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1 Intro duction

ALF (Algebmric Logic Functional programming language)is a languagewhich combines functional
and logic programming techniques. The foundation of ALF is Horn clauselogic with equality which
consists of predicates and Horn clausesfor logic programming, and functions and equations for
functional programming. Since ALF is a geruine integration of both programming paradigms, any
functional expressioncan be usedin a goal literal and arbitrary predicatescan occur in conditions
of equations. The operational semartics of ALF is basedon the resolution rule to solwve literals and
narrowing to evaluate functional expressions.In order to reducethe number of possiblenarrowing
steps, a leftmost-innermost basic narrowing strategy is usedwhich can be e cien tly implemented.
Furthermore, terms are simpli ed by rewriting beforea narrowing stepis applied and alsoequations
are rejected if the two sideshave di erent constructors at the top. Rewriting and rejection can
result in a large reduction of the seard tree. Therefore this operational semarics is more e cien t
than Prolog's resolution strategy.

The ALF systemis an e cien t implemen tation of the combination of resolution, nar-
rowing, rewriting and rejection . Similarly to Prolog, ALF usesa badtracking strategy corre-
sponding to a depth- rst seard in the derivation tree. ALF programsare compiledinto instructions
of an abstract madciine. The abstract macdine is basedon the Warren Abstract Machine (WAM)
with seweral extensionsto implement narrowing and rewriting. In the current implementation
programs of this abstract machine are executedby an emulator written in C.

ALF has also a type and module concept which allows the de nition of generic modules. A
preprocessorcheds the type consistenceof the program and combines all neededmodulesinto one
at-ALF program which is compiled into a compact bytecode represening an abstract madine
program. The current implementation hasthe following properties:

The machine code for pure logic programs without de ned functions is identical to the code
of the original WAM [War83], i.e., for logic programs there is no overhead becauseof the
functional part of the language.

Functional programswhereonly ground terms have to be evaluated are executedby determin-
istic rewriting without any dynamic seard for subterms positions where the next rewriting
step canbeapplied. The compiler computesthesepositions and generatesparticular madine
instructions. Therefore such programs are also e cien tly executed.

In mixed functional and logic programs argumert terms are simplied by rewriting before
narrowing is applied and therefore function calls with ground argumerts are automatically
evaluated by rewriting and not by narrowing. This is more e cien t becauserewriting is
a deterministic process. Hencein most practical casesthe combined rewriting/narro wing
implemertation is more e cient than an implementation of narrowing by attening terms
and applying SLD-resolution [Han91, Han92].

This manual describesthe syntax and semartics of ALF. Moreover, it cortains a detailed description
of the current implementation of the ALF system from a user's point of view. Details about the
implementation technique (i.e., the abstract machine and compilation of ALF programs into this
machine) can be found in [Han90, Han91]. The current systemis available from the rst author.



2 An intro ductory example

In this sectionwe present an example of an ALF program to show the basicideasof the language.
More details about the languageand a description of the basic modules can be found in subsequeh
sections.

An ALF programis a collection of modulesincluding onemain module which contains a sequence
of goalsto be proved. In the following we want to de ne a function which sorts a list of natural
numbers by the insertion sort algorithm. In the beginning we must de ne the elemenary data
types. Therefore our rst basic module cortains the de nition of natural numbers. Following the
spirit of algebraicspeci cations, natural numbersare constructed by the constart 0 and a successor
function. Moreover, this module de nes an addition function on natural numbers and a predicate
to compare natural numbers:

module nats.
export O, s, +, <.
datatype nat =f 0 ; s(hat) g.
func + : nat, nat -> nat infixleft 500.

pred < : nat, nat infix.

rules.
N+ O = N.
N+ s(M) = s(N + M).
0 < s(M).

s(N) <s(M) :- N< M.
end nats.

The addition function + is de ned by two equations (in the style of algebraic speci cations or
functional languageswith pattern-matching) and the comparison predicate < is de ned by two
Horn clausesas in logic languages. For readability the function + and the predicate < are de ned
as in x operators (keywords infixleft and infix ) which allows an in x notation in the rules.
Sincefunctions can be usedin nestedexpressionsthe in x operator is de ned to be left-assciative
(infixleft ) with a precedenceof 500 (seealso Section 3.3).

Next we de ne our secondelemenary data type \lists over elemens of an arbitrary type". In
this module we usethe Prolog notation for lists [CM87] which is a prede ned feature of ALF:

module list(elem).

export [] , ' , append, member.
datatype list = f "'(elem,list) | e
func append: list, list -> list.

pred member: elem, list.

rules.

L

append([],L) .
[Hlappend(T,L)].

append([H|T],L)



member(E,[E|_]).
member(E,[_[L]) :- member(E,L).

end list.

The type of the list elemerts is a parameterto this module, i.e., list is agenericmodule. It exports
the list contructors [| and'' , a function to concatenatetwo lists and a member predicate on
lists.

Now it would be possibleto de ne our sort function on lists but for corveniencewe de ne a
further module which extendsthe module nats by de ning someadditional predicatesto compare
natural numbers:

module natord.

export 0, s, +, <, >, ==, =<, >=,
use nats.
pred > : nat, nat infix;
=/= : nat, nat infix;
=< © nat, nat infix;
>= © nat, nat infix.
rules.
N>M :- M<N.
N=/= M:- N<M.
N=/=M:- N>M.
N =< N.
N=<M - N<M.
N >= N.
N>M - N>M.
end natord.

This module imports the module nats by the declaration \use nats" and exports all objects
de ned in module nats and the additional predicatesde ned in this module. Now we declare our
main module containing the de nition of the sort function on lists of naturals:

module isort.
export isort.

use natord;
list(nat).

func isort : list -> list;
insert: nat, list -> list.

rules.
isort([]) =]
isort([E[L]) = insert(E,isort(L)).
insert(E,[]) = [E].
insert(E,[F|L]) = [E,FIL] - E=<F.
insert(E,[F|L]) = [Flinsert(E,L)] - E>F.



end isort.
?- isort([3,1,5,4,1,3,2]) = L.

This module imports the modules natord and list where the genericlist module is used with
the actual sort parameter nat (imported from natord ). The sort function isort is specied by
two equations where the secondequation usesthe function insert to insert an elemen at the
appropriate position in an orderedlist. The de nition of insert usesconditional equations which
is a standard feature of ALF since ALF is a geruine integration of functional and logic languages.
At the end of this main module the goal to be proved by the ALF systemis appended. Note that
natural numbers need not be written down as s-terms since ALF translates natural numberslike
3 into equivalent s-terms like s(s(s(0)))

If the main module and all imported modulesare translated by the ALF systemand the compiled
program is executed,we get the answer

isort([3,1,5,4,1,3,2]) = [1,1,2,3,3,4,5]

which is a logical consequence®f our program (seeSection4 for the operational semarics of ALF).

3 Syntax of ALF

This section de nes the syntax of the functional-logic language ALF in two parts. Firstly, the
context-free componert of the syntax is de ned by a grammar in EBNF style. In the secondpart
various restrictions on the syntax are introducedin order to obtain well-formed programs satisfying
the theoretical conditions for the completenessof the operational semartics (cf. Section 4).

3.1 Context free grammar

The syntax of ALF is similar to the syntax of Prolog [CM87] with additional constructions for
type and module declarations. We use the following notations in the grammar rules: Terminals
are character sequencegnclosedin apostrophes,f g denotesa (possibly empty) repetition, [ ]
denotesan optional part, and | marks choices.

Program ! fModuleg Module f Goalg
Goal ! ™-' LiteralList ".'

Module !
‘'module’ ModuleName[ (' Parameter f~,' Parameterg )"l "."'
f Modulelnterface j ModuleDeclarationg
[rules.
ModuleBody]
‘end ModuleName."'

Modulelnterface !
‘export ' SymbolList "' j
‘use' UseDeclarationf ;' UseDeclaratiorg . "

ModuleDeclaration !
“datatype ' DatatypeDeclarationf ;' DatatypeDeclarationg ™. ' |



“func' FunctionDeclaration f ;' FunctionDeclarationg . "' j
‘pred’ PredicateDeclaration ;' PredicateDeclarationg .

UseDeclaration !
ModuleName [ (' Namef’,' Nameg ) ' [= ModuleName]] ['with ' Renamingg

Renamings ! Atom ‘for ' Atom f’," Atom ‘for ' Atomg

DatatypeDeclaration ! Ident j
Ident "=' *f' ConstructorDeclaration f ;' ConstructorDeclarationg "¢’

ConstructorDeclaration ! FuncAtom [(' SortList ) 'l [OpType Precedencg
FunctionDeclaration ! FuncAtom ;' [SortList ->'] Sort [OpType Precedencé ['partial ']
PredicateDeclaration ! PredAtom ™' [SortList] [PredOpType]

OpType ! ‘prefix 'j postfix 'j infixnot 'j infixleft 'j linfixright

PredOpType ! ‘prefix 'j ‘postfix 'j linfix

ModuleBody ! fFunctionRule j PredicateRuleg

FunctionRule ! FunctionTerm = Term [:- ' LiteralList ] [onlyrewrite ' j ‘onlynarrow ] "."
PredicateRule ! Literal [:- ' LiteralList] "."

LiteralList ! EquationLiteral f,"' EquationLiteral g

EquationLiteral ! Literal j Equation

Literal ! PredName (' TermList )' j [Term] PredAtom [Term]

Equation ! Term ™= Term

TermList ! Termf’,' Termg

Term ! Number j Variable j String j FunctionTerm|j (' Term )"

FunctionTerm ! FuncName'(' TermList )’

j [Term] FuncAtom [Term]
j (" FunctionTerm )’

PN

Variable ! UppercasefLetter j Digit j~ 'gj ' flLetter j Digit j ' g

Parameter ! Ident
j °(" func' FunctionDeclaration °)
j °(" “pred’ PredicateDeclaration )"

Name ! [ModuleName'. "7 Atom
ModuleName ! Identj ™' PathName /' Ident ™'

PathName ! fCharacterg



PredName ! Name

PredAtom ! Atom

FuncName ! Name

FuncAtom ! Atom

SortList ! Sortf’,' Sortg

Sort ! [ModuleName'.] Ident

SymbolList ! Symbol f°,"' Symbolg

Symbol ! FuncAtom [/' Number] j PredAtom [/' Number]

Precedence ! Number

String ! ™'fCharacterg™’
Atom ! Ident j SpecialCharactersj ™ 'f Characterg™ '
Ident ! LowercasefLetter j Digit j ' g

Character ! hASCI{Character i

SpecialCharacters ! SpecialCharacter f SpecialCharactergy

SpecialCharacter ! + j>-'"j> | /'"j<j=j>]7"j\V'jjj? i@ #]%]&
o

Number ! Digit fDigitg

Digit ! 0j1j2)3)4)%5)%6)7)8j%9

Letter ! Uppercasej Lowercase

Uppercase ! AjBjCj...]Z

PR

Lowercase ! @ jbjcj...jz

3.2 Syntactic restrictions

Syntactically correct ALF programs must satisfy the following conditions:

Inside quoted atoms all ASCII characters are allowed. To include the quote itself, it hasto
be doubled, e.g., 'that"s a quoted atom'.

White spacesj.e., spacestabs and line feeds,are allowed at arbitrary positionsin the program
except

{ inside non-quoted atoms, numbers and variables

{ betweenthe functor and the open parernthesis

{ after the period if it is not used as end-of-term period, where it must be followed by a
white space



Commerts are marked with the character % All text between %and the end of the line is
ignored. Another way to mark a commen is to encloseit with /* and */ . Inside atoms these
characters are not interpreted as commert characters.

The following restrictions must hold for any ALF program and are chedked by the ALF
system:

{ The namesafter module at the beginning of a module and after end at the end must be
the same.

{ In an application of a function, a predicate, or a constructor to terms the arity and the
typesof the terms must coincide with the declaration (cf. Section 3.4).

{ The identiers in an export list must be distinct from ead other and declared or im-
ported in this module.

{ Every sort, constructor, function and predicate must be declaredbeforeits use.

The keywords and symbols in Table 1 are resened and should not be usedto de ne new

operators.
datatype end export for func
infix infixleft infixnot infixright module
onlynarrow  onlyrewrite partial postfix pred
prefix rules use with ,
; = ; -> /
- ?-

Table 1: Resened words and symbols

3.3 Lists and operators

In ALF lists are represenied by the functor *.' of arity 2 where the rst argumert is the rst
elemen of the list and the secondargumert is the rest of the list. The empty list is represered

by the constart [] . Sincelists are commonly used objects, there is an alternative notation which
is shawvn in Table 2.

Notation equivalent to

[elem | list] .( elem, list)

[ elem] .(elem, [])

[a1, a2,...., @an] (a, .(a ..., .(an, D)
[a1,a2,..., an | list] .(ai, .(az ..., .(an, list)..))

Table 2: List notations in ALF

As in Prolog [CM87] it is also possibleto de ne an operator notation for constructors, functions
and predicates. The keywords prefix and postfix declare a name as a pre x and a post x
operator, respectively (in Prolog: type fy and yf), and the keywords infixleft | infixright and
infixnot  declarethe name as a (left-assciative, right-assciative, non-assaiative) in X operator
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(in Prolog: type yfx , xfy and xfx ). The number after the operator type is the precedenceof the
operator which must be number from 1 to 1200. Binary predicatescan only be of type infixnot
(which is the meaning of infix ) and have the same precedenceas the equality symbol =. The
operator de nitions are signi cant while reading the rules of a module. The operators which are
prede ned in the rule part of a module are summarizedin Table 3

Operator name Type Precedence
onlyrewrite postfix 1200
onlynarrow postfix 1200
- infixnot 1199
?- prefix 1199
end prefix 1150
, infixright 1000
= infixnot 700
infixnot 400

Table 3: Prede ned operators in ALF clauses

3.4 The type system

The functional-logic language ALF has a type systemwhich is comparableto many-sorted equa-
tional logic [Pad88. Therefore the programmer must declare the data type together with their
constructors and the argumernt and result types of ead function and predicate occurring in the
program. A data type is declaredwith its constructors by a datatype declaration of the form

datatype s = f c1(S11,::% S1ny)s 215 Ck(Sk1y i:5h Skn,) O
Sud a declaration de nes a new data type s (called the sort) and constructors cq;:::;c Where
the i-th constructor ¢; has s asthe result type and terms of type sj1;:::;Sih, asargumerts. All

constructors of the sameresult type must be declaredby one datatype declaration.
In ALF ead object must be declaredbeforeits use. In order to allow the de nition of mutually
recursive data types, it is possibleto declarea sort without its constructors, e.g.,

datatype s.

declare the sort s without its constructors. Now it is possibleto uses in subsequeh data type
declarationsand then to de ne the constructors of s. For instance, the following declarationsde ne
two mutually recursive data typessl and s2:

datatype sl.
datatype s2 =f a; c(sl) g
datatype s1 =f b ; d(s2) g

The typesof the variables usedin the rules need not be declaredbut are inferred by the type
cheder. Overloading is allowed under the restriction that all overloading con icts can be resolwed
by a top down passthrough the terms. If an overloading conict cannot be resolwed, the ALF
systemprints a warning message.n this casethe programmer must solve the conict by specifying
the function or predicate symbol together with the appropriate module name (if the reasonfor this
conict is the declaration of the symbol in two di erent modules) or by using a new name for one

11



of the symbols. Quali cation is doneby pre xing the function or predicate name with the module
name and a period: For instance, if the function f is de ned in the modules mland m2which
are imported into the main module, we can refer to the function f of module m2by the notation
\m2.f".

The language ALF o ers also a kind of parametric polymorphism by allowing parameterized
modules. For instance, a module containing a de nition of lists may be parameterizedby the sort
of the elemens (see Section 5.2). It is also allowed to have functions or predicates as module
parameters. E.g., a generic module for sorting lists of elemern have two parameters: the sort of
the elements and a binary predicate to comparetwo elemerts of this sort (seealso Section 5.4).
But note that this concept of generic modules has nothing to do with parametric polymorphism:
it is a purely syntactic feature, i.e., if a parameterizedmodule is usedin another module, the text
of the parameterized module is copied with the actual parameters (however, ALF performs some
optimizations that avoids text copying if it is unnecessary).

3.5 The module concept

In order to implemert large applications, ALF hasa module conceptto structure large programs. A
module is a collection of data type, function and predicate de nitions together with a list of clauses
specifying the semariics of functions and predicates. If the module does not contain an export
declaration, all objects de ned in this module are exported, otherwise only those constructors,
functions and predicatesare exported which are listed in an export declaration. Sorts are implicitly
exported if an argumernt or result type of an exported object cortains these sorts.

A module can be imported into another module by a use declaration. In this caseall exported
objects of the imported module are visible inside the module. Note that if the module should
export someof the imported objects, it is necessaryto list theseimported objects in the export
declaration of the module, otherwise they are not visible outside this module. Example:

module m1.

export f.

datatype s = f g.

func f: s -> s;

g s -> s.

rules.

% equationsfor f and g
end ml.

module m2.

export f, p.

use ml.

pred p: s, s.
rules.

% clausesfor p
end m2.

Module mlexports the function f and sort s, i.e., function g is invisible outside m1 Module m2
exports the imported function f, the imported sort s and the predicate p.

In order to have the complete speci cation of a function or predicate available in one module,
all de ning clausesof a function or predicate must be stored in one module. Henceit is not allowed
to distribute the de ning clausesof one function or predicate over several modules. Therefore the

12



ALF systemoutputs an error messagef a module contains a clausewherethe function or predicate
in the left-hand side is a parameter (seebelow) or imported from other modules. For instance, it
is not allowed to write a clause\f( ) = " inside module m2in the example above.

If @ module mimports two other modules maand mb it is possiblethat name con icts occur
becausemaand mbexports objects with identical names. In order to avoid such name con icts,
ALF allows a renaming of objects when modules are imported. For instance, if both maand mb
exports a function f, then we can renamethese functions in the import declaration:

module m.

use mawith fma for f.
use mbwith fmb for f.

Now the function f of module mais identi ed by the name fma in the body of module m Another
solution to avoid name conicts is to qualify namesby the dot notation (cf. Section 3.4): If the
function f is not renamedin the use declaration, then we can refer by the notation \ ma.f" to the
function f of module ma

ALF modules can be parameterized by sorts, functions and predicates (see Section 3.4). Ex-
amplesfor such genericmodules can be found in Sections5.2, 5.3 and 5.4. If a genericmodule is
imported and instantiated with actual parametersand we want to refer to this instantiated module
(e.g., to avoid name con icts using the dot notation), it is necessaryto have a unique identi er for
this module. Thereforeit is allowed to specify a new name for this instantiated module inside the
use declaration. For instance, if we import the genericlist module (Section 5.2) with the actual
sort parameter nat, we can write

use list(nat) = natList.

and refer to the function append for lists of naturals by the notation \natList.append ". An
alternativ e solution is to renamethe function appendin the usedeclaration:

use list(nat) with natListAppend for append.

(it is alsoallowed to combine the renaming of a genericmodule with the renaming of someobjects
of this module). Note that this renamingis only necessanyf the type cheder of ALF cannot resole
name con icts in subsequen clauses.

An important requiremert to ALF modulesis the persistency condition: all objects which are
imported in a module (where parametersare also consideredasimported objects) are not modi ed
inside this module. In order to ensurethis, it is not allowed to rede ne imported sorts or to specify
equationsor clausesfor imported functions or predicatesinside the module. These conditions are
cheded by the ALF system.

Usually all modules are stored in one directory in the le system, but it is also possibleto
distribute the modulesin seeral directories. For details seeremarks at beginning of Section 7.2.

3.6 Semantic restrictions

The following restrictions are necessaryin order to ensure the completenessof the operational
semartics (cf. Section 4) (howewer, the implemented operational semariics is incomplete because
a depth-rst seard strategy is usedinstead of a breadth- rst one). Someof theserestrictions are
chedked by the ALF system, but somerestrictions cannot be automatically cheded and therefore
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the programmer is responsible for these conditions. Fortunately, there are other tools for chedking
these conditions (completion procedures)and a connection of the ALF system with one of these
tools is under dewvelopmen.

The top symbol of the left-hand side of a (conditional) equation (program rule) hasto be
a function symbol and not a constructor (cheded by the ALF system). Hence equations
between constructors are not allowed. This ensuresthat two constructor terms are equal
w.r.t. the de ned equational theory if they are identical. This property is useful for an early
detection of a failure if the two sidesof a goal equation are not uni able.

The term rewriting relation generatedby the equational rules must be canonical,i.e., con uent
and terminating. Con uence is necessaryfor the completenes®f the narrowing procedureand
termination is required in order to perform the simpli cation of the goal before a narrowing
stepin nite time. Moreover, all conditional equations must be reductive, i.e., the conditions
must be smaller than the left-hand side w.r.t. sometermination ordering (otherwise basic
conditional narrowing may be incomplete as Middeldorp and Hamoen [MH92] have pointed
out).

Occurrencesof function symbols are not allowed in the head of a relational clausefor a predi-
cate, i.e., the argumert terms should only contain variablesand constructors (chedked by the
ALF system). This is necessaryjto ensurecompletenesof the combined resolution/narrowing
procedure.

No extra-variables are allowed in equational rules, i.e., all variables in the right-hand side
of a de ning equation and the condition must also occur in the left-hand side. Otherwise
narrowing may be incomplete [GM86]. Howeer, there are a lot of interesting programs with
extra-variables where ALF's operational semairics is complete [Han91]. Therefore the ALF
system allows extra-variables in conditions as well as in right-hand side. In this casethe
programmer must be aware of the potential incompletenessdue to the extra-variables.

A function must be reducible on all ground constructor terms if it is not declaredas partial

If the function is declaredas partial , then the innermost re ection rule (cf. Section4) can
be applied to this function. This is necessarybecauseof ALF's innermost strategy: E.g., if
the function pop is not reducible on the constructor empty, then the equation pop(empty)
= X hasthe only solution X/pop(empty) . This solution is only computable by an innermost
strategy if the term pop(empty) is not evaluated but consideredasanirreducible term. This is
done by the innermost re ection rule which is only generatedfor partially de ned functions.
If the function is totally de ned, i.e., reducible on all ground constructor terms, then the
innermost re ection rule is unnecessaryand therefore the function can be compiledin a more
e cien t way. Henceall functions are assumedto betotally de ned (becausehis is the normal
case). If the de nition of a function is not completefor all constructor argumert terms (which
cannot be chedked by the ALF system), then the usermust declareit aspartial . As a special
casea constart function ¢ must be declaredas partial if c is an irreducible term.

4 Semantics

The declarative semantics of ALF is the well-known Horn clauselogic with equality asto be found
in [Pad88. The operational semantics of ALF is basedon resolution for predicates and rewriting
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and innermost basic narrowing for functions. In order to give a precisede nition of the operational
semarics, we represern a goal by a skeleton and an ernvironment part [Hel88]: the skeletonis a
goal composedof terms and literals occurring in the original program, and the environment is a
substitution which hasto be applied to the goal in order to obtain the current goal. The initial
goal G is represerted by the pair < G;id > whereid is the identity substitution. We de ne the
following inferencerules to derive a new goal from a given one (if  is a position in a term t, then
t= denotesthe subterm of t at position and t[ s] denotesthe term obtained by replacing
the subtermt= by sin t): Let < Lj;:::;Ln; > beagivengoal(L1;:::;L, arethe skeleton
literals and is the ervironment).

1. If L1 is an equations = t and thereisamgu %for (s) and (t), then the goal

is derived by re ection

2. If L1 is not an equation and there is a new variant L~ C of a program clauseand Cis a
mgu for (L) and L, then the goal

is derived by resolution .

3. Let bealeftmost-innermost position in the rst skeleton literal L 1, i.e., the subterm L=
has a de ned function symbol at the top and all argumert terms consist of variables and
constructors (cf. [Fri85]).

(@) If thereisanewvariant | = r  C of a program clauseand (L1= ) and| are uni able
with mgu © then the goal

<CiLi[  rliLziinila; ©0 >
is derived by innermost basic narro wing ,
(b) If x is a new variable and Cis the substitution fx (L1= )g, then the goal
<Li  xELgonba; 00 >

is derived by innermost re ection (this correspondsto the elimination of an innermost
redex [Hel88]).

4. If is anon-variable positionin L1, 1 = r  C is a new variant of a program clauseand °
is a substitution with (L1= )= YI) andthe goal< C; 9> can be derived to the empty
goal without instantiating any variablesfrom (L 1), then the goal

< L4qf A Loiiln ;>

is derived by rewriting (thus rewriting is only applied to the rst literal, but this
is no restriction since a conjunction like L1;L,;L3 can also be written as an equation
and(L 1; and(L 2; L3)) = true).
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Start: Apply rewriting aslong as possible(from innermost to outermost positions).

If the goal is not rejected then:

Narrow: If possible,apply the innermost basic narrowing rule and go to Start .
If possible,apply the innermost re ection rule and goto Narrow.
If the rst literal of the goal is an equation
then: If possible,apply the re ection rule and goto Start .
else: If possible,apply the resolution rule and goto Start .
Otherwise: fail (and try an alternative proof)

Figure 1: Operational semartics of ALF

5. If L, is an equation and the two sides have dierent constructors at the same outermost
position (a position not belongingto argumerts of functions), then the whole goalis rejected ,
i.e., the proof fails.

The complete operational semarics of ALF is showvn in Figure 1. The innermost re ection rule

must only be applied to partial functions, i.e., functions which are not reducible for all ground
terms of appropriate sorts [Hol88]. The attribute hasic of a narrowing step emphasizesthat a
narrowing step is only applied at an occurrence of the original program and not at occurrences
intro ducedby substitutions [Hul80]. The restriction to basicoccurrencess important for an e cien t

implementation of narrowing and rewriting (seebelow). The rewriting rule has the disadvantage
that terms from the ervironment part can be moved to the skeleton part, but it has beenshown

that sud terms can be safelymoved bad to the ervironment part [NRS87]. Therefore ervironment

terms are never moved to the skeleton part in our implementation.

This operational semarics is sound and complete if the term rewriting relation generatedby
the conditional equationsis canonicaland the condition and the right-hand side of ead conditional
equation do not cortain extra-variables [Hol88]. If theserestrictions are not satis ed, it may be
possibleto transform the program into an equivalent program for which this operational semattics
is complete. For instance, Bertling and Ganzinger [BG89] have proposeda method to transform
conditional equations with extra-variables such that narrowing and re ection will be complete.
Thereforewe allow extra-variablesin conditional equations. For instance, our operational semartics
is complete for the following set of equations de ning quicksort, which can be proved by the CEC
completion system [BG89] (we omit the de nition of =<and >):

conc([],L) = L.
conc([E|R],L) = [E|conc(R,L)].

split(E.[l) = (0L.D)

split(E,[FIL]) = ([F|L1],L2) - E>F, split(E,L) = (L1,L2).
split(E,[F|L]) = (L1,[F|L2]) - E=<F, split(E,L) = (L1,L2).

gsort(ll) = [I.

gsort([E[L]) = conc(gsort(L1),[E|gsort( L2)]) :- split(E,L) = (L1,L2).

(, ' isde ned asanin x operator for building pairs of lists). Note that this is not a valid K-LEAF
or BABEL program sincethe extra-variablesL1 and L2 occur in the right-hand side of the de ning
equations. In order to avoid the extra-variables one hasto replacethe last equation by
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gsort([E[L]) = conc(gsort(splitl(E,L)), [E|q sort (split2 (E,L))] )

and rede ne the split function. This solution is lesse cien t (becausethe list L must be processed
twice) and simpli cation orderings fail to prove the termination of the rewrite relation [BG89].

These drawbadks may be accepted,but there are other exampleswhere the use of extra-variables
cannot be avoided with simple transformations. The function last computesthe last elemen of

a given list. It can be explicitly de ned or, if conc is de ned as above, by the simple conditional

equation

last(L) = E :- conc(L1,E]) = L.

In this caselast(L) is evaluated by searding the right instantiations of L1 and E (note that there
is at most one solution if L is given). The use of extra-variables gives us the full power of logic
programming inside functional programming. Hence ALF allows extra-variables in conditional
equations. If suc a conditional equation is applied in a rewrite step, only the rst solution to the
extra-variables is considered. This is su cien t becauseall equationsare required to be con uent.

It is alsopossibleto specify additional equational clauseswhich are only usedfor rewriting. For
instance, Frib ourg [Fri85] has showvn that the addition of inductiv e axioms for rewriting is useful to
reducethe seart space.In this casethe proved goalsare valid with respect to the least Herbrand
model but may be invalid in the classof all models. Therefore an ALF-program consistsof three
groups of clauses:

1. Relational clauseswhich de ne all predicatesexcept\=".
2. Conditional equationsusedfor narrowing.
3. Conditional equationsusedfor rewriting.

Usually, all conditional equationsin an ALF-program are used for narrowing and rewriting, but
the programmer can specify that someequationsshould only be applied for narrowing or rewriting,
respectively (this is the meaning of the sux onlynarrow and onlyrewrite in equational rules).
For instance, the inductive axiom rev(rev(L)) = L canbe usedfor rewriting to reducethe seart
space(the function rev reversesall elemerns in a list). To useit as a narrowing rule makes no
sensesincethis would expand the seard space.

Similarly to Prolog, the program clausesin ALF are orderedand the di erent choicesfor clauses
in a computation step are implemerted by a badtracking strategy. Note that backtracking is only
necessanyin the resolution and narrowing rule but not in rewriting sincesimpli cation by rewriting
producesunique terms independertly of the chosenclauses(becauseof the con uence of the term
rewriting relation).

In order to demonstrate the improved e ciency of this operational semartics in comparisonto
Prolog's computation strategy, considerthe following equations for the concatenation function on
lists:

conc([],L)
conc([E|R],L)

L
[E|conc(R,L)]

If a and b are constructors, then the goal
conc(conc([alV],W),Y) = [b]Z]

is simpli ed by rewriting to the goal
[alconc(conc(V,W),Y)] = [b|Z]
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which is immediately rejected sincea and b are di erent constructors. The equivalert Prolog goal
append([a|V],W,L), append(L,Y,[b|Z])

causesan in nite loop for any order of literals and clauses[Nai87]. More details about the ad-
vantages of rewriting and rejection in combination with narrowing can be found in [Fri85] and
[Han92.

5 Examples

In this section we presen seweral examplesfor ALF programs and ALF modules de ning basic
data types.

5.1 Natural numbers

Our rst exampleis the de nition of the basic ALF module nats de ning natural numbers and
two functions and a predicate on naturals:

module nats.
export 0, s, +, * <.
datatype nat = f 0 ; s(hat) g.

func + : nat, nat -> nat infixleft 500;
* . pat, nat -> nat infixleft 400.

pred < : nat, nat infix.

rules.
N+O0 = N.
0+N =N onlyrewrite.
N + s(M) = s(N + M).
s(N) + M= s(N + M) onlyrewrite.
N* O = 0.
0* N =0 onlyrewrite.

N* s(M) =N+ N* M.
s(M) * N= N+ N* M onlyrewrite.

0 < s().
s(N) <s(M) :- N< M.
end nats.

Note that the commutativ e laws for addition and multiplication are only usedfor rewriting. Using
these rules also for narrowing would expand the seart space. Sincethe onlyrewrite  rules are
inductiv e consequencesf the other rules, it is allowed to usesud rules for rewriting if we are inter-
estedin answersvalid w.r.t. the initial model (least Herbrand model). See[Fri85] for a discussion
of the use of additional rewrite rules.

5.2 Polymorphic lists

The next exampleis the basic module list which cortains the de nition of lists of elemers of an
arbitrary type:
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module list(elem).

export [] , ' , append, length , member.
use nats.

datatype list = f "'(elem,list) | e
func append: list, list -> list;

length: list -> nat.
pred member: elem, list.

rules.

append((],L)
append([H|T],L)

length([])
length([_|L])

member(E,[E|_]).
member(E,[_[L]) :- member(E,L).

L.
[Hlappend(T,L)].

o

s(length(L)).

end list.

5.3 Stacks

The following module de nes stadcs of an arbitrary type. Note that the functions pop and top are
partial sincethey are not reducible on the argumert term empty (cf. page 3.6):

module stackmod(elem).
export empty, push, top, pop, isEmpty, isNotEmpty.
datatype stack = f empty ; push(elem,stack) g.

func pop . stack -> stack partial;
top . stack -> elem partial.

pred isEmpty : stack;
isSNotEmpty: stack.

rules.

pop(push(X,S)) = S.

top(push(X,S)) = X.

iISEmpty(empty).

isNotEmpty(push(X,S)).

end stackmod.

5.4 A generic sort module

The following module contains a sort function on lists which is de ned by the quicksort algorithm.
It is a genericmodule which hasthe sort of the list elemens and a comparisonpredicate on these
elemerns as parameters:

module gsortpoly(elem, (pred lesseq: elem, elem)).
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use list(elem).

func gsort : list -> list.
pred split : elem, list, list, list.
rules.
gsort(ll) =l
gsort([E|L]) = append(gsort(L1),[E|gsort  (L2)]) :- split(E,L,L1,L2).

split(E,[1.0.0)-
split(E,[E1|L],[E2|L1],L2 ) - lesseq(El,E), split(E,L,L1,L2).
split(E,[E2|L],L1,[E2|L2] ) :- lesseq(E,E2), split(E,L,L1,L2).

end gsortpoly.

Note that the equationsusethe feature of extra variablesof ALF (compare Section 4).

6 Predened functions and predicates

The current implemertation of ALF has seeral functions and predicateswhich cannot be de ned
by Horn clausesbut have a xed interpretation with someside e ects during the evaluation. Suc
functions and predicates are called prede ned. The type de nitions of these objects are cortained
in the modulesstring , term, operator , streamio and system. This sectionshows the declaration
part of these modules (without export and use declarations) and givesan informal description of
the de nitions.

If the prede ned functions and predicatesrequire someargumerts, then theseargumerts must
be bound to ground terms when the function or predicate is evaluated. Otherwise an error will be
reported.

6.1 The module string

module string.

datatype string.

use list(string) with stringList  for list.
func conc_string . string, string -> string.
pred string_nat . string, nat;

string_chars . string, stringList;

compare_string:  string,  string.

Figure 2: Module string

The module string (Figure 2) contains the necessaryde nitions to use string constarts in ALF
programs. A sequenceof characters enclosedin double quotesis a term (constart) of type string .
This module de nes the sort string and operations on this builtin type.

The function conc_string returns the concatenation of the argumert strings. E.g.,
conc_string("ab","cd") will be evaluated to the constart term "abcd" .
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The predicate string_nat comparesa natural number with its string represenation and is
usedto corvert a string into a natural number and vice versa. If the rst argumert of a call to
string_nat is a string represetation of a natural number, then the value of the natural number
(represenried in ALF by an s-term, cf. Section5.1) is uni ed with the secondargumert. If the rst
argumert is a string which is not a valid represertation of a natural number, then the predicate
call fails. If the secondargumert is the ALF represettation of a natural nhumber (cf. Section5.1),
then a string represering this number is generated and unied with the rst argumert. E.g.,
string_nat("3",s(s(s(0)) )) is provable, but string_nat("ab",N) fails.

The predicate string_chars can be usedto decomposea string into its characters or to con-
catenate a list of strings into a single string. If the secondargumernt of a call to string_chars
is a list of strings, then these strings are concatenated and the resulting string is unied with
the rst argumer. If the secondargumert is an unbound variable, then the rst argumernt must
be a string which will be decomposedinto its list of characters (where ead character is repre-
serted by a string of length 1) and then the secondargumert will be bound to this list. For
instance, a call of string_chars(S,["ab","c de"] ) binds Sto the string "abcde", and a call of
string_chars("abc",L) binds L to the list ["a","b","c"] . Note that if the secondargumert
is not an unbound variable when calling string_chars , then it must be a list of strings (without
variables), otherwise a run-time error will occur.

The predicate compare_string compares two strings. The literal compare_string(S,T)

is provable i string S is less than string T in lexicographic order. For instance,
compare_string("alf","al fcompile ") is provable while compare_string("beta","a  Iph a")
fails.

6.2 The module term

module term.
datatype term.

use list(term) with termList for list, argLength for length;
nats; string.

datatype term = f compound(string,termList) ;

const(string);

var(string);

str(string);

list(term,term);

integer(nat);

end_of file;

read_error g.

Figure 3: Module term
The de nition of terms is necessaryto implement the input and output operations for universal
termsin ALF (similar to Prolog's read and write predicates[CM87]). The module term (Figure 3)

de nes a data type term which is the format of objects which are returned by the function read
and which are expected as argumerts to the predicate write (seeSection 6.4). E.g., if the term
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\f(g(X),1). " isonthe input stream, the function read returns the ALF term
compound(“f",Jcompound("g "“,[ var( "X") ]), inte ger( s(0))])
The meaning of the individual constructors of sort term are:

compoundrepresents a structured term where the rst argumert is the functor of the term
and the second argumert is the list of argumerts of the structure. For instance,
compound("f",[const("a"), const("b ")] ) represents the term \f(a,b) ".

const represerts an atomic constart where the argumert is the name of the atom. For instance,
const("alf)  andconst("ALF") represet the atoms\alf " and\'ALF' ", respectively. Note
that atoms beginning with an upper-casecharacter must always be quoted, otherwise they
will be interpreted as a variable.

var represetts avariable wherethe argumernt is the nameof the variable. For instance, the variable
\List " is represered by the term var("List")

str represens a string which is a sequenceof charactersenclosedn double quotes(cf. Section6.1).
For instance, the string constart \"a string" " is represened by str("a  string")

list represens alist which is written using the list notation (seeSection3.3). The rst argument
isthe rst elemer of the list and the secondargumert is the rest of the list. For instance, the

list \[a] " is represerted by list(const("a"),const("[] ") . Note that a binary structure
with the functor \." is not represened as a list, i.e., the term \.(a,b)" is represened by
compound(".",[const("a"), const("b "] ).

integer isthe represenationof an integer constart wherethe argumert is the value of the constart.
For instance,\ 2" is represered by integer(s(s(0)))

end_of file is a special object which is returned by read if the input stream has ended.

read_error is another special object which is returned by read if a syntax error has occurred
while reading the input stream.

6.3 The module operator

module operator.

datatype operator = f (infixleft(string,nat) infixnot  650) ;
(infixright(string,nat) infixnot  650) ;
(infixnot(string,nat) infixnot  650) ;
(prefix(string,nat) infixnot  650) ;
(postfix(string,nat) infixnot  650) ;
nonop g.

use list(operator) with operatorList  for list,  opListMember for member.

Figure 4: Module operator

In order to allow a exible syntax with operator de nitions (similar to Prolog [CM87]) as input
to the prede ned function read, it is necessaryto declare operator tables which are parameters
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to read. Hencethe read function assumesthat one parameter is a list of operator declarations
which areterms of type operator w.r.t. module operator (Figure 4). The constructorsinfixleft
infixright , infixnot , prefix and postfix arein x operators which construct the elemers of a
list of type operatorList . For instance,

"+" infixleft 500, "+" prefix 500, ™" infixleft 400]

is an operator table where the atom +is anin x and a pre x operator and * is an in X operator.
The precedenceof * is lower than the precedenceof + which meansthat a term of the form 1+2*3
is interpreted as 1+(2*3) .

6.4 The module streamio

module streamio.
datatype fileMode = f input ; output ; append g.
datatype stream.

func open: string, fileMode -> stream;
read: operatorList -> term;
read: stream, operatorList -> term;
read_string:  string;
read_string:  stream -> string;
get: nat;
get: stream -> nat.

pred write: operatorList, term;
write:  stream, operatorList,  term;

write_string: string;
write_string: stream, string;
put: nat;

put: stream, nat;

nl;

nl: stream;

close: stream.

Figure 5: Module streamio

The module streamio (Figure 5) de nes the input and output mecanism of ALF: The I/O func-
tions can take an argumert of type stream to selectthe stream to read from or write to. If it
is omitted, the standard input/output streams are used which are usually connectedto the user
terminal. The function open connectsan external le with a new stream object. It takesthe name
of the le (typestring ) and an argumert of type fileMode with the following meaning:

input The le is openedfor reading. If the le doesnot exist, the function fails, i.e., the literal
cortaining this function cannot be proved.

output The le is openedfor writing. If the le already exists, the previouscortents are destroyed.
Otherwise a new le is created.
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append The le is openedfor writing. The previous cortents of an existing le are not destroyed,
but the new items are appendedto the le. If the le doesnot exist, a new le is created.

A call to the predicate close closesthe stream.

The argumernt of read and write of type operatorList is a list of operator de nitions (see
Section 6.3). The function read reads a term according to these operator de nitions from the
input stream and returns the corresponding object of type term (see Section 6.2) as the result.
The predicate write prints an object of type term accordingto the operator list parameter on the
output stream.

read_string and write_string  are usedto read and write precisely one string. The func-
tion read_string readsa line from the input stream and returns this line (without the line feed
character) as a string. The predicate write_string  prints a single string on the output stream.

It is also possibleto get and put single characters. The function get readsthe next character
from the input stream and returns the corresponding ASCII value of this character. The predicate
put writes the character with the ASCII value of the argument to the output stream. nl is
equivalent to put(10) , i.e., nl puts a newline character on the output stream.

6.5 The module system

module system.

pred call_unix:  string.

Figure 6: Module system

The module system (Figure 6) de nes a predicate to call the operating system from ALF. If the
literal call_unix(S) is proved, then the Unix operating system is called with the string S as
argumert. For instance, call_unix("ls > files")  producesa directory listing in le files

7 How to use the current system

This section describeshow the current implementation of the ALF systemis used under a UNIX
environment. In order to usethis implemertation, the ervironment variable ALFHOMfust be set
to the name of the directory wherethe ALF systemhasbeeninstalled, e.g., by typing the command

setenv  ALFHOMHisr/local/ALF

if \/usr/local/ALF " is the name of the installation directory of the ALF system. Furthermore,
the directory \ SALFHOME/bithmust be included in the path variable.

ALF programs are translated into a compact bytecode by a compiler written in Prolog. There
are seeral versions of this compiler available running under di erent Prolog systems (currently
Quintus-Prolog 3.1.1, Sicstus-Prolog 2.1 and SB-Prolog 3.1). The Quintus- and Sicstus-Prolog
versionsof the compiler are faster than the SB-Prolog version. Therefore you should only usethe
SB-Prolog version of the ALF compiler if you have no Quintus- or Sicstus-Prologlicensefor your
machine. In order to tell the ALF systemwhich version of the ALF compiler you want to use,you
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must set the environment variable ALFPROLQG® an appropriate value i.e., you have to include one
of the commands

setenv ALFPROLO@uintus # for the Quintus-Prolog version
setenv ALFPROLOScstus # for the Sicstus-Prolog version
setenv ALFPROLOs$bprolog # for the SB-Prolog version

in your .cshrc -le. Ask the personwho hasinstalled the ALF system at your site for the ALF
compiler versionswhich are available on your machine.

7.1 Files

An ALF program is a collection of modules. Each module must be stored in a separate le. The
le with the main module contains also one or more goalsat the end which should be proved by
the ALF system. Usually, the main module together with the goal and all imported modules is
compiled by the ALF systeminto a compact bytecode which will be executedby an emulator. The
compilation is divided into the following steps:

1. In the rst step the main module and all imported modules are chedked for syntactic errors
and type consistence. The result of the rst stepis a program where all types are deleted
and all modules are copiedinto one large program, the so-called\ at-ALF" program.

2. In the secondstep the at-ALF program is translated into a sequenceof instructions of
an abstract madine tailored for executing such programs very e cien tly. The madine is
called A-WAM (sinceit is an extensionof the W arren A bstract M achine for executing A LF
programs).

3. In the last stepthe A-WAM instructions are translated into a compact bytecode represering
the compiled ALF program. This bytecode is the input to the A-WAM emulator.

It is possibleto compile ALF programs in one step into the bytecode or also in seweral separate
steps. Therefore the di erent versionsof a program are distinguished by the following le name
Su xes:

.alf Files containing ALF modules. Module mmust be stored in the le \m.alf ". At the end of
the main module the goalsto be proved are appended.

fal Files containing at-ALF programs. The at-ALF program corresponding to the main module
m(and all imported modules) is stored in the le \'m.fal "

.sow Files containing A-WAM programs. Hence\ m.sow cortains a compiled version of the at-
ALF program in \m.fal ".

.byt Files containing bytecodes of A-WAM programs. Thus the ALF program with main module
mis compiled into the bytecode stored in \ m.byt".
7.2 Compiling ALF programs

All modules modules of an ALF program must be stored in the directory wherethe ALF systemis
called (the current directory) or in the glotal module directory \ SALFHOME/modulés If a module
is imported, the correspnding le is searded in the current directory and then, if not found,
in the global module directory. Usually, the global module directory contains frequertly used
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and prede ned modules like nats (page 18), list (page 18), string (page 20), term (page 21),
operator (page 22), streamio (page 23), and system (page 24).

It is also possibleto import a module which is stored in another directory. In this casethe
module name must be pre xed by the path name. Note that a module namein a use declaration
must always be an atom. Therefore the module name must be quoted if it is pre xed by the
path name. For instance, the module defaults in the directory /usr/lib/ALF  is imported by the
following use declaration:

use 'fusr/lib/ALF/defaults’'.

The simplest way to compile and executean ALF program is to executethe command

alfrun le

where le is the name of the main module. This command compiles the source program into
bytecode (stored in the le \ le .byt ") and executesthe bytecode in caseof a successfutompilation.
It is also possibleto compile and execute an ALF program by separate commands which are
described in the following. This is useful if the various options of the bytecode enulator (see
Section 7.3) should be applied.

An ALF program is compiled into bytecode by the command

alfcompile le

where le is the name of the main module. If all translation steps are successful,the bytecode
is stored in the le \ le .byt ", otherwise someerror messagesre printed and the program is not
compiled into bytecode. If only the rst translation step should be performed (syntax ched, type
ched in all modules), it is su cien t to executethe command

alfcheck le

In this caseonly the compiled at-ALF program is written into the le \ le .fal " if the source
program was correct. Now you can translate the at-ALF program step by step by executing the
command

alf

which calls the interactive ALF compiler. If the prompt \ ?-" appears,you can executethe following
commands(do not forget to type the period after the command!):

‘fs(prongrogZ). ‘ Translate the at-ALF programin \ proglfal " into the A-WAM code sequence
in \ prog2sow".

‘sb(prongrogZ). ‘ Translate the A-WAM code sequencein \proglsow" into the bytecode in
\ prog2byt ".

‘fb( prongrogZ).‘TransIate the at-ALF program in \proglfal " into the bytecode in
\prog2byt " (without creating an A-WAM code sequencele).

7.3 Executing and debugging ALF programs

The bytecode of an ALF program is executedby an emulator written in C. After the translation
of an ALF program into the bytecode, the emulator is called by

awam [-odt] [-H <heap size>] [-L <local stack size>]
[T <trail sizes] [-O <occurrence stack size>]
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[--occur-check] [--debug] [--trace]

[--heap-size=< heap size>] [--Is-size=< local stack size>]
[--trail-size=< trail size>]

[--occ-size=< occurrence stack size>]

filename[.byt]

where the following options are equivalen:

-0 = --occur-check
-d = --debug
-t = --trace

There is alsoa statistical versionofthe A-WAM emulator which is executedby calling awam$stead
of awam If the awam®mulator is terminated, statistics about the usedmemory are printed.

The options have the following meaning (the last argumert is always the name of the bytecode
le):

occur-c heck Uni cation is performed with occur chek. Without this option the A-WAM does
not perform an occur ched.

debug The enulator executesthe bytecode in debug mode (seebelow).

trace The emulator executesthe bytecode in trace mode, i.e., all executed A-WAM instructions
are printed on the standard output stream.

heap-size Set the heap sizeto the given number of bytes (default: 2 Mbytes). If an execution
stops with the error messagéHeap over ow", restart the emulator with a larger heap size.

Is-size Set the local stack sizeto the given number of bytes (default: 2 Mbytes). If an execution
stopswith the error messagélo cal-Stak over ow", restart the enmulator with a larger local
stack size.

trail-size  Set the trail sizeto the given number of bytes (default: 400 Kbytes). If an execution
stops with the error messag@aT rail over ow", restart the emulator with a larger trail size.

occ-size Setthe occurrencestadk sizeto the given number of bytes (default: 200 Kbytes). If an
execution stops with the error message\Occurrence-Stak over ow", restart the emulator
with a larger occurrencestad size.

In the standad mode the emulator computesa solution to the rst given goal by interpreting the
A-WAM instructions. If a solution is found, the instantiated goalis written on the standard output
and the emulator waits for an input. If the input is empty, the emulator is terminated. If the input
is\;", the next solution is computed or the next goal is solved (if there is no alternativ e solution
to the current goal).

In the trace mode the emulator prints all executedA-WAM instructions on the standard output
stream.

In the debugmaode the emulator stops at particular A-WAM instructions which corresponds
to the ewvaluation of a function or predicate. Hencea behaviour similarly to the common Prolog
debuggersis obtained. If a predicate is called, the emulator prints the string CALLtogether with the
currently called predicate (with instantiated argumert terms). If a function should be evaluated
by rewriting, the emulator prints the string REWRITEbgether with the current function call. If a
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function is evaluated by narrowing, the emular prints the string NARROM/ a similar way. If the
emulator has printed out the current call, it waits for one of the following inputs:

help: Display the table of possibleinputs.
[a] abort: Stop the emulator.

nodebug: Turn o debug mode.

creep: Single-stepexecution: Stop at the next call.

skip: Don't show the ertire evaluation of this call. Stop at the next literal (in caseof predicates)
or at the next function call outside this expression(in caseof functions).

[0] occurrencestad: Show all expressionsstored on the occurrencestadk.

term start: Show the current literal or argumert of the literal where the functional evaluation
is performed.

write: Setthe output mode of the emulator to write. In write output mode the ertire current
call is printed without any depth limit (in cortrast to the print output mode below).

@ print: Set the output mode of the emulator to print. In print output mode the current call
is printed with a given depth limit (which is speci ed by the option '<’, seebelow). This is
usefulto prevent that very large terms are shown in their entirety.

set depth limit: Set the depth limit of the print output mode of the emulator to n, i.e.,
subterms with a depth greater than n are printed as... The default depth limit is 10.

@ toggle trace mode: Turn on/o the trace mode of the enulator.

The following example shavs a small sessionwith the A-WAM emulator. The main module is the
following:

module test.
datatype abc =f a; b; c; dg.
use list(abc).

end test.

?- append(L,[c,d]) = [a,b,c,d].

The A-WAM enulator is calledin the debug mode (inputs from the userare printed in bold face):

awam -d test
A-WAM- Bytecode Interpreter, Version 0.5.9

REWRITEappend(_HO,[c,d]) ? t
append(_HO,[c,d]) = [ab,c,d]

REWRITEappend(_HO,[c,d]) ? <cr>
NARROWappend(_HO,[cd]) ? <cr>
REWRITEappend(_H20,[c,d]) ? t
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[ H19|append(_H20,[c,d])] = [a,b,c,d]

REWRITEappend(_H20,[c,d]) ? <cr>
NARROWAppend(_H20,[cd]) ? t
[ H19|append(_H20,[c,d])] = [a,b,c,d]

NARROWAppend(_H20,[cd]) ? d
[ Trace modeis on ]
NARROWappend(_H20,[c,d]) ? <cr>
L97: switch-on-term(L106,L.10 9,L119,L0)
L106: try-me-else(L118,2)

L109: get-nil(X1)

L110: get-variable(X3,X2)

L112: put-value-occ(X3)

L113: pop-occ

L114: call-rewriting(ao)

L115: rebuild-occ-stack

L116: reject

L118: trust-me-else-fail

L119: get-list(X1)

L120: unify-variable(X3)

L121: unify-variable(X4)

L122: get-variable(X5,X2)

L124: put-value(X4,X1)

L126: put-value(X5,X2)

L128: put-list-occ

L129: write-value(X3)

L130: write-variable(X6)

L131: load-occ(X6)

L132: call-rewriting(append/2)

REWRITEappend(_H27,[c,d]) ? d

[ Trace modeis off ]
REWRITEappend(_H27,[c,d]) ? t

[ H19, H26]append(_H27,c ,d] )] = [a,b,c,d]

REWRITEappend(_H27,[cd]) ? <cr>
NARROWappend(_H27,[c,d]) ? <cr>

Elapsed time: 0.00s
append([a,b],[c,d]) = [a,b,c,d]

8 Restrictions and bugs

The current implemertation of the ALF emulator has no garbagecollector.

The type cheding of terms is performed top down which has the consequencehat not all
overloading con icts canberesoled. In this casethe usermust specify the module to resolve
the conict (cf. Section 3.4).

The reader has problemsto read operators in the standard pre x notation (e.g., to read 3+5
in the notation +(3,5) ).
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