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ABSTRACT 

The two mam paradigms of declarative computation are logic program­

mmg and funct10nal programmmg There are problems which can be ex­

pressed more naturally m a logic language than m a funct10nal language and 

vice versa Therefore, the rntegrat10n of the two paradigms is not only of 

theoretical but of practical rnterest as well 

In this thesis we discuss the rntroduction of funct10nal express10ns rnto 

logic programs We present a method for translatrng the express10ns mto 

equat10ns and for translatrng the equat10ns rnto logic clauses The resultmg 

code 1s an ordrnary Prolog program and can be efficiently executed usmg 

convent10nal implementat10n techmques 
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Chapter 1 

Introduction 

Logic programmmg and functional programmmg usually compete with each 

other as alternatives to declarative programmmg although they have different 

potential m problem solvmg The two paradigms have different advantages 

smce each provides features not possessed by the other If a relation-based 

logic language like Prolog 1s selected, 1t might happen that some defimtions 

need to be expressed as functions A similar situation may anse 1f a func­

tional language, e g Lisp, has been preferred The forced choice between the 

two sometimes leads to unnatural modes of programmmg An mtegrated lan­

guage allowmg the defimtion of both functions and relations would ehmmate 

this mconvemence and lead to an even more powerful tool 

1.1 Amalgamating functional and logic pro-
• gramm1ng 

One of the mam differences between functional and logic programmmg lan­

guages 1s the way of treatmg functions 

Functional languages evaluate the1r functional expressions and allow func-
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CHAPTER 1 INTRODUCTION 

tions to be passed as arguments The applicat10n of a funct10n results rn a 

value and that value 1s computed durrng the evaluat10n of an expression On 

the other hand, logic programmmg rn its pure form lacks funct10n passrng 

and function evaluatrng capabilities 

Programmmg m logic means definmg relat10ns The function symbols of 

logic programmrng only act as data structures which can be bound to van­

ables by a mechamsm called unification Durmg computat10n these struc­

tures are compared but never evaluated From this pomt of view the amal­

gamat10n of functional and logic programmmg ( rn this thesis referred to as 

'rntegrat10n') 1s undoubtedly a prom1smg idea 

Durrng the last decade one could witness an mtens1ve effort applied to 

the mtegrat10n [12, 3, 4] The work to combme these two classes of languages 

resulted m several theoretically mterestmg results, it made clear their connec­

tions, similarities, and differences Because of the similarities the mtegrat10n 

has appeared to be feas ible The most successful systems could bridge the 

diss1m1lanties to a certarn extent and have enhanced the languages makmg 

them more practical and applicable to a wider class of problems 

One approach 1s to embed a logic language m an ex1stmg functional 

language by means of a smtable mterface Languages hke QLOG [18] or 

LOGLISP [28] succeeded this way as the earliest solut10ns This approach, 

ho½ever, ignores and does not resolve the differences of the semantical back­

grounds 

It 1s desirable to achieve rntegrat1on m a less superficial way It 1s poss1 ble 

to define semantical extensions for both of the ex1stmg paradigms [26] [23] 

Languages such as Babel [24] or Alf [14] extend the funct10nal mterpretat10n 

towards logic semantics While solutions like extended umficat10n [19] and 

2 



CHAPTER 1 INTRODUCTION 

the apphcat10n of higher-order logic [23] are semantical extensions of the part 

of the logic programming paradigm that has been realized m practice These 

solut10ns, however, had to face several, often unsolvable difficulties The 

obstacles standing m the way of developmg usable programming languages 

are expensive 1mplementat1on and difficult semantics 

Most of the above ment10ned approaches require completely new imple­

mentations although both funct10nal and logic programming have well estab­

lished and efficient implementat10n techmques 

1.2 Functional programming in logic 

In this thesis we discuss an mtegrat10n idea by introducing funct10n defim­

tions and functional express10ns to logic programming The mtegrat10n can 

be achieved by allowing the user to define functions which can be used m the 

anthmetic express10ns of Prolog 

Defimt10ns of functions are given by means of equat10ns For example, 

the followmg defimt1on of the factorial funct10n 1s legal in our integrat10n 

fac O = 1 

fac X = X * fac(X-1) - X > 0 

Read the mfix ' ' as the function apphcat10n operat10n the left-hand argu­

ment 1s applied as a function to the nght-hand argument These defimt10ns 

are used in funct10nal expressions given as quenes The value of the ex­

press10ns can be assigned to logic vanables and passed as arguments The 

factorial function can be used m an application given as a query 

?- X is f ac 10 

3 



CHAPTER 1 INTRODUCTION 

The evaluat10n of expressions 1s m1tiated by compiled Prolog quenes 

7 - appl y( f ac,10, X) 

Expressive examples show the strength and pomt out the hm1tat10ns of this 

solut10n Durmg the experiments the efficiency of the approach 1s studied 

and the properties of the resultmg Prolog code are discussed Some improve­

ments to the cornp1lat1on process are suggested An important benefit of 

the functional language implementation 1s that the experience can be used 

as feedback towards the design of an mtegrated language It helps us to 

determme further properties of the proposed mtegrat10n and would lead to 

further design dec1s10ns regardmg details of the language 

The solut10n proposed would allow the user to define functions m a Prolog 

environment The funct10ns can be passed as parameters Although our 

approach 1s not as flexible muse as the so-called 'lazy' evaluation, 1t has the 

advantage that values of functional expressions can be computed m a logic 

framework The resultmg code can be efficiently executed usmg conventional 

implementation techmques, e g on a WAM-based Prolog implementation 

Furthermore, translatmg functional notat10n mto Prolog code and 1m­

plementmg the entire process m Prolog has several advantages compared to 

other methods It makes 1 t poss1 ble 

• to remam m Prolog entirely, 

• to mamtam the differences of logic and functional variables, 

• to use ex1stmg tools av01dmg the development and implementation of 

any new machmery reqmred to evaluate functional express10ns and re­

lations at the same time This 1s especially valuable cons1dermg the 

ava1lab1hty of efficient Prolog implementations 
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CHAPTER 1 INTRODUCTION 

1.4 Outline of this thesis 

Chapter 2 gives a brief review of the basics of funct ional programming Chap­

ter 3 introduces our integrat10n proposal and explains its features Chapter 4 

discusses the theoretical basis of the translat10n, while Chapter 5 describes 

how the idea 1s used to compile a funct10nal language to Prolog Chapter 6 

provides some experimental results of our solut10n after presenting a func­

tional language implementation based on the compilation Finally Chapter 7 

lists our conclus10ns and suggests future direct10ns for research 

6 



Chapter 2 

Lambda calculus and 
Functional Programming 

Properties of funct10nal programmmg such as easy understandability, high 

level of abstract10n, and an mherently mathematical nature have attracted 

the attent10n of both academics and commercial users Availability of faster 

implementat10ns has removed the most important argument agamst its ac­

ceptance its mefficiency In this chapter we give a short overview of the 

fundamental prmciples and ideas behmd functional programmmg 

2.1 The lambda calculus 

Let us begm with a bnef d1scuss10n of the most commonly used theoretical 

base for functional languages, lambda calculus For more detailed explana­

tion of lambda calculus the reader should consult [15] or [2] 

Lambda calculus, mtroduced by Church [9], 1s a mathematical notation of 

funct10ns Although its ongmal attempt to provide a foundat10n for math­

ematics more or less failed [2], the calculus 1s useful m studymg functions 

and their applicative behaviour The formal lambda calculus, a type-free 
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CHAPTER 2 LAMBDA CAL CUL US 

theory denoted by >., regards functions as rules m order to express then­

com pu tat,onal aspects 

Because of its notat10nal s1mphc1ty and semantic expressiveness, lambda 

calculus 1s used to advantage m expressmg the semantics of convent10nal 

languages It 1s also used as a bridge between high-level functional languages 

and their low-level implementation [25] 

2.1.1 The lambda notation 

We can consider lambda calculus as a simple language to express funct10ns 

Its most attractive properties, notat10nal s1mphc1ty and semantical expres­

siveness, are due to the fact that 1t uses only a few syntactic constructs 

GIVen an mfimte set of variables x0 , x1 , the set of lambda terms, A, 

1s defined mductively as follows 

1 Atom x EA, 

2 Abstract10n ME A ⇒ (>.x M) EA, 

3 Apphcat10n M,N EA ⇒ (M ) EA, 

where x m the Atom and the Abstract10n 1s an arbitrary variable 

Apphcat10n 1s denoted by Juxtapos1t10n We use the convent10n that func­

tion apphcat10n 1s left-associative, and 1t 1s customary to omit the parentheses 

of the lambda term ( M N) and the outermost parentheses 1f no confus10n 

arises In usual models of the >.-theory A con tams md1v1dual constants ( e g 

1, 2, 3, TRUE) and funct10n constants (e g +, - , *, >) These constants 

can be represented by appropriately chosen lambda terms 

8 



CHAPTER 2 LAMBDA CAL CUL US 

The essence of this notation 1s the lambda abstractor and lambda van­

ables Functions are expressed by abstract10n and the formal parameters of 

a funct10n are 1dentrfied via the lambda vanables A term of the form AX B 

represents a funct10n of x Apphcat10n 1s a pnm1t1ve operation of the theory 

In the express10n1 (>.x B)N , the function Ax B assigns a value to the argu­

ment N which can be determmed by subst1tutmg Jv for x m B For example 

the term AX + x 2 defines a funct10n which mcrements its argument by 2 

Thus the application (>.x + x 2) 3 leads to 5 

Via applicat10n 1t 1s possible to pass functions as arguments Functions 

can also be returned as values Functions takmg funct10ns as arguments or 

returnmg functions as results are often called high er order functions As an 

illustrat10n let us consider the function twice which applies its first argument 

to its second argument two times 

twice= >.JAX J (f x) 

Notice that twice takes a funct10n as its first argument, hence 1t 1s higher 

order 

The logical question to ask 1s what kmd of functions are definable as 

terms It is shown that, restricted to numerals, exactly the recursive funct10ns 

are definable As we will see, although lambda calculus can be used to define 

recursive funct10ns , the tool and notation of domg so is rather awkward 

2.1.2 Free variables 

To discuss the rules of dealing with lambda terms , their equality, and subst1-

tut10n, we have to d1stmgmsh between free and bound variables A variable 

i 1n lambda theory the word term 1s used to refer to syntactical constructs In a more 
practical context we prefer to use the word expre sion 

9 



CHAPTER 2 LAMBDA CALCULUS 

x occurs free m a lambda term M 1f x 1s not m the scope of a lambda ab­

stract10n Ax, x occurs bound otherwise The scope of the abstract10n Ax m 

the term >.x B 1s B If a term has no free variables we say 1t 1s closed As 

an example we can take the term ( Ax y x) where y 1s free, while x occurs 

bound This also means that the term 1s not closed 

The set of free variables FV(M) of an express10n M 1s defined mductively 

as follows 

1 FV(x) = {x} if x 1s a variable, 

2 FV(Ax M) = FV(M) - {x} , 

3 FV(M N) = FV(M) U FV(N ) 

2.1.3 Substitution 

As shown, the value of a funct10n application 1s obtamed by the substitution 

of the argument for the formal parameter The result of substitutmg N for 

the free occurrences of x m M 1s defined as follows, where [ N / x] denotes the 

subst1tut10n operation 

1 [N/x]x N, 

2 [NIX ]y y 1f X -/= y' 

3 [N/x](M1 M2) = ([N/x]M1 [N/x]M2), 

4 [N/x]Ax M 

5 [N/x]>.y M 

AxM, 

Ay [N/x]M 1f x-/= y and y rJ FV(N) 

Special care 1s needed m the case when [ N / x ]Ay M with x -/= y and 

y E FV(N) In this s1tuat10n, known as the name capturing problem, sub­

stitutmg N for x m M will cause the free occurrences of y m N to become 

bound by the >.y To handle this s1tuat1on we must perform a change of the 

name of the bound vanable y m >.y M 

10 



CHAPTER 2 LAMBDA CAL CUL US 

6 [N/x]Ay M = Az [N/x]([y/z]M) provided that x =/= y, y E FV(N), 

and z does not occur m M and N 

In order to solve the name capturmg problem we can also apply the 

vanable convention 1f M1 , , Mn occur m a certam context , then m these 

terms all bound vanables are chosen to be different from the free vanables 

If all its vanables are different, the express10n 1s said to be m its standard 

form 

2.1.4 Conversion rules 

The theory of lambda calculus studies the eqmvalence of lambda terms based 

on convert1b1lity The basic eqmvalence relat10n 1s generated by axioms 

These ax10ms are given as convers10n rules 

The renammg we mentioned above 1s assured by the rule called o:-con­

verszon The change of the bound variable m a term M is a replacement of 

a subterm ,\x N of M by Ay ([y/x]N), where y does not occur m N o:-con­

vers1on expresses the equivalence of two terms like Ax * x x and Ay * y y as 

one would expect mformally We say that the two terms are o: -convertzble 

A lambda abstract10n represents a funct10n The result of applymg the 

lambda abstraction to an argument 1s an mstance of the body of the lambda 

abstract10n rn which free occurrences of the lambda vanable m the body are 

replaced with the argument The rule expressmg this is called /3-converszon 

(Ax M) N = [ /x]M 

U smg the /3-convers1on rule m an application 1s the /3 -reductzon If a term 

M' can be obtarned from M by a fim te senes of /3-reductions then we say 

M /3 -reduces to M' In order to av01d name capturmg dunng /3-reduct1on, 
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CHAPTER 2 LAMBDA CALCULUS 

changes of bound vanables may be necessary Any application m the form 

(A x M) N 1s called a (3 -redex and [N/x ]M 1s called contractum A term 1s m 

normal form 1f 1t contams no redexes 

We can use the (3 -conversion eqmvalence rule backwards, mtroducmg new 

lambda abstract10ns This way, for example, we can alter the term + 3 2 

mto (). x + x 2) 3 This operat10n 1s called (3 -abstraction 

The evaluat10n of a lambda term means reducmg 1t until its normal form 

is reached Several quest10ns now anse Does a normal form always exist? 

When it does, 1s 1t umque? How can one reach 1t 7 

We should be aware, that m a given term there might be more then one 

redex to reduce As an illustration let us examme the followmg problem 

What should the term (.\x 3)((.\y y y)(>-y y y)) reduce to? This term con­

tams two redexes The function application (A x 3) N would reduce to 3, no 

matter what the argument N 1s On the other hand, attemptmg to reduce 

the actual argument ( .\y y y) (>-y y y) will lead to an mfimte sequence of 

reductions 

The alternatives differ m the order of the reduction If we always 

choose the leftmost outermost redex first, we perform normal-order reduc­

tion S1mphfymg the argument before applymg the reduct10n 1s referred to 

as applzcatzve-order reduct10n From the above example, 1 e from the term 

( .\y y y) ( .\y y y), one can also conclude that not every term has a normal 

form The first Church-Rosser theorem guarantees, however, that a term has 

at most one normal form The second Church-Rosser theorem states that 

normal-order evaluat10n will always lead to the normal form , 1f one exists 

Besides the general equality-axioms like reflexivity, symmetry, trans1tiv-

1ty, and substitutiv1ty, there 1s one more rule usually mcluded m a formal-

12 



CHAPTER 2 LAMBDA CALCULUS 

1zation of lambda calculus The 77-convers10n rule expresses the eqmvalence 

of lambda abstract10ns as funct10ns 

AX Mx = M if x (/ FV(M ) 

77-convers10n satisfies our mtmt10n that two funct10ns are equal 1f they com­

pute the same result for the same argument 

2.1.5 Recursive expressions and the Y combinator 

The theory of lambda can be used to express recursive funct10ns Moreover, 

1t 1s proven by Kleene [2] that exactly the recursive functions are definable 

m lambda calculus It cannot be accomplished m a straightforward manner 

because lambda calculus has no facility to name functions , unlike high-level 

programmmg languages But 1t 1s certamly possible to pass functions mto 

the body of lambda expressions 

A typical example would be the Fibonacci funct10n 

fib (x) = 1f x ~ 2 then 1 else fib(x - 1) + fib (x - 2) 

The Fibonacci function calls itself to compute its value, hence 1t 1s recursive 

The key to this structure m lambda calculus 1s the defimt10n of the 

boolean values true and false as functions 

true= ,\x,\yx 

false = ,\x,\y y 

If-then-els e, or IF for short, can also be expressed m lambda calculus 

IF= ,\x,\y,\z x y z 

13 



CHAPTER 2 LAMBDA CAL CUL US 

where the first argument returns one of the boolean values The operator 

if-then-else 1s usually treated as a constant or bmlt-m funct10n The boolean 

values true and fals e are also considered to be constants of the notation 

Definmg < or other cond1t10nal operators would be more complicated but 

they still can be given as lambda express10ns [2] They return either true or 

false as result Now we have 

FIB= AX IF (:S x 2) 1 (+ (FIB (- x 1)) (FIB (- x 2))) 

By ,B-abstract1on "½e can mtroduce an extra parameter to enable the function 

to be passed to 1 tself 

F = ,\f ,\x IF (:S x 2) 1 (+ (f (- x 1)) (f (- x 2))) 

So we get 

FIB= F FIB 

Here FIB 1s said to be the fixed point of F To compute a fixed pomt of a 

function, lambda calculus defines a fix ed-point combmator2 to be a term M 

such that VF (MF) = F(MF) Furthermore, the fixed-pomt combmator can 

be expressed as lambda abstract10n One poss1 ble defim t10n, called Y, 1s 

given by the followmg term 

Y = >.f (>.x J (x x))(>.x f (xx)) 

Now we have a non-recursive defimtion of the Fibonacci funct10nl 

FIB= Y F 

2The name combinator will be clanfied m Section 2 5 2 
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CHAPTER 2 LAMBDA CAL CUL US 

We end our discuss10n with the conclus10n that despite the lack of names, 

recursive funct10ns can be expressed m lambda calculus via the fixed pomt 

combmator Y Followmg the above tram of thought and considermg the 

structure of Y, one may conclude that computmg with and 1mplementmg 

the Y combmator does not seem to be a straightforward task It 1s certamly 

not without some peculiarity and 'naughtmess' Nevertheless, as it is possible 

to express condit10nal and recursive structures, lambda calculus becomes a 

feas1 ble basis for definmg funct10nal languages 

2.2 Defining functions using equational no­

tation 

Funct10ns, even recursive ones, can be expressed usmg sets of equations 

The idea was first mtroduced by Kleene ma 1936 paper "General recursive 

functions of natural numbers" (referred to m [29]) To demonstrate how 

equat10ns form a computat10nal formalism let us consider a simple example 

f(O) = 0 

g(x) = f(x) + 1 

f(x+l)=g(x)+l 

These three equat10ns together define the funct1on3 >.x 2 * x otice that 

f 1s the mam symbol and that g 1s an auxiliary one The three equat10ns 

define one computat10n by the means of two functions f and g such that 

the functions call each other mutually The first equation 1s the base case 

ensurmg termmation 

30r f( x) = 2 * x 

15 



CHAPTER 2 LAMBDA CALCULUS 

This system of recursion equations has a very limited domam It com­

putes expressions of the form 0+1+ +1 where + associates to the left In­

troducmg the usual notation of the successor function s( x) for the postfix 

unary constructor function +1, we have 

J(O) = 0 

g(x) = s(f(x)) 

J(s(x) ) = s(g(x)) 

where we need to be aware of three different types of functions constructors, 

auxiliaries and the mam function 

The equations are umversally quantified over their variable, thus the same 

identifier denotes the same variable throughout an equation Every variable 

occurrmg on the right-hand side of an equation must be mcluded on the left­

hand side In the above example each equation has only one variable, but 

this is not necessarily the case m every equational formalism 

The above equations are m what we call value-oriented style smce the 

terms denote the values of the functions bemg defined rather than the func­

tions themselves Another possibility is the applicative style where the func­

tions themselves are denoted by terms Usmg the applicative style, the above 

example becomes 

f O = 0 

g x = s(f x) 

J s(x)=s(g x) 

The first argument of the application operator ' ' 1s a term denotmg a func­

tion This 1s m contrast to the value-oriented version, where all terms denote 
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CHAPTER 2 LAMBDA CALCULUS 

numbers Also, here the ' ' is the only evaluable funct10n Applicative style 

has the advantage that the constructor funct10ns are easier to recogmze 

2.3 Syntactical variants 

Lambda calculus can be viewed as a basis for definmg programmmg lan­

guages By the analysis of Turmg it follows that m spite of its very simple 

syntax, the lambda calculus 1s strong enough to descnbe all mechamcally 

computable funct10ns [2] If we consider lambda calculus as a language, 

lambda abstract10n is appropriate to provide scoprng and parameter pass­

mg Conditionals and recursive defimtions can also be expressed usmg spe­

cial lambda express10ns Furthermore, funct10ns can not only be passed as 

arguments but can be returned as results as well Even though it would be 

unusual to wnte a program m lambda calculus nght away, the maJonty of 

funct10nal languages are based on lambda calculus to a certam extent 

2.3.1 The ISWIM notation 

Several high-level programmmg languages employ an extended syntax mod­

eled after t he language ISWIM by Landm [20] The notation of ISWIM can 

be viewed as a syntactic vanant of lambda calculus as 1t has a widely known 

translat10n to lambda notat10n As a programmmg language ISWIM offers 

scopmg, parameter-passmg mechamsms, condit10nals, and recursive defim­

tions 

Let m for scopmg The expression of the form 

let x=B m E 
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allows local defimt10ns for both constants and funct10ns For example, 

let f(x,y) = x+y m f(2,3) + f(4,5) 

1s a let zn express10n defimng a local function , while 

let p1 = 3 14 m 5 * 5 * p1 

1s a let zn defimt1on with a local constant Defimt1ons can be nested We 

can transform let in mto ordmary lambda 

let x=B m E = (>.x E)B 

Here the symbol - denotes the equivalence of the two expressions A multiple 

let zn express10n can be flattened mto nested let zn expressions then con­

verted to lambda m a s1m1lar manner, leadmg to nested lambda abstract10n 

For example, 

let succ(x) = x + 1 and square(y) = y * y m square(succ(2)) 

can be transformed to 

let succ( x) = x + 1 m let square(y) = y * y m square( succ(2)) 

Cond1t10nals and select10n The operator if-then-else 1s usually treated 

as a constant or bmlt-m funct10n The boolean values true and false are also 

considered to be constants of the language For example, 

let s1gnum( 'C) = 1f x = 0 then O else 1f x > 0 then 1 else -1 

1s a defimt10n with nested cond1t10nals ot1ce that here the keyword let 

1s used for global defimt10n By explammg recursive expressions m lambda 

calculus, 1t has already been shown (page 13) how if-then-else and truth 

values are represented m lambda calculus 
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Recursive defirnt10ns ISWIM uses a special word letrec, similar to let, 

to mdicate that the function bemg defined is recursive Thus its name can 

occur m the body of the defimt10n For example, the Fibonacci funct10n is 

expressed as 

letrec fib(x) = if x :s; 2 then 1 else (fib(x-1) + fib(x-2)) m fib(5) 

Transformmg simple letrec to lambda calculus is easy, but reqmres the use 

of Y combmator Ordmary lambda calculus has no names, which means 

referencmg is not possible First the recursive defimt10n is translated to let 

letrec x=B m E = let ( x= Y >.x B) m E 

then we apply the translation mtroduced above 

let (x= Y >.x B) rn E = (>.x E) (Y >.x B) 

Mutually recursive functions Similar to multiple let zn defimtions, 

one letrec zn express10n can have more than one function rn its defimt10nal 

part These equat10ns can refer to each other formmg mutually recursive 

funct10ns Our example from Section 2 2 m ISWIM notation 

letrec f(x) = 1f x=0 then 0 else g(x)+l, g(x) = (f(x)+l) m f(5) 

2.3.2 Equations 

Equations are also often used as the syntax of funct10nal languages The 

equat10ns 

fzb 1 

fzb 2 

fib (x+2) 

1 

1 

f zb(x) + fz b(x + 1) 
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give a defimt10n of the Fibonacci function if we assume that only positive 

mtegers can occur as arguments The use of equat10nal defimt10ns depends on 

patterns A pattern is either a constant, a variable, or a constructor pattern, 

where a constructor has some arguments, which are themselves patterns 

Patterns have a crucial role m ( equat10n based) funct10nal programmmg 

via a mechamsm called pattern matching Pattern matchmg serves two pur­

poses first 1t specifies the form that an argument must take before the 

correspondmg rule can be applied (select10n), second it has the affect of de­

composmg the argument and nammg its components - except, of course, 

when the pattern 1s a simple data constant - ( variable bmdmg) [13] If 

patterns m different equations of the same function overlap, the defimtion is 

said to be ambiguous 

The above defimt10n of the Fibonacci function has three rules - one for 

each possible form that the argument can take The last equation can also 

be expressed by the conditional equation 

f i b x = fib(x - 2) + fib (x - 1) if x > 2 

Some languages prefer to use notation close to the equat1onal form Mi­

randa, a functional language by Turner [34], does not allow lambda expres­

sions to occur on the right-hand side of a defimtion 

2.3.3 Types 

Patterns and pattern matchmg are closely related to types A type states ex­

plicitly the domam and the range of a funct10n There are two ways functional 

languages handle types The type of a defimt1on might be automatically de­

rived by the system (as 1s the case with the language Muanda [34]) , or the 
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user might be reqmred to explicitly specify the tvpe of each function (like 

Hope [5]) When a funct10n is md1fferent to the types of its argument 1t said 

to be polymorphic For example, the identity function (>. xx) 1s polymorphic 

smce its argument may be any type 

Through the use of simple types, more complex data types can be formed 

Constructor funct10ns have a special role m handlmg data they serve to bmd 

data together Constructors without arguments are called data constants A 

widely used constructed data type 1s the list, which 1s defined as consecutive 

data elements of the same type A list is either empty, denoted by the 

keyword nil, or has two components a head and a tail The head 1s one 

mstance of the data type which forms the hst The tail 1s another hst, which 

might be empty Usmg the constructor name cons, the hst of the numbers 

1, 2, 3, 1s represented as 

cons(l, cons(2 , cons(3, ml))) 

Here 1 1s the head of the list, while cons(2, cons(3, nzl)) 1s the tail Another 

syntactical vers10n usmg a different constructor 1s given as 

[1 , 2, 3] 

The mam programmmg advantage of usmg a typed language is that 1t 

helps the programmer to av01d applymg a funct10n to an mappropnate type 

Typed languages have built-m type-checking, makmg this possible 

2.4 Evaluating functional expressions 

Executmg a funct10nal program means evaluatmg an expression The value 

to be computed by a program 1s obtamed by reducmg the expression Dunng 
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the evaluation of a funct10nal program, one of the most important semantic 

quest10ns concerns when the parameters are evaluated 

2.4.1 Lazy vs eager evaluation 

Parameter passmg 1s an important feature of programmmg languages Lamb­

da calculus provides 1t naturally by the formal variable of lambda abstraction 

In functional programmmg the applicative order reduct10n of lambda calculus 

1s associated with strict semantics, while normal-order reduct10n leads to 

non-strict, or lazy semantics Evaluatmg an expression lazily means that the 

arguments of a funct10n are not evaluated until they are needed This 1s as 

opposed to the non-lazy or eager evaluat10n, where arguments are evaluated 

before the funct10n 1s applied The former 1s often referred to as call-by-need, 

while the latter 1s known as call-by-value Call-by-value 1s typically used for 

parameter passmg by imperative languages 

The d1stmct10n among the various evaluation methods has semantical 

s1gmficance, recallmg the reduction orders of lambda calculus While lazy 

evaluat10n has the advantages that every express10n havmg a normal form 

can be reduced to its normal form, and that 1t allows the defimt1on of m­

fimte data structures, a lazy 1mplementat10n 1s generally slower than its 

eager counterpart On the other hand, strict evaluation does not always 

termmate, smce 1t does not guarantee fimte evaluation (recall the example 

(>.x 3)((>.y y y)(>.y y y)) from Section 2 1 4, demonstratmg the differences of 

reduction orders) 
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2.4.2 Binding variables 

Another issue related to semantics 1s the bmdmg of local variables In func­

tional programmmg, the value of a variable 1s determmed when the bmdmg 

express10n 1s defin ed, rather than when the variable 1s used The latter s1tu­

at1on 1s said to use dynamzc bzndzng as opposed to static, or proper bzndzng, 

where the substitution has to be completed before an express10n 1s passed 

mto an abstraction 

The bmdmg problem typically manifests itself m nested let zn expres-

SIOns 

let a=2 m let b=a+2 m let a=3 m b*a 

If the variable 'a' 1s not replaced by its value (2) m the defimtion of 'b' (and 

thus 'b' 1s not bound to its value before evaluatmg the mner subexpression), 

then the value of the second occurrence of the variable 'a' (3) would be used 

to calculate the value of 'b' m the subexpress10n 'b*a', leadmg to a different 

result Static bmdmg is also referred to as proper bmdmg, smce often the 

mtended meanmg 1s that 'b' be computed usmg the outer occurrence of the 

variable 'a' 

2.5 Implementing funct ional languages 

A funct10nal language can be implemented either by an mterpreter or by 

a compiler Interpreters usually use lambda calculus, or some variant, as 

an mtermed1ate code Compilers generally produce abstract machme code, 

which reqmres several transformat10n steps 

Translatmg a functional language mto lambda calculus or executable code 

is usually a complicated task It is typical to take a step-by-step approach 
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Many fun ctional language 1mplementat10ns compile to an rntermed1ate code 

w h1ch 1s often regarded as a 'sugared' version of the lambda notation 

From a computat10nal pomt of view the most important convers10n rule 

1s ,B-reduct10n The maJonty of problems anse from the quest10n of how to 

implement function abstract10n efficiently 

2.5.1 Environment-based implementation 

In a function apphcat10n, where the function 1s given as a lambda abstraction, 

the argument replaces the formal parameter by substitut10n A copy-based 

implementation creates an mstance of the funct10n, actually replacmg the 

variable m the body of the funct10n with its value Instead of performmg 

the substitut10n, 1t 1s possible to keep the vanable-argument pair m an en­

vironment At any given time, the environment contams the actual bmdmgs 

valid m its scope Durmg the evaluat10n of an expression, the value of a 

vanable 1s looked up m the most recent environment One of the earliest 

environment-based implementations 1s the SECD machme4 of Landm The 

basic 1mplementat10n of the SECD machme performs eager evaluat10n With 

a special delay mechamsm, 1t can be extended to provide lazy features as well 

Relymg on an environment as a mappmg for vanable bmdmgs means 

that the value of an express10n depends on its context, 1f this express10n 

contams free vanables or, m other words 1t 1s not closed The presence of 

free vanables 1s a particular source of danger when a complex expression 1s 

returned as value In order to allow (partially evaluated) functions as values 

we can make an expression with free vanables mto a constant by closmg 

4SECD stands for Stack , Environment , Code, and Dump the four mam components 
of the SECD machme 
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S >J>.g>.z f z(gz) 
K >.x >.y x 
I >.x x 

Figure 2 1 The defimtion of S,K, and I combmators 

1t with the set of free vanables A closed expression could be treated as a 

constant This composite structure 1s called a closure Returnmg a closure 

as a value reqmres the environment to be copied for the reason that the 

associated values of the vanables are m the environment This 1s a source of 

great meffic1ency 

Because 1t 1s so complicated to deal with environments and closures, there 

1s an evident quest10n to ask How could we reach a state where an express10n 

would not contam any free vanables? 

One possible answer 1s an 1mplementat10n based on combmators 

2.5.2 Combinators and supercombinators 

Elimmatmg vanables from logic 1s a topic that attracted lively mterest for 

a long time m mathematics Curry and Schonfinkel mdependently mvented 

combmatory logic to solve this problem [11] 

Combinators are closed >.-express10ns Every lambda-expression can be 

transformed mto an eqmvalent express10n built only from applications of 

pnm1tive funct10ns and combmators It can be proved that only two com­

bmators, S and K are reqmred to generate all the possible express10ns For 

efficiency, a thud combmator I 1s mcluded ( see figure 2 1) 

Combmatory logic was considered only of theoretical mterest until Turner 

mtroduced optim1zat1ons makmg the scheme more efficient for practical 1m-
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plementat10n [33] He designed a funct10nal language, SASL, where funct10n 

defimt10ns are compiled mto combmator form m an improved way The re­

sultmg express10ns are reduced by a machme specially designed to implement 

the reduction of these three combmators only 

Des1gnmg such a reduct10n machme 1s not too difficult and 1t can be 

highly optimized smce 1t only has to handle a fixed set of combmators 

Comp1lmg expressions to SKI combmator form 1s also easy Besides, the 

implementation of a reduct10n machme based on combmators would allow 

lazy evaluat10n The penalty for these advantages 1s high, however Trans­

latmg the funct10n defimt10ns 1s ttme-consummg The proh1b1tive length of 

the resultrng combmatory express10ns 1s another serious drawback Debug­

gmg the code 1s also difficult As an optim1zat10n Turner defined add1t10nal 

combmators 

But we do not have to use Just a small set of combmators Hughes [16] 

mtroduced a speoal form of combrnators m which the lambda abstractions 

are fairly easy to mstantiate The particular property of the construct called 

supercombznator 1s that no lambda abstract10n m the expression contams 

free variables A lambda abstraction of the form .\x1 .\x2 AXn E 1s a 

supercombrnator S, ,f 

1 S has no free variables, 

2 any lambda abstract10n rn E 1s a supercombmator, 

3 n ~ 0 

In order to reach a supercombmator form 1t 1s necessary to abstract out 

the free variables of a given expression The general process of transformmg 

lambda express10ns mto supercombmators 1s known as lambda-lifting [17] 
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As an 1llustrat10n we can take the followmg example 

Aj AX f xx 

This expression 1s not a supercombmator because the mner lambda abstrac­

t10n contams f as a free vanable Performmg a ,8-abstract10n and an a- con­

version, we can close the mner expression 

Aj (Ag Ax gxx )f 

Nammg the mner supercombmator, we form a constant 

A= Ag Ax gxx 

so the ongmal expression becomes 

Aj A f 

In case of multiple arguments the substitut10n for supercombmators 1s per­

formed simultaneously 

The evaluat10n of combmators 1s done by reduction based machmes The 

most e:ffioent ones are based on a techmque called graph reduction, where 

the express10ns are represented by graphs [25] 
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Integration of functional and 
logic programming 

The mtegration problem can be discussed m a general framework based on 

a way of handlmg equality Introducmg funct10nal expressions mto logic 

programmmg via equality offers a simple mtegrat10n The method would 

allow the user to define and use his own functions m a logic programmmg 

environment 

3.1 The integration problem 

The difference between logic programmmg and functional programmmg can 

be ongmated from the role equality plays rn the languages of these two 

paradigms This difference already presents itself m the defimt10n of equality 

used by the two representative languages Lisp and Prolog The des1Ie to close 

the gap between the two uses of equality hes at the root of most mtegrat10ns 

of the two paradigms 
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3.1.1 Equality in Lisp and Prolog 

To demonstrate the sigmficant difference between functional programmmg 

and logic programmmg m the way of handlmg equality, let us compare Lisp 

and Prolog In this discuss10n we only consider their pure variants Lisp, 

the first declarative language designed for symbolic computation, is based on 

functions, while pure Prolog works with relations 

In Lisp, programmmg 1s based on definmg and applymg funct10ns The 

idea 1s orgamzed around the concept of value Non-atomic express10ns are 

applicat10ns of funct10ns The value of an express10n 1s computed by apply­

mg the value of the operator to the value of the operand The evaluat10n 

proceeds with replacmg a subexpress10n with another, possibly simpler, ex­

pression equal m value This ensures that the value of the whole express10n 

will not change dunng the process The defimtions mtroduced by the user 

are defimt10ns of equality of express10ns and are used as such durmg the eval­

uation of a program Although the several syntactical and 1mplementational 

variations of functional programmmg are far from the origmal, value-oriented 

form of pure Lisp, equality of values 1s still the heart of the method of func­

tional programmmg 

This notion of equality 1s m1ssmg from pure logic programmmg The 

power of functional express10ns, especially that of higher-order functions, 1s 

not provided by simple logic programmmg implementations Programmmg 

m logic 1s usually viewed to mean definmg relations Although funct10n sym­

bols occur m terms, they serve as data structures and are never evaluated 

The most used logic programmmg language Prolog, succeeded by avoiding 

equality The evaluation of a query to compute an answer proceeds by m­

ference steps The basic elementary computat10n of Prolog 1s umficat10n, 
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where terms are compared and vanables are bound But umficat10n imple­

ments only a hm1ted krnd of eqmvalence, syntactical equality 

It 1s, of course, possible to express equality rn logic as a relation The 

implementation of Prolog, however, does not have the potential to fully han­

dle 1t The 1s bu1lt-rn predicate 1s a form of the equality relat10n which goes 

beyond urnficat10n But 1t 1s only a partial implementation of equality srnce 

not every possible quest10n of equality can be asked and answered via 1s It 

extends urnfication m only one way a vanable can be bound to the value of 

a certam kmd of expression 

3.1.2 Design decisions 

It is possible either to view funct10ns as smgle-valued relat10ns or to consider 

relat10ns as truth-valued funct10ns Whichever alternative is selected, the 

resultmg relation-funct10n connect10n is commonly used as basis for the mte­

grat10n The choice suggests makmg the relat10nal language a sublanguage 

of the funct ional language or the other way around 

Which should be the sublanguage? This is the very first question to 

face We believe that this can not be answered a priori It is certamly hard 

to reason mdisputably that one of the two possible choices 1s supenor to the 

other One should choose one way or the other, based on his preferences 

There are successful answers from both directions 

Where to mterface the two components? It is of course possible and 

reasonable to mclude one language m the other Indeed, this scheme was fol­

lowed by most of the earlier approaches (10, 30, 21, 32] The most successful 

ones embed a logic language m an ex1stmg powerful functional language by 

30 



CHAPTER 3 INTEGRATION 

means of a sUitable mterface This 1s the case m languages such as LOGLISP 

[28] or QLOG [18] This approach, however, ignores and does not resolve the 

difference between logic and lambda vanables 

Extendmg one of the paradigms towards the other 1s a commonly used 

approach If the functional opt10n 1s chosen, a semantical mtegration can 

be based on narrowmg [26], a kmd of generalized term-rewntmg with logic 

van ables Several mtegrat1ons have used narrowmg as the execut10n model 

Languages such as Babel [24] or Alf [14] proceeded this way Such a solut10n 

reqUires a totally new 1mplementat1on This task seems counterproductive 

given the efficient 1mplementat10n of Prolog 

In the case of approachmg semantical mtegrat10n from the logic side, a 

process called semantical or extended umficat1on can be used to mcorporate 

equality axioms m the fundamental computat10n The drawback 1s that 

the naive use of equations expressmg semantical equality [19] extends the 

size of the search space enormously Furthermore, 1t 1s usually necessary to 

develop some new machmery to solve umficat10n and value equality at the 

same time This difficulty can be av01ded by means of SLD-resolut10n with 

equality ax10ms as m Cheng and Yukawa's language AP [8] 

Takmg omega-order predicate logic as a basis mstead of first-order logic 1s 

another way to mcorporate funct10nal programmmg mto logic programmmg 

The scheme p10neered by D Miller [23] led to several implementations of the 

lambda-Prolog language [22] This solution also reqmres a new mechamsm 

to solve the theoretical and practical problems ansmg from higher-order um­

ficat10n They seem to lose two of the mam attractive features of declarative 

languages syntactical s1mphc1ty and semantic clanty 
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3.2 Integrating functional expressions into 

logic 

Most of the ex1stmg mtegrat10n approaches - independent whether they 

select the funct10nal or relat10nal framework - have three problems they 

are meffi.cient m execut10n, lead to obscure source code and appear to be 

difficult to implement We denve our constramts from their weaknesses 

The mtegrat10n must be theoretically sound so that correctness proofs are 

poss1 ble A mixed language, m order to be welcomed by potential users, has 

to be usable, should provide a way of definmg both functions and relat10ns, 

and should allow the user to choose between the two The conceptual model 

and the syntax should not be too difficult to understand The language 

should provide convernent programmmg not too far m style from the origmal 

and widely accepted fashions of recent funct10nal and logic programmmg 

We are convmced that an acceptable amalgamat10n should try to mamtam 

the speed and memory space needs of pure Lisp or pure Prolog From the 

developers' side we beheve m simple yet efficient implementation 

3.2 .1 Equations versus lambda calculus 

Besides the mtegrat10n of the two declarative paradigms there 1s an important 

mtegrat10n v.,1thm functional programmmg as well, the mtegration of lambda 

and equat10nal notation We do not want to restrict ourselves to only one of 

them As a matter of fact, we mtend to use both, takmg advantage of each 

With its scopmg, lambda calculus allows one to make certam variables 

local Abstractions can be nested to arbitrary depth, which 1s useful when 

creatmg large expressions Lambda notation allows the marnpulat10n of func-
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tions as 'first-class citizens ' , so they can be bound to van ables, passed as 

arguments , or returned as results But, as we can remember from what was 

said earlier, 1t 1s awkward when it comes to express recursion 

Equat10ns, on the other hand, are an excellent vehicle for definmg recur­

s10n They are more natural and efficient for expressmg recursive defimtions 

than the fixed-pomt combmator, because they use self-referrmg names Se­

lection 1s 1mphc1t m the avai lability of multiple defi111t10ns, smce there can 

be more than one equat10n havmg the same funct10n symbol on the left-hand 

side 

The power of lambda notat10n is due to the fact that 1t does not reqmre 

funct10ns to be given names On the other hand, m funct10nal programmmg 

languages the alternative of nammg funct10ns 1s available These names are 

used m applicative express10ns mstead of the full funct10n itself 

3.2.2 Embedding functional expressions in Prolog 

Our ch01ce 1s mfluenced by the preference of logic, therefore, we consider 

funct10nal programmmg as a part of logic programmmg Now, as an imme­

diate consequence we have the logic language Prolog as the frame language 

Cons1dermg the pitfalls of both higher-order and extended umficat10n, we 

propose a s1mplist1c solution for the mtegrat10n problem by mtroducmg func­

t10nal express10ns mto Prolog 

The 1s predicate of Prolog as a particular form of equality can only 

compute with a limited set of expressions Besides the basic arithmetic and 

b1tw1se operat10ns this set usually mcludes the standard funct10ns of calculus 

(like tngonometnc and loganthm1c functions etc ) This tool allows one to 

wnte simple calculations as an express10n rather than a relat10n For exam-
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ple, to assign the value of the express10n (2+3 ) *5 to the unbound variable 

Z, one can write 

Z lS (2+3)*5 

mstead of the pure relat10nal form 

sum( 2 ,3,Z1) , times(Z1,5,Z) 

The is predicate 1s special m the sense that 1t is usually handled outside of 

logic, yet it is very much part of a Prolog 1mplementat10n 

We thmk this opens an excellent opportumty for an extens10n why not 

mclude all functional express10ns of a funct10nal language? We restrict the 

funct10nal part to the second argument of is The mtroduct10n of funct ions 

mto Prolog would m prmc1ple allow defimt10ns of equali ty This equali ty 

can only be used m a restricted way, however, on the right-hand side of is 

predicate 

In this mtegrat10n approach the funct10nal part 1s mterfaced mto the logic 

part m a well-controlled manner We call our approach Lambda-Equat10nal 

Logic Programmmg or LELP for short The name was first used m [6] and a 

different vers10n of a language, >. ELP was defined The mtegrat10n combmes 

three components (see Figure 3 1) 

1 Pure Prolog with the usual extens10ns hke cut (or 1), not etc 

2 Cond1t1onal equat10ns can be used m the program to define funct10ns 

These defimtions are global and determm1stic Consider for example 

the fo llowmg funct10n 

list L O = L 

list L N = list [NIL] (N- 1) - N>O 
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I LELP I I Prolog I + I !SWIM I + Equat10ns 

Figure 3 1 Model of the Integrat10n Proposal 

The function list takes a list and a non-negative mteger and appends the 

first N natural numbers to the begmnmg of the mput hst For example 

11st [8, 6] 2 = [1, 2, 8, 6] If applied to the empty hst, the function 

generates the hst of the first N natural numbers m ascendmg order 

3 Functional expressions - possible expressed by ISWIM syntax - can 

occur on the right-hand side of an extended version of 1s It is used 

Just like regular 1s It bmds the value of the expression occurrmg as 

second argument to an unbound variable given as first argument For 

example, one might wnte the followmg query 

7- X 1s (\Y Y+3) 5 

and get the answer as X = 8 , where ' \ ' denotes lambda abstraction and 

' ' denotes apphcat10n 

3.2.3 Advantages of this approach 

This proposal has several attractive charactenstics 

1 We don't have to worry about the effect of umfication and backtrackmg 

m the functional context, smce 1s cannot be backtracked over 
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2 The funct10nal expressions are encapsulated rn the nght-hand side of 

is , so we don't have to face the quest10n how higher-order funct10ns, 

scoprng, and other functional programmrng features would behave m a 

logic environment They are detached from the Prolog components 

3 Separatmg the two different h.md of components this way leads to con­

trollable mterfacmg We can keep a tight rem on the commumcation 

between them 

4 The mtegrat10n uses well-known funct10nal and logic notat10n and ele­

ments only, so 1t 1s easy to understand, handle, and program with 

3.3 Implementation issues 

How to evaluate the class of programs outlmed by the above implementation 

proposal? 

For the evaluat10n of the Prolog part WAM [1] 1s a senous candidate But 

how can the evaluat10n of the functional parts be implemented? Figure 3 2 

shows the quest10n of 1mplementat10n We consider two mam alternatives 

1 To evaluate !SWIM a machme like SECD 1s an acceptable choice A 

possible way to handle equat10ns 1s to use them as rewnte rules as m 

a term-rewritmg system (TRS) Three d1fficult1es stand m the way of 

this solution Flfst, the conditional equat10ns might not form a set of 

confluent and termmatmg rewrite rules Second, the connect10n be­

tween the SECD machme and the TRS needs to be clarified But most 

importantly, the 1mplementat10n of such a mixed machme (Figure 3 3) 

1s still an open research problem 
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Language 

I LELP I I Prolog I + I !SWIM I + Equations 

Machme 

Figure 3 2 Quest10n of the implementation 

2 The other alternative 1s to translate the funct10nal express10ns mto 

relat10ns and use WAM for the evaluat10n of them as well The Prolog 

part remams unchanged 

The translat10n 1s done m two steps as 1t 1s shown m Figure 3 4 First 

lambda express10ns together with ISWIM expressions are translated 

mto equat10ns Then all the equat10ns are translated mto logic clauses 

The clauses form an ordmary Prolog program, and quenes contam­

mg funct10nal expressions can be evaluated usmg convent10nal Prolog 

1m plementat10ns 

Most other approaches to mtegrat10n reqmre completely new implementa­

tions although both functional and logic programmmg have well established, 

efficient 1mplementat1on techmques In the second of the above alternatives, 

Prolog 1s not affected , so WAM can be used as its 1mplementat10n Smee 

functions are translated to clauses, WAM can be used for the1r evaluat10n as 
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Machme-1 

0 
Figure 3 3 Implementation model with three machme components 

well 

The second alternative promises an easier solution as for the developers ' 

side The rest of the thesis 1s devoted to the mvest1gat10n of a possible 

implementation of this mtegration based on the proposed translation 

Our startmg pomt is that the Prolog part remams the same, so we only 

have to deal with the functional components the equat10ns and lambda 

express10ns 

The mvestigat10n 1s done m three mcrements First we summari ze the 

theoretical background for the two-step translat10n Chapter 4 will show how 

to translate mdividual expressions to logic clauses The funct10nal compo­

nents of the mtegration can form a funct10nal language There are funct10n 

defimtions and expressions to evaluate As the second step we define a com­

pilat10n scheme from a funct10nal language to logic programs and queries 

U smg the two-step translat10n Chapter 5 will analyse the problems ansmg 

when we have more than one defim tion ( or equation) at a time and more 

complex express10ns with possible !SWIM syntax ( e g nested letrec in ex­

pressions, pattern matchmg etc ) Chapter 6 - as the las t stage m our 

mvest1gat10n - will consider the implementat10n of a functional language 

based on the compilat10n defined m Chapter 5 
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Language 

I LELP I Prolog + ISWIM + Equat10ns 

Prolog + Equat10ns 

Prolog 

Machme-2 

IWAMI 

Figure 3 4 An implementat10n based on translat10n 

As the conclus10n of the discussion we will see whether the translat10n 

method is a promisrng and smtable idea for implementmg the LELP m-

tegrat10n We will also be able to determme what language features this 

implementation would allow 
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Chapter 4 

Translating functions to 

relations 

The Prolog implementation of the funct10nal part of LELP 1s based on a 

two-step translat10n First the lambda express10ns are transformed mto equa­

tions In the second step these equations, along with other defimt10ns ong­

mally given as equat10ns, are translated to logic clauses This method has 

the advantage that both translat10ns can easily be implemented m Prolog 

4.1 The relation of equational and lambda 

notation 

Both lambda express10ns and equations can be used to define funct10ns The 

notat10n of recursion equat10ns provides the funct10n name and its argu­

ments on the left hand side of the equat10n, and the defimt10n itself 1s given 

on the nght hand side The supercombmator form of lambda calculus uses 

named lambda express10ns, where the nght-hand side of the equat10n is a 

closed lambda abstract10n The lambda-hftmg procedure used for the super­

combmator techmque suggests that the two notat10ns for definmg funct10ns 
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are strongly related Indeed, each lambda abstract10n can be lifted mto an 

md1v1dual equation 

There are funct10nal languages which allow both alternatives, or even a 

trans1t10nal form between the two For example, m Scheme1 one may have 

three ways to define the twice function 

(DEFINE TWICE (LAMBDA F (LAMBDA X (F (F X) ) ) ) ) 

(DEFINE (TWICE F) (LAMBDA X (F (F X)))) 

(DEFINE (TWICE F X) (F (F X)) ) 

The first choice 1s s1m1lar to a named lambda expression 

twice= >-.J >-.x f (f x), 

the last looks hke an equation 

twice f x=f (f x), 

while the second 1s a mixture of the two alternatives 

twice f = >-.x f (f x) 

Comparison of these choices suggests that the form f = >-.x B can be derived 

from f x =Band vice versa 

Consider first the lambda abstract10n form 

f = >-.x B 

Assummg that x 1s the only free variable m B we can apply both sides to x 

The left-hand side becomes f x while the right-hand side 1s reduced to B 

by ,B-reduct10n Hence we conclude 

1Scheme 1s a funct10nal language designed by Steele and Sussman [31] 
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f X = B 

Conversely, let us assume that 

f X = B 

such that x occurs free m B It 1s poss1 ble to apply lambda abstract10n to 

both sides 

Ax (f x) = Ax B 

77-reducmg the left-hand side gives 

f = AX B 

which 1s the desired equality Hence we conclude that the abstraction and 

applicat10n operators are mterchangeable (Figure 4 1) 

f = AX B 

applied to x 77-reduct10n --
f x = (Ax B) X AX (f x) = Ax B 

,6-reduct1on abstract10n 

f x=B 

Figure 4 1 Interchangeability of abstract10n and application 
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4.2 Translating lambda abstraction into equa­

tional form 

We can give a formal defimt10n of the transformat10n from lambda expres­

s10ns to equat10ns There are still two problems we have to solve 

The mterchangeab1hty 1s sufficient only 1f there are no further abstract10ns 

m B HO\~ever, the process can be repeated as many times as 1s necessary 

to remove all occurrences of ,\ from the origmal expression A bstract10ns are 

replaced by their mtroduced umque names This means that nested lambda 

abstract10ns are translated mto a set of equations, each lambda abstraction 

leadmg to one equat10n 

The other problem 1s to decide what should happen to the free variables 

occurrmg m the body of the lambda abstract10n The obvious solution 1s to 

provide them as a closure 

The approach, called lambda ehmmat10n, was defined by M Cheng and 

first appeared m [6] Given a lambda expression t, its translation to equations 

denoted by t>· 1s defined mductively as follows Here ' ' denotes application, 

as used m [6] 

1 t>· t 1f t 1s a variable, 

3 t>· = f (Y1, ,Ym) if t = AX t1, Yi, ,Ym are the free variables oft, 

and f 1s a new funct10n symbol The equat10n J(y1 , , Ym) x = t; 1s 

added to the set of equat10ns 

Notice, that the ongmal lambda expression 1s replaced with another ex­

pression contammg no lambda abstraction, and a (possibly empty) set of 
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equat10ns is generated The resultmg expression is either a simple constant, 

a term representmg a closure, or an applicative express10n composed from 

these three elements 

This method is certamly not without some similarity to the supercom-

bmator formmg procedure Johnsson 's lambda hftmg algonthm2 [17] was 

devised to hft local funct10n defimt10ns usmg lambda express10ns possible 

contammg free vanables to global funct10n defimt10ns usrng combmators 

His approach closes open subexpress10ns with addit10nal lambda abstrac­

t10n( s) A new abstract10n is mtroduced for every free variable Instead of 

abstractmg out subexpressions contammg free variables, our approach closes 

the subexpress10n with a closure The process goes mwards from the out­

ermost express10n Every lambda abstraction is turned mto an equat10n 

regardless of whether 1t contams a free variable or not In the d1scuss10n, [6] 

shows that the latter approach 1s more efficient and reqmres fewer operations 

dependmg on the number of funct10n defimtions Even higher performance 

can be gamed by carefully designmg a language combmmg equat1onal and 

lambda express10ns together, takmg advantage of both notations 

In [6] several other useful results are proven as well, mcludmg a proof that 

the compiled equat10ns can be used as rewrite rules to simulate ,B-reduct10n 

It 1s shown that the translat10n can be done both ways The reverse trans­

lat10n, called lambda mtroduct1on, can be used later to transform partially 

evaluated funct10ns rnto a more readable form Thus, unlike most funct10nal 

languages, 1t allows a funct10n to be returned as a lambda abstraction 

As an illustration, we will show how to ehmmate lambda abstractions 

2The techmque was mtroduced for lazy functwnal languages but can easily be gener­
alized for stnct semantics as well 
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from the express10n e = ( >...J >... x >...y f x y) There are no free variables 

m e, so a constant funct10n name hke 91 is appropriate to replace 1t The 

transformat10n reqmres the followmg steps 

1 e,\ = 91 with a new equat1011 91 f = et 
where e1 = (>...x>...yfxy), 

2 ei = 92(!) with a new equation 92(!) x 

where e2 = (>...y f x y), 

3 e~ = 93 (!, x) with a new equat10n 93(f, x) y 

where e4 = J x y, 

e,\ 
2 

e.-\ 
4 

4 e4 contams only apphcat10ns and variables so 1t remams the same, thus 

Ehmmatmg all lambda abstractions from e thus results m 91 , and the set of 

equat10ns 

f X Y} 

The resultmg equations have two possible mterpretat10ns m logic With 

respect to logic syntax, the lambda variables are replaced by logic vanables 

Different lambda variables has to be replaced by different logic variables 

• Each equat10n 1s considered to be an an atomic formula of logic This 

mterpretat10n takes the viewpomt that a funct10n 1s a set of equat10ns 

The set of equations as uncond1t10nal clauses form a logic program In 

this sense, for example, the twice funct10n 1s defined m logic as follows 
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twice = {tw_1 F=tw_2(F), tw_2(F) X=F (F X)} 

The occurrences of the variable F m different equat10ns denote different 

logic variables 

• Another aspect of the relat10nsh1p between the lambda expression and 

the equat10ns can be emphasized by treatmg the equations as cond1t10ns 

m a logic clause, such as 

\F \X F (F X) = tw 1 - tw_1 F = tw_2(F), 

tw_2(F) X = F (F X) 

Here, smce the equations are appearmg m the same clause, the same 

vanable name stands for the same vanable 

We do not see one alternative as mherently supenor to the other They 

have different roles m our mtegrat10n approach The first alternative can be 

used durmg execution, while the second one helps m the translation process 

Automatmg the translation m Prolog 1s not too difficult It consISts of 

disassemblmg express10ns, findmg their free variables, and mcludmg them as 

arguments to an mtroduced functor In Appendix B, [27] provides a partial 

implementation of the process of lambda-ehmmat1on m Prolog The work 

also explams a method showmg how SLD-denvation can perform the reverse 

translation 

The equat10ns resultmg from lambda ehmmation were used as rewnte 

rules m a logic-based term rewntmg system [36] and [7] discuss the practi­

cability and implementat10n of such a term rewntmg system In these papers 

a logic program was presented, where SLD-denvat1on 'mimics' a rewritmg 

algonthm The equations are added as clauses to the logic program This 
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techmque, called 'rewritmg by resolut10n', enables evaluat10n of functional 

express10ns m logic programmmg MaJor difficulties mclude detectmg un­

successful rewrites and avoidmg mfimte branches of resolut10n [27] reports 

several improvements to the techrnque 

4.3 The relationalization axiom 

Rewritmg by resolut10n might be one way to mcorporate funct10nal program­

mmg m logic programmmg One maJor disadvantage of this approach 1s its 

lack of efficiency Any rewrite-based system spends a large part of its time 

searchmg for subexpress10ns to rewrite 

[27] presents another approach, where the complex express10ns are flat­

tened mto subcomputat10ns Knowmg what the simple equat10ns are, the 

process can be taken one step further It 1s possible to compile the equations 

mto Prolog code that will compute their value when called This procedure 

1s utilized by a process called relatzonalizatzon [35] 

The relat1onalizat10n axiom for a funct10n f establishes a connect10n be­

tween the value of the function and its arguments and a relat10n frel of the 

same arguments and value 

, Xn, v) 

Note, that the axiom 1s formalized for value-oriented style For applzcatzve 

style the ax10m can be expressed as follows 

Vf,x , v f x = vt--+apply(f,x,v) 

Also, apply /3 1s a general relation, smce the only evaluable funct10n 1s the 

applicat10n ' ' Each funct10n 1s applied to one argument at a time, which 
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fits our lifted form of equat10ns 

The defimt10n of how to compute v, the value off applied to an argument 

x, 1s given by the accompanyrng equat10ns Usrng the equat10ns, the result 

can be computed by rewntrng But how can the correspondrng apply/3 

relation be defined? The latter vers10n of the relat10nahzat10n ax10m can 

be used to translate equat10ns expressrng funct10ns mto relat10ns Besides 

the ax10m itself, the general equality ax10ms, (1 e symmetry, reflex1v1ty, 

trans1tivit), and substitutiv1ty) are needed to form a cham of proof which 

leads from equations to relations 

Let us take our favonte example, the twice function Its second equat10n 

rn logic 1s tw2(F) X = F (F X) The logical charn 

apply(tw2(F), X : V) +- tw2(F) X = V +- tw2(F) X = U, U = V 

+- F (F X) = V +- F X = U, F U = V 

+- apply(F, X, U), apply(F, U, V) 

proves the logic program clause 

apply(tw2(F), X, V) +- apply(F, X, U), apply(F, U, V) 

The 1mphcat10ns are Justified, respectively, by the relationabzat10n axiom, 

transitivity, the equat10n, substitut1v1ty, and relat10nalization agarn For 

the last 1mphcat10n, the relat10nalizat10n axiom was applied m the opposite 

d1rect1on to the very first step The result of the 1mphcation cham 1s a logic 

clause It is the logic defimt10n of the given function reflectmg the applicative 

style 

Cons1denng each lmk as a goal statement m the sense of logic program­

mmg, this cham can be further formalized This way the entire cham can 
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- apply(tw2 (F), X, V) 

- tw2 (F) X = V 

- tw2 (F) X = ½, ½ = V 

- F (F X) = V 

- F X = ½, F ½ = V 

- apply(F, X, ½), F Vi = V 

- apply(F, X, ½), apply (F, ½, V) 

apply(X, Y, V) - X Y = V 

X Yi = V - Yi = ½, X ½ = V 

X Y = V - apply(X, Y, V ) 

X Y = V - apply(X, Y, V) 

Figure 4 2 Denvmg clauses by SLD-resolut10n 

be generated as an SLD-denvabon It 1s necessary to be precise about the 

form of the axioms used they are the mput clauses of the SLD-denvat10n, 

as shown m Figure 4 2 ( [27]) 

In [27] the translation from equat10ns to relat10nahzed clauses 1s per­

formed by a meta-mterpreter that constructs an SLD-denvat10n g1vmg the 

desired clause as a conditional answer In this way the resultmg clause 1s 

obtamed directly from its proof 

4.4 Related work 

In his paper [37], Warren discussed possible 'higher-order' extens10ns to Pro­

log 

Among other ideas, he exammed the poss1b1lity of referrmg to a predicate 

without havmg to give 1t a name This can be achieved, for example, by usmg 
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lambda notat10n m the descnpt10n of a predicate, such that the body of the 

lambda abstract10n would be a Prolog goal As an illustration, the followmg 

clauses and query were provided 

have_property([J ,P) 

have_property( [XIL],P) - P(X) , have_property(L,P) 

7 - have_property ( [0,1], lambda(X) square (X,X) ) 

meanmg the quest10n whether the elements of the list m the first argument (m 

the example 0,1) has the property given as the body of the lambda expression 

(m this case of bemg equal to their squares) The example query would 

succeed, of course 

Warren regarded this extens10n as a simple syntactic variant of Prolog 

In order to support this claim, a mappmg was provided showmg how to 

translate this kmd of 'higher-order' obJects mto first-order predicate logic A 

lambda express10n 

lambda(X1, ,Xn) E 

1s replaced by a umque identifier, say phi , and an apply/n+1 clause 1s formed 

apply (phi, X 1, ,Xn) - E 

The above query rewn tes to 

?- have_property( [0,1], is_i t s_own_square) 

w1 th a new clause 

apply(is_its_own_square,X) - square(X,X) 

The clauses for have_property /2 are also redefined as 
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have_property([J ,P) 

have_property([XIL] ,P) - apply(P,X), have_property(L,P) 

Warren concluded that, at least for handlmg funct10ns as first order ob­

Jects, this extens10n would not add anythmg to the real power of logic lan­

guages Moreover, Warren was convmced that his van ant better served the 

program-v.ntmg philosophy of Prolog He also argued for the efficiency of 

his translation with early (structure-sharmg) Prolog implementations 

Although the form of apply/3 clauses 1s mtroduced m Warren's paper, the 

prmciples behmd the idea are not discussed Warren showed some examples, 

but was not concerned about the correctness of the translation He did not 

present a general method The formalization of the idea needed further work 

[7] Our relat10nahzat10n techmque can be considered as a formalized version 

of Warren's idea 
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Chapter 5 

Compiling a functional 

language to Prolog 

The method of applymg the two-step translation as it is described m the 

prev10us chapter to implement LELP needs further improvement Evalu­

atmg functional express10ns m a language environment requires more than 

treatmg simple smgle express10ns Further steps are necessary to improve 

the method before 1t becomes a practical techmque and meets our design 

goal We can show the feasibility of this particular approach to implement 

the functional subset of the mtegrat10n by designmg a scheme to compile a 

funct10nal language 

We take an existmg functional language FPL Details of the FPL system, 

its syntax, and the new implementat10n will be given m the next chapter 

In this chapter we consider the steps necessary to extend the translation 

method to become an implementat10n techmque The two-step translation 

is mtegrated mto a one-step compilation to Prolog code The advantages 

are easier and more controllable code generat10n and easy accommodat10n 

to different surface S),ntax The compilation is more convement m handlmg 
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global and local defirnt10ns given by the user and promises faster translation 

5.1 A functional language in Prolog 

The language FPL and its syntax was designed by Dr M HM Cheng of 

Urnvers1ty of V1ctona The ongmal 1mplementat10n 1s based on the SECD 

machme emulated m Prolog We use our approach to replace the SECD 

implementation 

FPL 1s a typed funct10nal programmmg language supportmg lazy evalua­

t10n 1, higher-order funct10ns, urnversal polymorphism and pattern matchmg 

The notation of FPL 1s modelled after ISWIM, 1t 1s a 'sugared', typed lambda 

calculus 

5.1.1 Implementation strategy 

When the system 1s started 1t has to mclude the Prolog code of bu1lt-m 

funct10ns A program written m FPL 1s evaluated by an mterpreter The 

value of an expression 1s obtamed m two steps Usmg the current context 

which defines the meanmg of bmlt-m and predefined functions and constants, 

every express10n 1s compiled to a logic variable, a goal, and a set of clauses 

as Prolog program The context 1s also provided m its compiled Prolog 

form The code of a defirnt10n 1s added to the Prolog program of all the 

defimtions defined up to that pomt In case of an application the Prolog 

mterpreter 1s mvoked to evaluate the query compiled along with the code of 

local defirnt10ns, if any The value of the express10n 1s returned as the bmdmg 

of the given logic variable after the evaluation of the goal m the presence of 

1The ongmal 1mplementat1on of FPL 1s lazy because of the delay mechanism of the 
underlymg SECD machme Our approach can not support the lazy features 
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the compiled Prolog program and the defimt10ns of the current context The 

clauses compiled from global defirnt1ons can be saved mto a file and used hke 

any other Prolog program Also, the user has a way to load m the code of 

predefined functions compiled and saved already dunng a former session 

5.1.2 Extending the translation towards a language 

G en e ratmg um que name s Recallmg the lambda ehmmation from Sec­

tion 4 2, every function 1s replaced by a newly mtroduced umque name 

Function defimt10ns with multiple arguments has one name generated for 

each argument These names contam the closure of free vanables for expres­

s10ns that were not closed Usmg lambda ehmmat10n m the context of a 

funct10nal language the situation 1s a bit more complicated In a program 

we have more than one expression to translate, besides, funct10n defimtions 

might be expressed by more than one equat10n We have to deal with two 

kmds of vanables lambda vanables and variables denotmg functions or con­

stants The last ones are not free, so they will not occur m the closure 

Lambda variables only occur m the closure 1f they are free m the subexpres­

s10n to be translated 

When there 1s more than one function at a time, generatmg umque names 

for newly mtroduced equat10ns needs a little bit of attention If we are to 

use a general name, say g, we have to provide different md1ces for different 

funct10ns and we also have to differentiate equations resultmg from nested 

lambda abstract10ns w1thm the same function One mdex can be used to keep 

track of the number of functions translated, and another mdex can separate 

multiple lambda abstractions w1thm one defimt10n For example, 1f we have 
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the two functions twice and compose 

twice= >.J >.x f (f x) 

compose = >.x >.y ).. z x (y z) 

the result of the translat10n would be 

g_1_1 F = g_1_2(F) 

g_1_2(F) X = F (F X) 

g_2_1 X = g_2_2(X) 

g_2_2(X) Y = g_2_3(X,Y) 

g_2_3(X,Y) Z = X (Y Z) 

We call the mam generated name, e g g_1_1 , a combinator As the result of 

the translations twice 1s replaced by g_1_1 , while compose got the combmator 

name g_2_ 1 If the lambda expression has a given name, we can replace the 

general identifier g and the first mdex with that name m order to generate a 

umque name So we get twice_! and compose_1 as combmators 

Handlmg the current context We differentiate two parts of the context 

envuonment and declaration The environment 1s the context for bound 

variables, the declaration 1s the context for all defimtions A declaration ( or 

an envuonment) 1s Just a mappmg from 1dent1fiers ( or variables) to values 

Each bound variable which has been defined as a function has its combmator 

associated with 1t The mappmg of variables to cornbmators 1s kept m the 

envnonrnent, while the rnappmg from cornbmators to funct10ns 1s provided 

m the declarat10n 

The environment 1s used durmg the comp1lat10n of an express10n, while 

the declarat10n 1s needed durmg the evaluation of the compiled code From 
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1mplementat1on pomt of view the environment 1s a list of variable-value and 

vanable-combmator pairs The declarat10n 1s given as a Prolog program 

which contams the compiled code of bmlt-m and predefined functions It 1s 

a set of apply /3 clauses As an 1llustrat10n, consider the declaration of the 

bu1lt-m funct10ns + (addition) and / (divis10n) 

DO= { apply(add,X,add(X)) 

} 

apply(add(X),Y,Z) - Z 1s X + Y 

apply(d1v,X,d1v(X)) 

apply(d1v(X),O,error('d1v1s1on by zero')) - 1 

apply(d1v (X) ,Y ,Z) - Z 1s X / Y 

The funct10ns are represented m their curried form Add and d1 v are Just 

our combmator names for + and / respectively They are stored m the envi­

ronment as pairs (+,add),(/, d1 v) 

The compiled code In a given context where variables are given m an 

environment Env, any functional expression Exp 1s compiled mto a logic 

variable V, a goal G, and a set of clauses as Prolog program P It is expressed 

by the followmg comp1lat10n relat10n 

CodeOf (Exp,Env) rt ( V , G , P) 

V might be either bound or unbound G might be empty, represented by the 

Prolog keyword true, otherwise V usually occurs m G P might be empty 

as well T he declaration of bmlt-m and predefined functions 1s a Prolog 

program, D 

56 



CHAPTER 5 COMPILING A FUNCTIONAL LANGUAGE 

An expression translated to Prolog ( and to be evaluated as a Prolog 

program) has to have a way to return its value We have a query and 1t 1s 

important for the logic variable carryrng the final result to be identified To 

understand the need for d1strngmshmg this compiled logic variable (for which 

we usually refer to as V), consider the followrng example where the funct10ns 

twzce ( tw) and successor ( succ) have been defined already 

tw tw tw succ 1 

The Prolog code of this apphcat10n as 1t follows from relat10nahzation 1s 

?- apply (tw , tw,Z1) , apply(Z1,tw,Z2), 

apply (Z2,succ,Z3),apply(Z3,1,Z4) 

Runnmg this query on a Prolog mterpreter such that the Prolog code of the 

twice and successor funct10ns 1s given, the followrng answer 1s produced 

Z1 = tw_2(tw_1 ) 

Z2 = tw_2(tw_2 (tw_1)) 

Z3 = tw_2(tw_2(tw_2(tw_2(succ_1) ) )) 

Z4 = 17 

Which variable has the value of the application? In this case the variable 24 

has the final value of the ongmal express10n, so 1t has to be d1stmgmshed 

from the other, auxiliary, logic variables 

Obtammg the value of an express10n If Exp 1s an apphcat10n, then 

the goal G 1s evaluated as a Prolog query usrng the Prolog representation of 

the defimt10ns m DUP The bmdmg of the logic variable V 1s returned as the 

value of Exp The e'valuation can be expressed by the followmg relation 
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ValueOf (V,G,P,D) ~ V0 

if DUPp= VG0 

If Exp is a defimt10n, then the logic variable is bound to the combmator 

name of the new defimt10n, which is the value of E x p The goal G 1s empty 

The current declarat10n D is updated with the resultmg program D' = DUP 

The current environment is updated as well For each funct10n defimtion a 

pair is added formed by the name of the defimt10n as variable and the umque 

combmator The combmator as a newly mtroduced name will occur m the 

clauses of the program P representmg the Prolog vers10n of the defimtion 

For each constant defimt10n a pair is added formed by the variable and the 

value of the constant This value might be computed m case the body of the 

constant defimt10n 1s an apphcat10n 

Global function defimt10ns will be part of the declaration, while local 

funct10n defimt1ons - appearmg m let zn and letrec zn expressions of ap­

phcat10ns - only kept m the current declarat10n till the value of that apph­

cational expression 1s evaluated 

5.2 The compilation scheme 

The rules of the compilat10n scheme are practical reconstructions of the 

lambda ehmmat10n method combmed with the proof method for relat10n­

ahzat10n The rules describe how express10ns of the functional language are 

compiled to the logic components V, G, P usmg the environment 

The most basic construct m an expression is the apphcat10n denoted 

by the apphcat10n operator ' ' As we can remember from Sect10n 4 3, the 

apply /3 predicate is the logic counterpart of the application operator ' ' 
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As an overall s1mpbficat10n of the comp1lat10n process one might say, 

that each ' ' operator 1s turned mto an apply /3 predicate A defimtion 

1s compiled mto a clause or clauses In case of ' ' occurrmg on the left­

hand side of an equation, the resultmg apply /3 predicate will be the head 

of a, possibly uncond1t10nal, clause Apply/3 predicates compiled from ' ' 

operators occurrmg m the body of a defimt10n or man application will form 

goals Goal from a defimt10n will be the body of the clause which head was 

Just defined, goals from applications are treated as quenes The compiled 

clauses form a Prolog program, which 1s the Prolog representation of the 

defimtions 

5.2.1 Compiling the 'twice' function: an example 

To demonstrate how the comp1lat10n works, Figure 5 1 presents the comp1-

lat10n of the twice funct10n tw f x=f (f x) It 1s assumed, that at the 

begmnmg there are no predefined funct10ns m the environment After the 

first step the environment 1s not updated with the combmator of twice , smce 

twice 1s a non-recursive function (The defimt10n of twice consists of only one 

equation, also, 1t 1s easy to check, whether the body contams the name twice 

as a free vanable ) 

The comp1lat10n of the apphcat10n f (f x) 1s split mto two parts the 

compilation of the operator f , and the comp1lat10n of the operand (f x) 

The lme after the merge 1s the result of the comp1lat10n As the result of the 

whole comp1lat10n tw 1s returned as value and P 1s added to the declarat10n 

D Fmally, the defimt1onal part of the environment 1s now updated with the 

1dentifier-combmator pair so the name tw can be used by later apphcat10ns 

The comp1lat10n 1s defined for simple expressions, equations, and lambda 
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Exp ________________ ~~~---------~----------~-----------~-------
tw f x=f (f x) [] V=Vi G=Gi P 
tw f x=f (f x) [] Vi=tw_i Gi=true Pi 
tw_2(F) x=f (f x) [F/f] V2=tw_2(F) G2=true P2 
f (f x) [X/x,F/f] V3 G3 P3=PdUPr 
split 
operand(opd) 
f x [X/x,F/f] V_opd=V4 G_opd Pd={} 
operator(opr) 
f [X/x,F/f] V_opr=F G_opr=true Pr={} 
merge 

[tw_i/tw] V=tw_i 
where 
Pi= {apply(tw_i,F,V2) -G2} 
P2 = {apply(tw_2(F) ,X,V3) -G3} 
G3 = G_opd, G_opr , apply(V_opr,V_opd,V3) 
G_opd = apply(F,X,V4) 
P = {apply( t w,F,tw_2 (F) ) 

G=true P=PiUP2 

apply( tw_2(F),X,V3) - apply(F,X,V4), apply(F,V4,V3) } 

Figure 5 1 Compilmg the twice funct10n 

expressions mcludmg ISWIM 

5.2.2 Compiling simple expressions 

Constants Numbers and other pnm1tive data elements are compiled to 

themselves The compiled logic variable will be bound to this value The 

compiled goal 1s true and the set of compiled clauses 1s empty 

Identifiers The value of both built-m and user defined 1dent1fiers as van­

ables 1s looked up m the current environment The goal 1s true, and a set of 

clauses 1s empty The value might be a combmator m case of a function 
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Argument s of funct 10n defimt10ns The formal parameter of a funct10n 

defimtion can be either a pattern or a vanable Constant patterns are com­

piled to themselves Constructed patterns are compiled as types ( discussed 

later), but they might contam vanables Vanables (even m patterns) are re­

placed with a newly mtroduced umque logic vanable, and pairs formed by the 

funct10nal vanables and the correspondmg logic vanables are added to the 

envlfonment The newly mtroduced logic vanable will replace its funct10nal 

pair throughout the body of the function defimt10n whenever the argument 

as a vanable 1s looked up m the environment The comp1lat1on of the twice 

funct10n m Figure 5 1 demonstrates the replacement of functional vanables 

as arguments by logic vanables 

Apphcat1ons Both the operator and the operand 1s compiled and the 

resultmg clauses are merged, 1f there 1s any The goal 1s formed by the con­

Junction of three components the goal of the operand precedes the goal of 

the operator, and a new apply/3 predicate as goal 1s conJuncted to the end of 

them The arguments of the add1t1onal apply/3 predicate are the followmg 

The first argument 1s the compiled logic vanable of the operator, the second 

argument 1s the compiled logic vanable of the operand, while the third ar­

gument 1s the compiled logic variable vanable of the whole apphcat10n The 

order of the apply clauses 1s the reason for our FPL 1mplementat1on havmg 

stnct semantics If the operator or the operand 1s a funct10n name, its logic 

variable 1s bound to the correspondmg combmator 

For example the goal resultmg from the apphcat10n + 1 1s 

G5= true , true , apply(add1 ,V5) 

smce the goal of both the operator and the operand 1s empty No clauses are 
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compiled and VS 1s the logic variable It 1s not reqmred to wnte out true for 

the empty goals 

The express10n 3+2 compiles to 

G6= apply(add,3,V61 ), apply (V61 , 2,V6) 

smce its applicative form 1s + 3 2 Here the value of + 1s add, and the 

numbers remam the same Each of the three components has an empty goal 

and an empty program V61 is the value of the first apphcat10n V6 1s t he 

compiled logic vanable of the whole express10n and will contam the value of 

the express10n after the evaluat10n of the goal 

Obv10usly, this latter example can be compiled more efficiently as we will 

see later We will also explam why 1t 1s necessary and useful to keep the 

( curned) format presented here 

5.2.3 Compiling equations 

Equat10ns can only occur at the global level, so they have no free vanables 

Otherwise equations are compiled as 1t follows from the proof method for 

relat10nahzat10n 

Smgle equat10ns In case of a constant defimt10n the nght-hand side of 

the equat10n 1s compiled and the compiled code 1s evaluated The resultmg 

value 1s added to the current environment paired with the constant symbol 

as a new global vanable 

An equat10n as a funct10n defimt1on compiles to at least one clause The 

number of clauses depends on the number of arguments and the structure of 

the express10n m the body of the defim t1on 
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Fust 1t 1s necessary to denve the curned vers10n of the defimt10n A 

funct10n defimt10n with multiple arguments 1s flattened out mto as many 

equations as there are arguments Flattemng out the equat10ns means that, 

except for the very first equat10n, free vanables can occur m the body of 

the equat10n For each add1t10nal equat10n a umque combmator name 1s 

mtroduced contammg the closure of free vanables m the s1m1lar manner as 

1t 1s done durmg lambda ehmmat10n 

Then the normal relationahzat10n applies Equat10ns now havmg one 

argument are compiled to an apply/3 clause, where the body of the clause 

1s the goal compiled from the nght-hand side of the equat10n The first 

argument 1s the combmator name occurrmg as the funct10n symbol of the 

defimt10n The second argument 1s the logic counterpart of the argument of 

funct10n, and the thud argument 1s the compiled logic vanable resultmg from 

the comp1lat10n of the nght-hand side of the equation The resultmg clause 1s 

merged with the program compiled from the nght-hand side of the equation 

Conditions of equations are replaced by the logic predicate denotmg the same 

boolean operator, e g x>1 1s replaced by X>1 The boolean operators 'or' and 

'and' have then natural counterpart m a logic clause, ',' and ',' respectively 

'Not' 1s compiled as an operator, which returns false 1f applied to true and 

vice versa 

The compilation of the twice funct10n m Figure 5 1 shows the process for 

two arguments 
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Multiple equat ions Multiple equat10ns definmg one funct10n 2 are simply 

compiled as if they were smgle equat10ns It 1s important to note, however, 

that they need only one combmator to be stored m the environment An­

other important thmg to ment10n 1s that funct10ns are determm1stic, while 

predicates are not In case of ambiguous defiillt10ns 1t 1s necessary to cut off 

the remammg ch01ces, once a clause was successfully applied The defiillt10n 

of the d1v1S1on operator m the declaration DO on page 56 illustrates the use 

of cut 

Multiple equations definmg mutually recursive funct10ns reqmre the the 

partic1patmg funct ion names to be collected and be put mto the environment 

before the comp1lat10n of the md1v1dual equations 

5.2.4 Compiling lambda expressions 

64 

Lambda express10ns can occur both m apphcat10ns and m den.Ill t1ons Lambda 

abstractions without a name will be given a Uillque combmator name and 

then they are compiled as any equation If a lambda abstract10n occurs m a 

larger expression as subexpression, 1t will be replaced by the new combmator 

name The combmator will mclude the free variables occurrmg m the ab­

stract10n Identifiers denotmg global or local defiillt10ns are not considered 

to be free, smce they appear m the environment 

Smgle lambda abst raction As 1t follows from lambda ehmmat1on, a 

lambda abstract10n can be compiled as an equat10n havmg one argument 

The compiled logic variable 1s bound to a newly generated uillque name as 

2The actual syntax of FPL does not contam multiple equations We will still discuss 
the compilat10n of such defimt1ons because equations play crucial role m our translat10n 
In FPL select10n 1s expressed by if-then-else while recurs10n 1s defined by usmg letrec We 
compile these constructs via equations 
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combmator The same combmator wi ll be used m the equat10n The free 

variables of the lambda abstractions are collected as described m Sect10n 2 1 2 

and the closure of the free variables will be part of the combmator As 

the next step , the equat10n 1s compiled The goal and the program of the 

abstract10n 1s simply the goal and the program from the compilation of the 

equat10n 

The abstract10n \x x+y compiles to a bound logic 

variable V7=unique_1 (Y) carrymg the (mtroduced) name of the funct ion, 

an empty goal G7=true , and the the program with one clause 

P7={apply(unique_1(Y),X,V7) -apply(add,X,V71),apply(V71,Y,V7) } 

The free variable of the abstract10n 1s provided m a closure 

Nested lambda abstractions Nested lambda abstract10ns are also easy 

to turn mto equations and then compiled as equations For example the 

defimt10n of the funct10n compose 

compose= \x y z x (y z) 

will be compiled as an equation 

compose x y Z = X (y z) 

and has the result as 

P8={ apply(compose_ 1,X,compose_2(X) ) 

apply(compose_2(X),Y,compose_3(X,Y)) 

apply(compose_3(X,Y),Z ,V8) - apply (Y,Z,V81), 

apply(X ,V81,V8) 

} 
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with an empty goal and the logic variable VS is bound to compose_ 1 

Another example with subexpressions 

(\x y 3 + (\z u z*v) x y) 

This compiles to 

P9={ apply(un1que_2,X,un1que_3(X)) 

apply(un1que_3(X),Y,V91) - apply (add,3,V92), 

apply(un1que_4,X,V93), apply(V93,Y,V94), 

apply(V92,V94,V91) 

apply(un1que_4,Z,un1que_S(Z)) 

apply(un1que_5(Z),U,V96) - apply(rnul,Z,V97), 

apply(V97,U,V96) 

} 

with an empty goal, and the logic variable has the value as un1que_2 

5.2.5 Compiling ISWIM syntax 

The compilation of ISWIM syntax can be derived from the compilation rule 

of lambda abstract10ns regardmg its translat10n to lambda calculus (see Sec­

t10n 2 3 1) This solut10n, however, would lead to unnecessarily long code 

We will consider certam shortcuts via equational defimt10ns 

Dealmg with if-then-else As an ISWIM construct zf-then-else has a 

straightforward translation to lambda calculus ( see Sect10n 2 3 1) Compil­

mg transformat10n of zf-then-else usmg lambda abstraction would lead to 

very long code and less efficient evaluat10n however Restrictmg the condi­

tions to expressions where local defimtions can not appear, the compilat10n 
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of ISWIM conditionals can be much s1mphfied If we only allow boolean val­

ued operators ( <, >, ==, etc) to appear m the cond1t10n part of zj-then-else 

then the two choices m a cond1t10nal express10n would be treated as ch01ces 

of multiple equations So we only have to compile the arguments of the con­

ditional operators, which are simple lambda expressions and can be compiled 

by the scheme we have For example x>1 would compile to 

apply(b1g,X ,V10) , apply(V10,1,V101), V101==true 

where big 1s the curried combmator for > The compiled code of the condition 

will be part of the clause compiled from the then part of the cond1t1onal 

expression The whole zf-then-else express10n 1s compiled to multiple Prolog 

clauses 

The boolean operators 'and', 'or', and 'not' are compiled to a curned 

combmator form similar to the basic anthmetic operators 

Local let defimt10ns Let zn defimt10ns may contam constants and non­

recursive funct10ns Local constant defimt10ns can be stored m the environ­

ment 1f they are evaluated at the place where they occur It can be done 1f 

local defimt1ons can not appear m a lambda abstract10n which could mtro­

duce unbound vanables mto the body of the local defimt10n The followmg 

express10n 

let mustnot = \x let a= x+x 1n 2*a 1n rnustnot 5 

1s forbidden, because the mner let zn express10n 1s captured by the ' \ ' op­

erator 

The clauses resultmg from the compilat10n of local function defimt10ns 

are moved out to the global level Applymg the same restnct10ns for local 
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funct10n defimt10ns this change m the status of the defimt10ns causes no 

trouble However, their identifiers are only valid - or to be more precise 

only have the defined meamng - m the given scope The combmators of 

local defimt10ns need no closure The identifier-value pair is added to the 

environment, but it is removed after the compilat10n (see Figure 5 1) 

For example the followmg local defimt10n 

let succ x = x+1 1n succ 1 

compiles to 

P10={apply(succ_1,X,Z) - apply(add,X,21), apply(Z1,1,Z) } 

G10= apply(succ_1,1,V20) 

and the result is returned m V20 

Local letrec defimt10ns Lambda ehmmation and lambda mtroduction 

were only defined for abstract10n without recurs10n Recursive defimt10ns 

would need the Y combmator - or m our case a stnct fixed-pomt combma­

tor Although the Y combmator itself is a lambda abstraction, and therefore 

can be translated to equation by means of lambda ehmmat10n [6], its compi­

lat10n would result m extremely long code This code would be needed every 

time, when a recursive express10n occurs This is not necessary, smce we 

can obtam far better result usmg equat10ns To achieve this local recursive 

defimt10ns can not occur mside lambda abstract10ns either 

Mutual recurs10n Lambda ehmmat10n was not defined for mutually re­

cursive functions which may contam free variables If the express10n does not 

contam further lambda abstract10n, then the situat10n is similar to the ex­

press10ns the lambda-hftmg procedure by Johnsson [17] is designed for That 
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algorithm reqmres O(n3
) 'basic' operat10ns and O(n2

) 'set' operat10ns where 

n 1s the number of funct10n defimtions If the mutual letrec zn express10n 1s 

the outermost express10n of an apphcat10n, then they can be lifted out to the 

global level and be treated as any other equation They cannot be returned 

as results, however 

5.3 Returning the value of an expression 

After readmg m and compilmg an express10n, the next step 1s to compute and 

return its value At the end of Sect10n 5 1 a general relation was mtroduced 

how to obtam the value of an expression from its compiled code In this 

sect10n some further details are discussed smce now we kno½ more about the 

compiled Prolog code 

When G=true, then the vanable V must be bound as the result of the 

compilat10n If Vis bound to a constant or to a term. then that 1s returned as 

the result of the evaluation There 1s no need to call the Prolog mterpreter 

If V is bound to a combmator, then there are two cases to consider The 

combmator belongs either to a global defimt10n or to a local defimt10n 

For a global defimtion, the surface syntax name correspondmg to the 

combmator 1s looked up m the environment and returned as the value of the 

evaluation For example, simple typmg m the name of a global defimt10n 

would cause the name itself to be returned as a value 

The case of a local defimt10n is more complicated What can we say 

about the followmg apphcation7 

let tw=\f \x f (f x) 1n tw 

The surface syntax name of a local defimt10n would not mean anythmg on 
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the global level , so 1t can not be returned as value However, usmg lambda 

mtroduct1on, 1 e lambda-ehmmat1on m reverse order, we can obtam and 

return the lambda abstraction form of a local defimt10n Or, for that mat­

ter, we could save (temporarily) the lambda abstraction format 1 tself The 

use of Y combmator as lambda abstraction for returnmg recursive functions 

would make the defimtions unreadable Obtammg the lambda form of locally 

defined mutually recursive funct10ns would be especially difficult 

When G 1s a query other than true , the Prolog mterpreter 1s mvoked to 

evaluate that query The value of the evaluation of the expression is then 

returned by the compiled logic variable V 

After returnmg the value of an express10n, the mterpreter 1s ready for the 

next mput 
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Implementation and examples 

We provide an 1mplementat10n of FPL based on the comp1lat1on developed 

from the translat10n method 

6.1 FPL: a functional language and program­

ming environment 

The origmal 1mplementat10n of FPL mcludes an expression reader, a parser, a 

type-checker, an SECD code compiler, and an SECD emulator All programs 

are written m Prolog We use them courtesy of Dr Cheng 

FPL has the programmmg tools we need to develop a system This as­

sures a qmcker and simpler prototype 1mplementat10n, smce we do not have 

to write and test the necessary system components Furthermore, the 1m­

plementat10n of FPL 1s written m Prolog which meets our goal to have the 

whole mtegration implemented m Prolog We can replace the recent evalu­

ation component with our approach of comp1lmg and runnmg Prolog code 

This allows us to concentrate on the 1mplementat10n of the comp1lat1on and 

to carry out some experiments with 1t By 1mplementmg FPL based on our 
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approach, we can mvestigate the features of the comp1lat10n of functional 

programs to Prolog code m practice and test the effectiveness of the result­

mg code l\s a further gam FPL provides several add1t10nal features (macros, 

user defined operators etc) The advantage 1s that FPL helps us to see how 

the syntax of the funct10nal part of LELP could be defined for better user 

convemence It also helped to realize necessary syntactical restrictions 

6.1.1 Main features of FPL 

There are two kmds of mput to FPL, defimt10ns and apphcat10ns A defim­

t10n must be preceded by the keyword let, a recursive defimt1on must have a 

rec 1mmed1ately followmg the let All other mputs which are not defimt10ns 

are to be taken as function applications , 1 e expressions to be evaluated All 

functions m FPL are curried Every mput express10n has a type The user 

does not need to define the type of funct10ns, mstead, the system mfers from 

the defimtion a most general type, which may be polymorphic 

A few add1t10nal features create a simple yet effective programmmg envi­

ronment The programmmg environment allows the user to load predefined 

functions from a file It 1s also possible to save the SECD code of the loaded 

defimt1ons It 1s possible, but not convement, to mclude the code of pre­

defined funct10ns when the system 1s started The implementation of these 

services can easily be modified to support the implementation of FPL based 

on our comp1lat1onal approach 

6.1.2 Programming examples 

To demonstrate the new 1mplementat10n of FPL a simple programmmg ses­

s10n 1s presented Between each user mput and system answer given 1s the 
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'hidden' Prolog code resultrng from the compilation preceded by '%' This 1s 

the code which is either asserted rn case of a defirntion or called as a Prolog 

query rn case of an apphcat10n ' [> ' and '<] ' are the system prompts 

cscs% fp l 

TYPE fpl (version 2 - with compiled Prolog code) 

Type ''help '' for help 

[> let twice f x = f (f x) 

% apply(twice_1 ,X,twice_2(X)) 

% apply(twice_2(X),Y,Z) - apply(X,Y,Z1), 

% apply(X,Z1,Z) 

val twice= fn (X -> X) -> (X -> X) 

[> let succ n = n + 1 

%apply(succ_1,X,Z) - apply(add,X,Z1),apply(Z1,1,Z) 

val succ = fn nurn -> nurn 

[> twice twice twice succ 1 

% ?- apply(twice_1,twice_1,Z1),apply(Z1,twice_1,Z2), 

% apply(Z2,succ_1,Z3),apply(Z3,1,Z) 

val it= 17 nurn 

[> let rec fac n = 

<] 

if n -- 0 then 1 

else if n>O then n * fac (n-1) 

<] else error('negative input ') 

73 



CHAPTER 6 IMPLEMENTATION AND EXAMPLES 

% apply(fac_1,X,1) - apply(eq,X,Z1), apply(Z1,0 , Z2), 

% Z2==true, 1 

% apply(fac_1,X,Z) - apply(eq,X,Z1), apply(Z1,0,Z2), 

% Z2==true, 1 , apply(mul,X,Z3), apply(sub,X,Z4), 

% apply(Z4,1,Z5), apply(fac_1,Z5,Z6), apply(Z3,Z6,Z) 

% apply(fac,X,error('negative input ' )) 

val fac = fn num -> num 

[> fac 10 

% 7 - apply(fac,10,Z) 

val it= 3628800 nurn 

[> fac (-10) 

% 7 - apply(fac,-10,Z) 

negative input 

val it= error string 

[> del "fac" 

% Three clauses - defining the functions 'fac' - are removed 

6.2 Implementation issues 

The SECD emulator of FPL 1s not needed any more Its Job 1s done partly by 

our lambda to clauses compiler and partly by the Prolog mterpreter itself 
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The SECD code compiler 1s replaced by a compiler for Prolog code The 

expression reader does not require any changes It 1s necessary to modify 

slightly the parser and the type checker m order to fit better to the new 

compiler The 1mplementat10n follows the strategy outlmed m the prev10us 

chapter 

The 1mplementat10n has to handle 

• the declarat10n as a Prolog program, 

• the environment with the identifiers of bmlt-m and predefined func­

tions , 

• the functional expression to be compiled and evaluated, 

• the three components of the compiled Prolog code the logic vanable, 

the query, and the program 

Smee the 1mplementat10n 1s wntten m Prolog, a predicate 1s used to de­

fine the cornp1lat10n scheme Another predicate m1tiates the resultmg query 

to compute the answer and this predicate returns the value as well The 

declaration 1s loaded m when the system starts Operators, macros and type 

defimt10ns are handled by the programmmg environment 

The predicate main generates an mfimte loop to read m and to evaluate 

user mput until the user halts the system 

main - read(Exp,T), init(Env), codeof(Exp,Env ,V,G,P), 

add(P), evalof(V,G) , print (V,T), 1 ,fail 

main - main 

The comm um cation w1 th the user , readmg express10ns ( read (Exp, T) ) 

and prmtmg the result and its type (pr int (V, T) ) 1s provided by the pro-
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grammmg environment The vanable T carnes information regardmg the 

type of Exp The environment is 1mtiahzed by the mi t (Env) predicate The 

predicate add (P) asserts the clauses m P to the begmnmg of the current 

declarat10n 

The relat10n codeof(Exp,Env,V , G,P) holds, 1f V, G, and P are the result 

of comp1lmg the FPL express10n Exp to Prolog code, given the environment 

Env The express10n 1s given as an abstract syntax tree represented by a hst 

The relation val ueof (V, G) holds, 1f after executmg G as a Prolog query, 

Vis bound to the value of the expression G and V are compiled from The exe­

cut10n of the query reqmres the presence of the program which was compiled 

by the codeof predicate together with V and G 

The environment and the declaration The representation of declara­

tion 1s straightforward and has been discussed already it 1s provided as a 

Prolog program cons1stmg of apply /3 predicates 

An obv10us ch01ce to represent the envJionment is a list of 1dentrfier-value 

pans When a new vanable 1s defined, the correspondmg pan 1s added to 

the begmnmg of the list This makes the search for identifiers easy and also 

supports proper scopmg For local defimt10ns we will mdeed use a list to 

represent bound variables paJied with theu values For bmlt-m operators 

and constants as well as predefined identifiers, however, we will use a bmary 

predicate, defined/2 , where the two arguments are the elements of the pair 

from the hst The advantage 1s twofold we don't have to carry and pass 

around a large list, furthermore, lookmg up the value of an identifier needs 

less calls then searchmg trough the elements of a list one-by-one (Smee the 

global identifiers are umque, the opt1mizat10n of WAM g1 ves further efficiency 
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support ) 

6.3 Efficiency tests 

[27] reported prorrnsmg results with the term rewntmg based function eval­

uation m Prolog In their tests they exammed the rewnte-mimickmg SLD­

resolut10n and compared the results to Lisp systems domg the same task 

The above reference 1s our first source of mformat10n regardmg the expected 

efficiency of evaluatmg funct10nal express10ns m Prolog based on the lambda 

ehmmat1on and the relat10nahzat10n methods 

In [27] and [7] a few benchmark tests were presented comparmg the per-

formance of certam Prolog and Lisp implementat10ns The benchmarks m­

cluded two tests on the hst-processmg performance of ALS-Prolog (Vers10n 

1 01) , IBUKI Common Lisp (Release 01/01 ), and Franz Lisp (Opus 38 91)1 

The Lisp vers10ns were run both m mterpreted and compiled mode The 

Prolog test run as mterpreted code The hst-processmg tests compared the 

performance of the mcluded Prolog and Lisp systems for the basic computa­

tions 

Furthermore, the systems were compared on the followmg apphcat1on of 

the twice and successor functions 

(((((twice twice) twice) twice) succ) 0) 

For Prolog, the funct10ns were tested m the form of equational clauses 

twice F = g(F) 

g(F) X = F (F X) 

1 ALS-Prolog is a trademark of Applied Logic Systems, IBUKI Common Lisp 1s a 
trademark of IBUKI , Franz Lisp 1s a trademark of Franz Inc 
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succ X = Y - Y is X+1 

The test was m1tiated by the followmg query 

7 - apply (twice , twice,U),apply(U,twice,V) ,apply(V,twice,W), 

apply(W,succ,X),apply(X , 0,Result) 

which 1s the Prolog eqmvalent of the above apphcat1on 

The tests were executed on a Sun3/2802 It was concluded that even con­

s1dermg the differences m efficiency between the Prolog mterpreter and the 

Lisp systems for the basic computat10ns, the Prolog vers10n of the appbcat10n 

runs Just as fast as compiled Lisp 

Knowmg the results from [27], we performed some benchmark tests com­

parmg our compiled code and the ordmary Prolog version of the same func­

tions expressed as relations 

6.3.1 Simple tests 

Our first test3 mcluded the followmg defimt10ns and apphcat10n m FPL 

let twice f X = f ( f X ) 

let succ x = x+1 

twice twice twice twice succ 0 

The compiled Prolog code 1s 

apply(tw1ce_1 ,F, tw1ce_2(F)) 

apply(tw1ce_2(F),X,V1) - apply(F, X,V2), apply(F,V2,V1) 

2Sun is a trademark of Sun Microsystems Inc 
3 All of our tests reported m this chapter were executed usmg ALS Prolog (Vers10n 1 01) 

on a Sun3/280 Each test were run five times and the average CPU-time was calculated 
The resolut10n of the timer was 1/60th of a second 
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apply( succ_1, X, V) - apply(add,X ,V1) , apply(V1 , 1,V) 

7 - apply (tw1ce,tw1ce,V1 ), apply (V1 , twice,V2) , 

apply (V2,twice,V3) , apply(V3,succ , V4), apply(V4,0 , V) 

There was only one bmlt-m funct10n mcluded m the declarat10n 

apply (add , X,add (X)) 

apply( add (X) , Y, V) - V 1s X + Y 

For their Prolog code [27] reported 1 5 second as the best Our compiled 

code needed 3 83 seconds to perform the same task 

Loadrng rn the code of all the bmlt-rn funct10ns - there are thirty five of 

them - gave a surpnsmg result ALS-Prolog run out of the default memory 

space The problem 1s that some of the new defimt10ns had multiple ch01ces 

The execut10n needed more space It turned out that placmg a cut to the 

begmnmg of the clauses of the twice funct10n 

apply (tw1ce_1 , F,tw1ce_2(F)) - 1 

apply (tw1ce_2 (F) ,X ,V1) - 1 , apply (F,X,V2), apply (F,V2,V1) 

reduces the reqmred memory Unfortunatel}, runnmg the 'twice' benchmark 

with these clauses slowed the execution The new execut10n time was 4 15 

seconds when only the code for add1t1on was given, and 6 07 seconds when 

all the bmlt-m funct10ns were mcluded m the system 

6.3.2 Improving the efficiency of the compiled code 

Comparmg the code of the successor function provided by [27] 

succ X = y - y 1S X+1 
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w1 th our code for the same funct10n 

apply(succ_1,X,V) - apply(add,X,V1), apply(V1,1,V) 

we can notice an important difference Our compiled code uses a curned 

vers10n of functions However, when all arguments of a bu1lt-m function are 

provided, we can use the bmlt-m Prolog version of the funct10n For example 

it 1s possible to compile to the followmg code 

apply(succ_1,X,V) - V 1s X+1 

This code results m faster execution of the twice benchmark 

one bmlt-m funct10n 35 bmlt-m fun ct10ns 
curried not curned curned not curried 

without cut 3 83 1 72 aborted aborted 
usmg cut 4 15 1 90 6 07 2 82 

Compared to the performance of the best funct10nal languages, t he results 

are not outstandmg 

Although we can get better results allowmg the compiler to omit currymg 

whenever 1t 1s possible, the curned vers10ns of the funct10ns are still necessary 

It allows the user to define functions like let succ2 = + 2 

6.3.3 Comparison to Prolog 

To analyse the performance of our system we compared the compiled code to 

ordmary Prolog code as well We prepared three benchmark tests We wrote 

the FPL vers10ns of the followmg functions f ac (f actorza0, f 1 b ( Fzbonaccz), 

and ack (Ackermann) 
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let rec fac x = if x==O t hen 1 else x*fac (x-1) 

let rec fib n = if n <= 2 then 1 

else fib (n-1 ) + fib (n-2) 

let r ec ack x y = if x==O then y+1 

else if y==O t hen ack (x-1) 1 

else ack (x-1 ) ack x (y-1 )) 

We compiled these funct10ns m two different ways First, the functions were 

compiled usmg the curried vers10ns of the bu1lt-m funct10ns Second, the 

bmlt-m funct10ns were replaced with their bmlt-m Prolog counterpart as 

optimized code Cut was not used and all bmlt-m functions were provided 

The same funct10ns were also expressed m ordmary Prolog code as they are 

usually given as relat10ns We compared the execut10n time of the three 

different codes the normal compilat10n, the optimized compilation, and the 

relat10nal ones The results shown m the followmg table are normalized to 

the relational defirntions The higher the number, the slower the execution 

was 

compiled FPL relational 
curried opt1m1zed Prolog 

factorial 7 1 8 1 
F1bonacc1 7 1 5 1 
Ackermann 7-8 2 1 

These numbers suggest that, at least for the optimized vers10n, the comp1-

lat10n 1s an acceptable techrnque and can be used to implement the proposed 

mtegrat10n However, further improvements are certamly necessary m order 

to provide an 1mplementat1on of LELP where the user can choose between 

funct10ns and relat10ns and still get the same efficiency 
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6.4 Summary 

Due to the type-checkmg algonthm the recent 1mplementat1on of FPL does 

not support multiple equat10ns, mutually recursive funct10ns on the global 

level, and constant pattern matchmg We also have to note that certam 

restnct1ons apply on the form of local defimtions and cond1t10ns The com­

p1lat10n of these constructs was discussed m the prev10us chapter Both the 

analysis of the compilation and our FPL implementation suggests that the 

equat10nal form 1s more natural for our 1mplementat10n method Comp1l­

mg from equat10ns 1s more favorable smce the translation 1s bmlt on the 

equat10nal form of funct10n defimtions It 1s recommended to use multiple 

equations to define selection and recurs10n 

Although these restnct1ons apply, the funct10nal expressions we can com­

pile and thus mclude m the funct10nal part of the mtegration are nch enough 

and provide powerful programmmg 
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Conclusions 

There are classes of problems that can be expressed more naturally m a 

logic language than m a functional language and vice versa Therefore, the 

mtegrat1on of the two paradigms is not only of theoretical but of practical 

mterest as well Several solutions exist for the mtegration 

An mtegrated language would be especially valuable if it did not reqmre 

any special evaluation mechamsm, yet it could provide the efficiency of logic 

and functional language implementations 

We have proposed an mtegration method which mtroduces user-defined 

functions mto Prolog An implementation of the functional part based on 

a translation was suggested We have summanzed a method of translatmg 

lambda expression mto a set of equations mtroduced m [6], called lambda 

ehmmation We have also shown, how equations can be used to obtam the 

relational form of functions by means of the relationahzation axiom as it was 

discussed m [27] 

We exammed the questions of puttmg these theoretical results mto prac­

tice A functional language was implemented to demonstrate the feasibility 

of our approach to implement the mtegrat10n solution We have described 
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how a compilation of this funct10nal language to Prolog clauses can be used 

to evaluate funct10nal programs The compilation combmes the methods of 

lambda-eltmmat10n and relationahzat10n The evaluat10n of the funct10nal 

language usmg the compilat10n can be implemented m Prolog entirely The 

implementation reported m this thesis was suitable to carry out some expen­

ments The resultmg funct10nal program evaluat10n is powerful and efficient, 

although there 1s room for improvement regardmg execut10n time 

We demonstrated how an mtegrated language based on our solution could 

handle functional programmmg features like 

• lambda abstract10n, 

• higher order funct10ns, 

• recursive funct10ns, 

• pattern matchmg 

m a logic programmmg framework 

7.1 Future work 

The development of the fully mtegrated language reqmres further work Ma­

JOI changes are necessary for the express10n reader and parser to meet the 

reqmrements of the mixed syntax We have to talk about the problems that 

the presence of logic vanables m lambda express10ns would create To extend 

the current 1mplementat10n to handle the logic component would require cer­

tam changes A tool is needed to read m the mtegrated language and to pass 

the functional components to the Prolog code compiler It 1s also neces­

sary to merge the ongmal Prolog part and the compiled clauses together, 
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and to deposit the resultmg code mto a file ready to be read by any Prolog 

mterpreter 

Funct10nal programs are determm1stic, while logic programs are not In 

this sense the implementation of Prolog 1s more powerful than 1t 1s needed 

for the evaluation of a funct10nal program compiled to Prolog code There 

1s no real need for the general urnfication when handlmg functional expres­

s10ns, so the full power of logic programmmg and of WAM 1s not reqmred 

An mterestmg quest10n concerns, how WAM could be modified to handle 

funct10ns mstead of, or as well as, relations It would be possible to make 

certam evaluat10ns even more efficient m both memory space and execut10n 

time 

The funct10nal language evaluation supported by our comp1lat10n 1s strict 

It 1s certamly worthwhile to mvest1gate how WAM could be changed to sup­

port lazy evaluat10n or at least delayed evaluation of arguments 
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