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The Oz NotationMartin HenzProgramming Systems LabGerman Research Center for Arti�cial Intelligence (DFKI)Stuhlsatzenhausweg 3, D-66123 Saarbr�ucken, Germanyemail: henz@dfki.uni-sb.deJanuary 26, 1995AbstractOz is a concurrent language providing for functional, object-oriented, and constraintprogramming. This report de�nes how Oz program text is transformed into a KernelOz program. Kernel Oz has been designed to be the base for a formal de�nition ofOz, and therefore to be minimal in the number of syntactic constructs. Technically,Kernel Oz is able to express a wide range of programming styles, including functionaland object-oriented programming. Being a purely relational language, however,Kernel Oz does not provide easy notational access to programming methods fromfunctional and object-oriented programming, making it hard to fully exploit thecapacities of the language.It is such ergonomic considerations that lead to the development of the Oz Notation,where syntactic extensions provide convenient constructs for functional and object-oriented programming. The semantics of these extensions is de�ned in this documentby their stepwise translation to Kernel Oz.
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11 IntroductionThis report de�nes how Oz program text, which is a sequence of characters, istransformed into a Kernel Oz program. This transformation is performed in �vesteps.Lexical syntax. First, a given program text is transformed into a sequence ofwords. Each word represents a sequence of tokens.Context-free syntax. The resulting sequence of tokens is transformed into aparse tree.Programs. The parse tree is transformed into an abstract syntax tree, calledprogram.Standardized Programs. The program is standardized, eliminating a numberof abbreviations that allow for more concise programs.Kernel Programs. The standardized program is translated to a Kernel programeliminating nesting and state threading, extensions that support functionaland object-oriented programming.At each step, errors may occur. A text represents an Oz program, if it can betokenized and parsed into a program which can be translated without error into aKernel program.Kernel programs [3], denoted by E , are kernel expressions with a \hole" �. Thishole may be �lled later with another program E 0, which may use local variablesof E whose scope included the hole. We write E [E 0] for the program obtained byreplacing � in E by E 0.This concept provides for an interactive programming environment by allowing toincrementally extend the scope of variables over program boundaries. A streamof incoming program texts T1; T2; T3; � � � is transformed into a stream of programsE1; E2; E3; � � �. Each of the programs replaces the hole in the previous one, resultingin E1[E2[E3[� � �]]]. Note that we use the symbol � � � for ellipsis; the character sequence... is an Oz keyword.During the transformation, new variables are introduced that do not occur in thegiven program text. New variables that are not bound locally are either boundby the Kernel prelude Ek given in [3] or by the notational prelude En, which issummarized in Section 7.The notational prelude in turn uses some Standard procedures, de�ned in the Stan-dard prelude Es described in [1]. Therefore, entering user programs E1; E2; � � � gen-erates the following stream of programs.Ek [En[Es[E1[E2[� � �]]]]]



2 2 LEXICAL SYNTAX2 Lexical SyntaxA program text is a sequence of characters. In this section, we describe how sucha sequence is split into a sequence of words. Each word represents zero or moretokens such that the result is a sequence of tokens. There are 9 classes of words,described by regular expressions. We use the following notation to compose regularexpressions e: [e] for an optional expression e, e+ for one or more expressions e, e�for zero or more expressions e, e1 II e2 for either expression e1 or expression e2, and(e) for grouping of expressions.The following de�nitions represent the classes of characters used in the remainder.For characters, we use ISO 8859-1. For example, the character a has code 97.A convenient way to see the character codes on UNIX-based systems is by using theUNIX command man ascii.hloweri ::= a II � � � II z lower-case letterhupperi ::= A II � � � II Z upper-case letterhdigiti ::= 0 II � � � II 9 decimal digithalphaNumi ::= hloweri II hupperi II hdigiti II _ alpha-numerical characterhatomChari ::= any, except �, \, and code 0 atom characterhstringChari ::= any, except ", \, and code 0 string characterhvariableChari ::= any, except �, \, and code 0 variable characterhescapei ::= a II b II f II n II r II t II v II \ II � II " II � escape characterhocti ::= 0 II � � � II 7 octal digithhexi ::= 0 II � � � II 9 II a II � � � II f II A II � � � II F hexadecimal digitIn the classes of words hvariablei, hatomi, and hstringi, we use pseudo-characters,which represent single characters in di�erent notations.hpseudoChari ::= \ (hoctihoctihocti II xhhexihhexi II hescapei)Pseudo-characters allow to enter any 8 bit character using octal or hexadecimal no-tation. Octal notation is restricted to numbers less than 256. The pseudo-characters\a, \b, \f, \n, \r, \t, \v denote special purpose characters, and \\, \�, \", \� denotetheir second component character.



2.1 Keywords 32.1 Keywordshkeywordi ::= andthen II attr II case II class II create II declare II divII else II elsecase II elseif II elseof II end II extern II falseII feat II fi II from II fun II if II in II local II meth II modII not II of II or II OR II orelse II proc II ro II RO II self II thenII thread II true II withII { II } II ( II ) II [ II ] II | II # II : II ... II <= II = II .II [] II @ II <- II << II >> II $ II ! II ~ II + II - II * II /II == II \= II < II =< II > II >=II =: II \=: II <: II =<: II >: II >=: II :: II \:: II ::: II \:::Each keyword represents itself as token.2.2 Variableshvariablei ::= hupperihalphaNumi� II �(hvariableChari II hpseudoChari)��A word of the form hvariablei represents a variable token of the form Lvariable; n+Mwhere n+ is the sequence of characters that make up the word, including the pos-sibly surrounding � characters. For example, the word Xs represents the tokenLvariable; 88 115M and the word �\n� represents the token Lvariable; 96 10 96M. Theset of all variable tokens is denoted by LvariableM.2.3 Atomshatomi ::= hlowerihalphaNumi� II �(hatomChari II hpseudoChari)��A word of the form hatomi represents an atom token of the form Latom; n�M wheren� is the sequence of characters that make up the word, excluding the possi-bly surrounding � characters. For example, the word atom represents the tokenLatom; 97 116 111 109M and the word �\n� represents the token Latom; 10M. The setof all atom tokens is denoted by LatomM.2.4 Constructors hlabeli ::= (hvariablei II hatomi)(A word of the form hlabeli represents a sequence of two tokens. The �rst one isa label token either of the form Latomlabel; n�M or of the form Lvariablelabel; n�M(similar to the corresponding tokens for words of the form hvariablei and hatomi).The second one is the keyword token (. For example, the word Xs( represents thetokens Lvariablelabel; 88 115M and (. The set of all variable label tokens is denotedby LvariablelabelM. The set of all atom label tokens is denoted by LatomlabelM.



4 2 LEXICAL SYNTAX2.5 Integers hinti ::= [~] hdigiti+A word of the form hinti represents an integer token of the form Lint; nM where nrepresents the integer for which the word is the decimal representation. For example,the word ~159 represents the token Lint;�159M. The set of all integer tokens isdenoted by LintM.2.6 Floats h
oati ::= hinti : hdigiti� [(e IIE) hinti]A word of the form h
oati represents a 
oat token of the form L
oat; fM where frepresents the 
oating point number for which the word is the decimal representa-tion. The letters e and E both indicate the exponent to 10. For example, the word~1.5e2 represents the token L
oat;�1:5e2M. The set of all 
oat tokens is denotedby L
oatM. The syntax of 
oats is implementation dependent in that syntacticallycorrect 
oats may be refused by the compiler, if they cannot be represented by theimplementation.2.7 Strings hstringi ::= "(hstringChari II hpseudoChari)� "A word of the form "c1 � � �cm" represents a sequence of m + 2 tokens of the form[ n1 � � � nm ], where the ni represent integer tokens according to the code of ci.For example, the word "ab" represents the sequence of tokens [ Lint; 97M Lint; 98M ].2.8 SpacesSpaces are tab (code 9), newline (code 10), vertical tab (code 11), form feed (code12), carriage return (code 13), and blank (code 32). Spaces produce no tokens. Thismeans that they are ignored, except that they separate words form each other.2.9 CommentA comment is:� a sequence of characters from % until the next newline,



2.10 Lexical Analysis 5� a sequence of characters within comment brackets /* and */, in which /*and */ are properly nested,� the character ?.Comments produce no tokens. This means that they are ignored, except that theyseparate words form each other.2.10 Lexical AnalysisThe splitting of a sequence of characters using these regular expressions is notunique. We use the following rules to perform left to right longest match tokenizationobtaining either error or a unique sequence of tokens from a given sequence ofcharacters. We start with the given sequence of characters and an empty sequenceof tokens.1. If the sequence of characters is empty, we append the program marker token �to the end of the sequence of tokens obtained so far, and return the result.2. Find the set of all regular expressions that recognize a pre�x of the sequenceof characters of maximal length (longest match).3. This set is either empty or has one or two elements.� If the set is empty, the given sequence of characters does not representan Oz program, a lexical error is reported and we stop the process.� If the set has one element, the corresponding generated tokens are addedto the back of the sequence of tokens obtained so far and we proceedwith 1.� If the set has two elements, then one of the corresponding tokens mustbe a keyword token. This one is added to the back of the sequence oftokens obtained so far and we proceed with 1.2.11 Lexical ErrorsLexical errors result from using the characters & , \ ; ^ outside of variables, atomsor strings, from using the variable, atom, or string delimiters � � " not paired, fromusing comment brackets /* and */ not properly nested and from using \ withinvariables, atoms or strings, but outside of hpseudoChari.



6 3 CONTEXT-FREE SYNTAX3 Context-free SyntaxIn this section, the language of token sequences that are considered is describedusing a context-free grammar.We use the following variation on BNF: [e] for an optional expression e, e+ for oneor more expressions e, e� for zero or more expressions e, e1 II e2 for either expressione1 or expression e2, and (e) for grouping of expressions.As terminal symbols, we use the keywords from the previous section and the tokensLvariableM, LatomM, LvariablelabelM, LatomlabelM, LintM, and L
oatM.3.1 ProgramsE ::= � program markerII E E compositionII local E in E end declarationII declare E (� II in E) program declaration



3.2 Expressions 73.2 ExpressionsE ::= true II false success and failureII t = t equationII t (== II \= II < II =< II > II >=) t comparisonII t (=: II \=: II <: II =<: II >: II >=:) t �nite domain comparisonII t (:: II \:: II ::: II \:::) t �nite domain constraintII proc {t t�} B end procedure de�nitionII fun {t t�} b end function de�nitionII E E compositionII local E in E end declarationII {t t�} applicationII if CL (elseif CL)� [else B] fi if conditionalII case EL (elsecase EL)� [else B] end case conditionalII or D ([] D)+ ro disjunctionII OR D ([] D)+ RO non-distributing disjunctionII thread B end thread creationII not B end negationII (create II class) t[from t+][attr (t [:t])+][feat (t [:t])+][with t](meth t B end)�end object de�nition(from, attr, feat, withparts may occur inarbitrary order)II << [t] t >> method applicationII t <- t assignmentII extern B end external expressionII v variableB ::= [E in] E blockWe allow variables as expressions in order to provide for the declaration of variableswithout initialization.



8 3 CONTEXT-FREE SYNTAX3.3 Termsr; s; t ::= v variableII LatomM atomII l(t� (t <= t)� [...]) tuple constr. or match.II l((t:t [<= t])� [...]) record constr. or match.II LintM II L
oatM integer or 
oatII t | t cons listII [t+] �xed length listII t (# t)+ mix�x tuple constructionII t = t nested equationII t (== II \= II < II =< II > II >=) t nested comparisonII proc {$ t�} B end nested procedure def.II fun {$ t�} b end nested function def.II local E in [E] t end nested declarationII {t t�} nested applicationII _ wildcardII $ nesting markerII t . t �eld selectionII ~ t II t (+ II - II * II / II div II mod) t arithmeticII t (:: II \:: II ::: II \:::) t nested f.d. constraintII t andthen t II t orelse t boolean operatorsII if CTL (elseif CTL)� [else b ] fi nested if conditionalII case ETL (elsecase ETL)� [else b] end nested case conditionalII or DT ([] DT)+ ro nested disjunctionII OR DT ([] DT)+ RO nested non-distr. disjunct.II thread b end nested thread creationII (create II class) [$][from t+][attr (t [:t])+][feat (t [:t])+][with t](meth t B end)�end nested object de�nition(from, attr, feat, withparts may occur inarbitrary order)II @ t attribute accessII << [s] t >> nested method appl.II self self for objectsII ( b ) groupingb ::= [E in] [E] t nested blockl ::= LatomlabelM II [!] LvariablelabelM labelv ::= [!] LvariableM variable



3.4 Clauses 93.4 ClausesCL ::= C ([] C)� list of if clausesC ::= [E in] E then B if clauseD ::= [E in] E [then B] disjunctive clauseEL ::= t of t then B ([] F)� (elseof FL)� list of elseof clausesII t then B boolean case clauseFL ::= F ([] F)� list of case clausesF ::= t then B case clause3.5 Nested ClausesCTL ::= CT ([] CT)� list of nested if clausesCT ::= [E in] E then b nested if clauseDT ::= [E in] E then b nested disjunctive clauseETL ::= t of t then b ([] FT)� (elseof FTL)� list of nested elseof clausesII t then b nested boolean case clauseFTL ::= FT ([] FT)� list of nested case clausesFT ::= t then b nested case clause3.6 OperatorsPrecedences of in�x and mix�x term operators in increasing order:= nested equationorelse boolean disjunctionandthen boolean conjunction== \= < =< > >= nested comparisons:: \:: ::: \::: nested �nite domain constraints| cons list# mix�x tuple construction+ - additive operators* / div mod multiplicative operators. �eld selection\Having higher precedence" means \binding tighter"; e.g. the term c # X . g = Yis parsed like (c # (X . g)) = Y. The pre�x operators @ and ~ have higher prece-dence than any of the above. The in�x operators = orelse andthen | are right-asso-ciative (e.g. X|Y|Z is parsed like X|(Y|Z)). The in�x operators + - * / div mod .



10 3 CONTEXT-FREE SYNTAX:: \:: ::: \::: are left-associative (e.g. X+Y+Z is parsed like (X+Y)+Z). The mix�xtuple constructor # is not associative.3.7 Grammatical ErrorsAny sequence of tokens that is not member of the language described by the abovegrammar, is considered erroneous. For any member of the language there exists aunique parse tree.



114 ProgramsIn this section, we describe how a sequence of tokens that is an element of thelanguage de�ned in Section 3 is transformed to a program.At this point, we leave the realm of syntax, containing entities like characters, wordsand tokens. From now on, we deal with semantic constructs that we call programs.A program is obtained from a sequence of tokens by taking its parse tree accordingto the grammar in Section 3, and� replacing atom tokens of the form Latom; sM by atoms that correspond to thecharacter sequence s (see [3]),� replacing variable tokens by variables, such that if two variable tokensLvariable; s1M and Lvariable; s2M have di�erent character sequences s1 and s2,then the corresponding variables are di�erent,� replacing label tokens of the form Latomlabel; sM by atoms that correspond tothe character sequence s,� replacing label tokens of the form Lvariablelabel; sM by variables analogous tovariable tokens,� replacing integer tokens of the form Lint; iM by the integer i,� replacing 
oat tokens of the form L
oat; fM by the 
oat f ,� dropping parentheses ().Variables whose syntactic representation begins and ends with � are called systemvariables. Programs that use system variables are called system programs. Animplementation may restrict the use of system programs.To describe sets of programs, we use a grammar obtained from the one we used forsets of token sequences, except that� the symbol LatomM is replaced by a, denoting atoms of the Oz Universe,� the symbol LvariableM is replaced by x, denoting variables,� the symbol LatomlabelM is replaced by a, denoting atoms,� the symbol LvariablelabelM is replaced by x, denoting variables,� the symbol LintM is replaced by i, denoting integers of the Oz Universe,� the symbol L
oatM is replaced by f , denoting 
oating point numbers of the OzUniverse,� parentheses () do not occur,



12 4 PROGRAMS� a new form of expression is added:E ::= *E+xx state threading



135 Standardized ProgramsIn this section, we describe how the resulting programs are rewritten to standardizedprograms. Standardized programs are syntactically much simpler than programs.The following constructs for programs are not allowed in standardized programs:� program declaration� (nested) comparison� (nested) �nite domain comparison and constraint� (nested) function de�nition� case conditional� (nested) thread, object and class de�nition� external expression� cons and �xed length list� �eld selection and arithmeticFurthermore, only a restricted form of declaration, if conditionals and disjunctionsis allowed.More formally, standardized programs are members of the language described bythe following context-free grammar:Programs E ::= � program markerII E E compositionII local x� in E end declaration



14 5 STANDARDIZED PROGRAMSExpressionsE ::= true II false success and failureII t = t equationII proc {t x�} E end procedure de�nitionII E E compositionII local x� in E end declarationII {t t�} applicationII if C ([] C)� else E fi conditionalII or D ([] D)+ ro disjunctionII OR D ([] D)+ RO non-distributing disjunctionII << t t >> method applicationII t <- t assignmentII *E+xx state threadingTermsr; s; t ::= v variableII a atomII l(t� (t <= t)� [...]) tuple construction or matchingII l((t:t [<= t])� [...]) record construction or matchingII i II f integer or 
oatII t = t nested equationII proc {$ x�} E end nested procedure de�nitionII local x� in b end nested declarationII {t t�} nested applicationII _ wildcardII $ nesting markerII if CT ([] CT)� else b fi nested conditionalII or DT ([] DT)+ ro nested disjunctionII OR DT ([] DT)+ RO nested non-distr. disjunctionII @ t attribute accessII << t t >> nested method applicationb ::= [E] t term with optional expressionl ::= a II v labelv ::= [!] x variable



5.1 Finite Domains 15Clauses C ::= x� in E then E conditional clauseD ::= x� in E then E disjunctive clauseNested Clauses CT ::= x� in E then b conditional clauseDT ::= x� in E then b disjunctive clauseWe proceed in three steps, each step containing rewrite rules that must be appliedto subtrees of the given program until none is applicable or an error is found.Finite Domains (Section 5.1). Finite domain comparisons and constraints areeliminated.Abbreviations (Section 5.2). Common abbreviations like function de�nition, caseconditionals, and threads are eliminated.Extended Declaration (Section 5.3). Extended declaration of variables is re-duced to Kernel Oz.Some rewrite rules introduce fresh variables for which no capturing can happen.These variables are indicated in this chapter by using typewriter font like X. Sincesome syntactic constructs can be generated from di�erent non-terminals of thecontext-free grammar, we give the non-terminals at the beginning of the rule, whenwe want to limit the rule's applicability.5.1 Finite Domainst ::= t1 hFDcomparei t2 =) {�hFDcomparei� [[t1]] [[t2]]}where hFDcomparei 2 f<:; =<:; >:; >=:; =:; \=:g.[[s hFDin�xi t]] = �FDhFDin�xi�([[s]] [[t]])[[~t]] = �FD~�([[t]])[[i]] = �FDint�(i)otherwise:[[t]] = �FDother�(t)where hFDin�xi 2 f+; -; *g.



16 5 STANDARDIZED PROGRAMSProgram 5.1 Comparisonproc {�==� X Y} if X = Y then true else False fi endproc {�=<� X Y} /* as defined in Kernel Oz [3] */ endproc {�\=� X Y} if X = Y then false else true fi endproc {�<� X Y} if X =< Y then X \= Y else false fi endproc {�>� X Y} Y < X endproc {�>=� X Y} Y =< X endfun {�==B� X Y} if X == Y then True else False fi endfun {�\=B� X Y} if X \= Y then True else False fi endfun {�<B� X Y} if X < Y then True else False fi endfun {�=<B� X Y} if X =< Y then True else False fi endfun {�>B� X Y} if X > Y then True else False fi endfun {�>=B� X Y} if X >= Y then True else False fi endFor example, the expression X + {P Y} * 10 =<: Z rewrites to{�FD=<:��FD+�(�FDother�(X) �FD*�(�FDother�({P Y}) �FDint�(10)))�FDother�(Z)}The variables �FD+�, �FD-�, �FD*�, �FD~�, �FDint�, and �FDother� are declared inthe notational prelude (see Section 7) and bound to names. The variables �<:�,�=<:�, �>:�, �>=:�, �=:�, and �\\=:� are declared in the notational prelude. Theirde�nition is given in [2].E; t ::= t1 hfdi t2 =) {�hfdi� t2 t1}where hfdi 2 f::; :::; \::; \:::g.The variables �::�, �\\::�, �:::�, �\\:::� are declared in the notational prelude.Their de�nition is given in [2].5.2 AbbreviationsComparisonIn the following rules, hcomparei stands for one of the symbols ==,\=,<,=<,> and >=.E ::= t1 hcomparei t2 =) {�hcomparei� t1 t2}The procedure �=<� is de�ned in [3]. The procedures �==�,�\\=�,�<�,�>�,�>=� aregiven in Program 5.1.t ::= t1 hcomparei t2 =) {�hcompareiB� t1 t2}The procedures �==B�, �\\=B�,�<B�,�=<B�,�>B�,�>=B� are de�ned in Program 5.1.



5.2 Abbreviations 17Procedure De�nitionE; t ::= proc {t t1 � � � tn}Eend =) proc {t X1 � � �Xn}if !X1 = t1 � � � !Xn = tn in truethen Efiendif t1 � � � tn are not distinct variables.Function De�nitionE; t ::= fun {t+} b end =) proc {t+ Y} Y = b endDeclarationE ::= declare E � =) local E in � endE ::= declare E in E =) local E in E endB ::= E1 in E2 =) local E1 in E2 endb ::= E1 in [E2] t =) local E1 in [E2] t endIf Conditional and DisjunctionE ::= if CL1elseif CL2...fi =) if CL1elseif CL2...fifit ::= if CTL1elseif CTL2...fi =) if CTL1elseif CTL2...fifiE ::= if C� fi =) if C� else false fit ::= if CT � fi =) if CT � else false _ fi



18 5 STANDARDIZED PROGRAMSC;D ::= E [then E] =) in E [then E]CT;DT ::= E then [E] t =) in E then [E] tD ::= E1 in E2 =) E1 in E2 then trueCase ConditionalE; t ::= case t � � � end =) local X in X = t case X � � � endif t is no variable.E ::= case EL1elsecase EL2...end =) case EL1elsecase EL2...endendt ::= case ETL1elsecase ETL2...end =) case ETL1elsecase ETL2...endendE ::= case x then E end =) case x of !�true� then E endt ::= case x then t end =) case x of !�true� then t endE ::= case x then E1else E2 end =) case x of !�true� then E1elseof !�false� then E2 endt ::= case x then t1else t2 end =) case x of !�true� then t1elseof !�false� then t2 endThe variable �true� is declared and bound in the notational prelude (see Section 7).E ::= case xof FL1elseof FL2...end =) case xof FL1elsecase x of FL2...endend



5.2 Abbreviations 19t ::= case xof FTL1elseof FTL2...end =) case xof FTL1elsecase x of FTL2...endendE ::= case xof t1 then E1[] ...[] tn then En[else E]end =) if !x = t1 in true then E1[] ...[] !x = tn in true then En[else E]fit ::= case xof t1 then b1[] ...[] tn then bn[else b]end =) if !x = t1 in true then b1[] ...[] !x = tn in true then bn[else b]fiThread Creationt ::= thread [E1 in] [E2] tend =) local X inthread [E1 in] [E2] X = t endXendE ::= thread E end =) local X inif X = �go�then {�adjustPriority�} EfiX = �go�endThe variable �adjustPriority� is de�ned in the notational prelude (see Section 7)as shown in Program 5.2.NegationE ::= not E end =) if E then false else true fiE ::= not E1 in E2 end =) if local E1 in E2 end then falseelse true fi



20 5 STANDARDIZED PROGRAMSProgram 5.2 Thread Creationproc {�adjustPriority�}case {Thread.getPriority} > Thread.defaultthen {Thread.setPriority Thread.default}else trueendendClass and Object CreationThe �rst rule for class and object creation rewrites class and objects creation ex-pressions into object creation terms:t ::= (create II class) t � � � end =) t = (create II class) $ � � � endIn the following rule, the letters o, a, b, f , g, w, m and p all denote terms.t ::= (create II class) [$]from o1 � � �ohattr a1[:b1] � � �ak[:bk]feat f1[:g1] � � �fr[:gr]with wmeth m1 F1 end...meth mn Fn endend =) local x1 = {�ooPrivate�}...xq = {�ooPrivate�}in {�(create II class)�[o1 � � � oh]attributes(ai1:bi1 � � � ais:bis)[ac1 � � � act]features(fj1:gj1 � � � fju:gju)[fd1 � � � fdt][w]methods(l1:p1 � � � ln:pn)}endif all mi are of the form (v II l(� � �))[= t]The terms pi are de�ned as follows:proc {$ I m0i �ooSelf� O}*Fi+IOendThe term m0i is !x if mi is of the form x, !x=t if mi is of the form x=t, and miotherwise.The variable or atom li is v if mi is of the form v or v=t, and l if mi is of the forml( � � �) or l( � � �)=t.If from o1 � � �oh is omitted, the empty list nil is used instead of [o1 � � �oh].



5.2 Abbreviations 21The indices iz are the ones for which : biz is given, and the indices cz are the onesfor which no : biz is given. The indices jz are the ones for which : gjz is given, andthe indices dz are the ones for which no : gjz is given.In class creation, the keyword with is not allowed. If with w is omitted in objectcreation, the atom nil is used instead of w.The variables x1; � � � ; xq are extracted as follows:fx1; � � � ; xqg = fx 2 fa1; � � � ; ak; f1; � � � ; fr; l1; � � � ; lng j x is non-escaped variablegThe rewriting of class and object creation uses the system procedures �class� and�create� de�ned in the notational prelude as shown in Programs 5.3 and 5.4. Thefunction Inherit in Program 5.3 uses the procedure Class.precedence describedin [1] that de�nes the mechanism for multiple inheritance. The procedure �create�calls the procedure Inheritable.new, given in [1] along with the standard objectprotocol of Oz.Method ApplicationE; t ::= << t >> =) << self t >>External ExpressionE ::= extern E end =) {self �ooExtern�(proc {$ I O}*E+IOend)}The variable �ooExtern� is declared in the notational prelude (see Section 7) andbound to a name.Cons Listt ::= s | t =) �|�(s t)Fixed Length Listt ::= [t1 � � � tn] =) t1 | � � � | tn | nilMix�x Tuple Constructiont ::= t1 # � � � # tn =) �#�(t1 � � � tn)Selectiont ::= t1 . t2 =) {�.� t1 t2}



22 5 STANDARDIZED PROGRAMSProgram 5.3 Class Creationlocalfun {Inherit C}{FoldL{Class.precedence C}fun {$ Attr#FreeAttr#Feat#FreeFeat#Methods Canc}CancAttr=Canc.�ooNewAttr�CancFeat=Canc.�ooNewFeat�in {Adjoin Attr CancAttr}#{Append FreeAttr{FilterB Canc.�ooNewFreeAttr�fun {$ X} {Not {HasSubtreeAtB CancAttr X}} end}}#{Adjoin Feat Canc.�ooNewFeat�}#{Append FreeFeat{FilterB Canc.�ooNewFreeFeat�fun {$ X} {Not {HasSubtreeAtB CancFeat X}} end}}#{Adjoin Methods Canc.�ooNewMethods�}endattributes#nil#features#nil#methods}endin proc {�class� FromList NewAttr NewFreeAttr NewFeat NewFreeFeatNewMethods ?C}AllAttr AllFreeAttr AllFeat AllFreeFeat AllMethodsin C = ChunkLabel(�ooAllAttr� : AllAttr�ooNewAttr� : NewAttr�ooAllFreeAttr� : AllFreeAttr�ooNewFreeAttr� : NewFreeAttr�ooAllFeat� : AllFeat�ooNewFeat� : NewFeat�ooAllFreeFeat� : AllFreeFeat�ooNewFreeFeat� : NewFreeFeat�ooAllMethods� : AllMethods�ooNewMethods� : NewMethods�ooParents� : {Map FromList Inheritable.�class�}�ooClassId� : {NewName})AllAttr#AllFreeAttr#AllFeat#AllFreeFeat#AllMethods = {Inherit C}endend



5.3 Extended Variable Declarations 23Program 5.4 Object Creationproc {�create� FromList NewAttr NewFreeAttr NewFeat NewFreeFeatWithMessage NewMethods ?Self}Class={�class� FromList NewAttr NewFreeAttr NewFeat NewFreeFeatNewMethods}in {Inheritable.new Class WithMessage ?Self}endArithmetict ::= ~ t =) {�~� t}t ::= t1 hin�xi t2 =) {�hin�xi� t1 t2}where hin�xi 2 f+; -; *; /; div; modg.The procedures �+�,�-�,�*�,�/� and de�ned in [3]. The procedures �~�, �div�,�mod�are declared in the notational prelude (see Section 7) and de�ned in [1].Boolean Operatorst ::= t1 andthen t2 =) case t1 then t2 else �false� endThe variable �false� is declared and bound in the notational prelude (see Section 7).t ::= t1 orelse t2 =) case t1 then �true� else t2 endThe variable �true� is declared and bound in the notational prelude (see Section 7).Selft ::= self =) ! �ooSelf�5.3 Extended Variable DeclarationsThe pattern variables of an expression E, denoted PV(E), and of a term t, denotedPV(t) are de�ned as follows:



24 5 STANDARDIZED PROGRAMSE PV(E)E1 E2 PV(E1) [ PV(E2)s = t PV(s) [ PV(t)proc {s t�} E end PV(s)local E1 in E2 end PV(E2)� PV(E1)x fxgotherwise ;t PV(t)x fxgl(s1[<= t1] � � �sn[<= tn][...]) Si PV(si)l(l1:s1[<= t1] � � � ln:sn[<= tn][...)] Si PV(si)local E1 in [E2] t end (PV(E2) [ PV(t))�PV(E1)otherwise ;DeclarationE ; E; t ::= local E in...end =) local PV(E) inE...endVariables as expressions in E are discarded between in and end.ClausesC,D,CT,DT::= E1 in E2 then � � � =) PV(E1) in E1 E2 then � � �Variables as expressions in E1 are discarded between in and then.5.4 Rewrite ErrorThe following errors may occur:� Methods. In object and class creation, one of the terms m after meth is notof the form (v II l( � � �))[= t].� Variables. A variable occurs as expression and is not a pattern variable.



256 Kernel ProgramsIn this section, we describe how the resulting standardized programs are rewrittento Kernel programs. Kernel programs are standardized programs in which� no nesting occurs, i.e. terms are either variables, atoms, integers or 
oats, and� no state threading occurs.More formally, kernel programs are members of the language described by the fol-lowing context-free grammar:Programs E ::= � program markerII E E compositionII local x� in E end declarationExpressionsE ::= true II false II x = t constraintsII proc {x x�} E end procedure de�nitionII {x x�} procedure applicationII E E compositionII local x� in E end variable declarationII if C ([] C)� else E fi conditionalII or C ([] C)+ ro disjunctionII OR C ([] C)+ ROC ::= x� in E then E clauset ::= x II a II i II f termWe proceed in two steps, each step containing rewrite rules on trees that must beapplied to subtrees of the given program until none is applicable or an error is found.Nesting (Section 6.1). Nested constructs are eliminated.State threading (Section 6.2). State threadings as introduced by object and classcreation are eliminated.



26 6 KERNEL PROGRAMS6.1 NestingNesting is eliminated by reducing nested constructs to equations (unnesting) andby further rewriting these equations.UnnestingTerms in equations, applications, procedure de�nitions, assignment, attribute ac-cess, and method applications are unnested such that only variables occur at desig-nated positions.E ::= s = t =) local X in X = s X = t endif s is no variable.E ::= proc {t y�} E end =) local X inX = t proc {X y�} E endendif t is no variable.E ::= {t1 � � � tn} =) local X1 � � �Xn inX1 = t1 � � �Xn = tn{X1 � � �Xn}endif one of ti is no variable.E ::= s <- t =) local X Y inX = s Y = t X <- Yendif one of s or t is no variable.E ::= x = @ t =) local Y in Y = t x = @ Y endif t is no variable.E ::= << s t >> =) local X Y inX = s Y = t << X Y >>end



6.1 Nesting 27if one of s or t is no variable.Terms in tuple and record construction and matching are unnested such that onlyvariables occur as subterms, features and defaults.E ::= x = l(s1 � � �sk[sk+1 <= tk+1...sn <= tn] [...]) =) local X1 � � �Xk[Xk+1 Yk+1 � � �Xn Yn] inx = l(X1 � � �Xk[Xk+1 <= Yk+1...Xn <= Yn] [...])X1 = s1 � � �Xk = sk[Xk+1 = sk+1 Yk+1 = tk+1...Xn = sn Yn = tn]endif one of si or ti is no variable.E ::= x = l(r1:s1 � � �rk:sk[rk+1:sk+1 <= tk+1...rn:sn <= tn][...]) =) local X1 Y1 : : :Xk Yk[Xk+1 Yk+1 Zk+1...Xn Yn Zn] inX1 = r1 � � �Xk = rk[Xk+1 = rk+1 � � �Xn = rn]x = l(X1:Y1 � � �Xk:Yk[Xk+1:Yk+1 <= Zk+1...Xn:Yn <= Zn] [...])Y1 = s1 � � �Yk = sk[Yk+1 = sk+1 Zk+1 = tk+1...Yn = sn Zn = tn]endif one of ri, si or ti is no variable.



28 6 KERNEL PROGRAMSEquationsEquations of the form x = t are further rewritten using the following rules:E ::= x = _ =) trueE ::= x = !y =) x = yE ::= x = s = t =) x = s x = tE ::= x =proc {$ y1 � � �yn}Eend =) proc {x y1 � � �yn} E endE ::= x =local y� in [E] t end =) local Z inZ = xlocal y� in [E] Z = t endendE ::= x = {t1 � � � tn} =) {t1 � � � tn x}if no $ occurs at a pattern position1 in t1 � � � tn.E ::= x = {t1 � � � tk � � � tn} =) {t1 � � � tk [x]p � � � tn}if $ occurs in tk at a pattern position1 pand no other $ occurs at a pattern position in t1 � � � tn.The following three rules use the function [[�]]x which is de�ned as:[[y� in E1 then [E2] t]]x = y� in E1 then [E2] x = tE ::= x =if CT1 [] � � �[] CTnelse [E] t fi =) local Z inx = Zif [[CT1]]Z [] � � �[] [[CTn]]Zelse [E] Z = t fiend



6.1 Nesting 29Program 6.1 Procedures for Constructionfun {�matchLiteral� X={IsLiteral}} X end�extendTuple� = ExtendTuple�adjoinAt� = AdjoinAtE ::= x =or DT1 [] � � �[] DTn ro=) local Z inx = Zor [[DT1]]Z [] � � �[] [[DTn]]Z roendE ::= x =OR DT1 [] � � �[] DTn RO=) local Z inx = ZOR [[DT1]]Z [] � � �[] [[DTn]]Z ROendE ::= x = << s t >> =) << s t[x]p >>if $ occurs in t at a pattern position1 p,and no other $ occurs at a pattern position in t.Equations where the right hand side consists of tuple and record construction arerewritten as follows. The rules for tuple and record construction use the procedures�matchLiteral�, �extendTuple�, and �adjoinAt� that are de�ned in the notationalprelude (see Section 7) as shown in Program 6.2.E ::= x = l() =) {�matchLiteral� l x}E ::= x = l(x1 � � �xn) =) {�extendTuple� l(x1 � � �xn�1) xn x}where n > 0.E ::= x = l(x1:y1 � � �xn:yn) =) {�adjoinAt�l(x1:y1 � � �xn�1:yn�1) xn yn x}where n > 0.Equations where the right hand side consists of tuple and record matching arerewritten as follows. The rules for tuple and record matching use the procedures



30 6 KERNEL PROGRAMSProgram 6.2 Procedures for Matching%%% NoNumbers�...� = Label%%% Tuplesproc {�tuple...� L Xs T={IsTuple}}{Label T L}{List.forAllInd Xs proc {$ I X} X=T.I end}endproc {�tuple<=� L Xs Ys T={IsTuple}}{Label T L}K={List.foldL Xs fun {$ I X} T.I=X I+1 end 1}N={List.foldL Ysfun {$ I Y#D}Y=if W in T.I=W then W else D fiI+1end K}in {Width T} =< Nendproc {�tuple<=...� L Xs Ys T={IsTuple}}{Label T L}K={List.foldL Xs fun {$ I X} T.I=X I+1 end 1}in {List.foldL Ysfun {$ I Y#D}Y=if W in T.I=W then W else D fiI+1end K _}end%%% Records�adjoin� = Adjoinproc {�record...� L Xs R={IsRecord}}{Label R L}{List.forAll Xs proc {$ X} !X=A#B in R.A=B end}end



6.2 State Threading 31�...�, �tuple...�, �tuple<=�, �tuple<=...�, �adjoin�, and �record...� that arede�ned in the notational prelude (see Section 7) as shown in Program 6.2.E ::= x = l(...) =) {�...� l x}E ::= x = l(x1 � � �xn...) =) {�tuple...� l [x1 � � �xn] x}E ::= x = l(x1 � � �xkxk+1 <= yk+1...xn <= yn) =) {�tuple<=� l [x1 � � �xk][xk+1#yk+1 � � �xn#yn] x}E ::= x = l(x1 � � �xkxk+1 <= yk+1...xn <= yn...) =) {�tuple<=...� l [x1 � � �xk][xk+1#yk+1 � � �xn#yn] x}E ::= x =l(x1:y1 � � �xn:yn...) =) {�record...�l [x1 # y1 � � �xn # yn] x}E ::= x = l(x1:y1 � � �xk:ykxk+1:yk+1 <= zk+1...xn:yn <= zn[...]) =) {�adjoin� l(xk+1:zk+1 � � �xn:zn) xl(x1:y1 � � �xn:yn[...])}6.2 State ThreadingState-free expressions are expressions that contain no attribute access, assignmentand method application outside of state threading.1 A position p in a term t is a pattern position if the variable x in t[x]p is a pattern variable.t[x]p denotes the result of replacing in t the subtree at position p by x.



32 6 KERNEL PROGRAMSProgram 6.3 State Threading Proceduresproc {�<-� RIn L X ?ROut}case {HasSubtreeAtB RIn L}then {AdjoinAt RIn L X ROut}endendproc {�@� RIn L X ROut}if Y in Y=RIn.L then ROut=RIn X=Y fiendproc {�<<>>� Object RIn={IsRecord} Message Self ?ROut}{Object.�ooClass�.�ooAllMethods�.{Label Message}RIn Message Self ROut}end *E+yz =) y = z Eif E is state-free expressionotherwise:*E1 E2+yz =) local W in *E1+yW *E2+Wzend*local x� in E end+yz =) local x� in *E+yz end*if C1 [] � � � [] Cn else E fi+yz =) if *C1+yz [] � � � [] *Cn+yz else *E+yz fi*or C1 [] � � � [] Cn ro+yz =) or *C1+yz [] � � � [] *Cn+yz ro*OR C1 [] � � � [] Cn RO+yz =) OR *C1+yz [] � � � [] *Cn+yz RO*x� in E1 then E2+yz =) x� W in *E1+yW then *E2+Wz*v = @w+yz =) {�@� y w v z}*v <- w+yz =) {�<-� y v w z}*<< v w >>+yz =) {�<<>>� v y w �ooSelf� z}The procedures �@�, �<-�, �<<>>� are shown in Program 6.3.6.3 Rewrite ErrorsThe following errors may occur:� Using the nesting marker. In a nested application occurs more than onenesting marker at a pattern position, or in a nested method application occurs



6.3 Rewrite Errors 33no or more than one nesting marker, or the nesting marker occurs not in anested application or method application or not in pattern position.� Using state outside of state threading. Attribute access, assignment andmethod application occur outside of method de�nitions or inside of procedureand function de�nitions.



34 7 NOTATIONAL PRELUDE7 Notational PreludeThe notational prelude is given in Program 7.1Program 7.1 Notational Prelude.declare%%% Finite Domains�FD+� = {NewName}�FD-� = {NewName}�FD*� = {NewName}�FD~� = {NewName}�FDint� = {NewName}�FDother� = {NewName}�<:� = FD.�<��=<:� = FD.�=<��>:� = FD.�>��>=:� = FD.�>=��=:� = FD.�=��\\=:� = FD.�\\=��::� = FD.dom�\\::� = FD.coDom�:::� = FD.doms�\\:::� = FD.coDoms%%% Comparison (see Program 5.1)�==� �\\=� �<� �>� �>=��==B� �\\=B� �<B� �=<B� �>B� �>=B�%%% Case Expression�true� = Bool.�true�%%% Threads (see Program 5.2)�adjustPriority�%%% Object Creation (see Programs 5.3, 5.4)�create� �class��ooPrivate� = NewName�ooAllAttr� = {NewName}�ooNewAttr� = {NewName}�ooNewGenericAttr� = {NewName}�ooNewFeat� = {NewName}�ooNewGenericFeat� = {NewName}�ooAllMethods� = {NewName}�ooNewMethods� = {NewName}�ooParents� = {NewName}



35�ooPrintName� = {NewName}�ooClosed� = {NewName}�ooClassId� = {NewName}�ooCreate� = {NewName}�ooNoMessage� = {NewName}�ooExtern� = {NewName}%%% Arithmetic�~� = Int.�~��div� = Int.�div��mod� = Int.�mod�%%% Tuple and Record Construction and Matching (see Programs 6.1, 6.2)�matchLiteral� �extendTuple� �adjoinAt��...� �tuple...� �tuple<=� �tuple<=...� �adjoin� �record...�%%% State Threading (see Program 6.3)�@� �<-� �<<>>�%%% Standard Modules used in Notational PreludeInt Record Tuple Bool List Object Inheritable FDinh here go Programs 5.1, 5.2, 5.3, 5.4, 6.1, 6.2, 6.3 i
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