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Abstract

Polymorphic abstraction provides the ability to write programs that are independent of the form
of the data over which they operate. There are a number of different categories of polymorphic
expression: ad hoc, universal - parametric and inclusion; all of which have many advantagesin
terms of code reuse and software economics.

It has proved difficult to provide efficient implementations of polymorphism. Here, we address
this problem and describe a new technique which can implement all forms of polymorphism,
use a conventional machine architecture and support non-uniform data representations.
Furthermore, the method ensures that any extra cost of implementation applies to polymorphic
forms only and allows such polymorphic formsto persist over program invocations.



1 Introduction

Polymorphism in a programming language is the ability to write programs that are independent
of the form of the data objects that they manipulate. Thus it provides an abstraction over the
form of the datawhich is often categorised by type.

Polymorphism was first identified by Strachey [Str67] but did not receive serious investigation
until the advent of languages such as ML [Mil83], CLU [Lis81], Russell [DD79], Poly [Mat85]
and some of the applicative languages such as Hope [BM S80], Ponder [Fai82] and Miranda
[Tur87]. More recently, the object-oriented methodology, which depends on polymorphic
operations, and the generics of Ada [Ich83], have raised the user community's awareness of the
concept.

The advantages of polymorphic abstraction should be obviousin the context of software re-use
[BoeB6, MBC87]. For example, a procedure to sort an array of integers and another to sort an
array of real numbers, may be replaced by one polymorphic procedure that will work for all
relevant types. In a large system, this can greatly reduce the amount of code that has to be
written and maintained.

Cardelli & Wegner [CW85] give a classification which divides polymorphism into two
categories called ad hoc and universal. According to Strachey, in ad hoc polymorphism thereis
no single systematic way in which to determine the type of the result of afunction from the type
of its arguments. Burstall & Lampson [BL84] give an operational definition, stating that, in ad
hoc polymorphism the code executed depends on the type of the arguments. As an example, the
print function executes differently when evaluating,

print 42
than eva uating,
print "42"

The print function is polymorphic since it is defined over more than one type but the code
executed may be different in each case. Most ad hoc polymorphic functions are "built in", that
is, supplied by the system, but both Keas [Kea88] and Wadler & Blott [WB89] have shown
how user defined ad hoc polymorphism also may be utilised.

Universal polymorphism has two forms - parametric polymorphism and inclusion
polymorphism. In parametric polymorphism, a polymorphic function has an explicit or implicit
type parameter which determines the type of the argument for each application of that function.
In inclusion polymorphism, an object may be viewed as belonging to many different types
(classes) which need not be disjoint. Cardelli & Wegner point out that the two forms of
polymorphism are not digoint but are sufficiently different to deserve different names.

Parametric polymorphism describes the polymorphism found in ML and its derivatives whereas
inclusion polymorphism is the style of polymorphism found in object oriented languages such
as Simula67 [BDM73]. An interesting hybrid may be found in the database programming
language Galileo [ACO85], which is a derivative of ML but utilises inclusion polymorphism to
implement part of the Semantic Data Model [HM81]. Cardelli [Car84b] has shown separately
how the parametric and inclusion forms of polymorphism may be integrated, as bounded
guantification, to yield forms of abstraction not available to either one.

Some languages allow both parametric polymorphism and ad hoc polymorphism to co-exist.
For example, in Napier88 [MBC88], parametric polymorphic functions may be defined but
others such as equality, which execute different code for different types, are aso supported. In



Ada, the instantiation of generics allows for both ad hoc and parametric polymorphism. Finally
Haskell [Hud89] allows both ad hoc and parametric polymorphism to co-exist while retaining
the power of type inference.

Much of the published work on polymorphism concentrates on the design of polymorphic forms
of expression and their utility to a particular application area [CW85, GR83, MP85]. Other
published work concentrates on the algorithms required to write polymorphic type checkers
[Mil79, DM82, Car84a, Fai85, Con88]. In particular, much work has been done on type
inferencing. That is, the ability to infer the type of polymorphic expressions from a static scan of
their usage. Such an ability is sometimes seen as the most important aspect of polymorphism as
it frees the programmer from the necessity of writing down complicated type expressions to
augment the executable code. A good example is given in [SFS90] where the type of natural join
isinferred. Whether or not the type is inferred there remains the problem of generating code
from the abstract description of the program within the compiler.

In this paper, we wish to concentrate on machine architectures and code generation techniques
required to support polymorphism. We will do this by reviewing some known techniques and
then suggesting a new method which has been used to implement the language Napier88. This
utilises the block retention architecture of the Persistent Abstract Machine [BCC88, CBC89] and
allows polymorphic expressions to manipulate values of non-uniform sizes. Other features of
the method are that only polymorphic expressions, and not others, pay the extra cost of
genericity and that the technique is suitable for implementation on traditional architectures.
Finally, the system also supports the persistence of polymorphic values.

2 Implementations of polymorphism

In polymorphic expressions, a computation is described independently of the type of the data
being manipulated. This polymorphic description can be at several levels of abstraction - the

computation can be expressed at the level of source code, machine code, pu-code or any
combination of these. Therefore the meaning of polymorphism in any system isinterpreted with
respect to alevel of abstraction. For this reason we introduce some definitions to clarify our
text.

There are three extremities in implementation techniques for polymorphism that depend upon the
level of abstraction at which the polymorphism is expressed. For any polymorphism to exist,
the source code of a program must exhibit expressions that are independent of the type of the
data. If this is the limit of the polymorphic expression then we use the term textual
polymor phism to categorise it. For example, in Ada generics, only the source code displays
polymorphism since different machine code may be generated for each different instantiation
type. Similarly, languages which exhibit ad hoc polymorphism may execute the same code for
different types at the source level but may in fact execute different code at the machine level.

A second perhaps more pure form of polymorphism isfound in systems where both the source
and machine code for polymorphic expressions are independent of the data types manipul ated.
This we term uniform polymorphism. In ML, which uses uniform polymorphism, all data has a
uniform representation and the same code is executed at both the source and machine level for
polymorphic expressions regardless of the type of the data being manipulated. As we will see,
this has implications for the efficient representation of data, including non-polymorphic objects.

Finally, other systems have source and machine code uniformity but non-uniform store
representations. This means that machine instructions must take account of the differing store
formats. Thus, the machine code for a polymorphic expression takes account of type
information when it is executed. Many of the object-oriented languages are implemented in this
manner and all systems that depend on a tagged architecture also fall into this last category
which we term tagged polymor phism.



We will explore each of the above implementation categories in turn since each yields different
tradeoffs for the efficient implementation of polymorphism. It should be remembered that
textual, uniform and tagged polymorphism represent extremities in the range of implementation
techniques. Most languages will be implemented by a mixture of techniques within this range.
The reason for exploring the extremitiesis to expose the limits of each technique and therefore
the tradeoffs available to the implementor.

First we will introduce the syntax of Napier88 in which the examples are written.
2.1 Nomenclature

As an introductory example, we present the polymorphic identity procedure written in Napier88
which isgivenin Figure 1. We will explain this example in detail for those unfamiliar with the
syntax of Napier88 and for the benefit of later examples.

letid=proc[t] (x:t > t);x

let forty two _int =id [int] (42)

let forty two _rea =id [real] (42.0)

type car isstructure (doors: int ; paint : string)
let this_car = car (4, "blue")

let same _car = id [car] (this_car)

Figure 1 The identity procedure and calls

The polymorphic identity procedure iswritten as,
letid=proc[t] (x:t - t);x

That is, the identifier id is declared, by the reserved word let, to be a procedure which is
quantified by t, written [t], that takes a parameter x of typet and yields a value of typet. The
body of the procedure is the expression x which when evaluated yields the resullt.

This procedure may be called by,
id [int] (42)

which specialises the quantifier t in procedure id to be integer, written int, and applies the
procedure to the value 42. Theresult is, of course, the integer 42. Notice that, for the moment at
least, there is no type inferencing [Mil79] on the calling of procedures and that the specialisation
type iswritten explicitly.

The procedure may also be specialised for real values. For example,
id [real] (42.0)

yields, in the same manner, the real number 42.0.

Finally, more complicated objects may aso be used. For example,



type car is structure (doors: int ; paint : string)

defines atype car to be the labelled cartesian cross product, called a structure, containing alabel
doors of type integer and another paint of type string. Such avalue may be created and bound to
an identifier by the declaration,

let this_car = car (4, "blue")

Notice that the type identifier car also serves as the constructor function identifier. The identity
procedure may be used to operate on this_car asfollows:

id [car] (this_car)

which will return the valuethis_car.

For the present, we will use procedures as our form of polymorphic expression and show later
how other forms such as abstract data types (objects) may be implemented.

2.2 Textual polymorphism

In textual polymorphism, the polymorphic uniformity appliesto the source code only. Thusthe
compiler may generate code specific to the specialisation of the polymorphic procedure. For
example, the calls of the identity procedure id:

id [int] (42),
id [real] (42.0), and,
id [car] (car (4, "blue™))

may all execute different versions of the code for id. Thiswould be the caseif 42, 42.0 and car
(4, "blue") were all represented by different store formats in the machine. Indeed the early
examples in this section are deliberately kept simple for clarity and therefore look prime
candidates for implementation by uniform polymorphism. To overcome this, for the moment,
the reader should imagine that each data type has a different store representation necessitating
different code to be executed for each call that is specialised to a different type.

One method of implementing textual polymorphism is for the compiler to translate the
polymorphic procedures into an intermediate form. When a specialisation of the polymorphic
procedure is compiled, the intermediate form is used to generate code specific to the
specialisation type. This generated code may be in the same language, in which case the
compiler will then compile the generated code [ SFS90]. Alternatively, the intermediate form can
be used to generate specific machine code directly.

The major advantage of the textual polymorphism technique is that the compiler can produce
optimum code using optimum representations of data. That is, the code can be tailored to the
type of the specialisation, producing the required run time speed and space overhead. A second
advantage is that the technique can be used to implement ad hoc polymorphism since it utilises
an ad hoc implementation mechanism that can generate code specific to the specialisation.

Within a compilation unit a bound can be placed on the number of specialised forms of the
polymorphic procedure that may be generated. In the upper limit a separate form for each
specialisation type may be required. In the lower limit there is only one form and the method
reverts to the uniform polymorphism of the next section. In practice, in any compilation unit,
there is a fixed number of datatypes some of which may share representations. Thisleadsto a



fixed upper limit on the number of possible specialised forms of any particular polymorphic
procedure which is the number of representations of the quantifier types raised to the power of
the number of type quantifiers. Thisis highlighted in Figure 2.

let triples=proc[d, e f](D:d;E:e;F:f)

Figure 2 A polymorphic procedure with multiple quantifiers

In Figure 2, the procedure triples is quantified by three types d, e and f and takes three
parameters D, E and F of those types respectively. The procedure is of type void and therefore
does not require to specify its result type. The procedure body isleft unspecified sinceiit is not
of interest to our argument.

The compiler may have to generate every possible specialised form for al three quantifier types.
If there are n possible forms for the quantifiers and m quantifiers then there are n to the power m
possible forms for the polymorphic procedure. In this case it is n3 where n is the number of
possible representations of the quantifier types.

Of course, the above gives a bound for the number of possible specialised forms of a
polymorphic procedure but it should be noted that for any compilation unit the compiler only has
to generate one speciaised form of the procedure for each static call. Also many of the calls will
have the same specialisation type representation, allowing them to share the implementation.
Thus, the number of specialised forms of a polymorphic procedure in any compilation unit is
determined by the variety of call specialisations. Thisis, of course, not the case with separate
compilation where the number of specialisations is not known statically. Indeed it should be
obvious that with textual polymorphism, a polymorphic procedure may not be applied outside
the context of its compilation unit. However, Figure 3 demonstrates how even the above smple
technique may become complicated.

let first =proc[a b] (A:a;B:b)

let second =proc (s t] (S:s;T:1)
if <condition> then first [s, t] (S, T) elsefirst[t, 5] (T, S)

second [int, bool] (43, true)
second [real, int] (42.999, 43)

Figure 3 Multiplicative expansion in code

Both of the procedures, first and second have two type quantifiers. For each call of second there
are two possible calls of first and therefore two specialisations may be required. They are not
required in the trivial case where the types s and t are the same. This second order effect is
multiplicative and may escalate to alarge number of specialisations all of which are necessary.
The total number of specialised forms of a polymorphic procedure for any one call may be
found by multiplying the number of different specialisations of each possible procedure in the
call chain. This may become very large and involves calculating the transitive closure of callsin
a program. For example, if procedure first had three different specialisations of another
polymorphic procedure then six versions of that procedure are required for each call of second.

This problem is also present when polymorphic procedures are allowed to be passed as
parameters. Figure 4 gives such an example.



let third=proc[s] (S:s;A:proc[t](t - t) - 9
Als (9

letid=proc[u] (x:u - u);Xx

let forty_two = third [int] (42, id)

Figure 4 Passing polymorphic procedures as parameters

In Figure 4, procedure third is quantified by s and takes a parameter Sof the quantifier type s
and another A which is a polymorphic procedure of type,

proc[t] (t - t)

The body of the procedure third calls the polymorphic procedure A with the specialisation type s
and the value S. The call of third specialises the quantifier to int and passes the polymorphic
procedure id and the integer value 42. For each specialisation of third there is also a
specialisation of A which hasto be found from the call of third. This expansion in codeis again
multiplicative.

The tranglation method, for textual polymorphism described above, can be used for the above
examples but does not work where the polymorphic procedures are first class data objects or
may be stored in a persistent store.

Languages such as Napier88 allow first class polymorphic procedures [AM84]. These
procedures may be stored in data structures, assigned and substituted for one another if they
have the same type. Figure 5 gives such an example.

let either = if <condition> thenproc[t](a b:t - t);a
elseproc[t] (@ b:t - 1t);b

let two = either [int] (23, 12)
let three = either [real] (-0.2, -12.123)

Figure 5 First class polymorphic procedures

In Figure 5, the procedure either isinitialised to one of two polymorphic procedures depending
upon the value of <condition> when it is executed. When compiling the expression either [int]
(23, 12), the compiler cannot determine which of the two procedures is being called since it
depends on the dynamic flow of the program. The same is true for the call either [real] (-0.2,
-12.123). The determination of which of the two procedures to call can only be performed at run
time.

To implement the above, by textual polymorphism, the specialisation of the procedure should be
performed at run time during the call.

One possible implementation technique is for the compiler to generate every possible form of the
procedure statically and for the run time system to pass around pointers to this code. On
speciaisation, the type may be used to select the particular version to call. However, we have
already demonstrated that the number of possible forms may become very large. In long lived
systems the storage requirement may become great.



An aternative implementation technique is to pass around a pointer to the source code and for
the compiler to be called dynamically on specialisation [DB88]. However, thiswill make the call
of the polymorphic procedure slow. An optimisation is to specialise the procedure on the first
call for every type and to retain the specialised code for latter applications. Thisis equivaent to
memoising the specialisation.

Neither of the above two implementation techniques is practical for reasons of space and time
overhead respectively.

Since this method is unable to implement first class polymorphic procedures efficiently itisaso
unsuitable for storing polymorphic procedures in a persistent store since they may also be
specialised dynamically.

To summarise, the advantages of thistechnique are:
. it can produce optimum code for each application of the polymorphic procedure,
. it can implement non-uniform representations of data, and,

. it can implement ad hoc as well as universal polymorphism

The disadvantages are:
. the amount of machine code generated for each polymorphic form may be large,
. it isunsuitable for the implementation of first class polymorphic procedures, and

. it is unsuitable for supporting the persistence of polymorphic procedures.

The generics of Ada are a special case of this implementation technique and the above perhaps
explains why generics are not first class data objects in that language.

2.3 Uniform Polymorphism

In the uniform polymorphism implementation technique, the uniformity is present at both the
source code level and machine code level. To implement polymorphic procedures, such as id
above, the compiler must generate code that will execute in exactly the same manner for all calls
of the procedure. A consequence of this uniformity is that all data types must have the same
store representation for this uniform code to execute correctly. Thus, in the Figure 1, objects of
type integer, real and car must have the same store representation. This means that, for all data
types, there isafixed stack element size and the same fixed size for components of heap objects.
This second requirement is necessary since the addresses of components of heap objects must
be the same irrespective of the concrete types of thefields. That is, a particular field must always
be at the same address.

Notice, however, that this fixed store representation may not be the optimum nor even the
desired representation of some types. For example, for the calls
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id [int] (42), and
id [real] (42.0)

above, if a uniform size of one word for integers is used, it becomes difficult to implement
double length reals efficiently. On the other hand if double length reals are implemented
efficiently then the implementation of integers may be non-optimum.

The second disadvantage of this technique is also a consequence of the uniformity of data. In
order to implement multi-unit data such asin the call,

id [car] (car (4, "blue"))

above, the compiler must group the elements together and refer to them by a pointer. Thisis
because a fixed element size must be used and all different sized structures must be uniformly
represented. By making the pointer the uniform size, all pointers may now be manipulated in the
same manner by polymorphic procedures. Of course, the maximum size of all objects could
always be used as the fixed element size but this would be very wasteful of storage. It may also
be unknown for separately prepared program and data [ABC83].

A consequence of the fact that pointers must be found for garbage collection, is that all data
objects must now be represented by pointers. Thus, for scalar items such as integers and reals,
thereisan extralevel of indirection in their implementation. A clever optimisation of this appears
in The Functional Abstract Machine [Car83] which is used to support ML [McQ] and Galileo. A
one bit tag is used in every data item to distinguish pointers from non-pointers. Since the
languages are statically typed, the compiler aways knows whether a pointer or a non-pointer is
being manipulated except in a polymorphic procedure where both are manipulated in the same
manner anyway. Thus only the garbage collector needs to use the tag bit. The minor
disadvantage of this scheme are that one bit is used for the tag thereby complicating arithmetic
and reducing the address space.

To summarise, there are two major advantages of thistechnique. They are:

. Itisrelatively easy to implement since the compiler generates uniform code for each
form, and,

. Thereisonly one copy of the machine code for polymorphic forms and it is therefore
efficient in code space.

There are, however, a number of disadvantages to the technique. They are:

. uniformity is imposed on all data types without regard to optimal representation,
and,

. all objects pay the price of the system being polymorphic.

This form of polymorphism is the kind found in ML, although it may not always be
implemented in this manner. Wadler & Blott [WB89] have shown how to extend this technique,
at the language leve, to alow it to be used in the implementation of ad hoc polymorphism. They
give examples of some arithmetic operators and equality. However, this method may also be
used to support assignment when regarded as a polymorphic operator. This would allow their
technique to be used for non-applicative languages. However, their implementation effectively
uses class tags and is more appropriately classified in the next section.
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2.4 Tagged Polymorphism

Tagged polymorphism displays uniformity at the source code level and at the machine code
level. However, the data objects and the manner in which the generated code instructions
operate over them, may be non-uniform. Effectively every dataitem istagged with its type and
the generated code uses this tag to determine how to execute the type dependent instructions.

The best known implementation of this technique is the use of atagged architecture such as the
Burrough's B6500 [HDG68]. In that, there are some polymorphic operations such as plus,
minus, times, equal and not equal that operate according to the data tag. For example, both
integers and reals have a times operation defined over them. On execution the machine
instruction inspects the tag and performs either integer or real multiplication. Indeed the real
numbers themsel ves may be single or double precision congtituting a further variation.

Some object-oriented languages use a similar technigue to implement multiple inheritance
(inclusion polymorphism). In this each object contains an address map for its methods. The
name of a method being selected is used as a key to the address map. The static machine code
for searching an address map may be the same for all methods. However, the address maps for
different objects will be different and thus searching for the same method in different objects
will cause different dynamic sequences of code to be executed. The address map is effectively a

tag.
Tagged polymorphism is essentially atechnique for implementing "built in" ad hoc polymorphic
operations. The machine instructions that look at the tag constitute these polymorphic
operations. However, if the data types of a particular language can be mapped onto the tags,
then the mechanism can be used to implement a mixture of parametric and ad hoc
polymorphism. Indeed it can even be used to implement more dynamic forms of polymorphism
like that found in languages such as SASL [Tur79] and Smalltalk [GR83].

There is aways difficulty in mapping an infinite type system onto a finite tag representation. In
most systems, however, many different types will share representations and an encoding of the
representation can be used as atag, thereby alleviating the difficulty.

The advantages of the technique are:
. compact code is generated for polymorphic forms,
. it can implement ad hoc, inclusion and parametric polymorphism, and,

. it can operate on non-uniform data.

The mgjor disadvantages of thistechnique are:
. the polymorphic operations are built in,
. the tagging must be efficient, and,

. all datatypes must be tagged al of the time.

The technique depends on efficient tagging. However, hardware tagging is not generally
available and software tagging is too expensive except where the instruction sequence to be
executed is large compared to the tag interrogation sequence, as in object-oriented languages.
Van Vlient & Gladney [VG85] performed an evaluation of tagging by writing two sample
applications in both Smalltalk and PL/1. They found that most of the dynamic lookup of
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methods in Smalltalk could be performed statically in PL/1. The remaining ones could be
implemented using tags. By mixing tags with non-tagged items in the same language, the tags
could be used to produce flexibility at the required point. Since only some items required
tagging the implementation became very efficient.

3 An ad hoc approach

In this section, we will describe the method used to implement polymorphic procedures in
Napier88. Special difficulties arise because of the availability of first class polymorphic
procedures, specialisation without call and the persistence of polymorphic forms. Specialisation
without call occurs where a polymorphic procedure is specialised but not called. An example
will be given later. The technique is, however, general and may be used to implement other
polymorphic languages. When used in combination with other implementation techniques an ad
hoc implementation strategy can be evolved.

Ideally, we would like one implementation technique that supports all forms of polymorphism.
However, given that all the implementation methods described in section 2 have major
shortcomings, it is unlikely that this goal can be achieved. When judging the implementation
strategies we will use the following criteria:

. it should implement all forms of polymorphism,

. it should be implementable on conventiona architectures,

. it should support non-uniform data representations efficiently,
. it should support first class polymorphic procedures,

. it should support the persistence of polymorphic forms,

. only polymorphic procedures should pay any extraimplementation costs, and,

the polymaorphic code should be optimally compact and fast.

We will begin by describing the machine architecture for implementing polymorphism in
Napier88. We will then describe how this may be used with other techniques.

3.1 The Napier88 approach

Napier88 utilises a variant of tagged polymorphism as its implementation technique. However
since the language supports first class procedures and specialisation without call in a persistent
environment, the tagging is performed by using procedure closures to capture type information.

Only polymorphic procedures need to be uniform in the manner in which they operate. Even
then, it isonly the polymorphic expressions within them that require to be uniform. Outside the
polymorphic procedures this uniformity may be neither efficient nor desirable. It is therefore
possible to implement a system whereby any data object of a quantifier type is coerced to a
uniform polymorphic form on entering a polymorphic procedure and coerced back when
leaving. Within the procedure the object of the quantifier type is also manipulated in its uniform
representation. It should be noticed that it is only necessary to convert the parameters and results
of the particular quantified type, and not others. This basic ideais similar to the one separately
discovered and reported in [VG85].
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3.1.1 Points of conversion

The combination of first class procedures and specialisation without call in a programming
language ensures that the compiler cannot determine statically whether a procedure being called
is polymorphic or not. Figure 6 illustrates this.

let first=proc[t] (aab:t - 1);a

let either = if <condition> then first [int]
elseproc (a, b:int - int) ;b

let two = either (23, 12)
Figure 6 First class procedures and specialisation without call

In Figure 6, the procedure either is of type proc (int - int). It isinitialised to the value of
procedure first specialised to integer or to the procedure defined after the else. Notice that the

procedurefirst is specialised but not called in the if clause.

The call either (23,12) could be to the specialised polymorphic procedure first or to the non-
polymorphic procedure. In general, the compiler cannot determine statically whether or not a
polymorphic procedure is being called. Thus conversion code to and from polymorphic
representations cannot, in general, be performed before the call. It must therefore be the
responsibility of the polymorphic procedure to convert any parameters of quantifier typesinside
the procedure and reconvert them before returning.

When passing parameters to a polymorphic procedure, four different cases of parameter passing

are of interest. The formal and actual parameters may have concrete or quantifier types and
representations. The cases are:

. aconcrete actual parameter is passed to a concrete formal parameter,
. aconcrete actual parameter is passed to a quantified formal parameter ,
. aquantified actual parameter is passed to a concrete formal parameter , and,

. aquantified actual parameter is passed to a quantified formal parameter .
The first case is given for completeness but since there is no polymorphism involved the

compiler can generate non-polymorphic code. Figure 7 gives an example of the second case
where a concrete actual parameter is passed to a quantified formal parameter.

letid=proc[t] (x:t > t);x

let two = id [int] (2)

Figure 7 A concrete actual parameter passed to a quantified formal parameter

For each formal parameter of quantifier type, the corresponding value for each actual parameter
must be converted inside the polymorphic procedure for use and the result, if of a quantifier
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type, reconverted on exit. Inside the procedure they can be manipulated in their polymorphic
form.

Since the polymorphic procedure has uniform code for all types, calling the procedure with an
integer or a car only requires conversion code to depend on the original type. All other codeis
uniform.

Figure 8 shows case three where a quantified actual parameter is passed to a concrete formal
parameter.

let int_id =proc (x:int - int); X

let p=proc[t] (x:t;y:proc(t - t) - t);y (X
let three=p[int] (3, int_id)

Figure 8 A quantified actual parameter passed to a concrete formal parameter

In figure 8, the procedure p is quantified by t, takes a parameter x of that type and another y

whichisaprocedurefromt - t. It returns avalue of typet which is calculated by applyingy to
x. On the call of y the value 3, which has a quantifier representation inside p must be
reconverted for passing to y which is the non-polymorphic procedure int_id. On return the result
is converted to quantifier form.

Figure 9 shows case four where a quantified actual parameter is passed to a quantified formal
parameter.

let g=proc[t] (x:t > t);id[t] (x)

Figure 9 Passing a quantified actual parameter to a quantified formal parameter

In this, the polymorphic procedure id is called with the value x. Unfortunately id expects to
convert concrete values on entry and so X must be made concrete for the call and converted back
to quantifier form on the return.

Thereisonefina problem that must be enumerated before an implementation can be discussed.
Itisillustrated in Figure 10.

type thing [t] isstructure (First : t)
let make thing=proc[a (A :a - thing[a]) ; thing [a] (A)
let first_thing = make_thing [int] (42)

Figure 10 Quantified values in data structures

In Figure 10, type thing is parameterised by t. It is a structure with a field First of typet.
Procedure make_thing creates a thing parameterised by its quantifier type a and returnsit as the
result. Outside the polymorphic procedure, first_thing is expected to be a structure with an
integer of value 42 in it. Thus, when the structure is created it should be constructed in this
form. Furthermore, it is possible for such objects to have different types simultaneously when
the structure is passed into a polymorphic procedure. Within a polymorphic procedure the field
will have its quantifier type but outside it will have its concrete type. The field address
calculation must work in both cases but may be performed by different mechanisms.
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In general, placing quantifier values into and getting them out of data structures are special cases
of procedure return and parameter passing. The same rules apply. That is, only concrete
representations may be used in data structures and when they are selected from or assigned toin
a polymorphic procedure a conversion takes place.

To summarise, because of first class procedures and specialisation without call, the conversion
of values of quantifier types must be performed within the polymorphic procedures. Thisistrue
for parameters and result values. We have enumerated the possible cases for parameter passing
and shown how the conversion is also necessary for data structures that may be accessed by the
polymorphic procedure.

3.2 The Napier88 block retention architecture

The implementation of polymorphism in Napier88 utilises the block retention nature of the
language. The block retention architecture is necessary to support higher order procedures
[Joh71]. For examplein Figure 11,

let random = begin

let seed := 2111
proc ( - int)
begin

seed := (519 * seed) div 8192
Seed

end
end

Figure 11 Block retention

In languages without block retention, the space for values that are declared within the block may
be reclaimed on exit from the block. However in the above, the block contains the declaration of
avariable seed and has avalue that is a procedure. The space for the block that contains seed
cannot be reclaimed on exit since seed isin the closure of the procedure now called random. The
block must be retained for random to operate correctly.

To demonstrate the Napier88 implementation of polymorphism, we will illustrate the
implementation for non-uniform sized values. For example, representing integers by one word
and reals by two words.

Every polymorphic procedure in Napier88 is compiled into another in which the type parameter

is represented by an integer in an outer level procedure. This is illustrated by the following
example,

letid=proc[t] (x:t - t);X
which is compiled into

let id=proc (fTag: int - proc (a - a))
proc(X:a - a); X

The outer procedure forms an envel ope containing the integer tag around the procedure with the
executable code. That is, id is now the envelope procedure which takes as a parameter an integer
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tTag which is an encoding of the quantifier's specialisation type. tTag varies for each call. The
result of calling id is a procedure that takes as a parameter x a value of some type and returns it
astheresult. Thus, id is called twice, once for specialisation and then with the specialised value.

For the moment the type a is not important. It is, however, at any specialisation, the concrete
type of the quantified type.

The tag determines the representation of the type of the parameter at run time. Thus, the call,
let int_id =id [int]

will call the envelope procedure of type,
proc (tag : int - proc (a - Q))

with the integer tag for type integer. Thus, int_id is now the procedure,
proc(X:a - a); X

with the type tag encapsulated in its closure. Notice that this procedure must execute in the same
manner for all types. It does so by executing the same code, since there is only one copy of the
code, but using the tag to discriminate types where the instruction depends upon type. This
particular procedure must convert its parameter to quantifier form depending on the type's tag
and reconvert the result before returning the value. Thus, the subsequent call,

int_id (32)

will cause the procedure to convert 32 to the uniform quantifier form on entry, according to its
type representation tag and reconvert on exit.

Thecdl
id [int] (32)

isdirectly compiled into two calls, one to the envelope procedure with the type tag followed by
one to the result of this call with the integer value 32.

On entry to the procedure, the instruction convertToPoly is executed using the representation tag
in the closure. The convertToPoly instruction converts the concrete representation of the data
into a polymorphic one. The tag determines the concrete form and the polymorphic one is
uniform. On exit from the procedure, the convertFromPoly instruction is executed, again using
the given tag to convert from the polymorphic form to the concrete one. These two built in
instructions operate differently for different tags.

Thecal,
id [real] (42.0)

will execute the same code as int_id but with a different tag in its closure to determine the
conversion to and from the polymorphic form. Finally,
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id [car] (car (4, "blue"))

will execute the same code again but with yet another tag. Thus, there is one version of the code
that executes differently for every tag.

It should be emphasised again that there is only one version of the code for the procedure
proc(X:a - a); X

but that it may be bound to many envel opes of type
proc (tag : int - proc (a - a))

The efficiency of this technique depends on the number of polymorphic operations and the
efficiency of the tagging. Unlike the tagged machine architecture solution, only quantifier values
are tagged. Also only polymorphic procedures require tagged code. Thus, the tagging overhead
issmall for polymorphic code and non-existent for non-polymorphic code.

In Napier88 the type system describes an infinite number of data types. However, as pointed
out earlier, the number of datatype representationsin most languages isfinite since the compiler
uses a finite number of store representations. In Napier88 it has proved possible to map this
infinite type system into seven distinct machine tags. The technique does not, however, depend
upon this but only that the type system can be represented by tags. The polymorphic operations
convertToPoly and convertFromPoly should be regarded as ad hoc polymorphic procedures
called with atype tag themselves. They are however built in to the system and therefore grounds
the recursion on the use of tags.

3.3 Implementation of data structures

As described earlier, data structures that are manipulated by polymorphic procedures and contain
fields of aquantifier type, yield examples where the extent of the quantifier value may escape the
scope of the procedure. The problem arises whenever the extent of an object containing values
of quantifier types and manipulated by the polymorphic procedure is different from the scope of
the procedure.

The solution proposed is that all data structures contain only representations of fields of non-
polymorphic type. Thus, where the fields are manipulated by polymorphic procedures, they
must be converted for use within the procedure and reconverted when placed in the data
structure. Thisis exactly the samerule as for parameters and returned values.

The given solution is necessary since the data structure may be accessed from different pointsin
the program and therefore must have one fixed representation.

There are two cases where a polymorphic procedure may manipulate avalue of aquantifier type
that is part of a data structure. They are when the data structure is passed as a parameter and
when the data structure is created within the procedure and returned as its value. Figure 12
illustrates the first case.
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let findSize=proc s, t] (A : structure(age:s; size:t) - t); A (size)
let intThree = findSize [real, int] (struct (age = 42.0, size = 3))
let stringThree = findSize [int, string] (struct (age = 42, size = "Three"))

Figure 12 Passing structures with quantified fields to polymorphic procedures

In Figure 12, the procedure findSize is quantified by two types sand t. It takes, as a parameter,
a structure with fields age and size with types s and t respectively and returns a value of typet
which isthe sizefield of the structure.

The two calls of the procedure specialise it to different types and pass structures of different
types. Thus, if the types have different store representations, it is impossible to generate the
address of the fields within the data structure, in the polymorphic procedure, statically. They
may be different for every call.

The solution is an extension of the method already described. Although the compiler cannot
calculate the field offset addresses within the procedure, it can do so at the point of the call.
Thus, the call can pass the field offset addresses into the procedure which can then use them to
index the structure. The procedure that holds the quantifier type tags can also hold the field
offset addresses in its closure. The findS ze procedure above can now be compiled asin Figure
13.

let findSize = proc (sTag, tTag, ageOffset, sizeOffset : int
- proc (A : structure (age: a ; size: B) - B))

proc (A : structure (age: a ; size: B) - B)
A (sizeOffset)

Figure 13 Compilation of Figure 12

In Figure 13, the findS ze procedure is compiled into one which takes the two specialisation tags
as parameters along with the field offset addresses for the age and size fields. When specialised,
the procedure returns another procedure which takes a structure and returns the size field value.
This second procedure uses the value sizeOffset within its closure to index into the particul ar
structure for the particular sizefield.

Each speciaisation of the types yields different tags and offsets. The call of the procedure must
provide the field offset address values. If we assume integers occupy one field, strings two and
reals three and that the structures fields are organised in their declared order, the two calls will
now be compiled as,

let intThree = findSize (real Tag, intTag, 0, 3) (struct (age = 42.0, size = 3))
let stringThree = findSize (intTag, stringTag, 0, 1)(struct (age = 42, size ="Three"))

There is only one polymorphic form for each data structure and different offset addresses for
each procedure call. The compiler either knows the offset address of the field or the address of
the offset address of the field and can generate the correct code according to circumstances
which include passing the data structure on to a further polymorphic procedure.

A second addressing problem arises where the data structure is created within the polymorphic
procedure. Figure 14 gives such an example.
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let mkPair = proc [s, t] (first: s; second: t — structure (fst:s; snd: t))
struct (fst = first, snd = second))

Figure 14 A polymorphic procedure that creates a data structure with
guantified fields

In Figure 14, the procedure mkPair is quantified by the types s and t and takes parameters first
and second of these types respectively. The procedure creates a structure and returns it as the
result. This structure must be of the same form asiif it were created outside the procedure using
the specialisation types.

The addressing problem occurs since neither the overall size of the structure nor the field offset
addresses are known at compile time. They depend on the representation sizes of the
specialisation types.

Again it is possible to modify the Napier88 technique to handle this case. Either the call can
generate the size and field offset addresses in the manner described above, or code can be
generated in the envelope procedure to calculate this information on a call and leave it in the
closure of the polymorphic form as local declarations rather than the parameters. This second
method is used since some of the structures used inside polymorphic procedures will be totally
encapsulated by them and the size information may not be available at the time of the call.

Thus mkPair would compile to,

let mkPair = proc (sTag, tTag : int -

proc (a, B — structure (fst: a ; snd: (3)))
begin
let fstOffset = 0
let sndOffset = fstOffset + typeSize (sTag)
I typeSize yields the representation size for this type tag
let structSize = sndOffset + typeSize (tTag)
IThisisrequired by the store allocator

proc (first: a ; second: B — structure (fst: a ; snd: )
I The structure size and its field addresses can be accessed
I'in the static environment
struct (fstOffset = first, sndOffset = second))
end

Figure 15 Compiling Figure 14

If we assume again that integers occupy one field, strings two and reals three and that structures
are organised in their declared order, then the missing procedure typeSze which is built in, may
be encoded as

let typeSize = proc (tag : int — int)
case tag of
intTag
stringTag
red Tag
default

OQWN -

Thusif the call
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mkPair [real, string] (42.0, "ronald")

was made it would cause real Tag and stringTag to be substituted for sTag and tTag respectively
and the internal values sndOffset and structSize to be 3 and 5 respectively. Thus when the
resultant procedure is executed 42.0 will be placed in the structure at address 0 and "ronald" at
address 3. The overall size of the structureis 5.

The important point about this discussion is not the actual code that is generated since that is
machine dependent but that the correct addressing can be performed.

The technique is a so flexible enough to alow any permutation of fields. The Napier88 system
uses a canonical permutation to aid garbage collection. It places the pointers as one block at the
start of the structure so they can be easily found. The order may also be used as a canonical
form to enable structural type equivalence across independently prepared program and data. The
permuting of fields does however complicate the calculation of field offset addresses since the
order of the fieldsis not known until run time.

It should also be noted that selecting a quantified type field still requires the conversion from
concrete to polymorphic form and vice versafor assignment to such afield. Thisis however the
same convertToPoly and convertFromPoly operations described above.

We have dealt here with the addressing of fields of structures only but the technique applies to
all data structures.

3.4 Empirical results and implementation tactics

The main advantage of the Napier88 technique is that only quantifier values are tagged. The
tagging overhead is nonexistent for non-polymorphic code. This is unlike uniform
polymorphism where all the values are regarded as polymorphic in their implementation. These
are usually implemented as pointers giving a space overhead on every object and a dereferencing
overhead on every access. In the Napier88 scheme, the overhead is only on conversion. Van
Vliet & Gladney [V G85] have confirmed separately that tagging may be performed efficiently
under such circumstances.

The second point to note is that for every call of a polymorphic procedure, two procedure calls
are made. The first is for the envelope procedure to set up the tag values and the second is for
the enclosed polymorphic form. The system is most efficient when users specialise the
polymorphic procedure once to a particular type and then call the specialised type many times.
Indeed the normal usage of the Napier88 system is precisely that in that polymorphic procedures
are taken from the persistent store, specialised once and used many times. Although in Napier88
the specialisation has to be performed explicitly, type inferencing could be used to perform it
automatically.

The third point on the efficiency of the technique concerns the cost of converting to and from the
polymorphic forms. This depends upon the efficiency of the tagging and the polymorphic
representation. In Napier88, the tag encodes the concrete value size and this can be used to aid
the efficiency of the conversion. Some performance results are given in Appendix I.

By using a mixed implementation strategy, a number of improvements to the efficiency of the
Napier88 scheme can be made. The first tactic isto compile away some polymorphic forms and
substitute in line code wherever possible. For example, the procedure call,

id [int] (42)

need not even call the procedure.
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Wherever appropriate, the textual polymorphism approach may be used. Thisis equivalent to
partial application of the type parameters and trades the compact form of the polymorphic
procedures against execution speed. Even in cases such as in Figure 3, which has multiple
guantifiers, it may be possible to compile away the variations when there are not too many calls.
Thisisadecision for the compiler writer using static program analysis.

There are two situations where textual polymorphism will not help. Thefirst iswhere there are
many callsto amultiply quantified procedure. Since, in Napier88, there are seven object forms
the number of polymorphic forms of a procedure with n quantifiers is seven to the power n.
This gets large very quickly and the method becomes inefficient.

The second case is where first class polymorphic procedures are involved and textual
polymorphism does not work. This is very common in Napier88 since these polymorphic
procedures are often assigned to locations in the persistent store for later use. Indeed, thisisthe
most common usage for such polymorphic forms. For that, the Napier88 procedural envelope
technique is the appropriate implementation tactic.

The final tactic is to perform some static analysis to elide unnecessary conversions between
forms. Figure 16 demonstrates a possible case.

let this id=proc[t] (x:t - t)

begin
let that id=proc(y:t - t);y
that_id (x)

end

Figure 16 Polymorphic optimisation

The calling sequence that_id (x) normally converts x to a non-polymorphic form before the call
and then convertsit again inside the procedure. In this case, however, it is unnecessary since the
procedure that_id cannot escape the scope of t and is always polymorphic.

In languages where the compiler can always determine the declared type of the procedure being
called, it is possible to modify the Napier88 technique to one that passes the quantifier tag as a
parameter rather than hold it in the closure. In Napier88, since specialisations such as

id [int]

are allowed and are substitutable with procedures of type proc (int - int), then the compiler
does not know statically whether to supply atype parameter or not.

Other languages, especialy those that use type inferencing, do not allow specialisation without
call. In the Napier88 system, the greatest efficiency is achieved for a polymorphic procedure
where it is specialised once and called many times. The cost of creating the envelope is
amortised over many calls.

4  Abstract data types

Polymorphic expression occurs naturally in language constructs other than procedures. In
Napier88, for example, there is a second mechanism for abstracting over type that yields
abstract data types.
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Abstract data types are characterised by having state and an abstract interface through which the
state may be manipulated. Many forms of abstract data type exist in different programming
languages. The version that we discuss here is one where once the abstract datatype is created
then the only manner in which the internal state can be manipulated is by means of the interface.
These are the existentially quantified types of Mitchell & Plotkin [MP85] and are in contrast to
polymorphic procedures which have universally quantified types.

The power of existentially quantified typesis the ability to create objects which have different
component types but have the same abstract type. For example, an abstract data type interface
may be created with an integer and a procedure to increment the integer by 1. Another may be
created with areal number and a procedure to increment the real number by 1.0. Both of these
have the same abstract interface to the outside world but of course have very different
implementations. Since they have the same abstract interface (type) code may be written to
manipulate them independently of their concrete type. This code constitutes polymorphic
expression.

We will now show how the tagged polymorphism implementation of polymorphic proceduresin
Napier88 may be used to implement these existentially quantified types. All the benefits of non
uniform object sizes and persistence of data objects are preserved.

First of al we will introduce the syntax of abstract data typesin Napier88 in which the examples
are written.

4.1 Napier88 abstract data types

Napier88 provides a mechanism for abstracting over types that yields abstract data types. The
declaration,

type TEST isabstype[i] (value: i ; operation : proc (i — i))

declares the type TEST as abstract. The type quantifiers, enclosed in the square brackets, are
called the witness type identifiers and are the types over which the abstraction takes place.

The abstract data type interface is declared between the round brackets. In the above example,
the abstract data type interface has two elements, a field value with type i and a procedure

operation with typeproc (i — i).
To create an abstract data object the type constructor identifier is used. For example,

let inc_int=proc(a:int - int);a+1
let this= TEST [int] (3, inc_int)

declares the abstract data object this from the type definition TEST, the concrete ( as opposed to
abstract ) witness typeint, the integer 3 and procedure inc_int.

Once the abstract data object has been created, the user can never again tell how it was

constructed. Thus this has type abstype [i] (value: i ; operation : proc (i - i) ) and the user
can never discover that the witnesstype isinteger. The declaration,
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let that = TEST [int] (-42, inc_int)

creates another abstract data object, that. Although it is constructed using the same concrete
witness type, thisinformation is abstracted over. this and that have the same type, which s,

abstype[i] (value: i ; operation: proc (i — i))
as does also below,

let inc_real =proc(b:real - real); b+ 1.0
let also = TEST [real] (-41.99999, inc_real)

athough it is created with a different witness type.

Since the internal representation of an abstract data object is hidden, it is inappropriate to mix
operations from one with another. That is, the abstract data object is totally enclosed and may
only be used with its own operations. A second requirement is that the type checking on the use
of these objects is static. To achieve the above aims, the use clause is introduced to define a
constant binding for the abstract data object. This constant binding can then be indexed to refer
to the values in amanner that is statically checkable.

For example,

let manipulate = proc (this_one: TEST)
use this oneas X in
begin
X (value) := X (operation) (X (value) )
end

manipulate (this)
manipulate (that)
manipulate (al o)

Figure 17 Using abstract data types

In Figure 17, the procedure manipul ate takes as a parameter an abstract data type of type TEST.
Thus, it may be legally called with the values this, that and also which have type TEST. Inside
the procedure, the use clause binds the parameter to the identifier X which is then used to
access the fields of the abstract data type. For each call, the value field is passed to the operation
procedure and the result stored in the value field.

In the use clause, the witness types may be named for use. For example, procedures over these
witness types may be written. Thisis shown in Figure 18.

usethisas X [B] in

begin
letid=proc[t] (x:t > t);X
let one:= X (value)
one:=id[B] (one)

end

Figure 18 Naming the witness type
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In Figure 18, the witness type is renamed B, which is then allowed to be used as a type
identifier within the use clause.

The utility of existential types as a database viewing mechanism is explored in [CDM90]. We
will now demonstrate how the technique for implementing polymorphic procedures may be used
to implement the existentially quantified type objects described above in a non-uniform store.

4.2 Implementing abstract data types

Central to the understanding of how abstract data types may be implemented is the realisation
that the use clause forms a polymorphic block. When compiling the clause, the compiler does
not know the witness types of any of the abstract data types and must compile code that will
operate for all types. Thisis analogous to polymorphic procedures and a similar technique may
be used to solve the problem.

The polymorphic values within the use clause are objects of the witness type itself (cf quantifier
parameters). For all other values the type and therefore the representation is known. The clause
can be compiled in the same manner as a polymorphic procedure by referring to a witness tag
that is held within the closure of the block. This witness tag can be found from the concrete
value on dynamic entry to the clause.

Since the creation of abstract data typesis separate from their use and many different ADTs may
use the same use clause, a mechanism for initialising the witness tag in the use clause to the
particular witness typeis required. Thisis done by storing the witness tag with the abstract data
object and retrieving it before entry to the use clause.

The abstract data type itself may be implemented as a structure of isomorphic shape plusfields
of the witness tags. For example, the creation clause,

let this= TEST [int] (3, inc_int)
can be compiled to
let this=struct (iTagOffset := intTag, valueOffset := 3, operationOffset :=inc_int)

In the above, the abstract data type has two fields. value and operation. The structure
representing it has the same fields plus atag field for every witness type.

The addresses of the fields can be calculated from the specialisation types. They are either
known statically or are quantifier types, in which case the code for creating a structure within a
polymorphic procedure is generated, or they are witness types of outer scope abstract data
types. Thislast case is the same as the second since, for the concrete witness type to be another
witness type, the creation must be within a use clause, for which atag is available. The use
clause can now calculate the addresses of the fields of the structures from the tag. Thus,

usethisas X in
begin

X (value) := X (operation) (X (value))
end

compilesto the code in Figure 19.
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let X = this
let iTagOffset =0
let iTag =X (iTagOffset)
let valueOffset = iTagOffset + typeSize (int)
let operationOffset = valueOffset + typeSize (iTag)
begin
X (valueOffset) := X (operationOffset) (X (valueOffset))
end

Figure 19 Code generation for a use clause

The caculation of the offsets for the fields in the abstract data type is exactly the same as the one
performed for calculating the addresses in a structure, which have fields of a quantifier type,
within a polymorphic procedure.

There still remains one difficulty with this method. In order to calculate the field offset addresses
on entry to the use clause, the system must know all the tags. To find a witness tag, the system
must know its field offset address. In the above, the witness tags are stored in fixed locations,
which are the same for all abstract data objects of that type. Thus, for any use clause, the tags
can be found and the addresses cal cul ated.

Thisrestriction can be lifted by storing the fields of the witness typesin the structure in a fixed
form. For example, their polymorphic representation. Where all the other fields are of a fixed
size, which is the case except where they have quantifier or other witness types, the addresses
of the fields can be calculated statically saving the dynamic calculation. Thus, this also yields an
addressing optimisation.

The optimisation is possible since the abstract data type may only be used within a use clause
and its concrete type may never be accessed by another means. This is in direct contrast to
quantifier fields in structures which have to assume their concrete type outwith the polymorphic
procedure. It should be noted that for the same reason, only witness fields of the particular
abstract data type need be stored in the data structure in the polymorphic form.

The technique also works for any permutation of fields within the abstract data type. Thisis
donein Napier88 to aid garbage collection but also has the disadvantage of dightly complicating
the field offset address calculations.

Finally, the method described works for any combination of polymorphic procedures and
abstract data types both of which are first class data objects.

5 Conclusions

We have presented a technigue for implementing polymorphism which we have used to support
the language Napier88. It is a variant of tagged polymorphism and can be used to implement
parametric and built in ad hoc polymorphism. Combined with the work of Wadler & Blott
[WB89] it can be used to implement user defined ad hoc polymorphism, athough, as yet, we
have not done this. We have also used this method to implement the existentially quantified
types of Mitchell & Plotkin [MP85]. Finally, we have demonstrated el sewhere that since the
method can implement ad hoc polymorphism in a non-uniform store, it can also implement
bounded universal quantification, bounded existential quantification and inclusion
polymorphism [CDM89]

The technique may aso be used to implement all data types that exhibit universal quantification.
Thisis adirect consequence of the fact that all values in the A-calculus are functions and it is
sufficient to provide a technique that will implement polymorphic functions such as the one
described in this paper.
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Of our origina design goals, we can:

implement al forms of polymorphism,

use a conventional architecture,

support non-uniform data objects,

support first class polymorphic forms,

support the persistence of polymorphic forms,

only require extra space and execute additional code in polymorphic contexts, and,

generate compact and fast code.

Thislast goal is achieved by varying the tactics to suit the circumstances.
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Appendix |

The following timings were taken on a SUN 4/360 running the Napier88 system. The first set
of tests were to evaluate the cost of the polymorphic procedure call. The three procedures

let dummy = proc () ; {}
let polyDummy = proc [t] O; {}
let specialisedPolyDummy = polyDummy [int]

were called 100,000 times and the average time of the call isdetailled in Table 1.

Procedure Time
dummy 24 |1 SeCS
polyDummy 79 | secs

specialisedPolyDummy 24 | secs

Table 1 Average time to call a procedure

The time to call the envelope procedure is 79 1 secs compared with 24 u secs for a normal
procedure call. This may be accounted by the fact that there are two procedure calls, the first of
which takes the tag as a parameter and produces a result that is the closure of the polymorphic

procedure. However, there is no overhead for calling the polymorphic procedure once it has
been specialised.

The second test was devised to find the cost of conversion to the polymorphic form. The
following procedures were used.

let Dummy = proc (x :int) ; {}
let polyDummy = proc [t] (x : t); {}
let specialisedPolyDummy = polyDummy [int]

They were again called 100,000 times. The timesin Table 1 were subtracted from the average
time to yield the parameter passing timesin Table 2.
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Procedure Time
dummy 2 11 secs
polyDummy 13 [ secs

specialisedPolyDummy 13 p secs

Table 2 Average time to pass a parameter

The extra cost of calling a procedure with a parameter of a quantified type is the cost of

performing the convertToPoly instruction. These times were verified using a polymorphic
procedure with two parameters.

The third test evaluated the cost of the conversion from the polymorphic form. The following
procedures were used as before.

let intldentity = proc (x : int - int) ; X

let identity =proc[t] (x:t - t); X
let specialisedintldentity = identity [int]

Theresultsare given in Table 3.

Procedure Time

specialisedIntldentity 21 p secs

Table 3 Average time to return a value

The extra cost of returning from the polymorphic procedures is the cost of performing the

convertFromPoly instruction. It should be noticed that it takes 11u secs to execute both the
convertToPoly and convertFromPoly instructions.
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