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Abstract. This pap er tak es p olymorphism to the m ulti-ob ject lev el.

T raditional inheritance, p olymorphism, and late binding in teract nicely

to pro vide b oth 
exibility and safety |when a metho d is in v ok ed on an

ob ject via a p olymorphic reference, late binding ensures that w e get the

appropriate implemen tation of that metho d for the actual ob ject. W e

are gran ted the 
exibilit y of using di�eren t kinds of ob jects and di�er-

en t metho d implemen tations, and w e are guaran teed the safet y of the

com bination. Nested classes, p olymorphism, and late binding of nested

classes in teract similarly to pro vide b oth safet y and 
exibilit y at the lev el

of m ulti-ob ject systems. W e are gran ted the 
exibilit y of using di�eren t

families of kinds of ob jects, and w e are guaran teed the safet y of the com-

bination. This pap er highligh ts the inabilit y of traditional p olymorphism

to handle m ultiple ob jects, and presen ts family p olymorphism as a w a y

to o v ercome this problem. F amily p olymorphism has b een implemen ted

in the programming language gb eta , a generalized v ersion of Bet a , and

the source co de of this implemen tation is a v ailable under GPL.

1

1 In tro duction

Imagine a hotel lobb y with a few p eople standing around, w aiting. The recep-

tionist decides to get things going b y asking a man \Are y ou a h usband?" and

asking a w oman \Are y ou a wife?". Up on receiving t w o a�rmativ e|though

sligh tly ba�ed|answ ers, those t w o p eople are assigned to the same ro om, to-

gether with the little girl who said \Erm, y eah, and I'm a daugh ter!"

The reason wh y this migh t not b e en tirely appropriate is that those p eople

ma y v ery w ell b e `h usband', `wife', and `daugh ter', but it mak es a big di�erence

whether or not they pla y these roles in the same family .

F amily p olymorphism is a programming language feature that allo ws us to

express and manage m ulti-ob ject relations, th us ensuring b oth the 
exibilit y of

using an y of an un b ounded n um b er of families, and the safet y guaran tee that

families will not b e mixed. It is, in a sense, a programming language feature that

solv es problems with the same structure as the hotel ro om assignmen t problem.

T raditional inheritance, p olymorphism, and late binding of metho ds pro vide

b oth 
exibilit y and safet y in the follo wing sense. A p olymorphic reference x ma y

at run-time refer to an ob ject whic h is an instance of some class C

i

c hosen from
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a set of classes C = f C

0

: : : C

k

g . W e ma y in v ok e a metho d m on x , t ypically us-

ing syn tax suc h as x.m() , and eac h of the classes ma y pro vide its o wn metho d

implemen tation for m or inherit an implemen tation de�ned elsewhere. Late bind-

ing ensures that the c hosen implemen tation of m is the one asso ciated with C

i

(if an y), i.e., the appropriate implemen tation for the actual ob ject. Static t yp e

c hec king ma y b e used to ensure that there is indeed an implemen tation for ev ery

in v o cation.

All in all, this pro vides the 
exibilit y of using sev eral classes and sev eral

metho d implemen tations, and the safet y of ensuring that the c hosen metho d

implemen tation is alw a ys appropriate for the actual ob ject. It is imp ortan t to

note that the same call-site, x.m() , is r euse d with all those pairs consisting of a

class and a metho d implemen tation; that it do es not dep end on the exact class

of x or the exact c hoice of implemen tation of m ; and moreo v er that the set of

class/metho d pairs is op en-ended.

No w consider the situation where t w o or more ob jects are in v olv ed, for in-

stance where one ob ject is giv en as an argumen t to a metho d on the other

ob ject, x.m(y) . In this case, traditional ob ject-orien ted languages suc h as the

Ja v a

tm

programming language [2] and C + + [25 ] will only allo w us to asso ciate

t w o compile-time constan t classes with this expression, namely the statically

kno wn class of x , C

x

, and the statically kno wn argumen t t yp e of m , the class C

m

.

A t run-time, x ma y refer to an instance of an y sub class of C

x

and y ma y refer

to an instance of an y sub class of C

m

. There is no w a y to ensure statically that

a particular sub class C

0

x

of C

x

is alw a ys paired up with a particular sub class C

0

m

of C

m

.

Note that m ultiple dispatc h [5, 10 , 23 ] solv es a di�er ent problem: With m ulti-

ple dispatc h it is p ossible to c ho ose a metho d implemen tation based on the actual

classes of x and y |but w e do not w an t to c ho ose a metho d implemen tation for

an arbitrary com bination of classes, w e w an t to ensure that the com binations of

classes are not arbitrary .

The fact is that the traditional notion of p olymorphism is unable to capture

relations b et w een sev eral ob jects and their metho ds|it only handles the case

with one ob ject and its metho ds, and m ulti-ob ject relations are alw a ys sp eci�ed

in terms of a �xed n um b er of compile-time constan t classes, i.e., essen tially

monomorphically . As w e shall see in Sect. 3, this means that w e m ust giv e up

either 
exibilit y or safet y , w e cannot ha v e b oth at the same time.

W e use the term family p olymorphism to describ e a generalized kind of p oly-

morphism that will allo w us to statically declare and manage relations b et w een

sev eral classes p olymorphically , i.e., in suc h a w a y that a giv en set of classes ma y

b e kno wn to constitute a family|that family b eing c haracterized b y ha ving cer-

tain relations b et w een its mem b ers|but it is not kno wn statically exactly what

classes they are.

The con tributions of this w ork is the notion of family p olymorphism, the un-

derlying programming language mec hanism, the asso ciated static analysis tec h-

niques, and the implemen tation in the full-scale programming language gb eta [13 ].

The notion of dep enden t t yp es that mak es family p olymorphism p ossible has



b een presen t in some form in the Bet a [19 ] comm unit y for man y y ears (it is de-

scrib ed informally in [19 ]), but the static analysis and the implemen tation ha v e

not b een complete b efore gb eta .

The rest of this pap er is structured as follo ws: Section 2 argues that the m ulti-

class p ersp ectiv e is b ecoming more and more imp ortan t. Section 3 describ es the

problems with curren t approac hes in more detail, b y means of a running example

in Ja v a and C + +. The w a y these problems are solv ed with family p olymorphism

is describ ed in Sect. 4. Finally , Sect. 5 co v ers related w ork, and Sect. 6 concludes.

2 W e Need Class F amilies

T raditional ob ject-orien tation allo ws us to express a concept and sev eral v ari-

ations and/or implemen tations thereof b y means of the class and inheritance

mec hanisms. Ho w ev er, there are man y signs that this single-class p ersp ectiv e is

b ecoming obsolete or at least insu�cien t.

A main motiv ational p oin t of generativ e programming [12 ] and soft w are pro d-

uct line approac hes (e.g. [4]) is that mo dern soft w are engineering m ust supp ort

v ariabilit y at a more global scale than the individual class. This means that

v arian ts m ust b e comp osed consisten tly across an application.

Languages and systems supp orting adv anced separation of concerns|suc h as

asp ect-orien ted programming [14 ], comp osition �lters [1 ], and m ulti-dimensional

separation of concerns [26 ]|often emphasize the handling of cross-cutting con-

cerns, i.e., issues in v olving more than one class. This means that they add sup-

p ort for the creation of class family v arian ts.

Ev en in more traditional languages lik e Ja v a and C + + it is p ossible to express

class families, and the momen tum b ehind the ab o v emen tioned researc h e�orts

supp orts the claim that the m ulti-class p ersp ectiv e cannot b e ignored.

When a system con tains more than one v arian t of a class family at the same

time, it b ecomes necessary to main tain consistency in the usage of family mem-

b ers, i.e., to a v oid mixing the families inappropriately . In this case it is not

su�cien t to b e able to c ho ose v arian ts statically , there m ust also b e supp ort for

managemen t of m ultiple class family v arian ts at run-time. As describ ed in the

next section, this causes a dilemma.

3 Handling Graphs with T raditional P olymorphism

In this section w e will presen t an example of a class family , and dra w the atten tion

to an unfortunate c hoice b et w een safet y and 
exibilit y in reuse that w e are forced

to mak e. It is a prop ert y of the t yp e systems of Ja v a and C + + that w e cannot ha v e

b oth safet y and reuse 
exibilit y at the same time, but this prop ert y is shared

with more adv anced t yp e systems suc h as those of GJ [6] and Cecil [11 , 15 ]. W e

will return to this topic in Sect. 3.3 and 4.2.

Consider the concept of a gr aph , consisting of a set of no des connected in some

w a y b y a set of e dges . The graph concept pla ys the \organizing" role, o�ering a



common frame of reference under whic h the concept of no de and the concept of

edge mak e sense. Moreo v er, there are man y di�eren t kinds of graphs|colored

graphs, w eigh ted graphs, lab elled graphs, etc.

In this con text w e will concen trate on a simple Graph and an OnOffGraph .

The latter adds supp ort for switc hing eac h edge on and o�, for instance to mo del

comm unication net w orks where individual links ma y no w and then b e brok en.

3.1 The Na • �v e Approac h

It is not hard to express graphs b y means of t w o families of classes as describ ed

in the previous section. A de�nition of suc h class families in Ja v a is giv en in

Fig. 1. The �rst family consists of the classes Node and Edge , and the second

family consists of the classes OnOffNode and OnOffEdge . An auxiliary class Main

con tains co de to sho w usage of these class families.

class Node {

boolean touches(Edge e) { return (this==e.n1) || (this==e.n2); }

}

class Edge { Node n1,n2; }

class OnOffNode extends Node {

boolean touches(Edge e) {

return ((OnOffEdge)e).enabled? super.touches(e) : false;

}

}

class OnOffEdge extends Edge {

boolean enabled;

OnOffEdge() { this.enabled=false; }

}

public class Main {

static void build(Node n, Edge e, boolean b) {

e.n1=e.n2=n;

if (b == n.touches(e)) System.out.println("OK");

}

public static void main(String[] args) {

build(new Node(), new Edge(), true);

build(new OnOffNode(), new OnOffEdge(), false);

build(new OnOffNode(), new Edge(), true); // ClassCastException!

}

}

Fig. 1. Reuse: Y es { Safet y: No



The metho d touches on Node tests whether or not a giv en Edge is connected

to the receiv er Node . It w ould presumably b e used to �nd paths through the

graph. In a simple Graph the answ er only dep ends on the graph structure, but

in an OnOffGraph it also dep ends on the enabledness of the Edge .

The main metho d in Main in v ok es a metho d build three times, with di�eren t

argumen ts. The metho d build exp ects to receiv e a Node and an Edge , b oth from

the same class family . It then pro ceeds to connect the Node and the Edge , and

�nally in v ok es the metho d touches on the Node with the Edge as an argumen t.

The third argumen t to build is a boolean whic h sho ws the exp ected result.

In the �rst t w o cases, build is used as it w as in tended, and it pro duces the

exp ected result. Ho w ev er, in the third case w e break the \rules" and in v ok e build

with t w o ob jects from di�eren t class families. This causes a ClassCastExceptio n

at run-time.

The third in v o cation is t yp e correct, since an OnOffNode is-a Node and an

Edge is-an Edge . And if the OnOffNode had only b een kno wn statically as a Node ,

the failing third in v o cation of build w ould ha v e lo ok ed just lik e the successful

�rst in v o cation, according to the t yp e system.

The problem is ob viously that w e ha v e b een unable to express the actual

requiremen ts. As w e can see in the implemen tation of touches in the class

OnOffNode , the argumen t of t yp e Edge m ust really b e an OnOffEdge |otherwise

the dynamic cast will fail. Since metho d argumen ts in Ja v a are in-v arian t, w e

m ust use Edge as the argumen t t yp e and then use a dynamic cast in the metho d

b o dy . Of course, w e ma y then in v ok e the metho d with an instance of Edge as

argumen t, and the error will only b e detected at run-time. The t yp e system will

not allo w us to express the connection b et w een the mem b ers of a class family , it

will only allo w us to create a t yp e hole suc h that all c ombinations of mem b ers

of these families, including the correct com binations, are allo w ed.

It ma y b e argued that this is not a \t yp e hole" , it is a dynamic cast, and

the p eople who use dynamic casts deserv e what they get. The p oin t is that

the programmer is forced in to writing a program with incomplete compile time

t yp e c hec king b ecause the discipline whic h should b e imp osed on the c hoice of

argumen ts cannot b e expressed. So it is a t yp e hole, ev en if it is one w e ha v e

explicitly ask ed for.

Apart from this, the example exhibits the v ery nice prop ert y that the metho d

build w orks b oth for a simple Graph and for an OnOffGraph . In other w ords,

w e are allo w ed to reuse the metho d build with sev eral di�eren t class families,

without an y static dep endency on the actual c hoice of family .

3.2 W orking Out Safet y

W e ha v e the option of shifting the trade-o� in fa v or of safet y , giving up on some

reuse opp ortunities. An alternativ e expression of the class families is giv en in

Fig. 2, and it is ob viously a bit less straigh tforw ard than the previous v ersion.

In this case w e use the language C + +, b ecause Ja v a do es not (curren tly)

supp ort genericit y and hence do es not allo w this kind of solution. F or brevit y , w e



use the k eyw ord struct and not class , th us a v oiding the need for accessibilit y

declarations.

In this approac h, w e use t yp e parameters to establish \pre-families", i.e., sets

of t yp e parameterized classes suc h that m utually recursiv e families of classes

can b e created b y template instan tiation, as with Node and Edge , and with

OnOffNode and OnOffEdge .

In line with Fig. 1 there is a main function where the t w o class families are

used, and the usage is expressed in t w o almost iden tical functions, build1 and

build2 . These t w o functions ha v e the same functionalit y as the metho d build

in Fig. 1.

The di�erence b et w een the situation in Fig. 1 and the situation in Fig. 2 is

that the mem b ers of the class families are related in di�eren t w a ys according to

the t yp e systems.

2

In Fig. 1, OnOffNode is a sub class of Node and OnOffEdge is a

sub class of Edge . This is not the case in Fig. 2. In other w ords, in the �rst �gure

the families are related b y a mem b erwise sub class relation, and in the second

�gure the families consist of unrelated classes.

Since there is no relation b et w een a mem b er of one family and a mem b er of

another family , there is no danger of mixing mem b ers of di�eren t families. Hence,

this closes the t yp e hole|as w e should also exp ect, giv en that the second example

is expressed without dynamic casts. Statemen ts mixing the t w o families, lik e the

t w o function calls whic h are commen ted out in main , will cause the program to

b e rejected at compile time.

The result is that w e ha v e gained safet y and lost reuse.

Note that w e could also ha v e ac hiev ed the same trade-o� in Ja v a b y tex-

tually cop ying the inherited material from Node to OnOffNode , and from Edge

to OnOffEdge , and then remo ving the ` extends ' clauses|except of course that

textual cop ying creates main tenance and comprehension problems.

A t this p oin t, C + + programmers w ould immediately remark that the loss of

reuse is a non-problem: W e could simply c hange build in to a template function

with the argumen t t yp es b eing template argumen ts. That w ould mak e it p ossible

to write just one (template) function build with textually the same b o dy as

build1 and build2 . W e could then in v ok e it in place of b oth build1 and build2

in main .

The reason wh y this is not a solution is that eac h call-site for this build tem-

plate function will b e asso ciated with a single, compile-time �xed c hoice of family .

E.g., the �rst call-site in main w ould then b e an in v o cation of build<Node,Edge> ,

and the second call-site an in v o cation of build<OnOffNode,O nO ffE dg e> , ev en

though there is no need to explicitly write the part in angle brac k ets.

In spite of the fact that the template function call w ould lo ok v ery m uc h

lik e a function taking dynamically p olymorphic argumen ts, the di�erence has

far-reac hing consequences:

2

Since t yp es and classes ma y b e considered to coincide for the subset of Ja v a and C + +

that w e are concerned with, w e will sometimes use expressions suc h as `the class X '

where `the t yp e asso ciated with the class X ' w ould ha v e b een more precise.



template <class N, class E> struct NodeF;

template <class N, class E> struct EdgeF { N *n1,*n2; };

template <class N, class E> struct NodeF {

virtual bool touches(E* e)

{ return (this==e->n1) || (this==e->n2); }

};

struct Edge;

struct Node: public NodeF<Node,Edge> {};

struct Edge: public EdgeF<Node,Edge> {};

template <class ON, class OE>

struct OnOffEdgeF: public EdgeF<ON,OE> {

bool enabled;

OnOffEdgeF(): enabled(false) {}

};

template <class ON, class OE>

struct OnOffNodeF: public NodeF<ON,OE> {

bool touches(OE* e) {

return e->enabled? NodeF<ON,OE>::touches(e) : false;

}

};

struct OnOffEdge;

struct OnOffNode: public OnOffNodeF<OnOffNode,OnOffEdge > {};

struct OnOffEdge: public OnOffEdgeF<OnOffNode,OnOffEdge > {};

void build1(Node* n, Edge* e, bool b) {

e->n1=e->n2=n;

if (b == n->touches(e)) cout << "OK\n";

}

void build2(OnOffNode* n, OnOffEdge* e, bool b) {

e->n1=e->n2=n;

if (b == n->touches(e)) cout << "OK\n";

}

int main(int argc, char *argv[]) {

build1(new Node(), new Edge(), true);

build2(new OnOffNode(), new OnOffEdge(), false);

// build1(new OnOffNode(), new Edge(), false); // type error

// build2(new OnOffNode(), new Edge(), false); // type error

return 0;

}

Fig. 2. Safet y: Y es { Reuse: No



1. First, whenev er a no de and an edge should b e deliv ered to a template func-

tion suc h as build via a n um b er of in termediate functions, ev ery function

in the en tire call c hain m ust b e a template function, and the exact t yp es of

those ob jects m ust b e kno wn statically at the original call-site (either exactly

Node and Edge , or exactly OnOffNode and OnOffEdge , nev er an ything lik e

\an y pair of classes that mak es up a consisten t subfamily of Graph ").

2. Second, a template function ma y b e a mem b er function, but it cannot b e a

virtual mem b er function. This means that w e m ust not only kno w the exact

t yp e of ev ery no de and edge ev erywhere, w e m ust also kno w statically what

metho ds implemen tations of other classes are b eing used on them.

3. Third, w e cannot ha v e lists, sets, hash tables, or other data structures con-

taining no des and edges b elonging together. W e can only ha v e data struc-

tures con taining mem b ers of one, statically selected and then �xed family of

no des and edges.

4. Finally , it is p erfectly reasonable to assume that a sub-family of Node and

Edge w ould pro vide an implemen tation of an in terface sp eci�ed b y Node

and Edge . When using this implemen tation sub-family in a large, complex

system, the template based approac h w ould mak e large parts of this complex

system statically dep enden t on that sub-family , b ecause all usages of no des

and edges w ould ha v e to b e p erformed in a con text where the exact classes

of the mem b ers of the sub-family are kno wn statically . This w ould mak e

the system as a whole more fragile, as w ould an y forced dep endency on

implemen tation details.

In short, the lac k of dynamic p olymorphism in m ulti-ob ject settings causes the

same kinds of problems that w ould arise if w e w ere to giv e up dynamic p olymor-

phism in the w ell-kno wn single-ob ject setting.

3.3 The Scop e of This Problem

If the problems outlined in the previous sections w ere sp eci�c for the Ja v a and

C + + language designs and w ell-kno wn solutions w ere a v ailable elsewhere, the

issue w ould not b e of m uc h in terest. W e will therefore argue that those problems

arise in man y di�eren t language designs, and no go o d solutions are kno wn to

us|apart from the family p olymorphism whic h is the main topic of this pap er.

An approac h whic h is similar to the one tak en in Fig. 2 can b e used in other

languages with supp ort for genericit y based on t yp e parameterization. In the

follo wing w e will consider the relation b et w een these approac hes.

Man y di�eren t prop osals ha v e b een made for the addition of genericit y to

Ja v a based on parametric p olymorphism [22 , 6 , 9, 24 , and others]. Using F-

b ounds [8] it is p ossible to design the genericit y mec hanism in suc h a w a y that

a t yp e parameterized class ma y b e t yp e c hec k ed once and for all|as opp osed to

C + + templates where t yp e c hec king m ust essen tially b e p erformed from scratc h

at eac h instan tiation. Moreo v er, using a homogeneous translation sc heme (as in

GJ [6 ]) just one v ersion of the co de is generated for one generic en tit y , th us

making it p ossible to supp ort \virtual template metho ds" in Ja v a (late binding



is b y default used for all metho ds in Ja v a, so an ordinary Ja v a metho d w ould

corresp ond to a virtual mem b er function in C + +). This is the approac h tak en in

GJ. Hence, the problem with virtual template mem b er functions is less serious

than the other problems|it is a consequence of the macro-lik e nature of the

C + + template mec hanism.

As describ ed in [7 ], a somewhat more in v olv ed tec hnique than the one used

in Fig. 2 m ust b e emplo y ed in order to express families of m utually recursiv e

classes with genericit y based on F-b ounds, but it is still p ossible.

Note, ho w ev er, that the C + + approac h where eac h template instan tiation is

statically analyzed separately is in a sense the maximally 
exible approac h. An y

kind of constrain ts that could b e sp eci�ed on t yp e parameters of a generic en tit y

in order to enable t yp e c hec king of the en tit y as suc h (and not p er instan tiation)

w ould only b e able to reduce the 
exibilit y , compared to the C + + approac h.

This is b ecause constrain ts on the t yp e argumen ts will only b e su�cien tly strict

if ev ery p ossible c hoice of t yp e argumen ts will actually mak e the implemen tation

t yp e safe, and in those cases the C + + st yle p er-instan tiation c hec king w ould also

succeed. In other w ords, there is no hop e that constrained t yp e argumen ts could

a�ord us greater 
exibilit y at instan tiation sites than what w e ha v e already seen

in C + +.

On the other hand, it is p ossible in v ery adv anced t yp e systems suc h as the

one used in Cecil [15 ] to explicitly declare that a giv en parameterized class is,

e.g., co-v arian t in a giv en t yp e argumen t and con tra-v arian t in another t yp e

argumen t. The problem is, ho w ev er, that this w ould not help us. F or instance,

EdgeF<N,E> is in-v arian t in N , and NodeF<N,E> is con tra-v arian t in E . Hence,

an y attempt to declare that NodeF<N,E> and EdgeF<N,E> are co-v arian t in N

and E w ould simply mak e their implemen tations t yp e incorrect. So an y approac h

based on (p ossibly constrained) t yp e parameterization of individual classes and

metho ds will not allo w us to obtain p olymorphism at the lev el of class families.

This should not b e a surprise, since an y mec hanism in a t yp e system that

w ould establish a mem b erwise subt yping relation b et w een the mem b ers of class

families w ould also allo w us to mix classes from di�eren t families, as it w as done

in Fig. 1, in the last in v o cation of build . In other w ords, if w e could do suc h a

thing, the t yp e system in question w ould b e unsound.

In summary , the approac h tak en in Fig. 2 can b e used in other languages with

genericit y mec hanisms based on t yp e parameterization, but it do es not solv e the

problems asso ciated with: excessiv e propagation of templatization; the lac k of

t yp e safe data structures for class family mem b er instances (except for data

structures statically b ound to one particular family); the widespread propaga-

tion of static dep endencies on implemen tation details; and the lac k of dynamic

p olymorphism.

Hence, in order to ac hiev e a safe and 
exible mec hanism, w e m ust striv e for

something other than mem b erwise subt yping. In the next section w e shall see

ho w the notion of classes as attributes mak es it p ossible to establish a safe and

useful kind of family p olymorphism.



4 Handling Graphs with F amily P olymorphism

The main problem in the approac hes considered so far is that the family itself is

not represen ted explicitly . As long as the family is only implicitly presen t, it is

hard to conceiv e of an y other kind of p olymorphism for families of classes than

the one based on a mem b erwise subt yp e relationship.

Ho w ev er, if w e in tro duce the notion of classes as attributes of ob jects then it

is suddenly p ossible to use an ob ject as a rep ository of classes|a class family .

If w e moreo v er in tro duce the notion of late binding of suc h class attributes

then it b ecomes p ossible to sp ecify a n um b er of families of classes b y means

of an ordinary inheritance net w ork describing v arian ts of the enclosing ob ject,

the family obje ct . F or eac h suc h family ob ject it is statically kno wn that it is a

rep ository for some v arian t of the class family declared in the statically kno wn

t yp e of the family ob ject, but it is not statically kno wn which class family it is.

This is the approac h tak en in gb eta . The gb eta t yp e system is consisten t

with the t yp e system design for Bet a

3

that is describ ed informally in [19 ], but

it is stricter than the actual implemen tation of t yp e c hec king in the Mj�lner

implemen tation of Bet a [21 ]. In the languages gb eta and Bet a , classes and

metho ds (and more) ha v e b een uni�ed in to the single abstraction called a p attern .

This means that w e ma y use w ords lik e `class' and `metho d', but the denoted

en tities will in b oth cases b e patterns, so these w ords are simply synon yms for

the w ord `pattern' with an added hin t to the reader ab out ho w to understand the

role pla y ed b y that pattern in the giv en con text. Consequen tly , class attributes

are really pattern attributes and late binding of class attributes is late binding

of pattern attributes, normally designated as virtual p atterns .

T o mak e this concrete, w e will presen t and discuss a v ersion of our class

family example written in gb eta , as sho wn in Fig. 3.

In the gb eta v ersion of the class family example, the t w o class families are

declared explicitly as the pattern Graph and the subpattern (think `sub class')

OnOffGraph . Eac h instance of Graph or a subpattern of Graph will ha v e t w o at-

tributes named Node and Edge . These t w o attributes will b e patterns (`classes'),

and they are kno wn to b elong together, forming a family of m utually recursiv e

patterns (`classes'). That is, an ob ject myGraph is kno wn to con tain a class family

whose mem b ers are accessible as myGraph.Node and myGraph.Edge , resp ectiv ely .

As w e shall see b elo w, the t yp e system do es not allo w us to mix mem b ers

of di�eren t class families|in other w ords, when myGraph and yourGraph are

not statically kno wn to b e the exact same obje ct , the patterns myGraph.Node

and yourGraph.Node are considered to b e unrelated (unless of course they are

statically kno wn, e.g., b ecause of a t yp e exact reference to the enclosing ob ject,

and those statically kno wn patterns are related).

T o con tin ue with the example, Node and Edge are sp eci�ed with the same

attributes as they w ere in Fig. 1 and Fig. 2, and the further-binding of Node and

Edge in OnOffGraph , corresp onding to the classes OnOffNode and OnOffEdge , are

3

The gb eta t yp e system is considerably more expressiv e than the Bet a t yp e system,

but the Bet a t yp e system comes out as a sp ecial case.



(# Graph:

(# Node:<

(# touches:<

(# e:

^

Edge; b: @boolean

enter e[]

do (this(Node)=e.n1) or (this(Node)=e.n2) -> b

exit b

#);

exit this(Node)[]

#);

Edge:< (# n1,n2:

^

Node exit this(Edge)[] #)

#);

OnOffGraph: Graph

(# Node::< (# touches::< !(# do (if e.enabled then INNER if)#)#);

Edge::< (# enabled: @boolean #)

#);

build:

(# g:< @Graph; n:

^

g.Node; e:

^

g.Edge; b: @boolean

enter (n[],e[],b)

do n->e.n1[]->e.n2[];

(if (e->n.touches)=b then 'OK'->putline if)

#);

g1: @Graph; g2: @OnOffGraph

do

(g1.Node, g1.Edge, true) -> build(# g::@g1 #);

(g2.Node, g2.Edge, false) -> build(# g::@g2 #);

(* (g2.Node, g1.Edge, false) -> build(# g::@g1 #); type error *)

(* (g2.Node, g1.Edge, false) -> build(# g::@g2 #); type error *)

#)

Fig. 3. Reuse: Y es { Safet y: Y es

also incremen tally sp eci�ed in a similar manner as previously . The expressions

exit this( � � � )[] sp ecify that the result of ev aluating a Node or an Edge is a

reference to that ob ject itself (in Bet a and gb eta the ev aluation seman tics of a

class m ust b e sp eci�ed explicitly).

Finally , a metho d build is de�ned, one instance of eac h kind of graph is

declared, and build is in v ok ed t wice, once with mem b ers of the Graph family

and once with mem b ers of the OnOffGraph family . The t w o last statemen ts are

commen ted out; they demonstrate mixing of families, and if they are included

the t yp e system detects that they are not t yp e safe.

W e ha v e to clarify a few p oin ts ab out the example. First, argumen t passing

to metho ds and functions, assignmen t, and other ev aluations are expressed in

Bet a and gb eta with the ` -> ' op erator, and the direction of the data
o w is left-

to-righ t (where most other languages emplo y a righ t-to-left direction, opp osite



to the reading direction). It migh t help to think of the ` -> ' as similar to the pip e

sym b ol used on the command line in man y op erating systems.

Second, Bet a and gb eta pro vide a kind of tr ansp ar ency : it is in visible in

man y places whether a result is stored or computed. Th us, g1.Node denotes a

pattern, but when it is used in an ev aluation con text it giv es rise to an ob ject

instan tiation, and the new ob ject is the result of the expression; in other w ords,

a ` new ' op erator is implicitly added to the expression.

Third, build accepts four argumen ts, namely g , n , e , and b ; n and e are

receiv ed b y reference, b is receiv ed b y v alue, and g is a constan t attribute of

eac h in v o cation of build .

There are man y reasons wh y the di�eren t argumen t mo des are sp eci�ed syn-

tactically the w a y they are (some of them historic), but for the purp oses of this

discussion w e will just men tion that a syn tactic form lik e the follo wing migh t

w ork b etter to comm unicate the actual seman tics of the in v o cations of build ;

note that this is for illustration, it is not v alid gb eta syn tax:

build(g1, new g1.Node(), new g1.Edge(), true);

build(g2, new g2.Node(), new g2.Edge(), false);

It is essen tial to ensure that the �rst argumen t to build ( g1 and g2 , resp ectiv ely)

is constan t throughout the ev aluation of the argumen ts and the execution of the

metho d. Only then is it kno wn for sure that w e are not mixing di�eren t families.

If w e w ere to pro vide this argumen t as an ordinary (assignable) b y-reference

argumen t, then the gb eta t yp e analysis w ould not accept the implemen tation of

build as t yp e safe.

On the other hand, it mak es no di�erence whether the graph giv en as an

argumen t to build is an instance of Graph , of OnOffGraph , or of an y other

subpattern of Graph . W e just need to kno w that it is some kind of a rep ository

for a family consisting of Node and Edge , i.e., that it is an instance of a pattern

that is less than or equal to Graph . This means that build can b e reused with

an un b ounded n um b er of di�eren t subfamilies of Graph , and it means that eac h

in v o cation is guaran teed to not mix up di�eren t families. That amoun ts to the

conclusion that the class family example has no w b een expressed with b oth

safet y and reuse opp ortunities preserv ed.

4.1 Revisiting the Problems

Let us reconsider the issues describ ed near the end of Sect. 3.2, asso ciated with

the template metho d based approac h:

1. T yp e c hec king with family p olymorphism is based on an ordinary subt yp e

constrain t on the family ob ject, so there is no need for exact static kno wledge

ab out an y of the in v olv ed classes. The r elations b et w een the in v olv ed classes

m ust b e captured, but that ma y b e expressed b y means of the iden tit y of

the family ob ject.

2. There are no sp ecial considerations ab out the metho ds of other classes|

build could as w ell ha v e b een a virtual metho d. As men tioned, this problem

can also b e solv ed in other w a ys.



3. Data structures ma y b e constructed to hold no des and edges from a family

whose family ob ject is an instance of an arbitrary (not statically kno wn)

subpattern of Graph . Suc h data structures are `family p olymorphic'.

4. Since it is easy to hide the actual class of the family ob ject b y ordinary dy-

namic p olymorphism, there is no need to propagate static kno wledge ab out

ev ery subfamily of Graph to all usage p oin ts in a large system.

F or instance, if w e wish to op erate on a list of no des and a list of edges b elonging

together in the same subfamily of Graph , then w e ma y use the follo wing data

structure:

NodesAndEdges:

(# g:< @Graph;

nodes: @list(# element::g.Node #);

edges: @list(# element::g.Edge #)

#)

This pattern is parameterized b y the imm utable ob ject reference g , and it con-

tains the list nodes with elemen ts of t yp e g.Node , and the list edges with

elemen ts of t yp e g.Edge . In essence, it is a pac k age con taining t w o lists holding

instances of mem b ers of a class family .

W e can create a subpattern of this data structure to hold some no des and

edges b elonging to a family ob ject myGraph whic h is an instance of a subpattern

of Graph , sa y LabelledGraph :

myGraph: @LabelledGraph;

myNodesAndEdges: @NodesAndEdges(# g::@myGraph #)

This declares myNodesAndEdges to b e an ob ject whic h is an instance of a subpat-

tern of NodesAndEdges where the attribute g is imm utably b ound to myGraph .

A t this p oin t w e can pass myNodesAndEdges as an argumen t to metho ds suc h as

this one:

listBuild:

(# ne:< @NodesAndEdges;

n:

^

ne.g.Node; e:

^

ne.g.Edge

do ne.nodes.head -> n[];

ne.edges.head -> e[];

(n,e,true) -> build(# g::@ne.g #)

#)

This metho d receiv es ne as a constan t argumen t and thereb y pro vides access

to a class family ob ject|namely ne.g |and a list of no des b elonging to that

family| ne.nodes |and �nally a list of edges b elonging to the same family|

ne.edges . The metho d starts b y calling head t wice, extracting the �rst elemen t

of the t w o lists (and omitting the c hec k for an empt y list. . . ) and then in v ok es

build . Note that w e could ha v e threaded ne through an y n um b er of metho d

in v o cations as an ordinary b y-reference argumen t, kno wn only as an instance of

a pattern that is less than or equal to NodesAndEdges . F or example:



m1: (# ne:

^

NodesAndEdges enter ne[] do listBuild(# g::@ne #)#);

m2: (# ne:

^

NodesAndEdges enter ne[] do ne[]->m1 #);

m3: (# ne:

^

NodesAndEdges enter ne[] do ne[]->m2 #)

In this example, m3 calls m2 whic h calls m1 , eac h time passing ne |kno wn as an

instance of NodesAndEdges or a subpattern|to the next metho d. None of these

metho ds dep end on the exact classes in the class family and, of course, neither

do es listBuild nor build . W e could in v ok e it with ne[ ]->m3 , where ne is an y

reference whose declared t yp e is NodesAndEdges or a subpattern thereof, e.g.,

myNodesAndEdges[ ]->m3 .

This sho ws that w e can pac k age and re-pac k age a family of classes and some

instances of those classes, and w e can statically ensure that the classes b elong

to the same family and the ob jects b elong to the classes|without kno wing

statically what classes the family con tains.

4.2 Revisiting the Alternativ e

In an approac h based on parametric p olymorphism, i.e., t yp e parameterization,

t yp e safet y in the managemen t of class families is ac hiev ed b y a v oiding subt yp-

ing relationships b et w een families. This implies that ev ery individual piece of

co de dealing with a class family is either monomorphic (statically tied to one

particular class family) or it is inside a generic en tit y with the family mem b ers

as t yp e parameters. In the �rst case, reuse opp ortunities are ob viously lost. Let

us consider the second case more closely .

An y execution of co de inside a t yp e parameterized en tit y corresp onds to a

ground instan tiation of that en tit y|a direct or indirect instan tiation ha ving

actual t yp e parameters all of whic h are t yp es not con taining t yp e v ariables.

This is enforced b y the design of suc h t yp e parameterization mec hanisms: (1) a

parameterized class is not a class, it is a function from t yp es to classes, and it is

only p ossible to create ob jects as instances of classes, suc h as a parameterized

class applie d to some typ e ar guments ; (2) a t yp e parameterized metho d ma y b e

called from another t yp e parameterized metho d, but the call stac k has �nite

depth and it do es not start with a t yp e parameterized metho d, so at some p oin t

the t yp e parameters to the metho d are receiv ed from some other source than

the caller-metho d, i.e., as ground t yp es or dep ending on t yp e parameters of

an enclosing parameterized class|whic h brings us bac k to the �rst case. Note

that if the t yp es are t yp e v ariables, they m ust b e the t yp e parameters of the

same enclosing generic en tit y for al l mem b ers of the class family; otherwise they

cannot b e m utually recursiv e.

This strict discipline is necessary for the soundness of the static analysis;

if it w ere p ossible to ha v e a m utable en tit y (an ob ject) at run-time whic h is

parametrically p olymorphic (i.e., an instance of a t yp e parameterized class whic h

has not receiv ed all of its t yp e argumen ts as ground t yp es), then it w ould b e

p ossible to in terpret the \free t yp e v ariable" di�eren tly at di�eren t times and

thereb y destro y the o v erall t yp e correctness of the program. This is w ell-kno wn



from functional languages with m utable references, suc h as Standard ML [20 ]

and Caml [29 ].

This means that every run-time call-c hain of metho ds passing instances of

mem b ers of a class family as argumen ts or lo oking them up in their receiv er

ob ject includes a call-site whic h is monomorphic in the class family , and an y

metho d whic h is t yp e parameterized b y the family is ev en tually called from suc h

a monomorphic site. In other w ords, a call c hain can only access a class family

p olymorphically after a certain p oin t where the access is monomorphic.

No w compare this to the w ell-kno wn case of traditional dynamic p olymor-

phism used with single ob jects (not families). Consider for example the case

where w e ha v e an inheritance hierarc h y ro oted in GraphicalObject , con taining

sub classes suc h as Circle and Rectangle , and supp orting a (virtual) metho d

draw . With this design it is p ossible to create a n um b er of instances of v arious

sub classes of GraphicalObject , and to store them all in a List whose ele-

men ts are t yp ed as GraphicalObject . No w w e ma y tra v erse the list and execute

draw on eac h elemen t. Note that the call-stac k in this case do es not include a

monomorphic access b efore the p olymorphic access. In fact, there ma y not exist

any p oin ters t yp ed b y the actual class to eac h ob ject in the list in the en tire pro-

gram execution state (a this p oin ter t yp ed b y the actual class ma y b e created

later , in the execution of the draw metho d).

This mak es a big di�erence.

The big di�erence is not unlik e the e�ects of man ual memory managemen t|

it is a global phenomemon. In systems without garbage collection, it is necessary

to design in tricate, global managemen t sc hemes suc h that the follo wing question

can b e answ ered correctly at certain p oin ts: \Is it p ossible that there exists

another liv e p oin ter to this ob ject?" If the answ er is incorrectly \No!" there

will b e dangling p oin ters, and if the answ er is incorrectly \Y es!" there ma y b e

memory leaks. In a similar fashion, to b e able to p erform an op eration on a group

of ob jects whic h are instances of some mem b ers of a class family , it is necessary

to design managemen t sc hemes to ensure that there is at least one monomorphic

p oin ter to eac h of those ob jects somewhere in the system, and w e m ust b e able

to �nd that p oin ter in order to initiate a (p ossibly parametrically p olymorphic)

call-c hain that will p erform the op eration.

In the single-ob ject case, w e can collect GraphicalObject s in a p olymorphic

data structure and then forget ab out their precise classes, and the de�nition and

usage of the data structure is strictly isolated from static dep endencies on the

individual sub classes suc h as Circle etc.

But in the m ulti-ob ject case, w e cannot create a similar p olymorphic col-

lection of no des and edges and p erform op erations on them without creating

dep endencies on their actual classes. This means that w e will ha v e to c hange our

collection ev ery time w e w an t to put ob jects from a new sub-family in to it.

One p ossible approac h w ould b e to use wrapp er classes lik e NodesAndEdges |

the di�erence is that, with parametric p olymorphism, creation of these ob jects

and insertion of no des and edges w ould ha v e to happ en monomorphically . W e

could then ha v e lists of these wrapp er ob jects etc. Ho w ev er, it w ould b e neces-



sary to r e disc over the exact actual sub class of NodesAndEdges for eac h wrapp er

in suc h a list w e in tend to use, b ecause the con tained no des and edges can

only b e made accessible with monomorphic access. The redisco v ery could b e

ac hiev ed with instanceof or similar means, but the redisco v ery site w ould de-

p end sp eci�cally on eac h class family that it is capable of redisco v ering. Add a

new subfamily , and this piece of source co de m ust b e c hanged.

Hence, ev en though there seems to b e only a subtle di�erence b et w een the

approac h based on parametric p olymorphism and the approac h based on family

p olymorphism, w e claim that the di�erence has far-reac hing consequences, esp e-

cially for large scale systems where the propagation of static dep endencies ha v e

the most dev astating e�ects.

As men tioned, in the approac h based on family p olymorphism w e exploit

the features of virtual p atterns in gb eta , whic h are a generalization of virtual

patterns in Bet a [18, 19 ]. The next section discusses some prop erties of the

underlying t yp e system.

4.3 Asp ects of the gb eta Static Analysis

It has b een claimed that virtual t yp es are inheren tly not t yp e safe [7]. The

reason wh y this opinion has emerged is probably that the comm unit y b ehind

virtual patterns has not expressed with su�cien t clarit y that virtual patterns

are attributes of obje cts , not attributes of classes. Consequen tly , virtual t yp es

are not attributes of t yp es. In particular, this p oin t w as not emphasized in [27 ],

where a design of virtual t yp es in Ja v a is prop osed, inspired b y the notion of

virtual patterns in Bet a . Also, virtual patterns ma y ha v e b een confused with

unc hec k ed co v ariance. Ho w ev er, virtual patterns ha v e a kind of existen tial t yp e,

so p oten tial co v ariance|in the t yp e of a metho d argumen t, sa y|is alw a ys kno wn

statically , at all call-sites.

Let us brie
y outline wh y it w ould b e unsound to let virtual t yp es b e at-

tributes of t yp es. Assume that a t yp e system for a language with virtual at-

tributes (b e it virtual classes or virtual patterns) w ould ha v e the follo wing prop-

ert y: If an ob ject x is kno wn to ha v e t yp e T and V is a virtual attribute asso ciated

with T and declared to ha v e t yp e T

V

, then x:V has the t yp e T :V ; T :V w ould b e

an existen tial t yp e suc h as 9 T

0

V

� T

V

: T

0

V

, i.e., a t yp e T

0

V

that is a c haracteristic

of T , but only kno wn b y its upp er b ound T

V

. If this t yp e T

0

V

is assumed to b e

a prop ert y of the t yp e of the enclosing ob ject, T , then t w o di�eren t ob jects x

and y b oth ha ving t yp e T w ould ha v e the same virtual t yp e, i.e., x:V and y :V

w ould ha v e the same t yp e. That w ould ob viously b e unsound in a t yp e system

with subsumption, since x could b e an instance of a class ha ving most sp eci�c

t yp e T , and y could b e an instance of a sub class whose virtual V could b e fur-

therb ound to a strict subt yp e T

y

V

of T

V

. An assignmen t from a reference x:r to a

reference y :r referring to the same declaration of r , ha ving the t yp e of V , w ould

then b e an assignmen t from a reference of t yp e T

V

to a reference of t yp e T

y

V

(a

strict subt yp e of T

V

), i.e., the assignmen t w ould b e t yp e incorrect|but suc h a

t yp e system w ould consider it to b e an assignmen t b et w een references ha ving

the same t yp e.



Con v ersely , if a virtual V declared in a class ha ving t yp e T should b e an

existen tial t yp e 9 T

0

V

� T

V

: T

0

V

that is treated is suc h a w a y in the t yp e analysis

that no assignmen ts b et w een references of t yp e T :V w ere allo w ed|th us a v oid-

ing the ab o v emen tioned t yp e hole|then it w ould b e imp ossible to write useful

implemen tations in v olving virtual t yp es. F or instance, a metho d accepting an

argumen t of t yp e V w ould not b e able to in v ok e another metho d accepting an

argumen t of t yp e V as an in v o cation on the curren t receiv er ob ject (a \self-

send").

Of course, neither of these approac hes is used in gb eta . In fact, as it w as al-

ready stated v ery clearly for Bet a in [19 , p. 133], a pattern declaration Q inside

another pattern declaration P declares a distinct Q pattern for e ach instanc e of

P . This means that the static analysis of Bet a and gb eta m ust consider pat-

tern attributes, including virtual pattern attributes, as ha ving comp osite t yp es,

consisting of t w o kinds of information. The space constrain ts do not p ermit a

detailed description of the gb eta t yp e system here; please refer to Chap. 13 and

App. E of [13 ] for more details. W e will ho w ev er extract some salien t features of

this t yp e system, in order to supp ort the claims made ab out its prop erties.

The �rst kind of information in a gb eta t yp e is the usual kind of static

represen tation of ob ject t yp es: maps from names to t yp es, indicating that an y

instance ha ving the giv en t yp e will ha v e attributes with some sp eci�ed names

ha ving sp eci�ed t yp es. The second kind of information is a relativ e represen tation

of an enclosing ob ject of a pattern, represen ted as a path leading from the curren t

ob ject to that enclosing ob ject of the pattern. Moreo v er, ev ery gb eta t yp e is

c haracterized as b eing exact, or kno wn b y upp er b ound only , or kno wn b y upp er

and lo w er b ound. T yp es whic h are kno wn b y upp er b ound could b e c haracterized

as existen tial t yp es, but it should b e noted that they are also dep enden t t yp es,

dep ending on their enclosing ob jects.

W e should men tion that if Q is a pattern attribute of t w o ob jects a and b , it

is often the case that a:Q and b:Q are indeed statically kno wn to b e the same

pattern| gb eta and Bet a w ould hardly b e practically useful otherwise. But a:Q

and b:Q generally cannot b e assumed to b e the same pattern if an y of them are

only kno wn b y upp er b ound, not ev en if a and b are kno wn to b e instances of

the same pattern.

Both patterns and ob jects ha v e t yp es in gb eta . Tw o pieces of syn tax denoting

patterns ha v e di�eren t t yp es if they are not kno wn to b e asso ciated with the

exact same maps from names to t yp es and the same enclosing ob jects, and t w o

pieces of syn tax denoting ob jects ha v e di�eren t t yp es unless they are guaran teed

to denote the exact same ob ject at run-time. It is not su�cien t to kno w that

t w o ob jects are exactly an instance of the same pattern, they w ould still ha v e

di�eren t t yp es if they migh t b e di�eren t ob jects.

T o put this in to con text of the examples giv en ab o v e, the virtuals x:V and

y :V discussed ab o v e w ould b e kno wn to ha v e certain attributes (declared in the

statically kno wn maps from names to t yp es), and they w ould moreo v er b e kno wn

to b e the V virtual of exactly the ob ject denoted b y x and the ob ject denoted

b y y , resp ectiv ely . In the (t ypical) case where x and y are not guaran teed to b e



the exact same ob ject, x:V and y :V will generally ha v e assignmen t incompat-

ible t yp es|no subt yping relation exists b et w een them, they are just p ossibly

di�eren t.

Note that this means that a virtual pattern kno wn only b y upp er b ound whic h

is reac hed via a m utable reference is \not ev en equal to itself "; for instance, if z is

a m utable reference then t w o di�eren t o ccurrences of z ma y refer to t w o di�eren t

ob jects|not ev en 
o w analysis could ha v e guaran teed that no assignmen ts to

z will happ en b et w een t w o usages of z , b ecause there could b e other threads

ha ving access to the curren t ob ject.

In practical Bet a and gb eta programming it is v ery often the case that

a virtual pattern o ccurs as an attribute of an ob ject that is accessed via an

imm utable reference. As describ ed in [28 ], virtual t yp es can b e c hanged in to

ordinary t yp es (whose structure is kno wn completely at compile-time) b y means

of so-called �nal bindings. This is p ossible in Bet a and gb eta , but an imm utable

reference to the enclosing ob ject is an equally v alid and more common w a y to

mak e references with virtual t yp es assignable. Note that the approac h based

on an imm utable reference w orks b oth when the virtual in question is kno wn

exactly and when it is kno wn only b y upp er b ound. Actually , an example of the

latter is the element t yp es of the list s in NodesAndEdges .

A sp ecial case is the source co de in a pattern declaration P con taining a

virtual pattern declaration V , i.e., the co de executed in a con text where V is

an attribute of an enclosing ob ject (think: V is an attribute of ` this '). An

enclosing ob ject is accessed via an imm utable reference, usually implicit at the

source co de lev el, but a v ailable as this(X) for an appropriate iden ti�er X . This

means that the name V used on its o wn has a t yp e that is the same ev erywhere

in the declaration of P .

4

This in turn means that it is b oth dynamically safe

and recognized as t yp e safe b y the static analysis to assign b et w een di�eren t

references ha ving the t yp e of V .

Hence, a virtual attribute V of a pattern P can inside P b e treated in m uc h

the same w a y as a constrained t yp e argumen t inside a t yp e parameterized class:

The statically kno wn upp er b ound of the virtual yields a certain a v ailable in ter-

face and allo ws for assignmen t to all non-existen tially t yp ed references ha ving

sup ert yp es of the upp er b ound of the virtual, and the virtual is kno wn to b e

\equal to itself " suc h that assignmen ts b et w een references with the t yp e of V are

also allo w ed. This mak es it safe and con v enien t to program patterns con taining

virtuals.

Finally , w e can apply this kno wledge ab out the t yping of gb eta in general

and gb eta virtuals in particular to the example sho wn in Fig. 3 and the metho d

listBuild sho wn near the end of Sect. 4.1. Whenev er an imm utable reference

to an ob ject is established (e.g., with a constan t argumen t lik e g:< @Graph ), all

references to virtual attributes in that ob ject are then kno wn to b e the virtuals of

exactly that ob ject. This means that references declared to ha v e the same virtual

t yp e, i.e., the t yp e of the same virtual pattern, are assignmen t compatible. F or

instance, the elemen ts of ne.nodes in the metho d listBuild are kno wn to ha v e

4

F or those who kno w that this isn't quite true: In the enclosing MainPart .



the t yp e of ne.g.Node , exactly lik e the lo cal attribute n of listBuild . Hence, it

is safe to assign an elemen t from ne.nodes to n , ev en though w e ha v e no static

kno wledge ab out the exact pattern of whic h ne is an instance. Similarly , n ma y

safely b e giv en to build as an argumen t, b ecause that argumen t is declared to

ha v e t yp e g.Node |and g is kno wn to b e the same ob ject as ne.g , b ecause of

the binding g::@ne.g in the in v o cation of build .

In this description w e ha v e used the term `t yp e' to denote the kno wledge

established b y static analysis ab out eac h of the en tities|patterns and ob jects|

accessible in the run-time en vironmen t (patterns are, at least conceptually , a v ail-

able at run-time).

In particular, the t yp e of a virtual pattern is a compile-time description that

restricts the p ossible actual patterns denoted b y a giv en virtual attribute to

a w ell-de�ned (but generally un b ounded) set of patterns. This description is

parameterized b y a run-time con text; in other w ords, it is a function that maps

a run-time con text in to a run-time en tit y , in this case a pattern.

F rom this notion of the t yp e of a virtual pattern it migh t b e p ossible to

deriv e a notion of virtual t yp es, de�ned without referring to virtual patterns or

similar concepts. There is an ongoing debate as to whether `virtual X' should b e

`virtual t yp es' or `virtual classes', also touc hed up on in [7]. The approac h tak en

in gb eta is a kind of `virtual classes' approac h, b ecause patterns ma y (also) b e

considered as classes.

The main di�erence b et w een virtual patterns and (pattern-less) virtual t yp es,

considered from a practical p oin t of view, w ould b e that virtual t yp es can not b e

used to create new instances, whereas virtual classes/patterns can b e used just

lik e other classes/patterns to create ob jects. As a result it is, e.g., p ossible to

create no des and edges in a giv en subfamily of Graph , and to comp ose them in to

a graph, again without ha ving an y static dep endency links b et w een the graph

creation co de and the exact Graph subfamily b eing used. It is our exp erience

that the constructiv e use of virtual patterns is extremely useful. It is also y et

another example of a situation where it is p ossible to use (in this case enlarge or

create) a Graph without creating monomorphic dep endencies; with an approac h

based on t yp e parameterization or ev en virtual t yp es, it w ould b e necessary to

refer to the exact classes of one particular class family in order to create new

no des and edges.

5 Related W ork

The language gb eta has b een dev elop ed as a generalized v ersion of Bet a , so

the design of Bet a is an immensely imp ortan t starting p oin t for gb eta , and the

comm unit y around Bet a has pro vided lots of v aluable feed-bac k. Moreo v er, as

men tioned in Sect. 4, the informal understanding of t yp es in Bet a as describ ed

in [19 ] matc hes the actual t yp e system of gb eta quite w ell, apart from the fact

that the basic concepts are more general in gb eta . Ho w ev er, the implemen tation

of gb eta is v ery di�eren t from the implemen tation of Bet a . In particular, the

static analysis of virtual patterns in Bet a |as describ ed in [17 ]|do es actually



not su�ce to handle family p olymorphism correctly . The problem is that this

static analysis in to o man y cases considers a virtual pattern in t w o di�eren t

ob jects to b e the same pattern. Ev en though the author had used Bet a for

y ears at this p oin t, this problem with the static analysis of Bet a only b ecame

apparen t after a close insp ection of [17 ]. This underscores the imp ortance of

formalizing the seman tics and static analysis|a task whic h has unfortunately

not y et b een completed. Ho w ev er, the gb eta static analysis is the �rst one to

solv e this problem in the static analysis of Bet a , and moreo v er it handles the

added generalit y of gb eta .

In Sect. 3.3 and 4.2 it has already b een discussed in what w a ys and to what

exten t parametric genericit y can pro vide b oth t yp e safet y and reuse opp ortu-

nities with class families. Our general conclusion is that either safet y or reuse

opp ortunities m ust b e compromised, and in particular the almost-solution based

on t yp e parameterized metho ds will cause widespread static dep endencies on the

exact class families b eing managed. W e should men tion that the prop osal in [7]

is based on ha ving t yp e exact references to the mem b ers of a class family , th us

making family p olymorphism imp ossible at the outset.

In the area of functional languages there is a large b o dy of w ork concerned

with dep enden t t yp es (see, e.g. [30 ]). A dep enden t t yp e is a t yp e that is allo w ed

to dep end on run-time v alues in program executions, and it is t ypically used to

express and pro v e detailed prop erties of the outcome of computations, suc h as

\ reverse is a function that accepts an argumen t of t yp e 'a list(n) and returns

a result of t yp e 'a list(n) " , meaning that it returns a list of the same t yp e and

length ( n ) as the argumen t. Often, dep enden t t yp es are made less useful b ecause

supp ort for general usage of program v alues in t yp es mak es t yp e c hec king unde-

cidable (as in Ca y enne [3]), and often it is required that programmers pro vide

pro ofs man ually , using some kind of theorem pro v er.

The gb eta t yp e system has not y et b een pro v ed correct, but the implemen ta-

tion certainly do es not require man ual in terv en tion. This t yp e system emplo ys

dep enden t t yp es in that it is part of eac h pattern t yp e that this pattern is de�ned

in one particular run-time con text, and the t yp e system only accepts t w o pattern

t yp es as b eing equiv alen t if they are asso ciated with the same run-time con text,

in addition to ha ving the same attributes with the same t yp es, of course. No 
o w

analysis is made to disco v er what expressions will denote the same ob ject|w e

do not consider 
o w analysis to b e an acceptable to ol as part of t yp e c hec king|

so ob ject `sameness' is only detected in the case where the ob ject is accessed

via equiv alen t paths of imm utable references. This approac h seems to w ork v ery

w ell in practice, so there are no immediate plans to extend the analysis in order

to disco v er further o ccurrences of ob ject sameness.

Finally , it is instructiv e to compare the usage of ob jects in gb eta as class

rep ositories with the usage of structures, signatures, and functors in SML [16 ]

to pro vide pac k ages of t yp es and v alues. A structur e in SML is a pac k age of

t yp es and v alues whic h ma y b e created at top-lev el and referred to b y means

of structure names (they are not �rst class v alues). A signatur e is a structure

sp eci�cation, listing required names and kinds of t yp es, and names and t yp es



of v alues. By applying a signature to a structure, it ma y b e ensured that the

structure conforms to the giv en sp eci�cation, and all parts of the structure not

sp eci�ed in the signature will thereafter b e in visible outside the structure. Fi-

nally , a functor is a function from structures to structures (again: not a �rst class

function). It ma y tak e a structure constrained b y a signature as an argumen t,

and it will itself ha v e a signature. An application of the functor to a structure

whic h matc hes the required signature will then pro duce a structure with the

promised resulting signature.

T en tativ ely , the follo wing concepts are related: A gb eta ob ject is similar to

an SML structure; subt yp e p olymorphism p erforms a similar role in gb eta as

signatures in SML; and a gb eta mixin ma y pla y a role similar to the one pla y ed

b y a functor in SML.

The �rst di�erence b et w een gb eta ob jects and the SML mo dule system is that

gb eta ob jects are (partially) m utable, �rst-class en tities, whereas SML structures

are imm utable en tities that ma y only b e used at top-lev el, in their o wn, separate

name space. Moreo v er, it causes di�erences at man y lev els that the SML t yp e

system is orien ted to w ard structural equiv alence, whereas the gb eta t yp e system

distinguishes b et w een t w o di�eren t declarations of the same name, except where

these t w o declarations are explicitly declared to b e related.

On the other hand, subsumption (subt yp e p olymorphism) mak es it p ossible

for a gb eta ob ject to presen t a subset of the actually implemen ted in terface, sim-

ilar to a structure with a declared signature. A mixin ma y b e used to enhance a

pattern whic h ma y then b e instan tiated, yielding an ob ject whic h is an enhanced

v ersion of the ob ject that the original pattern w ould ha v e pro duced; when the

ob ject is used as a class rep ository , this is similar to the e�ect of applying a

functor to a structure. Note that this ma y happ en at run-time in gb eta .

In summary , the basic concepts in the SML mo dule system ma y b e useful

as a starting p oin t for the understanding of the usage of gb eta ob jects in the

managemen t of class families. Ho w ev er, there are so man y and so deep di�erences

that the analogy should not b e tak en to o far.

6 Conclusion

This pap er has presen ted the notion of family p olymorphism. It has b een demon-

strated that traditional notions of p olymorphism|dynamic, single-ob ject sub-

sumption and parametric p olymorphism, with or without F-b ounds|do not

allo w us to treat groups of ob jects b elonging to m utually recursiv e families of

classes in a safe manner without causing widespread dep endencies on the exact

classes in v olv ed, thereb y prohibiting reuse with other families of classes.

The virtual pattern mec hanism in gb eta supp orts p olymorphic access to suc h

groups of ob jects based on a notion of t yp es dep ending on the iden tit y of ob jects

used as class rep ositories. This solv es the ab o v emen tioned problems with safet y

and loss of reuse opp ortunities, and it only requires the explicit passing of the

class family rep ository ob ject together with the instances of mem b ers of that

class family .



W e b eliev e that the correct but p olymorphic managemen t of m ultiple related

ob jects is a natural and inevitable dev elopmen t in the area of ob ject-orien tation,

on top of the w ell-established p olymorphic usage of single ob jects. In particular,

w e exp ect v arious approac hes to systematic pro duction of v arian ts of more than

one class, including systems for adv anced separation of concerns, to b ecome more

and more p erv asiv e. Consequen tly , v arian ts of groups of m utually dep enden t

classes will also b ecome more and more imp ortan t. F amily p olymorphism is

needed to ensure the traditional b ene�ts of ob ject-orien tation, also when using

these class families.
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