do cument

Abstract

1 In tro duction monadic metho ds

Monadic Metho ds

W olfgang De Meuter - Theo D’Hondt

V rije Universiteit Brussel - Computer Science Department

Pleinlaan 2 - 1050 Brussel - Belgium

Ob ject-oriented frameworks are often based on ‘skeleton’ metho ds that

determine the overall control flow and that carry around ‘contextual in-

formation’. Changing the signature of a skeleton metho d often induces

a combinatorial explosi on of changes to other metho ds spread over the

different classes of the framework. Our work materialise s these skeleton

metho ds as that carry around monadic information .

The nature of the information and the way it flows through the co de

is determined by a so called monad. W e investiga te monadic metho ds,

and explai n how the monadic style limits the propagatio n of changes to

skeleton metho ds.

An ob ject-oriented framework [4] is usually describ ed as a well-designed set of

co-op erating classes that solve problems from an entire problem space. Instances

of a framework are created by overriding (abstract) metho ds in sub classes, or

by plugging in new classes at some previously sp ecified sites. As such, a frame-

work defines a skeleton for applications, which are created by furnishing the

framework with the details of a particular problem in the problem space.

Although informal techniques like design patterns [2] are extremely v aluable

in the construction of go o d frameworks, they only a framework. When

really diving into the co de, one still has to struggle with ‘plain’ language con-

structs such as message passing and assignments. These do not reveal whether

one is using or changing an essential design choice of the framework, or whether

one is manipulating detail co de. At the co de level, the only way to distinguish

essentials from details is by a go o d choice of identifiers and by informal anno-

tations. Therefore, recently

, techniques have b een prop osed to formally express

2 Motiv ation define

monadic metho ds some of the laws that a framework. One example are contracts [3] which

allow one to express the comm unication laws b etween ob jects. Another exam-

ple are reuse contracts [17] which allow the designer and the reuser of a class to

interact by means of a formal contract.

This pap er prop oses as a way to formally capture the

‘skeleton’ metho ds of a framework. Although every ob ject-oriented program

consists of ob jects that send messages to each other, one of the added v alues that

comes with a framework is the identification of the crucial messages that really

tie large parts of the framework together. These messages are often characterised

by the fact that they carry around ‘contextual information’ that is crucial for the

entire framework but cannot b e stored in a global v ariable. Examples thereof

are the environment parameter of an ev aluator, a ‘current user’ in a multi-

user system, and so on. Much of the definition of a framework lies in finding

the right abstraction levels for these metho ds. Pro of of this are the v arious

b ehavioural design patterns do cumenting a traversal that is parametrised by

contextual information. Metho ds that carry around such information will b e

called monadic metho ds.

Section 2 concretely motiv ates our work. Section 3 intro duces monads and

monadic style programming, which is an abstraction technique that originated

in denotational semantics. Section 4 discusses how the monadic technique can

b e translated to the world of ob jects and messages. Section 5 illustrates how

the monadic style of ob ject-orientation allows us to write highly parametrised

‘monadic’ metho ds. W e will argue that these metho ds are the ones framework

develop ers often exp erience as the ‘main threads’ of their design.

Supp ose we are writing a system to create computer assisted learning appli-

cations. The interface of the system resembles that of a drawing program,

but instead of manipulating rectangles and circles, a teacher is linking together preprocess()

preprocess nextChunk check()

check

  nextChunk

preprocess

preprocess graphics, texts, multiple choice and op en questions. Once a lesson has b een

completely edited, it is saved as a stand alone application to b e run by stu-

dents.

A small part of this system mo dels op en questions. These are internally

stored as a list of ‘question chunks’, which can b e pieces of text, drawings

or fill-in fields in which the student is supp osed to answer. The application

pro cesses an op en question in two phases. First, the chunks are prepro ces se d.

In the case of textual and graphical chunks, this draws the information on the

screen. Prepro cess ing a fill-in field might show an incorrect word and consult

a database to find its corrected version. After an answer is given, each chunk

is traversed in order to check it. Of course, checking graphics and text chunks

always returns ‘true’. Checking fill-in fields will match the answer of the student

to the correct answer determined at prepro cess ing time.

Besides a hierarchy of questions, our system will contain a hierarchy of

chunks. Each chunk defines a metho d that prepro cess the chunk

and calls on its . Each chunk also contains a

metho d that checks it. If ev aluation fails, ‘false’ is returned. Otherwise,

is sent to .

Let us now adapt the system for doing physics problems. A question will

therefore need ‘v ariable’ chunks that bind a name to a random v alue. These

names are used by a chunk in which a formula resides. At prepro cess ing time,

the v alues must b e generated and b ound to the names which are used by the

formula to store the exp ected answer. At checking time, the formula chunk

compares the stored answer to the answer of the student. This adaptation

requires a drastic change. The metho d of every chunk class must

b e adapted such that a set of bindings is forwarded to the next chunk. In the

new ‘v ariable’ chunks, a binding is added to the set. Prepro cessing the new

fill-in fields then ev aluates the formula in the accumulated set of bindings.

Another requirement might b e that a formula may o ccur at the start of

the chunk list. Again, must forward a set of bindings through the crucial preprocess

nextChunk list, but at the end, the set must b e propagated backwards to the formula.

Again, every metho d must b e changed so that it gets the bindings,

forwards them to and returns the resulting set back to its caller.

In b oth changes, the only option seems to b e a re-implementation of the

entire chunk hierarchy in order to pass around the set of bindings. If there are

many chunk classes, this b ecomes a time consuming adaptation of the co de,

while only two kinds of chunks really need that set: the chunks that declare a

new v ariable, and the ones that need the v ariables.

In general, each ob ject-oriented program consists of ob jects sending messages

to each other. The added v alue of a framework is that one identifies certain

messages that tie the parts of the framework together. These messages

forward the context of the framework to other parts of the framework and are

resp onsible for propagating back results. A problem that o ccurs over and over

when using a framework, is that somewhere inside new co de, suddenly an extra

ob ject is needed that was not originally transp orted through the framework

by the crucial messages. A similar problem is that unexp ected ly

, additional

results must b e propagated back from the crucial messages. In most cases, b oth

problems require many co de to b e changed [9].

Section 4 and 5 explain how this problem can b e overcome by seeing the

skeleton metho ds of a framework as abstract computations called monads. Mon-

ads were intro duced in computer science by Moggi [11], [12] as a way to deal

with the mo dularity problem of denotational semantics. Because of the cate-

gorial nature of Moggi’s work, we had to wait for W adler’s p opularisation [19]

for monads to b ecome widespread in functional programming. The following

section summarises monads.

∗

∗

1

2

→

× →

3 Monads

1 2 1 2

1 2 1 2

1 2 1 2

1

1 2 1 2

1 2 2 1

2

Exp eriment 1:

Exp eriment 2:

add env , sy mb, v al

look up sy mb, env

p p

3.1 The Mo dularit y Problem of Denotational Seman tics

In the co de we assume a function ( ) that extends an environmen t and

returns the resulting environmen t. ( ) should b e self-explaining.

means a list of ’s const

pl us p p p p

ev al

ev al P ar seT r ee I nt

ev al const c c

ev al pl us p p ev al p ev al p

r ef x

l et x p p x p p

ev al P ar seT r ee E nv I nt

ev al const c, e c

ev al pl us p p , e ev al p , e ev al p , e

ev al l et x p p , e ev al p , add e, x, ev al p , e

ev al r ef x, e l ook up x, e

set x p beg in p

ev al

ev al

Consider a toy language that consists of additive numeric expressions. Its parse

trees contain constant no des like ( 4), and no des represe nting additions

( ), where and are trees again. An ev aluator for this language is

an function which traverses a tree and pro duces a numerical result:

:

( ) =

( ) = ( ) + ( )

Let us extend this language with lexical v ariables so that the

parse trees can contain v ariable reference no des like ( ) and let-bindings of

the form ( ), where is a v ariable and and are parse trees. Ev al-

uating these no des requires the ev aluator to b e parametrised by an environment

parameter. Unfortunately

, this requires the existing ev aluator to b e rewritten

since the other no des must also pass the environment down the tree :

:

( ) =

( ) = ( ) + ( )

( ) = ( ( ( )))

( ) = ( )

Now consider adding statements to our language. This re-

quires new parse trees for assignments ( ! ) and for sequencing ( ) .

Extending the ev aluator for these requires that is parametrised by an en-

vironment as in the previous exp eriment. However, as assignments might alter

this environment, must now return a pair consisting of a v alue and a (p os-

sibly) changed environment. Again, in order to propagate these pairs back, the

existing ev aluator must b e completely rewritten.

→

× → →

1

2

1 1 2 2

3.2 Monadic St yle

monadic style

monad

unit t

compO v er t ...t...

⋆

unit

unit

unit t compO v er t

⋆ c

c

⋆

⋆ compO v er t t compO v er t compO v er t

unit ⋆

The core of the mo dularity problem of denotational semantics is that when

a language feature is added whose ev aluation needs information that was not

passed down the tree, the ev aluator must b e rewritten [13]. In the same vein,

if the new part returns more than exp ected , everything must b e rewritten since

the result should b e dealt with in the old part of the ev aluator.

This problem can b e avoided by writing the ev aluators in ,

using a so called . A monad can b est b e describ ed as ‘a computation

that eventually returns a v alue’. Since the typ e of this v alue is not hardco ded in

the monad, a monad is parametrised by a typ e v ariable represe nting the typ e

of v alues over which the computations act. A monad thus is a typ e constructor,

much in the spirit of a template class in C++.

( ) =

Each monad implements two p olymorphic op erations called and (pro-

nounced ‘bind’). injects any v alue into a zero computation that, when

executed, just returns that v alue. Hence, the typ e of is:

: ( )

is a p olymorphic op eration to glue together a computation and a func-

tion representing a computation that is parametrised by the v alue of the first

computation. returns a computation that, when p erformed, executes the first

computation and passes its v alue to the parametrised second computation right

b efore executing the second computation. Hence, its typ e is:

: ( ) ( ( )) ( )

W riting a program in monadic style means that the program has no knowl-

edge of the particular monad and only uses and . As an example, we can

rewrite our very first ev aluator in monadic style:

n n

→

× →

Exp eriment 1:

1 2 1 1 2 2 1 2

1 1 2 2 1 2

1 2 1 2 ev al P ar seT r ee compO v er I nt

ev al const c unit c

ev al pl us p p ev al p ⋆ λv . ev al p ⋆ λv .unit v v

ev al

⋆ λ

⋆

c ⋆ λv . c ⋆ λv . . . . λv .unit doI t v , v , . . . , v

r ef

g etE nv compO v er E nv

l et

setE nv E nv compO v er t compO v er t

l et r ef

ev al r ef x g etE nv ⋆ λe.unit l ook up x, e

ev al l et x p p , e ev al p ⋆ λv . g etE nv ⋆ λe.setE nv add e, x, v , ev al p

l et r ef

: ( )

( ) = ( )

( ) = ( ) ( ( ) ( + ))

now delivers computations that, when executed, return the numeric v alue

of the expression. A monadic style program typically consists of a numb er of

o ccurrence s of thereby passing -expressions which contain nested o ccurrence s

of . These can use the v alue of the enclosing o ccurrences through lexical

scoping:

( ( ( ( ))))

Let us now redo the first exp eriment. Since the ev aluator for

requires an environment, it will have to assume that the computations carry

around an environment. It will therefore require a computation

: ( )

that retrieves the environment that is carried around. The ev aluator for will

also need an opp osite op eration to let a computation use an up dated environ-

ment:

: ( ) ( )

Using these op erations to get and set the environment that is carried around in

the computation, the ev aluator for and is implemented as follows:

( ) = ( ( ))

( ) = ( ) ( ( ( ) ( )))

The nice thing ab out writing the ev aluator clauses for and is that

we didn’t have to mo dify the existing clauses for expressions. However, the

new ev aluator fragment requires that computations are parametrised by an en-

vironment and that there are two op erations to get and set this environment.

In jargon, we say that the new ev aluator clauses assume that the ev aluation

′

′ ′

′

1 1 2 2

1 1 2 2

Exp eriment 2:

Remarks

→

→ →

→ × → → → →

→ ×

→ → ×

→ × × → → × → → × envir onment monad

state monad

monad op er ations compO v er t E nv t

unit t E nv t

unit x λe.x

⋆ E nv t t E nv t E nv t

c ⋆ f λe.f c e , e

unit ⋆

c e

setE nv g etE nv

g etE nv λe.e

setE nv e, c λe .c e

g etE nv setE nv

e c

c e

compO v er t E nv t E nv

unit t E nv t E nv

unit x λe. x, e

⋆ E nv t E nv t E nv t E nv E nv t E nv

c ⋆ f λe.l et v , e c e in f v , e

unit

c ⋆ f c

e v

setE nv g etE nv

setE nv g etE nv

setE nv g etE nv l et r ef monad is the so called , which lo oks as follows:

( ) =

: ( )

( ) =

: ( ) ( ) ( )

= ( ( ) )

injects a v alue in a zero computation. The result of is a computation

that p erforms the first one ( ) and passes its v alue to the function. In the

environment monad, and are implemented as follows:

=

( ) = ( )

is a computation that returns the underlying environment.

takes an environment and a computation . It returns a computation that

neglects its environment, but instead p erforms in .

The second exp eriment required the ev aluator to take an en-

vironment and yield a numeric v alue together with a (p ossibly up dated) envi-

ronment. This is achieved in the so called which lo oks as follows:

( ) = ( )

: ( ( ))

( ) = ( )

: ( ( )) ( ( )) ( ( ))

= ( ) = ( ) ( )

returns a zero computation that returns a v alue and an unmo dified envi-

ronment. is a computation executing in the given environment. The

resulting environment is fed into f after feeding it with the v alue of c.

Adding ev aluator clauses for assignment and statement sequencing and writing

and for the state monad is a fairly easy functional programming

assignment. Imp ortant is that the existing ev aluator can b e reused completely .

1) Op erations like and are called . By using

and , the ev aluator for and admits that it must b e exe-

3

3

∗

→

→

4 Monadic Metho ds r un compO v er t t

r un

unit ⋆ r un

o Recor d o o

4.1 A Simple Mo del of Ob jects and Message P assing

W e will use a ‘denotational semantics’-lik e meta-language. However in order to keep our

notation readable, we assume the language has state and error handling.

cuted in a monad which has at least the complexity of the environment monad.

2) An op eration that is not part of the categorial definition of monads, but

that is assumed by most functional programmers is : ( ) .

In b oth the environment and the state monad, starts a computation by

feeding it with an empty environment. In the case of the state monad, the final

environment is ‘thrown away’ and the v alue is returned.

3) Although the environment and the state monad are most frequently used,

many other monads exist. W e refer to [19] and [18].

This section investigates how a pure OOPL based on ob jects and messages can

b e enriched with monadic programming constructs. In section 4.1 we establish

the basic ob ject mo del we assume. Based on this, we define monadic metho ds

and explain how monadic and ordinary metho ds interact. One of the driving

forces b ehind our prop osal is to hide , and as much as p ossible for the

programmer. Of course, the ev aluation rules for the constructs will use them

extensively .

Every OOPL ev aluator uses a way to represent ob jects. Both [10] and [16] show

how this representation can v ary b etween several kinds of languages. In this

pap er, we assume the simplest mo del in which ob jects are records containing

metho ds. These metho ds are functions that take a list of argument ob jects and

return an ob ject. The domain of ob ject representations can thus b e mo delled

as

= ( )

4

4

m m m o

o

o

∗

∗

∗ ∗

∗

× × →

→

→ ⊕ →

⊕

→

m

unit ⋆ r un m

4.2 Monadic Metho ds

monadic

metho ds

monadic obje ct pass o I dent o o

o pass

pass

o m o

m o

o Recor d o o o m o

m o m o

In order to make our notation more explicit, we index the necessary op erations by

yielding , and . W e also assume that satisfies the classic monad laws [19].

Although some ev aluators implement several op erations on their ob ject do-

main (e.g. ‘copy’), they all at least implement message passing . Hence it is

reasonable to assume the op eration

:

on the elements of our ob ject domain . takes a receiver, an ID for the

message and a list of arguments, and it returns an ob ject. In our record mo del,

is implemented as metho d selection followed by metho d invo cation.

The general idea of our work is to allow ob jects to declare so called

b esides the ‘ordinary’ metho ds describ ed ab ove.

Monadic metho ds are metho ds whose b o dy is ev aluated in a monad. Hence,

the typ e of monadic metho ds is ( ) where m(t) is a monad . That is,

instead of returning an ob ject, monadic metho ds return a computation whose

execution will eventually result in an ob ject. Such a computation of typ e ( )

will b e referred to as a . Allowing ob jects to contain monadic

metho ds b esides ordinary metho ds, means that the ob ject domain of section 4.1

must b e adjusted to

= ( ( ))

where is the disjoint union op erator for domains.

Notice that the arguments of a monadic metho d are ordinary ob jects. The

reason is that we cho ose the standard applicative order mo del of ob ject-orientation

in which arguments are ev aluated b efore a message is sent. The alternative is

to mo del monadic metho ds as ( ( )) ( ). This induces a normal order

mo del since arguments are not run b efore metho d invo cation. Investigating

normal order metho ds is b eyond the scop e of the pap er.

M

| |

5

6

7

5

6 7

M M

M m M

| |

| |

| |

| |

hd tl .

ev al ev al

4.3 Ob ject Meets Monad beginO

beginM

beginO

beginM ev al B eg in l st ev al hd l st l st

f ir st ev al hd l st

then ev al B eg in tl l st l st >

ev al B eg in l st ev al hd l st l st

ev al hd l st ⋆ λv .ev al B eg in tl l st l st >

W e assume a ‘pure’ ob ject-orien ted language (like Smalltalk) in which everything but

statemen t sequencing and assignmen t is accomplished via message passing. Assignment is

p ostp oned until section 4.4

Since we assumed a meta-language with state, it has a sequencing construct ‘first ... then

...’ as well

, and resp ectively return the head, the tail and the length of a list. W e distinguish

b etween and . The former yields ordinary ob jects, the latter yields monadic ones.

W e assume that the b o dy of ordinary metho ds is a sequence (in a

construct) of message expressions . Its return v alue is the v alue of the last mes-

sage expression that o ccurs in it. Likewise, monadic metho ds are also exp ected

to contain a sequence of message expressions. But unlike ordinary metho ds, the

expressions are exp ected to yield monadic ob jects. The task of the sequencing

construct then is to glue them all together. Monadic metho ds will therefore use

a different sequencing construct than ordinary metho ds. W e will call it .

Hence, the result of a monadic metho d is a monadic ob ject, which is a com-

putation that, once p erformed, executes all the computations in the sequence

and returns the v alue of the last expression o ccurring in that sequence. The

ev aluation rule for b oth ordinary and monadic metho d b o dies is given b elow :

( ) = ( ( )) = 1

= ( ( ))

( ( )) 1

( ) = ( ( )) = 1

= ( ( )) ( ( )) 1

Hence, when ev aluating an ordinary metho d, all the expressions o ccurring in

the of that metho d are ev aluated. When ev aluating a monadic metho d, a

computation is returned which consists of binding together all the computations

o ccurring in the of that monadic metho d.

In order to study the interactions b etween monadic and ordinary metho ds, we

take a closer lo ok at the message expressions o ccurring in the ab ove sequencing

constructs. Syntactically

, each message expression consists of a receiver, a name

and a list of actual arguments. Of course the receiver and the arguments can

b e message expressions in their turn.

∗

o

m

× × → self

beginO

Ordinary Metho ds.

by or dinary metho ds o

o

pass o I dent o o

r un

o

Since instance v ariables are p ostp oned until section 4.4, each ob ject visible

inside a metho d is either an actual argument, the receiving ob ject denoted by

or a result of a message expression. Concerning the nature of these ob jects

we can say that:

1. b ecause of our applicative order assumption, all actual arguments of a

(monadic) metho d are ordinary ob jects of typ e .

2. the same go es for the receiver since the ‘real’ ob ject v alue of an expression

must b e computed for otherwise, we couldn’t have sent it a message.

Hence, the only ob jects that still need investigation are results from messages

that are sent from within a metho d. Here we must make a distinction b etween

the two kinds of metho ds:

First consider the situation of an ordinary metho d. Since

do es not know how to handle monadic ob jects, the result of a message

expression o ccurring in it must b e an ordinary ob ject. This together with (1)

and (2) ab ove implies that all ob jects that can ever enter an ordinary metho d

will b e of typ e . Therefore, the message passing op erator to b e used by ordinary

metho ds will have the typ e

:

As explained in section 4.1, this op erator will b e implemented as a combina-

tion of metho d selection and invo cation. However, due to our adjusted ob ject

domain from section 4.2, the metho d that will b e found in the selection pro cess

can b e an ordinary metho d or a monadic metho d. In the case of an ordinary

metho d, there is no problem and we can simply invoke the metho d using ordi-

nary function application. In the case of a monadic metho d, the computation

returned by the monadic metho d must b e in order to get a ‘real’ ob ject

of typ e . Hence, the message passing op erator to b e used

is defined as follows:

8

m

m m

∗

∗

∗

( )

( )

8

∈ →

∈ →

× × →

seq

unit ⋆ o

o m

m o

m

m o

m m beginM beginM

Monadic Metho ds.

by monadic metho ds

the op eration transforms a list of computations into a computation that returns the

list of v alues. It works for every monad since its implementation uses only and .

pass r ec, msg , ar g s appl y l ook up r ec, msg , ar g s

l ook up r ec, msg o o

pass r ec, msg , ar g s r un appl y l ook up r ec, msg , ar g s

l ook up r ec, msg o m o

m o

m o

pass m o I dent m o m o

unit

pass

⋆ seq

( ) = ( ( ) )

if ( )

( ) = ( ( ( ) ))

if ( ) ( )

When ordinary metho ds send messages implemented by ordinary metho ds,

function application is used. When calling monadic metho ds from ordinary

metho ds, the resulting computation must b e run.

The other case to b e considered is the ev aluation of

the message expressions o ccurring inside a monadic metho d. Because of the

ev aluation rule for , all the message expressions o ccurring inside

must yield a monadic ob ject. Hence, the result typ e of the message passing

op erator to b e used must b e ( ). But since the receiver and the arguments

of a message expression can also b e message expressions, they must also b e of

typ e ( ). Thus, the message passing op erator to b e used

has the following typ e:

: ( ) ( ( )) ( )

Hence, a monadic metho d requires that all visible ob jects are monadic . But

since (1) and (2) describ ed ab ove dictate that all actual arguments and the

receiver of the monadic metho d will b e ordinary ob jects, we must implicitly

inject these into a zero computation using such that they can b e used in

the monadic metho d.

Thus, sends a message to a monadic ob ject with a suite of monadic

parameters. It is implemented by binding all the computations together with

and . Then the metho d is selected in the record. If the result happ ens

to b e an ordinary metho d, that metho d is invoked and its result is injected in

a zero computation that can b e glued b etween the computations of the calling

monadic metho d. If on the other hand, the metho d is a monadic metho d,