
| forall x.(ValueType x) =>
ReprRecv (I x) (x -> Gen -> (ALPi, Gen)) replicated input !z(y).P

Process type
type ALPi = ([NewChan] N ALPlSub) process with restriction

Restricted name

data NewChan = forall x. NewChan (L X) placeholder of the name

0 10 ALw O Haskell DO0OD
Fig. 10 Representation of AL7 in Haskell.

ooooo LvO0O00DbDb oV OOOOO4V O oV O coerce 00 ODOOOONO
4.2 0000000 O0OOOOOOOOO 0000000 oChan OOOO
O0ooOoOoo0ooo00oObOooOoOoo0oo0 SusSump- class (ValueType a) => OChan o a where

110N 0 0 0 Ocoercion ™ 000000000000 coerced :: oa ->0 a

ooooooooooooooo instance (ValueType a) => OChan 0 a where

oooooo0 OOoooooobooOO gvooo coercel = id
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instance (ValueType a) => OChan L a where
coerce0 (L i) =0 i
ooooooooooobbooboooooooooa
0000 coerce0 DO0O0OO0OOOO oOOOOOO
goooobooobboboLbobObOOOODOOOOOO
00 coerce0 OO0 O0DOO0OO0OOOODOOOOOODO
gooooo uvbO0obOO0O0OO0ODOOOOOODDOO
O0o0o0ooo0 ALnOO0O0O0O0OO0OOOOCOOOO0
gy oooivooooooooooooooooo
ooboodooob Iccan ODOOOO0OOOOOOO
class (ValueType a) => IChan i a where
coercel :: i a->1a
instance (ValueType a) => IChan I a where
coercel = id
instance (ValueType a) => IChan L a where
coercel (L i) =1 i
00 Ooooooooooboooooooooo
00000 coercion 100000 O00O0O0OOOO
o0 subtype UOOOOOOOOOO
class (ValueType c2) =>
Subtype cl c2 where

coerce :: cl -> c2
instance (ValueType v) =>

Subtype (L v) (0 v) where
coerce (L i) =0 1
instance (ValueType v) =>

Subtype (0 v) (0 v) where
coerce = id
instance Subtype Int Int where
coerce = id
instance Subtype Float Float where
coerce = id
(and many declarations for other base types)
gooobooooooooboboooooobooooo
O000000000 2000 ValueType OO OO
Oo0O0sS000000000000000SuB-400
0000 coercion 000000000 LODO 00O
00000000000 00000 SuB-REFL OO
gobooooooooooooon
AL OO0OOO0OOOOO0 00000000000
Ub30000000000000 senddrecvy OO
00011 0000rep 0000000 Onewd fork
ooooooooooobobOOobOO0000o0o0o0o0ao
O000000O0O0O0AL7 000000 Haskell O
ooooooo
0 41 PiMonad D O0O0OOOOOCO 0O 12
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send :: (OChan c a, Subtype b a)
=>c a -> b -> PiMonad ()
send ch v = PiMonad (\cont -> \gen ->
let (cont’,gen’) = cont () gen
ch’ = coercel0 ch
v’ = coerce Vv
p = ([1, Send ch’ v?)
in (([1, Par p cont’), gen’)

recv :: (IChan i a) => i a -> PiMonad a
recv ch = PiMonad (\f -> \gen ->
let ch’ = coercel ch
in (([], Recv ch’ £f), gen)
)

011 000000000000 00000 AL OOOO
Fig.11 Use of defined type classes in AL7 operators.

0220000000 PiMonadOOOOOOOOO
U00 sendsync x 000000 0ODOOOOOOOO
Z(v)v() 0OOUOOOOOOOOO0ODOOOOoOOO
cnt UO00O0OO0O0OOODOOODOQO Control. Monad.
replicateM_ 00000 send 2 O DO0OOOOO0O

5. HaskellO I/O000000O0O

00000 PiMonad O HaskellO I/O0000O
O00000OO000O0OO0OOOHaskellO I00000
O00ALrO00O00O0O0O0OOOOOOO

O0O0OALrO0O00O00OO0OOHaskellO 100000
0o0ooO0ooOooOoooooooor/ooooooo
Oo0oO0ooOooOooOoooooor/oouooooo
ooboooboooo

5.1 10000

Haskell O [/O000000000000O0OOOOO
goooooooooooooooooboob 1000
oooooooo

Haskell OOOOO0OIOOOOCOOOODOOOOO
gooobobooodo~O00o0obOO0O0OoO0Oooooon
OO0 Haskell DOOOOOOODODDOOO D Haskell
ooooboooooooboooooooocoooooo
bbb oO0OooboOoOoobooooon
data 0 a =

0 Integer

| Action String (a—>I0 ())

goooooooo obbOOOODDOODODOD
OOAction O0O0OO0O00DODOOOOOOOOODDOO
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send_sync ::

send_sync ch = do
(a::L a) <- new
send ch a

recv a

semaphore ::

(ValueType a) => 0 (0 a) -> PiMonad a

(L (0 (0 (0 O), 0 O))) ->Int -> PiMonad ()

semaphore sem cnt = rep sem $ \x -> do

(p::L (0 O))) <- new
(v::L (0 O)) <- new
send x (p, v)
(a::L ()) <- new
rep a $ \_ -> do

r <- recv p

send r O

s <- recv v

send s O

send a ()

replicateM_ cnt (send a ())

user :: (L (0 (0 (0 O), 0 (0 O)))) -> PiMonad ()

user sem = do

(x::L (0 (0 O), 0 (0 O))) <- new

send sem X

(p, V) <- recv x
send_sync p

-- some works here --

send_sync v

all :: PiMonad ()

all = do
(sem:: (L (0 (0 (0 ), 0 (0 O)I)) <- new
semaphore sem 1 -- binary semaphore
user sem

0 12 PiMonad 0O OOOOODODO
Fig.12 Semaphore in PiMonad.

000000 Action 00 100000000COOO
O0oo0ooooo0ooDOdoo 2000000000
000000000000 HaskelOOODOOOOO
OOooo00oooDooOoooOoooUoooooooog
0 HaskellOOOOODOOD Control. Concurrent.
forkI0 D0 ODOOOOOOODOO35000000
oooooooogo
0510000000000000 HaskellODO
0000 putstrln 00000000000 OCOOO

cout O OO
cout :: 0 String
cout = Action "cout" (\x -> putStrLn x)
cout HO0O0O0OOOOOOOOO "Hello, world!"
gooboboooooooooboooobboboooooo
hello :: PiMomnad ()
hello = send cout "Hello, World!"

5.2 0J0O0O0ODOODOO

HaskellO I/O00000000000 0OOO
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fopenW ::

0 (String, 0 (0 (String,0 (), 0 (0 O)))

fopenW = Action "fopenW" (\(filename,retCh) -> do

handle <- openFile filename WriteMode

let write ::

write

putBuf ch O
)
close ::

0@ O)

close

0 (String, 0 ())
= Action ("write"++show handle) (\(str,ch) -> do
hPutStrLn handle str

= Action ("close"++show handle) (\ch -> do

hClose handle >> putBuf ch ()

putBuf ch O
)
putBuf retCh (write, close)
)
where
DOa->a->1I0 0
f) v=1~fv

putBuf ::
putBuf (Action

013 000000000000 fopenW
Fig.13 File writer channel fopenW.

0000000000000 0O000 HaskellDO OO
O00O0OO0ODOOHaskelOOOOOOODOOOOO
00000DO0O0D0OO0O0ODO0O0ODOHaskelDODODO
gooobooboobooobooooooooboo
Haskel 0O 00000000 DODOOODOOOOOO
ooo

Haskell 0 I/O000000000OCOO0DOOOO
000000000 RecvBuf OOFIFOOOOOOO
O Control. Concurrent. Chan OO OO OOOODO
type RecvBuf = Chan RecvData
data RecvData =

forall x. (ValueType x) =>

RecvData (0 x) x

RecvData 00O 0O0O0O0OO0ODODODOOOOOOODOO
00000D0O0DO0O0000O0Ob0O0000 RecvData
goooboooooboobooboooobooboag
0000 PiMonadOOODOOOOOOOOODOO
goooboobooboobobooboobooobooo
obob0 x00b00ob0 vOoOoooooboooo
OO0D0O0O0O Recvbata x v UOODOOOOOODOO
00000 send x vOOOOODOODO

O0O0OHaskelDOODOODODODO RecvBuf OOODO
gboboooobooog

Haskell 000000000 O0ODOOOOOODOO
0 PiMonad 000000 Haskell O I/O0000

gooobooooooooobooobooOooooboo
O0ORecvBuf OO0 OOOOOOO0OOOOOO0OOO
OO0OD0O0OO0OHaskelOODOOOOOOODOOOOOO
goobooboooooboooooboobooboooooon
ValueType 0000000000000 trans O
ooboo

class (Typeable x) => ValueType x where
->x > 10 x

trans :: RecvBuf

trans _ x = return x
trans D0 0000O0O0O0OODOOOOOODODOOOO
000o00o0o0oooooboboooboooooooo

instance (ValueType x) =>

ValueType (0 x) where

trans buf ch@(0 i) =
return (Action (show i) (\x ->
writeChan buf (RecvData ch x)))
trans _ ch = return ch
trans 0000000000 0ORecvBut 00000
OwriteChanOJOO0ODODOOO0O0O0OO0O0O0OOOOOO
o0oobooOooO0OoOobDoOooOoooogoooo
00000000000 0O00 show ilM
052000000000000 0OOOODODOO

00000000000 fopenWw 0O 13000000
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fopertW DO ODOOD0OOOOOOO filename OO O
OO0 retcch 000O0000O0O0O000O0O0OCOOO
0000000 writeDOOOOO0OO0DOOO0OODOO
OO0 clese 0 200000000000 retCh OO
oo0O0OO00O0O000000D0O00O0O0D0000 str
ooo0O0 chODODODODODOOOOOOOOOOOO
000000chO0000 OOO0O0O0O0O00000O
OooOOOOOoOoODbOOObOOObOObObObObOOOOCcLose
ooooooooooooooooo

fopenW D0 OO0O00000O0O0O0O0O0OCOOOO
ooooooooo
helloWriter :: String -> PiMonad ()
helloWriter filename = do

(ret::0 (0 (String, 0 O), 0 (0 O))

<- new

send fopenW (filename, ret)

(write,close) <- recv ret

(sync::0 ()) <- new

send write ("Hello world!",sync)
<- recv sync

send_sync close
6. JOooOooooon

O0O0O0OOHaskelOOOOOOODODOOOO API
00000000 Haskell O I/O0OO00OOOOODO
OO0000000PIMonad DO0OOOOOOCOOO
ooo
oodo20000o0o00000000000404a4d
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000 HaskelOOOOOOOOOOOOOOO
gooobobooooooboooobooooooooo
O ValueType U0 OOOOOOO0OOOOOCOOOO
0000000000 RrRecvBuf DOODOOOODOO
gooooboboooooooooobooooooooon
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goooooboooooooooooobooo Do
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oooOO0000o0ooO0O00o0ooooOooboo0o0o0o0o
oooooooooooooo
data 0 a =

0 Integer

| Action

String

Location

(PiPeer -> a -> I0 ())
000000 200 Lecation DOOOOODOOOO
coobooooboooooooboooboooooooo
O0000OHaskelDOOOO0OO0OO0OOO PiPeer OO
(l)boooooUoooOoO((2)oooouooooo
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echo :: I (String, 0 String) -> PiMonad ()
echo init =

rep init (\(str, reply) -> send reply str)
OoOO00D0 init 0000000COOODOOOO0O0
oooOOO0O0O0ooO0O00O0o0oooOObOO0OO00000
ooooooooooooo
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0000000000000 0O0Oresolve DOOOO
oooooooo
resolve :: (ValueType a) =>

0 ((Hostname,PortNumber), 0 (0 a))
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oooo
oooooooooooooogoooooo O
coobooooooooboboOoooooooobooooo
ooooooooooooooboobo0oon0on0 raO
ocoooooooooooooboooOoOob0oO0oO0oO0 o
al0O0000 LaO0OO0OO0OO0OALr ODOODODOODOO
ooo0O00o0oO0o0ooooO0o0oooooooO0oo0o
ooo0OO0O00000oooo0o0ooooDoooo
oo0ooo0O0ooO0O0booO0ooooobooooooo
OO0OOnew OO0OODOODOOOCOOOODODODOOO
send 00000000000 OCOCOOOOOOOO
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imMain ::

(I (String, 0 O)) -> (0 (String, 0 O)) —>
(L (String, 0 )) -> (0 (String, 0 ())) -> PiMonad ()

imMain cin cout rin rout = do

(rloop::L ()) <- new

rep rloop (receiver rloop)

(sloop::L ()) <- new
rep sloop (sender sloop)
send rloop ()
send sloop ()

where
receiver ::

receiver rloop _ = do

(str, sync) <- recv rin

(sync::L ()) <- new
send cout (str, sync)
_ <= recv sync
send rloop ()
sender ::

sender sloop _ = do

(inp::L String) <- new

send cin inp

str <- recv inp

send rout (str, sloop)

L O -> () -> PiMonad ()

L O -> () -> PiMonad ()

014 00000000000 imMain
Fig.14 imMain: the core of the IM program.
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server ::
0 (o
I (0

server cin cout incoming = do
(rout,orin) <- recv incoming
(sync::L ()) <- new
send cout ("connection comes.",
_ <- recv sync

(rin::L (String, 0 ())) <- new

send orin rin

imMain cin cout rin rout

client :: String -> Int ->

(String, 0 ())) -> 0 (String, 0 () —>
(String, 0 ()), (0 (0 (String, 0 ())))) -> PiMomad ()

sync)

0 (0 (String, 0 (O)) -> 0 (String, 0 ) ->

I () -> PiMonad ()

client hostname portnumber cin cout _

= do

(res::L (0 (0 (String, 0 (O), 0 (0 (String, 0()))))) <- new

send resolvel ((hostname,portnumber), res)

remote <- recv res
(sync::0 ()) <- new
send cout ("connected.", sync)
<- recv sync

(rin::L (String, 0 ())) <- new

(irout::L (0 (String, 0()))) <- new

send remote (rin, irout)
rout <- recv irout

imMain cin cout rin rout

resolvel ::

resolvel = resolve

0 ((String, Int),0 (0 (0O (String, 0 (), 0 (0 (String, 00))))))

015 00000000000 server 000 client

Fig. 15 server and client: the startup processes of IM program.
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