Chapter 1

Object-Oriented
Programming in Dependent
Type Theory

Anton Setzet

Abstract: We introduce basic concepts from object-oriented progrargiimto
dependent type theory based on the idea of modelling olgedisteractive pro-
grams. We consider methods, interfaces, and the interdogittveen a fixed num-
ber of objects, including self-referential method callse Wroduce a monad like
syntax for developing objects in dependent type theory.

1.1 INTRODUCTION

Inthe conference TYPES 2003, the author gave a talk on hogptesent lambda-
terms in Java ([Set03]). At the end of this talk, Martin-lagked the question:
What you have done is to represent functional programmingpject-oriented
programming. Can we do it the other way around as well? Whatéant was:
Can we represent object-oriented programming in depergieatheory?

The author has developed with P. Hancock the notion of inteeaprograms
in dependent type theory. Objects can be considered asdtitex programs:
they receive requests (method calls) from the outside, etodr answers to these
requests to the outside. It seems to be interesting to exgheruse of interactive
programs in order to model objects and classes in depengenthieory.

There are two reasons why we think it is useful to model cotsdepm object-
oriented programming in dependent type theory. On one haisdrould allow
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to reason about object-oriented programs in a theorem phlmsed on depen-
dent types. For instance, one can write a verified compilearfioobject-oriented
language. On the other hand we belief that it is interestindetvelop an object-
oriented programming language based on dependent typesicina language,
two different powerful programming paradigms — objeckeatation and depen-
dent types — would merge. This would give rise to powerful igpes — note

that one of the main contributions of both concepts is they ubstantially in-

crease the types available. By using dependent types ottbwdte more generic

object-oriented programs.One could as well write obje@rded programs with
a higher degree of correctness. For instance, pre-conditibmethods could be
enforced by having extra arguments, which require a protfiatf pre-condition;

post-conditions could be treated similarly. In general wauld obtain one uni-

form framework in which both computing and reasoning takes@ So there
is no need to introduce separate axioms for reasoning albogtgms, since cor-
rectness proofs are carried out in the same framework asrtigggm, and have
therefore direct access to it.

Along that route one would have to add of course at some peintlanguage
constructs to dependent type theory rather than implemgadl concepts from
object-oriented programming directly in it. The currenppg in which we model
some object-oriented concepts in dependent type theamesas a first step in
determining which additional language constructs are eg@dorder to facilitate
writing object-oriented programs in dependent type theory

In this paper we will make first steps in exploring the idea afd®lling ob-
jects as interactive programs. We will cover objects, faimrs, methods and in-
teraction between a fixed number of objects. We will see tmamnhodelling of
self-referential method calls in dependent type theoryltesn rather complex
interactive programs.

We will as well see that with dependent type theory we obtdiilgher degree
of expressibility. For instance classes can have depelydgpéd methods, which
means that the result type of a method might depend on thenems. Because
of the use of dependent types, all methods can be merged Bitmgke method.
In type theory, the body of a method is an element of a data, type we can
write generic functions, which transform this data typeg aich can be used to
generate method bodies.

Content of this article. In Sect. 1.2 we introduce the basic concepts of de-
pendent type theory. This will introduce as well our notasioised for working in
dependent type theory. In that section we will as well intreglcoalgebraic types
(codata). In Sect. 1.3 we introduce interactive programs. In Sedtwie explore
the idea of an object as an interactive program. In Sect. &.5hew how to deal
with combining objects without self-referential calls. $ect. 1.6 we will extend
this by allowing objects which directly or indirectly caiémselves. We will as
well introduce in this section a monad like syntax for represg object code, as
it occurs in standard object-oriented languages like Jatés code will then be
translated into objects in dependent type theory.

Related work. There is a rich literature on using object-calculi related t



the A-calculus and on using impredicative type theories in otdexssign types
to type theory. A lot of material can be found in [AC96]. Pierand Turner
[PT94] use impredicative existential types®f’ in order model objects. Jacobs
[Jac95, Jac98] and Reichel [Rei95] have used coalgebrasiar & model ob-
jects, but they do not deal with self-referential methodscial full, which, as we
will see, results in rather complex structures. Meseguezg®8] has indicated
how to formulate concurrent objects in a rewrite system.eKisv and Lammel
[KLO5] have modelled object-oriented concepts in Hask#e have not found
any treatment of object-oriented programming in the cantépredicative de-
pendent type theory, which makes use of the expressive pridependent types,
and we belief that the use of interactive programs in thigexiris new.

Acknowledgements.We would like to thank the referees for valuable com-
ments.

1.2 BASIC CONCEPTS OF DEPENDENT TYPE THEORY

The basic type constructions used from standard depengeattheory are as
follows:

e Dependent function types, written &s: A) — B for the type of functions,
mapping an elemerat: Ato an element oB[x:= a]. We use standard abbre-
viations, such a& — B for (x: A) — B for a variablex which does not occur
inB, (x:Ay:B) — Cfor (x:A) — (y: B) — C, etc. Elements ofx: A) — B
are created b¥-abstractiorAx.t, and eliminated by application to elements of
A, where application is written in functional sty(é¢ a).

e Dependent products. For convenience, we use record nofatihis article.
The product of typedy, ..., A, is thus written as

(11 Azt A)

HereA; might depend ofy : Aj for j < i, andl; are the record selectors (some-
times called labels). Projection is written as record s&aci.e. for an ele-
mentc of the typeA just introduced théth projection is written as.l; : A;.
Our notation for introducing elements of typds

record(ly =t1,...,In=tn) ,

wheret; : A;. This is record notation for the-tuplety, ..., tn).

Occasionally, we will use as well product notation, nanfelyA) x B for the
product ofA andB, whereB might depend ox : A. Elements of this type are
written as pairga, b). We use case distinction in order to unpack such pairs.

e Algebraic types are written as follows:

A=dataCi(aj:Al,...,a5 :AL) | - | Cm(a": AD,....a0 t AR



Algebraic types correspond to the least set closed undeetbonstructors.
We have the usual condition that the types of the constraectstrictly pos-
itive in the type to be introduced. (This means that in thevalcntefinitionAij
either do not make use & or are of the fornrB; — --- — B — A, whereB;
do not make use &4). Furthermore, we will sometimes omit a varialaije if

Al fork > j do not depend onit.
Elimination is defined by case distinction: AssumeA, D : A— Set 2 and

aiII.:Ail7'--aair‘li :Aii'li :>ti[ai17'--aaini]:D(Ci alla‘:‘],)
Then

case (@) of { (Cla%--~a,111) — tl[a%,...,aﬁl];
(Cmalm"'arTm) - tm[almv""arTm]}

is of type(D a). Note that;[- - -] has a type corresponding to the branch of the
case distinction. Functions defined using case-distinatan be recursive, as
long as recursive function calls are made to structurallglEenelements.

¢ We introduce a convenient notation for the disjoint union:

Co(x i AL ... Xh DAL )+ +Ca(X D AT, X AT )
i=data C1(X} 1 A, ... X5 TAR) | o | Calxd T AT, L X AT
A+B:=inl(a: A)+inr(b: B) 1+A:=inl() +inr(x: A)

HereAl should not refer to the new set being introduced. We will at oveit
brackets in case one 6f does not have any arguments.

e Furthermore, we will add coalgebraic types. A discussiooaaigebraic types
in dependent type theory can be found in [HS04] (see as w&lDE). Coal-
gebraic types are written as

A=codata C1(aj: AL,...,a5 :AY) | - | Cm(ar: AD,....am tAR)
with the same condition on strict positivity as for algebrgipes.

— The elimination principle is case distinction. Howeveteafpplying case
distinction, one does not obtain a structural smaller tehittvcan be used
in order to write terminating recursive functions.

— Introduction is formally written as guarded recursion. Hwer, guarded
recursion is a syntactic notation, and, as pointed out inO}Sguarded
recursion is not supposed to be evaluated in full. Instedihitens by
guarded recursion represent syntactic expressions inteatlby the intro-
duction rule for coalgebraic types. Essentially, guardsmlirsion is only

2See the remarks on the logical framework at the end of thisoseon what is meant
by Set.



evaluated, if the case-distinction construct is applied term introduced
by guarded recursion. In this case, one step of the guardedsien is
evaluated, and then, depending on the case distinctioterimeis reduced
further. More details can be found in [HS04].

We will in this article make use of thegical framework There we have two
levels of types, called, as usual in dependent type th&etyand Type. We have
Set : Type and if A: Set, thenA: Type. But we do not havéet : Set, otherwise
the resulting type theory would be inconsistent (Girar@disgglox). Bottfet and
Type are closed under dependent function types and dependehiqtsoSet is
as well closed under the formation of strictly positive dlggc and coalgebraic
types. Especially§et will contain the well-behaved simple types, as they occur in
non-dependent functional programming, and dependeniovsrsf these Set is
what would outside dependent type theory be denoted as™tyyiéh the logical
framework we have one layer on top of it. This allows to asdmminstance
the typeSet — Set : Type to operations mapping elements %t to Set, i.e. to
type-manipulating operations.

1.3 INTERACTIVE PROGRAMS IN DEPENDENT TYPE THEORY

The main idea for representing object-oriented progrargrimndependent type
theory is that objects are to be considered as interactiograms. Let us first
review how interactive programs can be represented in dkpeitype theory.

In [HS99, HS00b, HS00a, HS04] the author has developedhegeiith Peter
Hancock a theory of interactive programs in dependent thipery (see as well
[Han00, HHO6] for some related work by Hancock and HyvernaAt) interface
for a stateless (or non-state-dependent) interactivergnogs given by a set of
command< : Set and a set of responses depending on a commaiig i.e. we
have

Interface = Z(C: Set,R: C — Set) : Type

There are two kinds of interactive programs to be associaitid an element
| :=record(C =C,R = R) of Interface:

e The set of client side programs. These are programs whicle makilic : C to
the real world, such as to output a string to the console,questing a string
input from the keyboard. They then receive a respanse cfrom the real
world (e.g. a success message in case of the writing of aydtsinonsole, or
the string typed in by the user in case of the request formgtrand depending
on it, execute the next command. This loop is then repeatgidthm program
determines that it has terminated.

If 10 is the set of client side programs, then this loop can be septed in type
theory by a functiorf : 10 — ((c: C) x ((R ¢) — 10)). Executing this loop is

3Stateless refers to externally observable states — inikeggwograms for stateless
interfaces can have internal states.



necessarily an external procedure, which is outside typerth If we execute
this loop forp: 10, this procedure will compute the commamd= 1o(f p) to
be issued. It will then executein the real world, and receive a respomse
Then it will computep’ := m (f p) r and continue executing.

e The set of server side programs. These programs receiveraaoda : C from
the real world, and respond to it with a respons&® ¢ Then the program is
ready to get the next command, etc.

There exist as well programs like proxy servers with a comtim of a server-
side and client-side behaviour. Such combinations willuo@n the object level
later in this article.

In a monadic version (see below for the monad operations)oltain two
sets. Both will depend on an answer 8aind a fixed interfackas above:

e The set of client side programs, which possibly terminatd,iethey terminate
terminate by returning an element of type

e The set of server side programs, which possibly terminatesfidy returning
an element of typé.

However, we have not specified when a program terminates.reTée two
choices, and depending on these choices we end up with 4atiffsets. All
of them depend on the answer get

e (I0%ient A, (10%,er A, the set of client and server-side programs which are
guaranteed to terminate eventually and to return an eleoféppe A. These
types are defined as algebraic types.

e (103 A, (102,.r A), the set of client and server-side programs which might
run for ever or might terminate and return an element of #p@&hese types
are defined as coalgebraic types.

All these data types might terminate immediately withowtihg any interaction.
The types are defined as follows:

10fet A = data  return(a:A) | do(c:C,f:Rc—10%..: A
0%, A = data return(a:A) | do(f:(c:C)—Rcx 10, e A)
[00ient A = codata return(a:A) | do(C C,f:Rc— 103 A
I0gne A = codata return(a:A) | do(f:(c:C) —RcxI10Z,. A)

If we want to make the dependency on the interface expligtwnite the interface
| as an additional subscript.

We can define the operations of a monad for all four of thesesypFor
instance in case a0}, return is given by the constructarturn. For p:
10%ent (A), G: A — 107, (B), the monadic bingh+q : 10, (B)* can be defined
as follows:(return @) xq:=qa, (doc f)xq:=doc(Ar.frxq).

We introduce some simple operations:

4In Haskell this is written ap >>= q.



e If I, 1’ are two interfaces, we introduce their disjoint union as
| 1" :=record{C=1.C+I".C,R=[I.R,I".R]} : Interface
where

[ILR+1"R]:1.C+1".C — Set
I.R+I'R|(inlc) := I.Rc [LR+I'R|(inrc) := I'Rc

e If 1,1" are interfacesf : I’.C —1.C, g: (c:I".C,1.R (f ¢)) — I'.R c, then we
can defingename : 107"\, A— 1077 Aby

,server

rename p= case pof{(return &) — return a;
(dob)  —do(Ac.case (b(f c)) of
{(r,p') — (gcrrename p')})}

So (rename p) operates ap, but translates the commands it receives into
commands forp and responses from back into its own responses. This
operation allows hiding and renaming of an interface.

State-dependent interfaces. The notation of interface can be extended to state-
dependent interfaces. A state-dependent interface is tiye

¢ a set of externally observable states,
e a set of commands depending on the states,
¢ a set of responses depending on states and commands,

e and a next function, which determines the observable stadeobtains after
an interaction consisting of a command and a response t@ ibdan carried
out.

So we get

Interfacestatedep = 2(S : Set,
C:S — Set,
R:(s:5,Cs) — Set,
n:(s:S,c:Cc,Rscg —S) : Type

Let the following be fixed:

| :=record(S=S,C=C,R=R,n=n) : Interfacesatedep

AssumingA: S— Set ands: S we introduce the set of client/server-side interac-

tive programs starting in stateand possibly terminating in a statewith result
(A S) as follows:



IO:tatedep,client As
=data return(a:As)

| dO(C: C S f:Rsc— lo:tatedep,client A (n scC r))
IO:tatedep,server As

=data return(a:As)

| dO(f : (C: C S) — Rscx lo:tatedep,server A (n scC r))
Io(sxzatedep,client As

=codata return(a:As)

| do(c:Csf:Rsc— Iog‘;atedep,CIient A(nscr)
Io(s)iatedep,server As

=codata return(a:As)
| do(f:(c:Cs)—RscxIOg A(nscr)

statedep,server

Execution of interactive programs is an external operaftam this we assume an
interface corresponding to the real world (stateless ¢oe-stapendent).

e In case of a client side program, commands correspond toairttee com-
mands the program can demand from the real world like writirggring to
console, demanding some user input from the keyboard, oipulating a
GUI. Responses correspond to responses the real world neakesh a com-
mand. For instance, in case of the writing a string this wdidda simple
success element: {x}, in case of reading a string, it would be the string
typed in. Running a program means that case distinction pdieapto the
program. If one obtaingeturn a), the program stops and returasf one ob-
tains(do c f), then command is carried out in the real world. Once one has
obtained a real world responsethe program continues by executifigr).

e In case of server side programs, commands are requestsaheadd can
make to the program. Responses are answers the progranveam gisponse
to such a request. The execution of such a program is canieasofollows:
First case distinction is applied to the program. If one wistéreturn a),
the program stops and returasOtherwise, it is of the fornfdo f). Then the
program waits for a request by the real world. If it receivesquest, (f c) is
evaluated to a paifr, p) consisting of a responseand a next prograrp. This
response is sent back as answer to the real world and the program cmsin
by carrying out the execution loop with progrgm

1.4 SIMPLE OBJECTS

The basic idea of our approach to object-oriented programginidependent type
theory is that an object is considered as an interactiverpmgand that classes
are functions which generate objects. Let us restrict dvgsdirst to a simple
class, which has methods which take input from one set amdrr@t response
to this input an answer which is an element of another setsd heethods might



change the internal state of an object, but do not receivetarm elements from
other classes or interact with other objects. Later we will¢ate how to deal with
the situation in which a method might call methods of othgects, including the
object itself. In the current simple situation we have mdg{®@=1,...,m)

method; 1 (Xy 1 Ay, %y DAy ) — RIXG, ... %]

Note that these are not functions, but each method call dispemthe internal
state of an object, and changes the state of the object. bndept type theory we
can allow the seR[X;, ..., ;] to depend ox},...,x, . Public instance variables
x: A can be modelled by having methogtsx : A — {x} for setting the variable
to the value, andetx : {x} — A for obtaining the value of this variable.

The interface definition of methods as introduced aboveespiwnds in depen-
dent type theory to the stateless interface

| =record{C=C,R=R}

where
C = data method1(x] : A},.... X5 tAL) | --+ | methodm(X[: AT',... X7+ AT )
R(methodi X} -~ X)) = Ri[Xp,..., %]

An object of this interface is an element of
Object | :=10g, ¢ 0

Itis a server-side program, which receives requests (rgessalls)c : C, and de-
pending on them, computes a responsk cand changes its internal state. Note
that by using dependent type theory we have encoded sevethbdsmethods,
..., methodm into one of typg(c: 1.C) — I.Rc.

C as given above models the notion of an interface as it ocaurm$tance
in Java® In addition to interfaces, classes have constructors, efelich con-
structs an object of this class. This means that a constretestr with argu-
ments(xy : A1, ..., X : An) is @ function

Constr: (X:Ag,...,%n: An) — Object |

As an example we represent a very simple example in depetygentheory,
namely that of a memory cell holding one elemenf. Such a class has methods

setx © A— {x} getx : {x}—A
This means that the interfatge= record{C = Ca,R = Ra} is of the form

Ca = datasetx (a:A) | getx
Ra (setxa) = {x} Ragetx = A

SMore precisely one should say: interfaces without statitstants; because of such
constants Java interfaces are a hybrid between pure ioésréand abstract classes.




The standard implementation of a memory cell has constrdcté — Object Ia
which is defined by guarded recursion as

fa=do (Ac.case (c) of { (setxd) — (x,fa);
(getx)  — (afa)})

Manipulation of objects. The operation fename” introduced in Sect. 1.3 al-
lows to take an interface and hide and rename its methodsc@mnmmtroduce as
well operations which extend an object in order to deal witlestended interface.

1.5 COMBINING OBJECTS WITHOUT SELF-REFERENTIAL CALLS

We will now consider how to deal with objects, which mightlecakthods of other
objects. Let us take as an example 3 objegt®,, 03, which can be called from
the outside world using interfacésg I»,13. The method calls arg.C, and the
response to a method call: I;.C is (I;.R ¢). We calll; the receiving interface
of objecto;. In a first step we will exclude self-referential calls. Thmnmight
call o2, 03. The outside world as presented to this object is therefaengoy
the interfaceO := I, @ I3 (one might exten® by an additional external interface
corresponding to communication with the real world, e.gnownications with
GUIs or the console). We cdl theoutside interfacef the object.

The objecto; would in this situation receive a commaadI;.C. It can then
carry out a possibly unbounded sequence of communicatidgthsits outside
world, which possibly terminates, and if it terminatesuras an element: 11.R ¢
and a prograno] (i.e. a call-back) for interfacds andO. Then it continues with
executingo;. Soo; is an element of

Object l1 O = codata do(f : (c:11.C) — 10ene 0 (11:R € x Objectye 11 0))

simple

The interpretation loop for this object would be as followssssume the object
is 0 =do f. Theno waits for a command : 1,.C from interfacel;. When it
has received, it computesp ;= f c. It executesp as a client side program,
which issues commands © and receives responses from it until it terminates
with an elementr,o’). Then the object returns the answeon interface 1, and
the interpretation loop is iterated starting with objecfthe call-back).

In order to exclude indirect self-referential calls (that fnstanceo; calls
02 which in turn callso;), 02 would only be allowed to communicate withy
(i.e. have outside interfadg) andosz would not be allowed to communicate with
any other object at all. We can combiog 0,,03 into one interactive program
with interfacd := 11 ® 2@ 13, and define from the resulting program an interactive
program which has the following behaviour: it receives & cétom 1.C, passes
it on to one ofoq, 07, 03, and simulates the communication betw@&gno,, 0s.
If this communication terminates it will return an answerl .R ¢, and wait for
the next method call. We will not go into details and insteaavento a more
complex situation, in which self-referential method calts allowed. There we
will introduce the resulting combined program in more detai

10



1.6 COMBINING OBJECTS WITH SELF-REFERENTIAL CALLS

Complications arise if we want to extend the above in ordenttude self-re-
ferential calls® For instance, we might replac= |, @ I3 as the outside world
for o by O := 1 @ 12® 13 and interpret a method call to thecomponent ofY

as a method call to; itself. Or one might allow indirect self-referential calls
i.e. thato; callso; ando, in turn callso;. The consequence of allowing such
self-referential calls is that when an object has issuednancand to the outside
world, a method call to it might be made, before it has reckihe answer.

An element ofObject;, e has two phases: a phase in which it receives a
command from the outside, and a phase where it issues consrtatite outside.
We need to extend this in such a way that we have objects, vdtiehys can
receive a command from the outside, even if a method call rhpdieem has not
been answered yet. Note that these self-referential cadjbtraffect the state of
the object. Consider for instance a class with methmetshod1 andnet hod2,
wheremret hodl is defined using Java-like code as follows (1 are instance
variables of the class):

A net hod1(B x){u 0;
y = nethod2(x);

returny + u;};
The self-referential call toret hod2 will interrupt the execution ofret hod1,
but will refer to the state of the class which has been chahgetie lineu=0.
nmet hod2 might changel, so the result returned byet hod1 need not bg+0.

The consequence of the above considerations is that art ohjéit receiving
interfacel, external interfac®, and the possibility of self-referential calls refers
to a list’ icl of elements ol.C, namely the method calls i which it has not
answered yet, and a listl of elements 0D.C, the set of external commands, for
which o has made a request without having received an answer yet.

Let us fix some notations for dealing with listd); is theith element of the
list1, (delete;j 1) is the result of deleting thith element from the list (insert; | X)
is the result of inserting into lidtat positioni elementx. Using these notations,
we obtain the following definition, wheiiel : List I.C andocl : List O.C:

Object e | Oicl ocl =
> (receive_request: (ic: I.C,i < lengthicl)
— Objectgient | O (insert; icl ic) ocl,
receive_answer : (i < length ocl,r : O.R (ocl);)
— Objectgien: | Oicl (delete; ocl))
Objectjien | O'icl ocl =
codata send_answer(i < length(icl),r : 1.R (icl ),
0: Object,e | O (delete; icl) ocl)
| send_request(oc: O.C,i < length ocl,
0: Objectener | Oicl (insert; ocl 0C))

6Note that this paper does not treat the dynamic creationjettb
7As itis the default in functional programming, lists are &sbd.
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An element of(Object,,., | O icl ocl) can receive method calls (elements of
I.C) and receive an answer for any of its pending requests to utsde world
(elements obcl).® It then switches to client mode. In that mode it either sends
an answer to one of the requests made to it (elemeritd)odr it sends requests
oc: O.C to the outside using its external interfaCe It then switches back to
server mode.

Note that we have made our definition in such a way that an btgecreceive
answers for any of its open requestsodl and can answer any of its requests
in icl, not only the last one. Otherwise for instance the definitibrog & 01
below would become rather complicated. Furthermore, weaboeed to insert
new elements tacl andocl at arbitrary positions, not only in a stack-like way at
front. This makes programming much easier, since it allamssiepicl andocl
synchronised.

Constructing an interactive program from several objects with internal com-
munications. We will show how to construct an interactive program from the
combination of several objects, which possibly call eadient In a first step
we combine two objects; andop with receiving interface$;, I, and the same
outside interfac® into one objecb; & 0y with interfacesl; @1, andO. If we
consider our main example, namely having objegtso,, 03 with receiving in-
terfacely, Iy, 13, respectively and the same outside interféce 11, © 1> @ I3, we
see thab; @ 02 @ 03 is an object, for which the receiving and the outside intafa
are the same, name@®. In a second step we will then show how to simulate a
program for which the receiving and outside interface ddies — let it bd — by

an interactive program which has no outside interfacel @sreceiving interface.

Step 1: Definition of op @ 0;. Let 0; have receiving interfack and the same
outside interfac®. Letl :=lg® |1, andO’ := O&® O. Foricl : List |.C we define
(projg icl) to be the list of element : 15.C s.t. (inl ic) occurs inicl (taken in
the same order as they occuriah). Similarly, we defineproj; icl : List 1;.C and
proj; ocl : List O.C, whereocl : List O'.C. Furthermore, ifocl : List O'.C then
let unify ocl : List O.C be the result of replacin¢inl oc) and (inr oc) occurring
in ocl by oc. One can define from elemeritd : List I.C, ocl : List O'.C, 0; :
Object,e,er li O (proj; icl) (proj; ocl) an element

0:=0p® 01 : Object (lo®11) Oicl (unify ocl) .

server

8Two referees commented that in most object-oriented lagegiaan object is only
able to receive an answer to its most recent open requesitagynit only sends an
answer to the most recent open request it has received. @igroodify the behaviour of
the objects defined in this section so as to have this behavitmwever, we think that our
current version is more flexible, since it allows to deal watincurrency. In a concurrent
situation, an object may send several request and receivecas to it in a different order.
If we want that an object in our setting only is able to deahwite most recent open
request, we can implement such an object as follows: If gikexs an answer which is not
due yet, it stores this answer internally. It then delaydidgavith this answer until it has
become an answer to the most recent open request.

12



We compute the componeat:= o.receive_request (inl ic) i and leave the other
cases to the reader. Liet’ := insert; icl (inlic), op := (0Op.receive_request ic i)
for the indexi’ corresponding ta in (projg icl). If oy = (send_answer jr 0g),
theno’ = (send_answer j' r (0 & 01)), and if of = (send_request oc j @), then
0 = (send_request oc j (0§ 01)). Herej’ is the index corresponding fain icl’
andocl, respectively.

Step 2: Simulating the internal communications.The second step is to consider
one object for which both receiving interface and outsiderfiace coincide, let
it be l. We want to obtain from such an object an interactive progndmch has
only a receiving interfack. This program receives calls vieand passes them to
its corresponding object If o makes calls to its outside interfalcghese are then
passed back to itself as a request from its receiving interfdceAny answer
returns via its receiving interface in response to suchestyuare passed back to
oitself as an answer from its outside interface in respongs tiriginal request.

A more general situation, which we do not consider here texaf lack of
space, would be to have an object with receiving interfageX and outside in-
terfaceO @ X, which can receive requests from the outsidelyisend requests to
the outside viaD, and for which any calls viX to the outside are bounced back
to the object in question via its receiving interface part

There is one complication, namely that the internal commations between
the objects might not terminate. The way of dealing with itdssimulate this
program by a state-dependent interactive program. Thajrano receives a re-
quest vial. Then its command set changes{tontinue}. Whenever it receives
continue it will carry out one more step of its internal communicatiomtil an
answer to the original request is obtained. Then the answgiven back, the
program switches back to its original state where it caniveaequests via.C.

Therefore we define a function
oo |/

simulate : Objectyene, |1 il il = 10 atedep server

So
for a suitable state-dependent interficandsg : 1”.S.

I”.S has one state in which it can receive commands frdbp and a second
state in which its set of commands{isontinue}. In the latter case we need to
store the command: |.C it has received but not answered. So the set of states
is 1+1.C. Letsg:=inl. In stateinl, the program can receive commaruid .C.

It either replies with responge: |.R ¢, or answers withlelay and switches into
state(inr c). In state(inr ), it can only receive requesbntinue. It replies with
an answer to the original request, or wilélay and continues in statgnl c). We
obtain the interfac# := Interfacestatedep (S = S,C = C,R = R,n = n), where

S = 1+I1.C

Cinl = I.C C(inrc) = {continue}

Rinlc = R(inrc) continue = delay+reply(r : 1.RC)
ninl c delay = n(inr c) continue delay = inrc

ninlc(replyr) = n(inlc) continue (replyr) = inl

13



We consider one case of the definitionpaf= simulate 0. Assumep receives a re-
guestt: Cinl=1.C. Then we make case distinction 0= o.receive_request c 0.
If we obtain(send_answer Or 0”), then the response {geply r) and we continue
with (simulate 0”). If we obtain(send_request ¢’ 0 0”) thenp returnsdelay. We
bounce baclc’ as a request to” by computingo” := 0”.receive_request ¢’ 0,
from which we compute the next execution stepgofThe full details will be
given in a followup paper.

Trandation of standard object-oriented code into objects of dependent type the-
ory. We show how to translate object-oriented code, e.g. writtedava, into
elements of(Object,.., | O icl ocl). We are able to deal with objects which
communicate with a fixed number of other objects and do naitenreew objects
dynamically on the heap. So, when constructed, the objeetwes references to
a fixed number of other objects and is then allowed to comnat@iwith them
without modifying them. The code can be represented by thafimg data:

¢ We have a global state: Set of the system which determines the state of those
global instance variables, which are not objects. Instaadables which are
objects will be treated as defining an outside interface

¢ We have methods with their arguments and result types, wddohbe given
as a stateless interfate

¢ \We have an outside interfa€® which is obtained as the union of receiving
interfaces of all the objects, to which the object can senthatecalls.

e The body of methodk : I.C is an interactive program which operates as fol-
lows: Depending on the global staje G, it computes a new global state, and
computes either an answer|.R ic, or it makes a call to its outside interface,
i.e. sendsoc: O.C. Depending on the response O.R oc it returns a new
program of the same form. The updating®is best dealt with by making use
of the state monallg X = G — G x X. Then the method body is an element
of

MethodBodyic = codatado (f: Mg (Actionic)) , where
Actionic = return(r: L.Ric)
+call(oc: O.C, f’ : O.R oc— MethodBody ic)
The methods are then given as an element

methodBody : (ic : I.C) — MethodBody ic .

The complete code is given as a tuple
(G, 1,0, methodBody)

which we call aclass code
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Example: We consider as an example a class which computes the Fibonexe
bers efficiently by memorising values it already has comgpuiée use a Java-like
syntax with some functional additions:

cl ass Fi b{Map nem
nat fib_aux(nat n){
if (n<=1) {return 1;}
else {nat k =fib (n-1);
nat | =fib (n-2); return k+l;}};

nat fib (nat n){case (lookup(nemn)){
(just(k)) -> {return k;};
(nothing) -> {nat k = fib_aux(n);
put (mem n, k) ;
return k;}}11}1};

Map is the data type of finite maps fromat to nat, wherenat stands for the type
of natural numberslookup(memn) : Maybe(nat) returnsjust(k) if nis in the
domain ofmemandmentn) = k, andnothing otherwise.put(memn, k) updates
memso that it returns on argumentvaluek. We have not definetap as an
object with method calls but as a value parameter, in ordebtain a non-trivial
global state.

Then the class code f&ii b is (G, 1,0, MethodBody). HereG, I, O are defined
as follows:

G ‘= Map
I.C = fib_aux(n: nat)+fib(n: nat),
ILRc := nat
) =1
O =1, since all method calls to the outside are to the objectfits¢lwe had

definedmemto be an object with receiving interfac®, then we would have
G=1andO =1® 0’ instead.

Before definingnethodBody we introduce some convenient syntax for deal-
ing with (Mg X): Let returng := AX.Ag.(g,x) : X — Mg X, and
dog : Action ic — MethodBody ic, dog X := do (returng x). Then we define

methodBody (fib_aux n)
=if (n< 1) then (dog(return 1))
else (dog (call (fib (n—1))
(Ak.dog (call (fib (n—2))
(Al.dog (return (k+1)))))))

We leave the definition ahethodBody (fib n) to the reader.

Translation of a class code into an object of dependent typéaeory. The inter-
mediate state of an object determined by a class code

(G, 1,0, methodBody)
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is given byg: G and an elemerc: List OpenMethodCall, where
OpenMethodCall := (ic : I.C) x (oc: O.C) x (f : O.R oc — MethodBody ic)

An element(ic,oc, f) : OpenMethodCall consists of the original method cadl,
the last outside request done by the method, and a functidn which deter-
mines, depending on a responsé oc the next step in the evaluation of the
method. We define a function

translate: (g: G,Imc: List OpenMethodCall) — Object [ O (iclImc) (oclImc)

server

which depends on a suppressed class code and computes fiotararediate
state of that program given by andImc an object of dependent type theory.
Here, (icl Imc) and(ocl Imc) are the results of projecting the elementdrot to
I.C andO.C, respectively. Then the constructor for the object, whiepe&hds on
the initial internal statg : G is the function

Ag.translate g () : G — Object e 1O () () .

The definition ofo := translate g Imcis by guarded recursion, and we com-
pute onlyod’ := (O.receive_request ic i), i.e. the case whea receives a method
callic: Let methodBody ic =do f, f g= (¢/,m). We make case distinction on
If we obtain(call oc ), 0’ := send_request oc i (translate g’ Imc’) wherelmc =
insert; Imc(ic,oc, f'). If we obtain(returnr), 0’ := send_answer i r (translate g’ Imc).

1.7 CONCLUSION

We have reviewed the basics of interactive programs in digrertype theory.

Then we have introduced a notion of an object which is isdl@® interaction

with other objects). We have seen how to combine objectsavithwithout self-

referential calls. Finally we have shown how to translasmdard object-oriented
class code into dependently typed objects.

The above deals only with some aspects of object-orientegkamming. We
have touched hiding and renaming, but we have not dealt yetlinith inher-
itance. Already subtyping is known to be quite complicatedhe context of
dependent type theory, and inheritance is even more sagated. However, it
seems not to be too complicated to translate an object froenimterface to a
restricted one, which gives some notion of subtyping.

The most difficult problem seems to be to deal with a heap aimutgrg, in
order to be able to construct for instance linked lists. Weelsbme ideas based
on the IORef monad in Haskell, but we do not have space to sksitiese in this
article.

What is of course missing is to translate typical objecented programs into
this language and see how they execute. For this it is nagdassatroduce an im-
proved syntax for representing object-oriented progrardependent type theory.
The class code introduced in Sect. 1.6 seems to be pretty wos satisfactory
solution.
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