Data abstraction mechanisms in programming languages are important tools in the process of producingreliable software. One well-known data abstraction mechanism is the abstract data type. Abstract datatypes either provide an abstraction of one implementation per program (single implementation), or allowthe abstraction of arbitrary many implementations per program (multiple implementation). Two well-knownapproaches to multiple implementation abstract data types are data encapsulation and procedural encap-sulation. Data encapsulation relies on a type system with existential types. Procedural encapsulation canbe applied in a polymorphic Milner/Mycroft type system with algebraic types. In this chapter we investi-gate the incorporation of these multiple implementation abstract data types in the lazy, pure functionalprogramming language Clean (version 1.0). The type system of Clean is based on a polymorphicMilner/Mycroft type system with algebraic types and existential types. One special feature of its type sys-tem is that it has a special linear type like type system called uniqueness types. The encorporation of thetwo encapsulation methods is straightforward if uniqueness types are not taken into account. However,the uniqueness type system causes complications with respect to procedural encapsulation. We presenta semantically equivalent procedural encapsulation method that alleviates these complications. Finally,we compare the runtime performance of the two multiple implementation abstract data types with thestandard single implementation abstract data type mechanism of Clean.

5Data Abstraction

88Data Abstraction

5.1IntroductionData abstraction is a useful and important technique in the development of reliable software(Fairley, 1985; Radin, 1992). The term data abstraction covers the area of software engineeringmethods that in one way or another hide implementation details of data structures. One well-known and widely used data abstraction technique is the abstract data type mechanism, that isincorporated in many programming languages.The approaches to abstract data types in programming languages can be divided into twocategories. In the first category, the single implementation, we find those abstraction mechanismsthat simply encapsulate one specific implementation of the intended abstract data type. In thesecond category, the multiple implementation, we find mechanisms that offer a generic methodof defining different implementations of one abstract type. For instance, introduce in either cate-gory an abstract data type for complex numbers implemented as pairs of real numbers (x,y), suchthat (x,y)˚=˚x˚+˚iy. In the single implementation category this will then be the only possible im-plementation of complex numbers in the same program. In the multiple implementation categorywe can introduce another implementation of complex numbers based on, say polar notation, inthe same program. In this way programs can take advantage of different internal implementa-tions in terms of run-time efficiency or space efficiency. A disadvantage of this approach is thatcoercions between different implementations are sometimes necessary. Single implementationabstract data types do not have this problem.In this chapter we address multiple implementation data abstraction in a functional lan-guage. The way we regard abstract data types is rather conventional (following Mitchell andPlotkin (1985; 1988) and Pierce and Turner (1994)). Abstract data types are represented by ab-stract object signatures, which are structures of the following format: they consist of a value S,called the abstract object state (which is of some concrete type s), and a fixed number of opera-tions f1�fN on values of that type, the abstract object operations. The type of the abstract objectoperations is the type Ops˚x˚=˚(

f1,�,fN). In this chapter, the notation f is a shorthand notation forthe type of f. The type of an abstract object signature is the type Sig˚x˚=˚(x,˚Ops˚x). Given such astructure (S,˚(f1,�,fN)) of type Sig˚s we want to obtain an equivalent structure, the abstractstructure, that hides the actual implementation S. The type of the abstract structure, the abstractdata type, hides the type s of S. The only access to the implementation should be by the opera-tions. Because the encapsulation method must allow multiple implementations, the abstract datatype should be such that any two structures (S,˚(f1,�,fN)) and (T,˚(g1,�,gN)) with S of type s andT of type t, are of equal abstract data type if the type of each operation fi modulo s equals thetype of gi modulo t.Being able to represent abstract structures that have abstract data types as values in afunctional language has as advantage that they are first-class citizens: they can be used as func-tion arguments, and also be created by functions.Solutions to multiple implementation methods can be divided into data encapsulationand procedural encapsulation approaches (Reynolds, 1978).With data encapsulation both the implementation and the operations are given explicitlyin the abstract structure, but the type and value of the implementation are hidden. Solutions inthis direction have been taken by Mitchell and Plotkin (1985; 1988) who propose to use existen-tial types to model abstract data types, and similarly Pierce and Turner (1994) who use existen-tial types to model object-oriented data abstraction. So the way to proceed to obtain an abstractstructure given a concrete structure (S,˚(f1,�,fN)), is by giving it the abstract data typeT˚=˚$x.(x,˚Ops x). The rules for existential types hide all external access to the implementation.

5.1Introduction89

For instance, define the type T = $x.(x,˚xfixfix), and the function new::IntfiT withnew˚i˚=˚(i,˚(+)). Correctly typed expressions are: new (3+5) and l(i,˚f)˚=˚(f i i,˚f). Incorrectlytyped expressions are: (i+5, f) where (i, f) = new 3 and swap (i1,f1) (i2,f2) = ((i1,f2), (i2,f1)).With procedural encapsulation the implementation of an abstract structure is encapsulat-ed within the local data structures of the operations on the abstract value. To discuss proceduralencapsulation, we require that the abstract object operations are well-formed. An abstract objectoperation fi is well-formed if

fi has one of the following forms:(1) fi = s fi Ti1 � fi Tini fi s(2) fi = s fi Ti1 � fi Tini fi Ti(1+ni)(3) fi = s fi Ti1 � fi Tini fi (s, Ti(1+ni))The type variable s does not occur in any of the types Tij, and for any i, ni‡0. An abstract objectoperation is a function that accesses the abstract object state. The three forms correspond withthe three kinds of possible access: an abstract object operation either updates the object state (1),or retrieves information from the object state without changing it (2), or updates the object stateand retrieves information (3).Let (S,˚(f1,�,fN)) be an abstract object signature of type Sig˚s with well-formed abstractobject operations for which we derive an abstract type using procedural encapsulation. First weintroduce function types f� i such that fi=sfi f� i. The abstract type is defined by the recursive typeT˚=˚( f� 1,�, f� N)˚[s:=T] (the type obtained by substitution of all occurrences of s by T in each f� i).As we have defined the abstract object state of an abstract structure to be some value S, we canencapsulate the abstract object state by curried application of the operations with S.Figure 5.1 sketches how procedural encapsulation works. Consider the abstract objectsignature Sig˚x˚=˚(x,˚Ops˚x) with Ops˚x˚=˚(xfiIntfix,˚xfiIntfi(Bool,x)). The encapsulated ab-stract type of this signature is T˚=˚(IntfiT,˚Intfi(Bool,T)). The function intro, given a signa-ture, yields an abstract structure of type T as follows::: T = ( Int -> T, Int -> (Bool,T)):: Ops x = (x -> Int -> x, x -> Int -> (Bool,x))intro :: (x, Ops x) -> Tintro (x,(f1,f2))= (def1 x, def2 x)where def1 x i= (def1 x‘, def2 x‘) where x‘= f1 x i def2 x i= (b,(def1 x‘, def2 x‘)) where (b,x‘)= f2 x iFigure 5.1Straightforward procedural encapsulation.The type systems of most functional programming languages, such as Miranda and Haskell, arebased on polymorphic Milner/Mycroft type systems, and do not have existential types. The ab-stract data type mechanisms supported in these languages are usually single implementationmechanisms. This implies that in these languages one needs to use the procedural encapsulationmethod sketched above to introduce a multiple implementation mechanism. It is unclear howeverwhat the effect will be on efficiency if this path is taken.The lazy, pure functional programming language Clean (Brus et al., 1987; N�cker et al.,1991; Plasmeijer and van Eekelen, 1993) has a polymorphic Milner-Mycroft type system, and

90Data Abstraction supports single implementation abstract data types. Recently, its type system has been extendedwith existential types (going from version 0.8 to 1.0). The reason for this decision was caused bya practical need to have multiple implementation in the implementation and modelling of inter-active processes (see Chapter 3)). This made the question on the consequences of efficiencymore urgent, as a non-efficient implementation would be likely to deteriorate the performance ofinteractive programs. The type system of Clean extended with existential types enables us to in-vestigate the performance of both encapsulation approaches in a state-of-the-art compiler.Based on the conventional type system the type system of Clean has a linear kind of typesystem called uniqueness types (Smetsers et al., 1993; Barendsen and Smetsers, 1993a-b, 1995,Barendsen, 1995). In Clean, conventional types of arbitrary data structures, functions, and re-cently also existential types, can be attributed with uniqueness information. The type checkingalgorithm will verify that functions that require a uniquely attributed argument have private ac-cess to these values. Uniqueness types have important applications in the area of incorporatingI/O in pure functional languages (Chapter 2, and Achten et al., 1993), but also for optimizationsof memory usage (Smetsers et al., 1993).The data encapsulation method, using existential types, complies well with respect touniqueness information, and gives the results we would expect. Briefly, it allows concrete imple-mentations of abstract structures to be single threaded. However, the procedural encapsulationmethod in the form as sketched above does not allow this. In this chapter we present a semanti-cally equivalent procedural encapsulation method that behaves equally well with respect touniqueness information as the data encapsulation method.This chapter is structured as follows. In Section 5.2 we give a brief account of those as-pects of uniqueness types that are relevant to this chapter. In Section 5.3 we explain the effect ofuniqueness types on the encapsulation methods as sketched above, and show that the data encap-sulation method is appropriate and the procedural encapsulation method is inappropriate with re-spect to uniqueness information. We continue in Section 5.4 by presenting a semantically equiv-alent procedural encapsulation method that has the same uniqueness properties as the data encap-sulation method. We compare and analyze the runtime performances of abstract objects as ob-tained by the two methods in Section 5.5. In order to compare their �absolute� efficiency we alsocompare them with the single implementation abstract data type mechanism of Clean. Relatedwork is presented in Section 5.6 and Section 5.7 concludes.5.2Uniqueness typesIn this section we give a brief introduction to the uniqueness type system of Clean. Clean is aterm graph rewriting language (Barendregt et al., 1987). While writing programs in Clean onedoes not need to be aware of the fact that these programs are actually computation graphs, thatdata types correspond with graph constructors, and that functions are graph transformations, alsocalled rewrite rules. In the graph rewriting world we have the notion of reference count of avalue which gives the number of references to the top node of that value. In Clean, functions canrequire values that have, at the moment of rewriting, reference count one. This means effectivelythat a function can request private access to arbitrary data structures. This request is indicated byannotating the corresponding type with the uniqueness attribute, the symbol �*�.Uniqueness and the techniques to derive or enforce uniqueness are fundamental tools tosolutions of important problems in functional programming languages. Using uniqueness types,it is possible to write programs that use memory efficiently because uniquely attributed datastructures can be updated destructively rather than by copying (in Smetsers et al. (1993) an ex-

5.2Uniqueness types91 ample is given of a functional quicksort algorithm that in-situ sorts a list of elements). Unique-ness types are crucial when operations are incorporated like file I/O and graphical user I/O (seeChapter 2, and Achten et al., 1993).Uniqueness types are discussed extensively elsewhere: the first paper on uniqueness isSmetsers et al. (1993); thorough discussions on the framework are Barendsen and Smetsers(1993a,b) and Barendsen (1995). Type inference in Clean is discussed in Barendsen andSmetsers (1995a), and a presentation using a natural deduction style can be found in Barendsenand Smetsers (1995b). Relevant to this chapter is how conventional types are attributed in a con-sistent way with uniqueness information. We will illustrate this by an example from Barendsenand Smetsers (1993b). For any conventional type a, *a is the type a with the uniqueness at-tribute *. We first consider the recursive, polymorphic, algebraic type List, defined as List˚x =Cons˚x˚(List˚x) | Nil. Assignment of attributes must be done uniformly over type constructors(List), alternative constructors (Cons and Nil), and type variables (x). There are four possibleuniform uniqueness attribute assignments for List, which are shown in Figure 5.2.

Cons = ( x, List( x)) fi List( x)(1)

Cons = ( x,*List( x)) fi *List( x)(2)

Cons = (*x, List(*x)) fi List(*x)(3)

Cons = (*x,*List(*x)) fi *List(*x)(4)Figure 5.2Uniqueness attribution in data types.(1) Defines ordinary lists, (2) defines spine-unique lists, (3) defines spine-shared lists containingunique elements, and (4) defines totally unique lists. It should be noted that variant (3) cannotguarantee the uniqueness property to hold for its elements because the spine of the list can beshared, leading to multiple access by pattern-matching. The rule that rejects variation (3) iscalled the uniqueness propagation rule: if one of the argument types of a constructor has theuniqueness attribute, then the constructor also obtains the uniqueness attribute. This is taken intoaccount in the type of Cons. The only legal types for Cons are the versions (1), (2), and (4).For the function type constructor fi there is no such propagation. So for the typeF˚a˚b˚:==˚afib, then either a or b or both can be attributed with * without F becoming unique aswell. In a sense, one can say that fi �stops� uniqueness propagation. When using currying, thefollowing holds. Consider f::*s1˚s2fit, and an expression M::*s1. Now the anonymous function(f˚M) obtains the uniqueness attribute and therefore has type s2*fit. (This is explained in moredetail in Barendsen and Smetsers (1995a-b).)5.3The effect of uniqueness typesIn this section we show the effect of the uniqueness type system on the encapsulation methodsdescribed in the introduction. First we consider data encapsulation method in Section 5.3.1, andthen procedural encapsulation method in Section 5.3.2.5.3.1Uniqueness and data encapsulationBefore we discuss the effect of the uniqueness type system on the data encapsulation method weintroduce how existential types have been incorporated in Clean. In the introduction we pre-sented the type T˚=˚$x.(x,˚Ops˚x). However, in Clean all type variables of type constructors must

92Data Abstraction be introduced on the left-hand side of the specification of the type constructor. Consequently, ex-istentially quantified type variables also have to be quantified on the left-hand side, which devi-ates from regular notation. So the type T given above defined in Clean is: T˚E.x˚=˚(x,˚Ops˚x).Another consequence of this approach is that we need to give an instance to an existentiallyquantified type constructor. For this purpose the special type constructor Void is introduced. So,if we want to have a list of T, then this is defined as [T˚Void].The purpose of introducing type variables only on the left-hand side of type constructorsis that it enables us to determine all uniqueness information of the type variables used in the typeconstructor by inspecting the left-hand side only. For instance, a list of T of unique elements isdefined as [T˚*Void].As usual, multiple occurrences of type variables on the right-hand side of a type enforcetype equality. So if we have the type definition T˚E.x˚=˚T˚x˚x, then (T˚5˚3) is a legal instance,while (T˚5˚3.0) is rejected because 5 and 3.0 are of different basic type. This can be applied aswell for recursive types. Consider for instance the following definition of a list of existentiallyquantified elements: List˚E.x˚=˚Cons˚x˚(List˚Void)˚|˚Nil. Then (Cons 5 (Cons 3.0 Nil)) is of typeList˚Void, because of the recursive occurrence of List. This is different from the more regulartype List˚=˚$x.(List‘˚x) with List‘˚x˚=˚Cons˚x˚(List‘˚x)˚|˚Nil in which (Cons 5 (Cons 3.0 Nil)) isan illegal expression.Existential types limit the access and use of existentially quantified values to existentialscopes because in general it is not known what the actual instance type is: it is not legal to definea function that yields an existentially quantified value. For instance, the function hd that takesthe head of a List˚Void argument, defined as hd˚(Cons˚x˚_)˚=˚x, is rejected by the type systembecause x is existentially quantified.We can now consider how the uniqueness type system has its effect on the data encapsu-lation method. The Clean solution to the data encapsulation method in the extended type systemwith existential types is T˚E.x˚=˚(x,˚Ops˚x). If the abstract object state is attributed to be unique,then by uniqueness propagation the outermost constructor becomes unique as well. However,although the types of the operations depend on x, due to the function type constructor fi unique-ness propagation stops. So the functions themselves do not become unique. So the attribution weobtain when x is unique is: *T˚E.*x˚=˚*(*x,˚Ops˚*x). This fully attributed type can also be ab-breviated as *T˚E.*x˚=˚(x,˚Ops˚x). It should be observed that although x has the uniqueness at-tribute, this does not propagate to *Ops˚*x.5.3.2Uniqueness and procedural encapsulationIn Figure 5.1 we gave a straightforward solution to do procedural encapsulation. We defined thefunction intro, which generates an abstract structure of type T given an abstract object signa-ture of type (x,˚Ops˚x). When applied to a unique abstract object state, intro has argument type(*x,˚Ops˚*x). It is easy to see that the introduction function can not yield an abstract structurethat has a single threaded abstract object state because each of the operations shares the abstractobject state explicitly:intro˚(x,˚(f1, f2))˚=˚(def1˚x,˚def2˚x).So, because of this definition, x can not be unique. This is in conflict with the argument typewhich demands a uniquely attributed x. In the next section we present an alternative solution tothe procedural encapsulation method that will allow us to create abstract structures with singlethreaded implementations.

5.4Reconciling procedural encapsulation with uniqueness93

5.4Reconciling procedural encapsulation with uniquenessIn this section we present an alternative solution to the procedural encapsulation method in Sec-tion 5.4.1. We then show in Section 5.4.2 that the new approach allows the encapsulation ofsingle threaded abstract object states.5.4.1The new procedural encapsulation methodTo illustrate how the method works we use an adapted version of an example by Pierce andTurner (1994). In this example an object Point is introduced to create �movable, one-dimensionalpoint objects�. There are three operations on points, namely GetX, SetX, and RangeX.GetX::PointfiInt, returns the integer value of a point. SetX::Point˚IntfiPoint, sets the currentvalue of a point to a new integer value. Given a range of two values,RangeX::Point˚(Int,˚Int)fi(Bool,˚Point), sets the point to the closest point in range if the pointwas out of range, otherwise the point is not changed. The Boolean result indicates whether thepoint was out of range.The only language constructions we use in this method are higher-order functions, curry-ing, and algebraic types. In the presentation below we use record types instead of algebraic typesfor convenience. However, in Clean record types are considered to be algebraic types with exact-ly one alternative constructor. So the presentation holds also for algebraic types.We intend to construct an abstract data type P for some object. We will do this by sometransformation steps. In the course of the transformation we introduce new type constructors.Their names are formed by extending the name P with a SMALL CAPS extension. The abstract ob-ject signature of this object is a parameterized record type PSIG˚x˚=˚{state::x,˚ops::POPS˚x}, withPOPS˚x˚=˚{r1::

f1,�,rN::

fN}, with ri the name of fi starting in lowercase. (In Clean, record types aregiven between �{� and �}�, having at least one field. A field is given by a name, followed by atype definition.) The abstract object operations f1,�,fN must be well-formed. The abstract objectsignature of our point example type Point is::: PointSIG x ={ state :: x, ops :: PointOPS x}:: PointOPS x ={ getX :: x->Int, setX :: x Int->x, rangeX:: x (Int,Int)->(x,Bool)}So

GetX˚=˚xfiInt,

SetX˚=˚x˚Intfix, and

RangeX˚=˚x˚(Int,Int)fi(x,Bool). Note that all these op-erations are well-formed, and that of each form one operation is present.The basic idea of the encapsulation method is that the abstract object operations can alsobe represented by one single function. Any set of functions f1�fN with fi=AifiBi, which is astructure of type (A1fiB1)˚·�·˚(ANfiBN) can be embedded (£) in one function with tagged ar-guments (A1˚¯�¯˚AN) and tagged results (B1˚¯ � ¯ ˚BN), of type (A1˚¯�¯˚AN) fi(B1˚¯�¯˚BN). So, we have:(A1fiB1)˚·�·˚(ANfiBN) £ (A1˚¯�¯˚AN)˚fi˚(B1˚¯�¯˚BN)For this function, the arguments and results of the abstract object operations are reordered. Ofeach operation, the argument types Tij are tagged, and the result types are tagged. The new func-

94Data Abstraction tion has two arguments: the first argument is a concrete implementation and the second argumentis a tagged argument type structure. Given the tag, the function knows which abstract operationfrom the concrete implementation to apply to the object state of the concrete implementation.The result of this application is provided with the proper tag. The essential step is that the newabstract object is the curried application of this function with the new abstract object state. So anabstract object is an anonymous function which type does not depend on the type variable x. Theremaining part of this section presents the encapsulation method which consists of three steps.Step 1Reordering types and taggingThe abstract type P is a function type, defined as P :== PIN fi POUT. The algebraic types PIN andPOUT are tagged collections of the input arguments and output results of the abstract object oper-ations respectively. For each abstract object operation fi with

fi˚=˚x˚Ti1�Tini˚fi˚T, PIN has an al-ternative constructor tag that indicates the name of fi and contains the arguments of typeTi1�Tini. Similarly, for each fi, POUT has an alternative constructor tag that indicates the name offi, and contains the result of type T[x:=P]. Figure 5.3 gives the results for our abstract type Point.:: Point:== PointIN -> PointOUT:: PointIN= GetXIN| SetXIN Int| RangeXIN (Int,Int):: PointOUT= GetXOUT Int| SetXOUT Point| RangeXOUT (Point,Bool)Figure 5.3The point abstract object type.Furthermore, we define for each abstract object operation fi two additional functions Tagfi andUntagfi. Let fi˚= x Ti1� TinifiT. The function Tagfi creates the algebraic type alternative of PINthat corresponds with fi. So we have

Tagfi˚=˚Ti1�TinifiPIN. The function Untagfi extracts the op-eration result that is the argument of the POUT constructor that corresponds with fi. So

U n-tagfi˚=˚POUTfiT[x:=P]. Figure 5.4 gives the tagging and untagging functions of Point.TagGetX :: PointINTagGetX = GetXINTagSetX :: Int -> PointINTagSetX n = SetXIN nTagRangeX :: (Int,Int) -> PointINTagRangeX n = ScaleXIN nUntagGetX :: PointOUT -> IntUntagGetX (GetXOUT n) = nUntagSetX :: PointOUT -> PointUntagSetX (SetXOUT n) = nUntagRangeX :: PointOUT -> (Point,Bool)UntagRangeX (RangeXOUT n) = nFigure 5.4The tagging and untagging functions of the point example.

5.4Reconciling procedural encapsulation with uniqueness95

Step 2The object definition functionThe object definition function PDEF is the function that relates concrete implementations of typePSIG˚x with tagged inputs PIN and tagged outputs POUT. The type of the object definition functionis (PSIG˚x)fiPINfiPOUT (which is equivalent to the type (PSIG˚x)fiP). For each abstract objectoperation the object definition function has a corresponding function alternative. Figure 5.5 givesthe PointDEF function. (In Clean, record patterns are given between �{�, and �}�. Variable namescan be bound to the record value (like r=:{�}), or by giving the field name (like {state,�}).Given a record reference r, its field x can be selected by �r.x�. Given a record reference r, its fieldx can be updated resulting in the new record {r˚&˚x=�}.)PointDEF :: (PointSIG x) PointIN -> PointOUTPointDEF x=:{state,ops} GetXIN= GetXOUT (ops.getX state)PointDEF x=:{state,ops} (SetXIN n)= SetXOUT (PointDEF {x & state=ops.setX state n})PointDEF x=:{state,ops} (RangeXIN n)= RangeXOUT (PointDEF {x & state=state1}, b)where (state1,b) = ops.rangeX state nFigure 5.5The object definition function of the point example.Step 3Abstract object introduction and abstract operationsIn the previous step we have defined the object definition function. From this function we deriveabstract objects. They are created by parametrization of the object definition function with a con-crete implementation. This is done by an abstract object introduction function. Figure 5.6 givesthe definition of the abstract object introduction function for points.PointINTRO :: (PointSIG x) -> PointPointINTRO impl = PointDEF implFigure 5.6The abstract object introduction function of the point example.Finally we introduce for each abstract object operation fi a corresponding abstract operation Fiwith

Fi˚=˚ fi[x:=P]. Each abstract operation Fi basically has the form Fi˚p˚t1�tni = Untagfi(p˚(Tagfi˚t1�tni)). Figure 5.7 gives the abstract operations on points.GetX :: Point -> IntGetX point = UntagGetX (point TagGetX)SetX :: Point Int -> PointSetX point n = UntagSetX (point (TagSetX n))RangeX :: Point Real -> (Point, Bool)RangeX point r = UntagRangeX (point (TagRangeX r))Figure 5.7The abstract operations on points.

96Data Abstraction

The abstract object introduction function and the abstract operations are functional sugar. Theycan be defined entirely in terms of the object definition function. But this function presents someproblems. The first problem is that the relation between arguments and result is not clear fromthe type of the object definition function. For instance, it cannot be determined from the type ofPointDEF that GetXIN will always result in (GetXOUT˚n), for some integer n. Another problem isthat applications of PointDEF always need to untag the result of PointDEF, which results in aclumsy programming style. Finally, the implementation of the object definition function cannotbe hidden by some an abstract data type mechanism, because one loses the information that ab-stract objects are functions. These problems are solved by the abstract operations and the abstractobject introduction function.5.4.2Procedural encapsulation hides unique dataWe will now consider the effect of adding uniqueness information to abstract objects. The newprocedural encapsulation method is applied to well-formed signatures of type PSIG x. This signa-ture can be attributed with uniqueness information in three ways:(1)The object state x is unique(2)Some operation arguments are unique(3)Some operation results are uniqueAny combination of these assignments is permitted. The effect of a combination of these assign-ments on the encapsulation method is the accumulation of the effects of (1), (2), and (3) individ-ually. So we can study the effects of each assignment individually.(1)The well-attributed signature of an abstract object with a unique object state is *PSIG˚*xwhich results in the fully attributed type *PSIG˚*x = *{state::*x, ops::POPS˚*x}. The ab-stract type P is also unique because it is the parametrization of a function of type PDEFwith the signature value of unique type *PSIG˚*x. Note that POPS is not unique, because itcontains function types only.(2)The signature type PSIG˚x is not changed if some of the arguments of the operations areunique because uniqueness propagation stops at the function type constructor. Of the ele-mentary types derived in the first step of the encapsulation method, only the PIN type be-comes unique because of the uniqueness propagation rule. Therefore the type of the ab-stract object function PDEF is (PSIG˚x)˚*PINfiPOUT. So the abstract object P has type*PINfiPOUT, but is not unique itself (again, the uniqueness propagation rule blocks at thefunction type constructor).(3)The signature type PSIG˚x is not changed if some of the results of its operations are uniquebecause uniqueness propagation stops at the function type constructor. Of the elementarytypes derived in the first step of the encapsulation method, now the POUT type becomesunique because it depends on the POUT type. The type POUT is unique because it dependson the result types of the operations. So the type of the abstract object function PDEF is(PSIG˚x)˚PINfi*POUT, and the abstract object P has type PINfi*POUT, but again, is notunique itself.From these cases we can conclude that assigning uniqueness attributes to an abstract object sig-nature yields the types we expect: the abstract data type P is unique if and only if the concrete

5.4Reconciling procedural encapsulation with uniqueness97 implementation is unique. There are no restrictions on the uniqueness of the types of the opera-tions. So the new procedural encapsulation method has the same uniqueness properties as thedata encapsulation method.5.5EfficiencyIn this section we compare the runtime efficiency of the programs that result from the two ab-straction methods. The abstract objects we consider in the tests are complex numbers, given bythe abstract type C. Its signature is given in Figure 5.8.:: CSIGx = { state :: x, ops :: COPS x }:: COPSx = { get :: x -> (!Real,!Real), sq :: x -> x }Figure 5.8The abstract object signature of complex numbers.The abstract operation get retrieves the two Real components from a complex number as in theinterpretation in Section 5.1. The operation sq simply takes the square of itself. Finally, the in-troduction function z0 yields the zero complex number.As a standard measure, Figure 5.9a gives an implementation of complex numbers usingthe standard Clean abstract data type mechanism to compare the runtime performances. It uses astrict tuple implementation, and the abstract operations Get and Sq are also strict (annotated inthe type with the �!� symbol) in their arguments. In general, adding strictness information gives aconsiderable increase in runtime performance (N�cker and Smetsers, 1990, 1993; Smetsers etal., 1991; N�cker, 1993; 1994).Figure 5.9b-c gives the resulting program using procedural and data encapsulation re-spectively. For presentational reasons we have introduced the (un)tagging functions and the ob-ject definition function as local function definitions of the abstract operations and abstract objectintroduction function respectively. There are two further changes to the program codes:Firstly, the types CSIG and COPS have been replaced by algebraic types rather than recordtypes. First tests showed that algebraic types were more efficient than record types. The firstmethod using record types ran for 0.36 seconds, while the second method with records ran for0.25 seconds. So with algebraic types tests ran 116% and 120% faster.Secondly, we have annotated types and functions with strictness information. If wewould not have done this, the comparison would very obviously give bad results for the encapsu-lation methods compared with the very efficient version of Figure 5.9a. This is because the en-capsulation methods both generate lazy contexts where the strict tuple version generates strictcontexts. To neutralize this effect, we have annotated the types and functions of the encapsulta-tion methods in the corresponding places. So the final measurements will be affected only by thetrue overhead costs of both methods.

98Data Abstraction

(a) Implementation of complex numbers based on strict tuples::: C:== (!Real,!Real)z0:: Complexz0= (0.0,0.0)Get:: !C -> (!Real,!Real)Getc = cSq:: !C -> CSq(c1,c2) = (c1*c1+c2*c1,c1*c2+c2*c2)(b) Complex numbers with procedural encapsulation::: CSIGx = CSIG x (COPS x):: COPSx = COPS (x -> (!Real,!Real)) (x -> x):: C :== CIN -> COUT:: CIN = GetIN| SqIN:: COUT = GetOUT !(!Real,!Real)| SqOUT !Cz0 :: Cz0 = CDEF (CSIG (0.0,0.0) (COPS get sq))where get :: !(!Real,!Real) -> (!Real,!Real) get c = c sq :: !(!Real,!Real) -> (!Real,!Real) sq (c1,c2) = (c1*c1+c2*c1,c1*c2+c2*c2) CDEF :: !(CSIG c) !CIN -> COUT CDEF (CSIG c ops=:(COPS get sq)) GetIN = GetOUT (get c) CDEF (CSIG c ops=:(COPS get sq)) SqIN = SqOUT (CDEF (CSIG (sq c) ops))Get :: !C -> (!Real,!Real)Get c = Untagget (c Tagget)where Tagget :: CIN Tagget = GetIN Untagget :: !COUT -> (!Real,!Real) Untagget (GetOUT r) = rSq :: !C -> CSq c = Untagsq (c Tagsq)where Tagsq :: CIN Tagsq = SqIN Untagsq :: !COUT -> C Untagsq (SqOUT c) = c

5.5Efficiency99

(c) Complex numbers with data encapsulation::: CSIGE.x = CSIG x (COPS x):: COPS x = COPS (x -> (!Real,!Real)) (x -> x):: C :== CSIG Voidz0 :: Cz0 = CSIG (0.0,0.0) (COPS get sq))where get :: !(!Real,!Real) -> (!Real,!Real) get c = c sq :: !(!Real,!Real) -> (!Real,!Real) sq (c1,c2) c = (c1*c1+c2*c1,c1*c2+c2*c2)Get :: !C -> (!Real,!Real)Get (CSIG c ops=:(COPS get sq)) = get cSq :: !C -> CSq (CSIG c ops=:(COPS get sq)) = CSIG (sq c) opsFigure 5.9The three implementations of complex numbers.Figure 5.10 gives the test program which calculates z10000 with z0=0, and zi+1=zi2. We take zerovalues because we are only interested in the overhead costs.Start = iterate 10000 z0where iterate :: !Int !C -> (!Real,!Real) iterate i c | i == 0 = Get c | otherwise = iterate (i-1) (Sq c)Figure 5.10The test program.The programs have been compiled using the Clean 1.0.2 distribution version on a Macintosh IIfx.For all applications stack checks and index checks were generated. Each generated applicationhas been supplied with sufficient heap space to prevent interfering garbage collections, and suf-ficient stack space to prevent stack overflow. Timings were obtained by setting the applicationoption �Show Execution Time�, and taking the average of ten runs.strict tuplesprocedural encapsulationdata encapsulation heap710 Kb1820 Kb1185 Kb stack75 b160 Kb160 Kb time0.15 s.0.30 s.0.21 s.

Figure 5.11The test programs and evaluation times.In terms of execution time, the abstract objects generated by the procedural encapsulationmethod take 200% of the standard implementation, and objects generated by the data encapsula-tion method takes 140%. Both methods produce slower code, but this should be expected be-cause the standard implementation associates abstract operations with the abstract state at com-pile time, so it has no runtime overhead costs. The encapsulation methods generate data struc-

100Data Abstraction tures in which the abstract operations are included, so there is heap consumption and heaptraversal necessary to locate the operations.The latter reason also explains the differences in heap use. In the first method, objectsconsume 256% of the standard implemented objects, and of the second method objects use167%. The most dramatic difference between the encapsulation methods and the standard imple-mentation is their stack consumption. The cause of this is largely determined by the fact that inboth cases the data structures put the computation of the new abstract state in a lazy context,rather than a strict context. Figure 5.12 gives the remedy to these cases.(a) The new local definition of CDEF of Figure 5.9b. CDEF :: !(CSIG c) !CIN -> COUT CDEF (CSIG c ops=:(COPS get sq)) GetIN = let! c1 in GetOUT c1 where c1 = get c CDEF (CSIG c ops=:(COPS get sq)) SqIN = let! c1 in SqOUT (CDEF (CSIG c1 ops)) where c1 = sq c(b) The new definition of Sq of Figure 5.9c.Sq :: !C -> CSq (CSIG c ops=:(COPS get sq))= let! c1 in CSIG c1 opswhere c1 = sq cFigure 5.12The two changes to the encapsulation methods.Figure 5.13 gives the new performances of the annotated programs.procedural encapsulationdata encapsulation heap1580 Kb950 Kb stack150 b150 b time0.28 s.0.20 s.

Figure 5.13The new performance figures after adding eager evaluation annotations.The heap usage of the two programs has modestly decreased by 30% to 226% and 134% respec-tively, as well as the execution times to 187% and 133%, when compared with the standard im-plementation. However, the stack consumption has decreased dramatically!5.6Related workThis work was motivated from a practical need to create data structures that contain objects ofthe same signature, but with arbitrary (and irrelevant) internal representations in the settings of afunctional programming language with a polymorphic Milner/Mycroft type system. We have

5.6Related work101 shown one way to solve this problem by extending the type system with existential types. Thisdirection has been taken by Mitchell and Plotkin (1985; 1988) who assign existential types toabstract data types. Other work in this direction is done by Pierce and Turner (1994) who explorethe use of existential types to formalize object-oriented concepts. Their approach has been inspir-ing to both encapsulation methods presented in this chapter. From a type theoretical angle,Coquand and Paulin-Mohring (1988) have shown that existential types can be represented by in-ductively defined types. The relationship between their approach and the approach presented inthis chapter requires further investigation. It should be mentioned however that our method isneither intended nor sufficiently general to be used as an �implementation� of existential types ina polymorphic Milner/Mycroft type system with algebraic types. As an example, the followingtype does not fit into our procedural encapsulation method. This example is due to SjaakSmetsers, a similar definition was given by L�ufer and Odersky (1994).:: F E.g a b= Func (a -> b)| Comp (F Void a g) (F Void g b)This type expresses that �a function� from afib is either a �real function� from afib, or a com-position of �a function� from afig and �a function� from gfib.5.7ConclusionsIn this chapter two multiple implementation data abstraction methods have been presented. Thefirst method uses higher-order functions and currying to hide implementation details of datastructures and can be applied in any functional language with a polymorphic Milner-Mycrofttype system with algebraic data types. The second method requires an extended type system withexistential types. The abstract objects that are created can have different internal implementa-tions. In both methods abstract objects are first-class citizens. The abstraction method derivesproperly typed abstract objects if uniqueness types are involved. The emphasis of the firstmethod is to demonstrate that in a functional language with a �conventional� polymorphicMilner/Mycroft type system with algebraic types it is in principle possible to implement a flexi-ble data abstraction. It gives a good account on the expressive power of functional programminglanguages. The emphasis of the second method is on readability, and it gives a more straightfor-ward approach to data abstraction based on extending the type system.Although the performance figures of abstract objects generated by the first method areroughly twice as high as the standard Clean abstract types, they can be a good alternative in alanguage with a type system without existential types. For efficiency reasons we included exis-tential types in the type system of Clean. The test cases show that existential types indeed im-prove with respect to execution time and heap space. The stack consumption is equally high.Other reasons to incorporate existential types are that they have more expressive power, as theexample in Section 5.6 shows, and they are easier to use. Both methods are less efficient than thestandard Clean single implementation abstract type approach, but they are also more expressive.Still, for efficiency reasons one should combine both approaches in the language. We have seenthat records are implemented less efficient than algebraic types. Further investigations areneeded to see if the abstraction methods can be improved by program transformation techniquessuch as deforestation (Wadler, 1988), and partial evaluation of term graph rewriting programs(Koopman, 1992).

102Data Abstraction

AcknowledgementsThe author would like to thank Erik Barendsen, Sjaak Smetsers, and Marco Kesseler for discus-sions of the chapter. Erik Barendsen was especially helpful in providing background informationon some type theoretical aspects. Simon Peyton Jones suggested to use existential types to solvethe data hiding problem.