Type-Safe Covariance in C++

. . - *
Vitaly Surazhsky Joseph (Yossi) Gil
Department of Computer Science Department of Computer Science
Technion—Israel Institute of Technology Technion—Israel Institute of Technology
Technion City, Haifa 32000, Israel Technion City, Haifa 32000, Israel
vitus@cs.technion.ac.il yogi@cs.technion.ac.il
ABSTRACT example, current C++ [23] permits covariant changes only to func-

We present a programming technique for implementing type safe cotion return type, since this can be statically checkest H&R [26, 18]
variance in C++. In a sense, we implement most of Brucgitching extends this by allowingontravariantchanges to arguments, which
approach to the covariance dilemma in C++. The appea| in our aij not very useful for modeling, but can be statically checked.

proach is that it relies on existing mechanisms, specifically templates, A combination of static and dynamic checks can also be found.
and does not require any modification to the existing language. Thdn the JvA [1] case, even though covariance cannot be declared or
practical value of the technique was demonstrated in its successfutatically checked, it is possible for a programmer to use a downcast
incorporation in a large software body. We identify the ingredients relying on a covariance presumption. The runtime system will then
of a programming language required for applying the technique, andfetect all type errors resulting from making this assumptiorr- E

discuss extensions to other languages. FEL [15] is unique in allowing covariant definitions, using what is
. . . calledanchored types Type safety is then achieved by a link-time

Categories and Subject Descriptors dataflow analysis, known as “system validity check”. Apparently,

D.3.3 [Software]: Programming Languageskanguage Constructs — system validity check was never part of commercigFHEL compil-

and Features ers, which therefore compromise static type safety.

Keywords Virtual types in BETA [14] are yet another form of covariance.

Even though BTA is in general type safe, the type correctness of
those aspects of the language, which touch virtual types, is ensured
1. Introduction by runtime checks. In summary, none of the languages mentioned
Two clashing forces make the recalcitrant covariance dilemma. Orabove succeeds in combining type safety and the convenience of co-
the one hand, virtually all modeling situations aowariantin nature,  variant modeling.

i.e., a specialization in one hierarchy is correlated with a specializa- Stepping beyond current languages, type theorists dedicated much

C++, covariance, type safety, templates

tion in another hierarchy. A problem-world example is thid spe- attgntion to the problem. The exact types approach [2] restricts co-
cialization of aperson, which is correlated with a specialization of variance as follows. In each call of the form
physician to apediatrician. A program-world example is the special- c.m(d) 1)

ization of singly-linked-list into doubly-linked-list, correlated with the
specialization obingly-linked-node into doubly-linked-node. Famous  itis required that ifm is covariantly overridden, thenmust be of an
are also cases aluto-covariancein which a change in a hierarchy is ~ exact typeCt, i.e., itis not allowed to be of any type, < C1, C2 #
correlated with itself. For example, comparing instancesooft for C1. Meyer’s polymorphic catcalsare a variation in which dataflow
equality is specialized into comparing instancesabfr-point. analysis replaces an exact type declaration in guaranteeing that
On the other hand, it is impossible to statically type-check inclu- monomorphic. An experimental implementation of exact types in
sion polymorphism [6] when covariance is allowed. Suppose for ex-EIFFEL was recently reported [9].
ample that instances ahild can be freely used at any place where  Catagana [7] on the other hand convincingly arguedefarapsu-
instances oferson might. Then, one of these places, might associate lated multi-methodsn which the polymorphic nature of (1) is en-
a certainphysician who is not apediatrician with achild. Such an as-  riched rather than restricted. Consider a definition of a methad
sociation can only be prevented with runtime type checks. (See alsglassCh,

sects. 3—4 of Bruce’s lecture notesn the topic, for a more detailed m(a:D1)=... 2
exposition. with a covariant definition in class, < C;

In dealing with this dilemma, different programming languages in
practical use take different approaches. Favoring modeling conve- m(a:D2) = ... ®3)

nience language suchv@LLTALK [12] and CLOS [21] do notim-  whereD, < D,. Then, definition (3pddsto (2), rather than merely
pose static type checking. Favoring static typing over modeling con-oyerriding it. The polymorphic call (1) is implemented asnailti-
venience some languages, such as early versions of C++ [22H forb dispatch if ¢ € C» andd € D, then the implementation (3) is
covariance altogether. Other languages allow it a restricted form. Fofnyoked. Otherwise, the implementation (2) is used. Multi-methods
*Contact author, su_pport subtypi_ng, staFic typing an_d_ covariar_me, at_ the price of devi-
Ihttp:/www,cs williams.edu/kim/README. html#Static ating from.the single-dispatch tradition oflobject oriented Ignguages.
Also, multi-methods do not support covariant changes to field types.
Permission to make digital or hard copies of all or part of thaknfor Problems such as type-checking [8], especially in a separate com-
personal or classroom use is granted without fee providatddbpies are pilation environment [16], compounded by the non-OO semantics,

not made or distributed for profit or commercial advantage aatidbpies : . . . :
bear this notice and the full citation on the first page. Toyooiherwise, to are most likely the reason that multi-methods did not yet find their

republish, to post on servers or to redistribute to listguies prior specific ~ Way into mainstream programming languages. TheI%or pat-

ermission and/or a fee. - .
gAC. 04, March 14-17, 2004, Nicosia, Cyprus 2http://www.eiffel.com/doc/manuals/technology/typing/cat.html
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tern [10] in its many incarnations is nothing but a programming tech- GraphConfig
nique for implementing multi-methods in single-dispatch languages edges
Matching the other major type-theoretical approach, resolves the » fst Edge
covariance dilemma by slightly weakening the notion of subtypiffy|| Vertex |, secom _ Graph
and somewhat restricting runtime substitutability. Matching was de- M —
monstrated in research languages sudPagTOIL [5], LOOM [4] I I
and LGM [20]. Matching is a weaker notion than the subtyping in 4 le [DGraphContig | ¢
the sense that if a type does not match another, then it cannot be sufi-
stituted freely for it. Covariant specialization is on the other hand
allowed along the matching relationship. With matching, inclusigs)|| Dvertex
polymorphism gives way tonatch bounded polymorphismvhich
dwells on the notion ofmatch type-the type of all entities of types I I

edges
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The contribution in this paper is a programming technique for im- , , FéraphConfig ,

plementing matching in statically typed contemporary languages, sp cdges 5y Face ke

cifically C++, without any modification to the language syntax arzg Fertex [ ’Z’ FEdge |ea2%= wges | FGraph

semantics. Our type safe implementation is used successfully in largg « b p—

applications [13, 24, 25] for managing geometrical and graph the
oretical entities. The techniques uses familiar programming tech-
niques, specifically template programming, similar, but of a smaller Figure 2.1: The Graphs diagrams
scale than STL [17] or compile time symbolic derivation [11]. We from the graph theory and describe the basic behavior and function-
therefore believe that the technique would be appealing to some progjity,
grammers (after learning the basic notions) than the more theoretical At the top of the figure (a) we see thaGaaph has a set of ref-
advances. erences tcEdge and a set of references Wertex. EachEdge has

Our technique combines the flexibility advantage of dynamic typ- two referencesfi¢st andsecond) to vertices. Avertex has a list of
ing with the safety of static typing. The flexibility and the conve- references to the edges incident on it. At the middle section (b) of
nience of using the technique comes from the foIIovyin.g fact. A pro- the figure, we see thatGraph modeling a directed graph, specializes
grammer does not have to understand atate sophisticated and  Graph. A directed graph has directed edges, and directed vertices.
mutually covariant definitions of a matching hierarchy. Since the Thys pvertex andDEdge specializevertex andDEdge respectively.
technique exploits templates and template expansion, the matching The pottom section (c) of the figure models the concepiaoé
computation is carried out at compile time. It is not guaranteed thatgraph which is a directed planar graphs augmented with face infor-
any class will be correctly type-safe in any mutually covariant com- mation. Afaceis a cyclic sequence of edges forming a simple cycle in
binations of class hierarchies. A violation of type-safe matching will 5 graph. Intuitively, an embedding of a planar graph in the plane sub-
resylt in compiler error messages, and in failure to generate the cogjyides the plane into regions. Each region is represented by a face,
variant classes. which also defines an order for traversing the edges surrounding it.
Outline Sec. 2 uses the example of a covariant graph hierarchy toThe specialization obGraph in FGraph is correlated with a special-
introduce the concept of configuration classes, and the way they arézation of DEdge into FEdge. Note thatFEdge stores a reference to
used in the implementation. To make a smooth discourse, the preFace—a new concept which does not exists in directed graphs. The
sentation uses at this stage several C++ macros, designed to hide++ implementation of Fig. 2.1 is presented in Figs. 2.2-2.8.
some of the C++ lingo. We then continue in Sec. 3 to discuss auto In implementing covariance, the programmer must be thinking in
covariance, and in comparing our technique witvOM. Sec. 4  terms of actors, roles, and configurations. The three concepts are
reviews the two examples from a more programming language thenot supported as such in C++, hence the use of macros, which are
oretical perspective. In particular, this section discusses the notionsvritten in all capitals. An actor may interact with roles, and assume
of recursive and collateral definitions, and the way their realizationother roles. Actors may be specialized. Covariance specialization of
in C++ makes our solution possible. Sec. 4 also reveals the C++an actor is realized by changing the actors which assume the roles,
macros used in Sec. 2. Finally, in Sec. 5 we discuss the results, andith which this actor interacts. (Later we will see that actors are
conclude the paper with some directions for future research. nothing but generic classes, or class templates as they are known in
. . C++.) Fig. 2.2 illustrates the definition of actors.
2. _A Co_varlant_Graph H_'erafChY Example ) Three actors:Edge, Vertex and Graph are defined in the figure.
In t_hls sect_lon, we give a_qunck |n_trod_uct|on to our solution of the co- |t ine type of a field, a method argument, or a function return value
variance dilemma, showing how it might be used by a C++ program-in, 4 actor may take covariant specialization, then this type must be
mer. For the purpose of exposition some of the intricate details argyeciared as wle. (Later we will see that roles are realizedtgse-
hidden behindidefine  macros. The fine details will be revealed in  jo¢s in a class passed as an argument to the class template which
Sec. 4. ) ) realizes an actor.) A definition of an actor starts with a series of

Most examples in the literature revolve around the theme of auto\teracTs WITH directives, each declaring a role with which the
covariance, such as a clagsint with anequal method, specialized  4ctor may interact. There are three roles with which the actors in
_by C_olorPoint. We will start with the more general case, as illustrated Fig. 2.2 interactG designating graphs, designating vertices, arl
inFig.2.1. _ ) ) _ _ for edges. ActoGraph, for example, interacts with rolasandE.
_ The figure illustrates a co_varlant h_|erarchy modeling various enti-  other than stating that a role is a type, the role declaration does
ties in graph theory. The hierarchy is drawn from a 40KLOC C++ 4t place any explicit constraints on it. Once the interacting roles are
library of algorithms in computer graphics and computational geom-

etry [13, 24’ 25]3 The two classegertex andEdge Comprise a graph gramming _intuition tharAnim_aI-Hebivore-DiSh-Food sort of exam'.
ples sometimes used in the literature. There is no fundamental differ-

3We hope that this real-life example is more appealing to our pro-ence between the two.




ACTOR Edge{ public:
INTERACTSWITH(V); )
Edg€V& vi, V& v2); [/ a covariant constructor
void setfirst(V* v); // a covariant method
void setsecondv* v); // another covariant method
V& getfirst();  // amethod with a covariant return value
/I more definitions . ..
protected: V *first, *secong // two covariant fields

ACTOR Vertex{ public:
INTERACTS WITH(E); _
void insertedgdE *e); // a covariant method
}//oid deleteedgdE *e); // another covariant method

prbiécted: list<E*> edges // a covariant field

ACTOR Graph{ public:
INTERACTS.WITH(V);
INTERACTS.WITH(E);

CONFIGURATION(GraphConfig
ASSIGN.ROLE(V, Vertex)
ASSIGN.ROLE(E, Edge
ASSIGN.ROLE(G, Graph
END_-CONFIGURATION
Figure 2.4: A configuration of an undirected graph

GraphConfig.V v1, v2, v3;
GraphConfig:E e1qv1,v2), e23v2, v3);
GraphConfig:G g(cong&Vv1, con{&v2, &v3)), con&el2 &e23);

Figure 2.5: Instantiating the GraphConfig configuration

As we can see in the figure, selecting a certain role out of a con-
figuration is done simply by using the operator. Trying to elicit
roles from a configuration, in which they are not defined, will result
in a compiler error. Similarly, a configuration, which does not create
a complete or consistent role assignment, will result in a compiler
error. In general, these errors may not be easy to understand.

In the figure, we construct three vertiogs v2, andv3, and edges

Graph{list<V*>& vs|list<E*>& eg; // a covariant constructor ; i .
/I el2 (connectingvl to v2) ande23 (connectingv2 to v3). The di-

rected graply is then constructed with the two lists1, v2,v3) and
(e12,e23). A Lisp-like cons function is used for creating the lists.
The implementation ofons is straight-forward using an overloaded
defined, the definition of an actor is similar to a C++ class definition, template function, and will not be given here.
where roles can be used anywhere types are used. For example, acto Fig. 2.5 helps also to understand the circular nature of the substi-
Edge has a covariant constructor taking two arguments whose type isution in a configuration. The C++ clagsaphConfig:V is in fact the
the roleE, methodsset first andset_second each taking a covariant  actorvertex, with the roleE substituted by the C++ clagaphCon-
argument, a methaget first with a covariant return type, two covari-  fig::E. The C++ clasSraphConfig::E is in its turn obtained by substi-
ant field definition {irst andnext), and possibly more covariant and  tuting the rolev by the C++ clasSraphConfig::V in actorEdge. The
nonvariant member definitions. C++ clasSsraphConfig::G is obtained by making both these role sub-
The body of an actor may, and usually will, place implicit con- stitutions in actoGraph. The definition of these three C++ classes is
straints on the roles it interacts with. In the figure, a&dge makes mutually recursive.
the assumption that typeis such that botlv* andva are valid types. The configuratiorGraphConfig is consistent since actuertex in-
More interesting assumptions ancan be made by the body of the deed has two functions namediete_edge andinsert_edge. The as-
methodset first(V) defined in Fig. 2.3. sumption about the type of the arguments is satisfied by the class
ACTOR FUNCTION GraphConfig::V, in Wh?ch the arguments tielete_edge andinsert_edge
void TYPE(EDGE)::setfirst(V* v) are of typeGraphConfig::E.
Circular definitions exist as such in C++. The main purpose of the

prbiécted: list<V*> vertices list<E* > edge$

Figure 2.2: The actors of an undirected graph

if (first = 0) N distinction between actors and roles is that new actors can be spe-
ﬁrsft"zt;/?de'eteedgf(th's)v cialized from existing actors, inheriting the roles they interact with.

An example of actor specialization is given in Fig. 2.6, where actor
DEdge specialize€dge etc.

SPECIALIZED.ACTOR(DEdge Edge { public:
Il role V is inherited

V* sourcé) const{ return first; }

V* targef) const{ return second }

/I more functionality

protected: // new internal stuff

v->insertedgéthis)

Figure 2.3: The definition of an actor function

It is assumed in the code excerpt of Fig. 2.3 that mleas two
methods namedelete_edge andinsert_edge, which can receive a pa-
rameter of the type ahis. For a set of actorgl which interact with
a set of rolesR, let ¢(A) be the set of assumptions thatmakes
on R.* Only after roles are assigned to actors, they are made into.
concrete classes, and used to instantiate objeatenfigurationis a S’PECIALIZEDACTOR(DVertex, Vertex) { public:
simultaneous assignment of roles to actors, creating a set of cooper- // role E is inherited
ating classes. (Later we will see that configurations are realized as a // extend functionality ...
series oftypedef s made in a class passed as a template parameter to Protected: // new internal stuff
an actor. '

Mathe?natically, a configuration is a mapping of fof roles onto ~ SPECIALIZED ACTOR(DGraph Grapt) { public:
setA of actors, such that each role is assigned to exactly one actor. An Z ;%svsf\lljr?(?t?o%glri?ylgrr]\%rg?gdorithms
actor may however assume more than one role. The assignment must protected: // new internal stuff
be consistent in the sense that the set of constra{at$ must hold };
for the set of role-actor pairs. Consider for example the configuration
of undirected graphs, as illustrated in Fig. 2.4.

Figure 2.6: The actors in a directed graph

The macrcSPECIALIZED_ACTOR creates a new actor specializing

ConfigurationGraphConfig assigns the role¥ (a vertex),E (an an existing one. Actor specialization is just like derivation in C++,
edge) ands (a graph) respectively to actovertex, Edge andGraph. and the specializing actor can override the definitions in the special-
The above role assignment doesmultaneousubstitution in Fig. 2.2, ized actor, adding to them, etc. However, since actors are not classes,
to create three ordinary C++ class, out of which objects can be instana derived actor cannot be used where the base actor is used. Hence
tiated as in Fig. 2.5. the covariance dilemma does not appear.

“The definition of set(A) is deliberately very loose. We do not state  what assumptions might be there, how they are structured, etc.



Since no constraints are placed on roles, it is not necessary t@xplore in this section. In the course of the exploration, it will be-
change the definition of the role in a derived class. The triple of come evident that OO.M style matching and match-bounded poly-
covariant classes comprising the directed graph concept is realizethorphism can be realized in C++ without any lingual extension.
by a configuration assigning respective roles to the three actors, as Let us start with a variant of the familiar example ©florPoint
done by Fig. 2.7. Again, the configurati@GraphConfig in this fig- inheriting fromPoint [20]. Fig. 3.1 presentBoint, the base actor in
ure does a simultaneous substitution, this time on the actors definedur auto covariance play.
in Fig. 2.6. Three new C++ class®sraphConfig::E, DGraphCon- ) )
fig::V, andDGraphConfig::G, are generated from the three actors, by a ACTOR Point{ public: )
consistent substituting of the roles with the newly generated classes. g\g&ﬁé(cpg;swwmp),

Again, the definition of these three new classes is mutually re-
cursive. Thestructureof this mutual recursion is similar to that of void move(int dx, int dy) { x +=dx; y +=dy; }
of the mutual recursion in the three classes generated by configura- bool equa(constSelf& othep const {

tion GraphConfig. However, the clasBGraphConfig::V, for example, return x == otherx && y == othery; }
does not inherit from the classraphConfig::v, even though these Self *neighbot // an auto covarianpublic data member
two classes were defined using the same role assigned to two actors protected: int x, y;
bounded together by specialization. ; . . .
9 y sp ; Figure 3.1: The auto-covariant actorPoint

CONFIGURATION(DGraphConfig .

ASSIGN.ROLE(V, DVertex) Method equal receives an argument of typeo(st reference to)

Agglgl\LRgLE E Dlédgf) Self, which will (later) be bound to the type diis . The hidderthis
EN’Al‘D_C'O,\'},L:'fGL'J‘E AT’lgN rapf) together with thether argument taqual are of the same type. These

Figure 2.7: A configuration of a directed graph two arguments are the reason wénual is called abinary method.

Binary methods are the purest form of the run time type unsafety of
covariance [3]. Thepublic data membeneighbor is also covariant
since its type iselfx.

In order to bindSelf with the role that the actor plays, two steps

A faced graph requires yet another actae. The complete def-
inition of the actors in the face graph is given in Fig. 2.8. Actate
interacts with edges (role), and stores a list of edges.

SPII/E%IAeL\I/ZiEEi)ﬁAh%TriCt):éFEdge DEdgs { public: are required. In the directive invocatitNTERACTS_WITH(P) actor
INTERACTS WITH(F); declare_s that _there is a _roﬂew_th whl_ch it interacts. AII_ the actor
F* getFacé) const{ return face } knows is that in any configuration, this role may be assigned to some
/I more functionality actor.
protected: F* face The directive invocatiorSELF_IS(P) uses, as a matter of conve-

; ) nience, aypedef to bind the nameself to the roleP. In the actors-
ACTOR Face{ public: roles interplay, there is no way of imposing a constraint that a certain
};\‘TERACTSW'TH(E)’ role is assigned to a certain actor. It is possible to define a directive

protected: list<E* > edge$ MY _ROLE(P)
SPECIALIZED.ACTOR(FGraph DGraph) { public: as a short hand foNTERACTS_ WITH(P) followed by SELF_IS(P).
}/NTERACTSLWlTH(F); /I rolesV andE are inherited The net result is that rolgelf is similar to Bruce et al.’s [SMyType.

prbiécted: list<F*> faces The main difference is that the semantics of roles and actors does not

} impose that the actor will indeed receive its wished for role. Hence,
’ Figure 2.8: The actors in a face graph the type nameelf may be assigned to another actor assuming one of
Note that a new rol€ is introduced in actorsGraph andFEdge. its roles.
This new role makes it necessary for the configuratiGraphConfig Fig. 3.2 shows how an actual claBgonfig::P, can be created from
in Fig. 2.9 to make four assignments of roles to actors. the actorPoint.
CONFIGURATIOMFGraphConfiQ; CONFIGURATIOI\(PConfiQ
ASSIGN.ROLE(V, DVertex) ASSIGN_ROLE(P, Point)
ASSIGN.ROLE(E, FEde END_CONFIGURATION
ASSIGN.ROLE(F, Facg . ] ) , )
ASSIGN.ROLE(G, FGraph Figure 3.2: A configuration of actor Point

END_CONFIGURATION
Figure 2.9: A configuration for a face graph
ConfigurationFGraphConfig generates four new C++ classes, de-
fined in a mutually recursive manner. This mutual recursion is pre-SPECIALIZEDACTOR(ColorPoint Poinf) { public:

cisely the reason why the assignment of hote actorDVertex, which SUPERIS(Poin); // define theSuper:: name space
/I RolesSelf is inherited

Fig. 3.3 gives the definition of acta@olorPoint obtained by a spe-
cialization of actoiPoint.

occurs identically in botlbGraphConfig andFGraphConfig, does not bool equalconst Seli& othed) const {
generate the same class. return Supet:equa(othe)) && color == othercolor; }
; i /I public data member neighbor is inherited, with a covariant
3. Auto Covariance, Matchmg_and change 1o its type.
Match Bounded Polymorphism protected: int color;

The running example in the previous section showed how the threg:
ex-lingual concepts: actors, roles and configurations can be effec-
tively used to realize a mutually covariant hierarchy with covariant The directive (macroyUPER_IS makes it possible to refer to the
changes to the types of arguments to methods, return values antype of the base actor &uper. This directive is similar to the stan-
fields. Even though auto-covariance can be thought of as a specialard technique of defining usingywedef to abstract the name of the
case of mutual-covariance it poses some delicate points, which wédase class in C++:

Figure 3.3: Specializing actorPoint into actor ColorPoint



classX: public Y { MATCH_BOUNDED_FUNCTION

typedef Y inherited void print(TYPE(Poin) p) { ... }
¥
1 printSpl); /1 print a point
print(cpl); // print a color_point

After the invocation oBUPER_IS(Point) it is possible to refer to mem-
bers in the base actor using tBeper:: name space selector prefix.
(The implementation of actors as template classes does not make #ssarily exist. The notatioMYPE(Point)  stresses thatrint can
possible to refer to the base actorradnt::.) Note how the overrid-  take an argument of any type created by a consistent assignment of a
ing methodequal invokes the overridden version. The configuration role to actorPoint or any other actor specializing it. Functiprint is

Figure 3.6: A match bounded polymorphic procedure

CPConfig in Fig. 3.4 creates the concrete cl&s&Config::P. therefore an emulation of match-bounded polymorphism.
CONFIGURATION(CPConfig A LOOM variable may be of a hash-type. For example, the def-
ASSIGN.ROLE(P, ColorPoin); inition var v: #Point allows storing inv values of typePoint, or any
END_CONFIGURATION other type which matches is. The restriction is of course that binary
Figure 3.4: A configuration for auto-covariant ColorPoint methods defined iRoint are not part of the typgPoint, and therefore
To see how our implementation makes type-safe covariant classegannot be executed an
consider Fig. 3.5. The figure makes tiypedef commands to gener- It is only an illusion that the parametgiin Fig. 3.6 is of the hash
ate the more convenient namasint andcolor_point. Classpoint has type #Point. Actually print is a template function. In each of its in-
instance®1 andp2, while classcolor_point has instancep1 andcp2. stantiations, there is a different suph This makes it possible for

Method move is equally applicable to instances of both classes, functionprint to invoke binary methods om, which would have not
even though there is no subtype relationship between the two classebeen possible if it was of a hash-type.
Methodequal insists on taking an argument of the type of its receiver.  The reason that there are no hash-types in C++ is related to the

A failure to do so will result in a compiler generated type error. fact that actors are realized with a class template. The set of con-

t . ; straints made by an actor is defined only implicitly in the class tem-

ypedef PConfig:P point .

typedef CPConfig:P colotpoint plate. In order to create a hash type in C++ the user must manually
] ! process these assumptions, selecting those which hold for all role as-

ggl'g: péir?tzé 1cp2 signments. This collection can serve as the hash type definition.

P pscp In this respect, our approach is weaker tHanO M. On the other
plmove2,3)  //call to Fig. 3.1 definition okqual hand, we offer covariant and auto covariant data members which
cp2move(2,3); //// call to thel %actor) inherited methbod _ LOOM lacks. An example of an auto covariant fieldnisighbor
point& rp = cpl; // type error! color_point is not a subtype gfoint) in Fig. 3.1. The following code excerpt demonstrates how this might
plequa(p?); /I call to Fig. 3.1 definition okqual b d
cplequalcp?); // call to Fig. 3.3 definition okqual € used.
plequalcpl); //type error! plneighbor= &p2;
cplequa(pl); //type error! cplneighbor= &cp2;

cplneighbor= &pl; // type error! types argoint are incompatible
plneighbor= &cpl; // type error! even upcasting is not permitted

rExamples of a covariant data member f@are andsecond in Fig. 2.2.

Figure 3.5: The auto-covariant classegoint and color _point

What is the relationship between clasgemt andcolor_point? It
is clearly not subtyping. We can say that these two classes were ge
erated by a specializing-specialized pair of actors, when assigned th . .
same ro?/e. Ir?many wgysglor_point m?itcheSClaSSpoint, where ?he 2 Re(_:urS'V_e and C(_)”ate_ral Definitions
term matching is used in the sense of [4]. The essential difference{ter having gained experience in the macro wrapped type safe co-
is a result of our strategic Al approach to the problem: since weVa&nance system, it is time to expose the inner working of the sys-
add nothing to the core language, we can only hope to approximatd®M- Since the expressive power of macros is quite limited, the expo-
“match types” MyType and the other lingual features BOOM as sure is essential for app!ylng thfe approagh in more dgmandlng situ-
high level programming conventions. The challenge is in a faithful 2i0Ns, such as actors with multiple inheritance, covariant configura-
emulation of not only the features but also their consequences. tions (configurations of configurations) etc. _

A case in point isnatch-bounded polymorphismhich was intro- As hinted above, our approach relies on template programming to
duced inCOOM to make up for the lack of subtyping. Specifically, capture the notion of an abst_ract relationship betyveen classes, which
the hash type/r is used to denote any type which matchesThe ~ Must be able to suffer covariant changes. Consider for example the

example used in [4] is that instead of the inclusion polymorphism covariant specialization dferson into Child. ClassPerson has field
procedure physician of type Doctor, which covariantly changes its type in class

Child to typePediatrician. A template based approach comes then nat-
urally, with the idea of passing the type of thigysician as a template
accepting any argument whose type sutypeof Window, one uses  argument, as follows:

procedure setWindow(newWindow: #Window) template <typenamephysicianType>

classPersonTemplaté public:
P/hysicianType physicign

procedure setWindow(newWindow: Window)

accepting any argument whose type is a matchviordow. We
say that procedureetwindow(newWindow: #Window) uses match-
bounded polymorphism. h

Fig. 3.6 shows how this kind of polymorphism can be emulated Then, the template cla®rsonTemplate<Doctor> will be the class
in our system, by using the directixATCH_BOUNDED_FUNCTION Person, while PersonTemplate < Pediatrician> will be the clasChild.
(which internally translates to a definition of a function template).  There are two problems in this simplistic approach. Fistid will

A question which arises naturally here is: What is the type of be structured exactly a@erson, without being able to override any
the argument to functioprint? TheLOOM answer would be type  of its methods, or add to them. We will see how this problem can be
#point, namely, the union of all types which match the concrete classaddressed by using inheritance among class templates.
point (Fig. 3.5). In C++ however, the clagsint does not even nec- The second and more serious problem with this approach is that it



completely breaks down when physicians start maintaining their paits typedef members. Reexamining Fig. 4.1 we see that all actors
tients list, and pediatricians insist that only children would be allowed are class templates, expecting a singlgname argument. This
in their lists. The temptation is to write the the dual of the above ex- argument is always a configuration, in which the roles are exported

cerpt: astypedef s. The macros in Fig. 4.2 are used to define base actors.
template <typenamepatientType> #define ACTOR\
cIassDoctquempIate{ public: template <typenameConfigType> class
llllst<patlentTyp(> patients #define INTERACTSWITH(role) \

typedef typenameConfigType:role role
Figure 4.2: Macros for defining base actors
After macro expansion, act&dge of Fig. 2.2 becomes:

Again, aDoctor would be DoctorTemplate<Person>. Similarly, a
Physician would beDoctorTemplate<Child>. A failure due to circu-

lar, unfounded definitions occurs even in the fi¥sttor—Person pair: template <typename ConfigType>
b —p TemplateDoct classEdge{ public:
erson= PersonTemplateDoctor> typedef typenameConfigType:V V;
= PersonTemplateDoctorTemplate: Person>> EdgdV& v1, V& v2); /I a covariant constructor
= PersonTemplateDoctorTemplate PersonTemplateDoctor> > > void setfirst(V* v); // a covariant method

void setsecongV v); /I another covariant method
T . ) ) . V& getfirst(); /[ a method with a covariant return value
What is lacking here is a foundation on which the mutual recursion // more definitions ...

could rely. Mutually recursive collateral declarations [27, Chap. 4] protected: V *first, *second// two covariant fields

are not very common in programming languages. A notable excep;

tion is ML [19], which allows recursive definitions using special di- The class templatedge takes a configuration parameter nanted-

rectives that allow several definitions to occur collaterally, i.e., simul- figType. The configuration packages all the types (roles) with which

taneously. More common is a mechanism similar AS@AL's [28] the actor may interact. TH&ITERACTS_WITH directive simply ex-

forward declaration, in which partial information (a type signature) pands the scope of a name of a role; a name which is initiailgea

on one of the type is declared first. def in ConfigType is brought into the outer level; it can then be used
Our vicious circle is thaboctor andPerson are mutually recursive  directly, i.e., without theConfigType:: prefix, in the other data and

template classes; each expected to be generated by passing the othghction member definitions of the actor.

as an argument to a class template. Trying to break the circle in Fig. 4.3 presents the macros dedicated toShi role. As ex-

C++, we find that the mechanisms of forward declarations of a classylained above in Sec. 4, the actor designates its preferred role using

template and an ordinary class are not sufficient. It is impossible tothe directiveSELF_IS, which is nothing but aypedef binding the

instantiate a template, if the argument passed to it is not a completely,ameself to the rolerole, passed as its argument. There is nothing in

defined type. ~ this binding to force the configuration to assign this role to requesting
To our awareness, the only true case of mutual collateral definitiongctor.

in C++ is the definitions of members gbmgs or astruct. Thisis .the #define SELAIS(role) typedef typenameConfigType:role Self
reason why the concept of configuration in our approach, which doestgefine MY.ROLE(role) INTERACTS.WITH (role); SELF.IS(role)
the simultaneous binding of roles to actors is therefore realized as a Figure 4.3: Macros for Self role

struct, as can be seenin Fig. 4.1.

#define CONFIGURATIONnamg struct name{ \
typedef name self

Using theSELF_IS directive makes theypedef Self available for
e.g., binary method definitions, as can be seen by the macro expan-

#define ENDCONFIGURATION }; sion of (header of) actaroint of Fig. 3.1:
#define ASSIGNROLE(role, actoy) \ template <typename ConfigType>
typedef actor<self> role; classPoint{ public:
Figure 4.1: C macros to define a configuration typedef typenameConfigType:P P

. edef typenameConfigType:P Sel
Note how atypedef is used by theCONFIGURATION macro to ?/p P glyp !

store the name of the newly defined structure, and use it later in each };
of the ASSIGN_ROLE macros.

After macro expansion the definition of configurati®raphConfig
in Fig. 2.4 becomes

Fig. 4.4 gives the macros for specializing an actor. The idea is
that each instantiation of a class template representing a derived ac-
tor, is defined as inheriting from a base actor. The configuration

Strt‘ycg e%;?%hrggﬁg%{nﬁg self (ConfigType) argument to the specializing actor is passed as an ar-
typedef Vertex<self> V; gument to the specialized base. The ma&WPER_IS relies on this
typedef Edge<self> E; argument passing to construct the name of the base class.
typedef Graph<self> G; ]

% #define SPECIALIZEDACTOR(name basg \

The structuresraphConfig defines three new type&raphConfig::V, te”3ﬂ?;?,j;‘gpgﬂgﬂe&r;@%?ﬁ}%%%

GraphConfig::E andGraphConfig::G. Since these types are members #define SUPERS(bas¢ typedef base<ConfigType> Super

of the structure, the definitions are made in completely mutually- Figure 4.4: Macros for actor specialization

recursive manner. The recursive step in the type definitions is realized
by passingself as a parameter to the class templates which generate,
the three new types. Finallyelf is typedef ed toGraphConfig which ]
includes the newly defined types trio. template <typenameConfigType> ,

The particular solution in Fig. 4.1 relies also on a mutual recursive cla@zce:gleofrggilrr:tt<pélglr:ggl:}%g%car;)féngypa { public:
property between a structure and its members. We rely onthe factthat  )50| equa(const Self& othed const {
the typeself, typedef ed to the type of the configuration class, can be return Supet:equa(othe) && color == othercolor; }

used in the type definitions (as a parameter of a class template) of;

The following excerpt is from the macro expansion of actolor-
oint from Fig. 3.3:



The configuratiorCPConfig (see Fig. 3.4) invokes the above template ficulty was that since EEFEL does not have type definitions in classes,

to create a class with three different namestorPoint<CPConfig>, we had to implement the mutual recursion process by passing multi-
CPConfig::P and color_point. This new class does not inherit from ple arguments to templates. It turns out that currartEL compil-
Point<CPConfig> (used aspoint), but rather from clas®oint<CP- ers (including ISE’'s and SmallEiffel), do not support a mutual col-
Config>. lateral and recursive relationship among template (generic classes in

The fact thatolor_point does not inherit fronpoint is beneficial for the BFFEL lingo) arguments. The definitive language manual [15]
run time performance. Suppose that a function member of Rotatr is silent regarding this point.
calls some other function membgwefined in actopoint. Then,we  Acknowledgments

argue that there is no need to makeirtual , even if itis overridden e thank Yuri Tsoglin and Yoav Zibin for comments made on earlier
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ally, in all valid instantiations o€olorPoint, the runtime type cannot her immense help in the implementation of the covariant library, and

be any instance dfoint. In other wordsColorPoint sports a simple  for many inspiring discussions.

implementation inheritancélso calledextension inheritangerom
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