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9 Cy
le 8: Output format 299.1 Making a 
ompa
t output format . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2910 Next steps 3211 History 321 Introdu
tionAfter writing a 
ompiler using ASF+SDF, I re
e
ted how the proje
t went. One of the 
on
lusionsthat I drew was that the formalism 
ould use an `appli
ation manual', a manual that explains how touse all the features of the language. The 
urrent user manual [vdBK03℄ only explains the availablefeatures, it does not explain how to 
ombine them and put them to good use. A few weeks later I sawan opportunity to �x this problem (at least partly, I hope). I often ponder about algorithms. Everynow and then a new approa
h takes shape in my head, whi
h I then want to try by implementing thealgorithm. Putting both together, the logisolve program and this do
ument were born. Note thatI wrote the program and this paper to satisfy my own 
uriosity, I do not get paid to do this. I dobelieve that the ASF+SDF formalism has a pla
e in the universe, I also believe that it will never be`the solution to all problems'.In this paper, the road to the �nal solution is at least as important as the implementation itself.The development method used here is in
remental extension, that is, the program is implemented byrepeatedly extending the program with new or updated fun
tionality. Su
h development te
hniquesare 
ommonly known as Rapid Appli
ation Development (RAD), employed for example in eXtremeProgramming (XP). Ea
h 
y
le of development is des
ribed in a separate se
tion. In ea
h se
tion,the next goal is explained, exer
ises to rea
h the goal are presented, and �nally my solution to rea
hthe goal is dis
ussed. In the dis
ussion, the appli
ation 
ode is only globally explained, the moreinteresting part of the dis
ussion is about why this solution was 
hosen with respe
t to the ASF+SDFformalism. You are free to disagree with my solution or with my reasons, there is always more thanone good solution to a problem.While the appli
ation is quite small, it 
ontains many of the elements of a typi
al 
ompilerprogram. First the input is parsed (Cy
le 1), then a 
onversion to abstra
t syntax tree (AST) isperformed (Cy
le 2), followed by semanti
 
he
ks (Cy
le 3) and some pro
essing (Cy
les 4{7). Finallyoutput is generated (Cy
le 8), followed by some ideas how to 
ontinue with the development of thisprogram, and an overview of how the do
ument 
ame to its 
urrent form (for the 
urious).1.1 Logi
 puzzlesThe goal of the program is to solve logi
 puzzles that often appear in magazines. An example of su
ha puzzle is shown in Figure 1. It is also used as test problem in the paper. No doubt you 
an solvethis puzzle without using the program. Feel free to use a di�erent (more diÆ
ult) example, althoughthere is no guarantee that the program will be able to solve it using the algorithm explained below(but that is a good ex
use to further expand the program).1.1.1 The solving algorithmThe algorithm to solve these puzzles basi
ally uses reasoning with boolean expressions. The puzzledes
ription introdu
es 
ategories, sets of identi�ers asso
iated with the 
ategory. For simpli
ity, it isassumed that ea
h identi�er is unique (that is, it is not allowed to have the same identi�er in morethan one 
ategory). The output is a list of sets related identi�ers. For example, if Jaap was in Parisdrinking wine is a solution (whi
h it is not), the list would 
ontain the set fJaap, Paris, wineg.2



Four people sit down in a 
afe in a famous 
ity, and order their favorite drink. Can you�nd out who is drinking what and where?Category ValuesPeople Jaap, John, Ja
ob, and JeenCity Paris, London, Brussels, and BerlinDrink Co�ee, Tea, Beer, and WineHints:1. Jaap is drinking neither tea nor 
o�ee.2. Jeen is sipping her wine.3. Tea is served either in Brussels or in Berlin.4. Beer is served in Berlin.5. John enjoys his drink below the Ei�el tower.Answer by 
ompleting the following table:Person City DrinkJaapJohnJa
obJeen Figure 1: Logi
-puzzle example.
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The output is 
omputed by de
iding for ea
h pair of identi�ers whether they belong together ornot. Su
h a pair is e�e
tively a boolean variable. For example `Jaap/Paris' is su
h a variable. If thevariable is true, identi�ers `Jaap' and `Paris' are related, if the variable is false, the identi�ers arenot related. Assigning values 
annot be done randomly, there are restri
tions that must be obeyed.These restri
tions take the form of boolean expressions that have to evaluate to true after �lling inall variables.The program uses the restri
ting expressions to reason about the value of variables. For example,the se
ond hint gives the expression `Jeen/Wine'. The only way to make this expression evaluateto true is to assign true to the Jeen/Wine variable. This information is then used to simplify otherexpressions, whi
h in turn delivers more information (hopefully), et
, until all variables are assigneda value, in whi
h 
ase we are �nished.1.2 Assumed knowledgeIt is assumed that you have knowledge about programming, in parti
ular fun
tional programming,sin
e ASF+SDF is essentially a fun
tional programming language with user-de�ned syntax. Someglobal knowledge about 
ompiler design may also be helpful. Also, you are expe
ted to have read(and understood for the most part) the user manual ([vdBK03℄). This paper starts where the manualends (namely, how to a
tually write an appli
ation using ASF+SDF). Finally, you should have metainstalled (the ASF+SDF tool set) at your 
omputer, so you 
an try everything yourself. There is nosubstitute for learning by doing!1.3 How to read this do
umentEa
h of the following se
tions dis
usses a single development 
y
le. The �rst part of ea
h se
tionexplains the next goal that should be rea
hed. The idea is that you try to do the same 
y
le while youread. To guide you in the pro
ess, the se
ond part of the se
tion 
onsists of one or more `exer
ises'that together give you the solution. The third and last part of ea
h se
tion is also the biggest. Itglobally dis
usses the solution I wrote, and goes into more detail with spe
i�
 ASF+SDF aspe
ts ofthe 
ode by showing fragments. In parti
ular, it gives you 
onventions to use when writing yourown programs using ASF+SDF. The biggest advantage of the language is it adaptability, but withoutuseful 
onventions, that is also its biggest disadvantage.As usual with learning programming, trying to solve the problem for yourself some time beforelooking at a solution helps in understanding the issues involved. It is up to you to de
ide how mu
htime you want to spend on the exer
ises before 
ontinuing to read my solution and dis
ussion. Theminimum I re
ommend to do is to think how the algorithm that implements the exer
ises should looklike in a fun
tional program (the latter is espe
ially important if you have little previous experien
ein fun
tional programming), and then 
he
k your ideas against my 
ode. The maximum you 
an dois to solve and 
ode the problem yourself before reading my solution. Although it will be a very goodexer
ise in programming ASF+SDF, it may also 
ost a lot of time.For the nitty gritty 
ode details, a

ompanying this paper is a series of dire
tories v1 through v8,where you 
an �nd my resulting 
ode after ea
h 
y
le.Last but not least, the 
onventions I provide are not 
arved in stone. The idea is mainly toavoid the sea of possibilities that ASF+SDF gives you by o�ering some bea
ons. As you grow morea

ustomed to the language, you 
an develop your own set of 
onventions.Happy sailing!!2 Cy
le 1: Syntax de�nitionFirst order of business is to de�ne the input syntax, that is, the grammar that allows us to des
ribethe logi
 puzzle. 4



module tokensimportsbasi
/Whitespa
ebasi
/CommentsexportssortsIdentifier Variablelexi
al syntax[A-Za-z℄ [A-Za-z0-9℄* -> IdentifierIdentifier "/" Identifier -> Variablelexi
al restri
tionsIdentifier -/- [A-Za-z0-9℄Figure 2: v1/tokens.sdf �leExer
ises:� Write a grammar that a

epts a puzzle, 
ontaining at least 
ategories and boolean expressions.2.1 Input grammarThe two main parts needed in the syntax are the de�nition of 
ategories, and the de�nition of booleanexpressions. Additionally, you may want to in
lude a way to enter the hints into the input, and a wayto link hints and expressions together, so you 
an obtain information like `give me the expressionsthat are related to the third hint'.Sin
e hints are not needed to implement the reasoning algorithm I left them out in my solution,but feel free to in
lude them if you like. Also, I have split the syntax in two parts: a generi
 part andan input part. Why I did that is explained below. The former is listed in Figure 2, and the latter islisted in Figure 3.The �rst �le, the tokens module, 
ontains basi
 tokens that are generally usable, not only inthe input grammar, but also elsewhere (we will see this happen further in the development of theappli
ation). The basi
/Whitespa
e import de�nes the whitespa
e. This is then extended by thebasi
/Comments import, that introdu
es line 
omments starting with `%%' as in ASF+SDF (as wellas the `%. . .%' 
omment). Next it de�nes the syntax for an identi�er with its lexi
al restri
tions,and the syntax for a variable, also at lexi
al level, whi
h means that you 
annot put white-spa
e ina variable like `x /y' (this text will be re
ognized as identi�er `x', followed by a parse error, be
ausethere is nothing in the grammar that starts with a slash-
hara
ter. On top of the generally usabletokens, the grammar for the input is de�ned as non-terminal Problem in the logi-syntax module,that 
onsists of one or more 
ategories, and zero or more expressions. The former are a list ofidenti�ers, and the latter are basi
 boolean expressions with variables (the syntax of whi
h is de�nedin the tokens �le). Besides the usual `and', `or', and `not' operators, equality (`=') and impli
ation(`)') are also in
luded. Note that I used the 
onstru
tor attribute, be
ause I do not want touse this syntax as outermost symbol in an equation. The lines with reje
t at the end prevent thekeywords of the language to be interpreted as identi�ers (so you 
annot have an identi�er `true' in a
ategory). For disambiguation of expressions, the asso
iation and the relative priorities of the binaryoperators are also de�ned. Last but not least a bra
ket operator is de�ned.And that is it. You 
an try the grammar by entering a term like5



module logi-syntaximportstokensexportssortsProblem Category Expression
ontext-free syntaxCategory+ Expression* -> Problem"{" {Identifier ","}+ "}" -> Category"true" -> Expression {
onstru
tor}"false" -> Expression {
onstru
tor}"(" Expression ")" -> Expression {bra
ket}Variable -> Expression"not" Expression -> Expression {
onstru
tor}Expression "=>" Expression -> Expression {nonasso
,
onstru
tor}Expression "=" Expression -> Expression {nonasso
,
onstru
tor}Expression "and" Expression -> Expression {left,
onstru
tor}Expression "or" Expression -> Expression {left,
onstru
tor}%% make them proper keywords"true" -> Identifier {reje
t}"false" -> Identifier {reje
t}"not" -> Identifier {reje
t}"and" -> Identifier {reje
t}"or" -> Identifier {reje
t}
ontext-free priorities{ "not" Expression -> Expression} > {Expression "=>" Expression -> Expression} > {Expression "=" Expression -> Expression} > {Expression "and" Expression -> Expression} > {Expression "or" Expression -> Expression}hiddens
ontext-free start-symbolsProblem Figure 3: v1/logi-syntax.sdf �le
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{ jaap, john, ja
ob, jeen }{ paris, london, brussel, berlin }{ 
offee, tea, beer, wine }jeen/wineas input term of the logi-syntax module, and 
he
k that meta re
ognizes it as sort Problem.As you 
an see, I use multiples of four positions for indenting my 
ode. Below the module line,I always start with a single import se
tion, followed by a single exports se
tion. If available, thesyntax part of the module ends with a single hiddens se
tion. Within the export se
tion, I always �rstlist the new sorts, followed by syntax de�nitions in the lexi
al domain (if they exist in the module).Finally, the exported syntax de�nitions and restri
tions in the 
ontext-free domain are listed. Inmodules that de�ne a grammar, the hiddens se
tion is normally very small and only 
ontains startsymbol de�nitions. I use empty lines to separate di�erent groups in the same (sub)se
tion. Otherpeople use multiple exports and/or hiddens se
tions (one for ea
h group). For example, an exportedse
tion for the de�nition of the Problem sort, one for the Category sort, and one for the Expressionsort.For module names, I use lower
ase names for `normal' modules, and names with an initial upper-
ase letter for parameterized modules. Longer names are made readable by inserting dashes in thename as in logi-syntax. Other people use module names like LogiSyntax. However I like havinglower
ase �le names (remember, module names are also used as �le name), so I do not like that
onvention.With respe
t to 
ontents of modules, I have modules that de�ne syntax (for example the tokensand the logi-syntaxmodules shown here), and modules that de�ne fun
tions (or parts of fun
tions).We will en
ounter the latter type in the next development 
y
les. I rarely 
ombine syntax andfun
tions in one module. To denote that a module 
ontains syntax, I use a -syntax suÆx in themodule name. For a small appli
ation, this should be suÆ
ient. For bigger appli
ations, you maywant to split one grammar over multiple modules, and put them all in the same dire
tory, so you getmodule names like user-syntax/expressions.In the same way, it is also a good idea to 
onsider naming 
onventions of sort names. ASF+SDFrequires an initial upper
ase letter, followed by letters, digits or dashes. Instead of having a verygeneri
 sort name like Expression, you may want to have a 
ommon pre�x for sorts in the samegrammar, for example User-expression. In that way, you avoid name 
lashes.In the produ
tion rules, I always write double quotes around literals. Also, I line up the arrowsso they appear underneath ea
h other. In this way, it is easy to �nd sets of related rules that all givethe same result sort. Lining up arrows is easiest if you put the `-' at a tab stop (a multiple of fourpositions in my 
ase). Last but not least, I have 
on�gured my editor to understand the 
onventionsI use, and do proper syntax highlighting.In the priorities (sub)se
tion, as you 
an see, I write the priority group separator `g > f' on aseparate line, left-aligned with the `
' of 
ontext-free. Rules in the same priority group are writtendire
tly underneath ea
h other. This 
onvention gives you 
lear visual 
lues whi
h priority groupsexist. It also gives you spa
e to write properties of ea
h group (not shown here), whi
h go betweenthe opening 
urly bra
ket and the �rst produ
tion rule of the group. Last but not least, if youare 
areful, this 
onvention allows for easy 
onstru
tion of the priorities se
tion. While writing thesyntax rules of the grammar, think about the priorities of the operators. Make sure that you orderthe rules from high to low. (This is something you will want to do anyway for a readable grammar.)The priorities se
tion 
an be made by 
opying the rules from the syntax de�nitions, stripping awaythe annotations (you 
an also leave them in, but then you need to keep the annotations in syn
 withthe syntax de�nition), deleting the irrelevant lines, and inserting one `g > f' line. Yank that line,and paste it at the other points between two priority groups. Finally, add the �rst and last 
urlybra
kets. (The alternative to stripping away annotations is to make a 
opy of the produ
tion rules7



before adding annotations to the syntax rules.) The start-symbols se
tion is always hidden. Thisprevents propagation of start symbols upwards, and as a result it minimizes the number of startsymbols in ea
h module. That gives smaller parse tables and faster 
ompilations.The only remaining `strange' thing here that I have not explained is that two �les are used tode�ne one syntax even for this small grammar. The reason for splitting the grammar is that furtherin the development, we will de�ne additional grammars in the appli
ation, and we want to sharethe 
ommon part, be
ause it makes transformation from one grammar to another trivial. (Without
ommon part, we must break down the tree to the lexi
al level using the lexi
al 
onstru
tor fun
tionsof ASF+SDF and then re
onstru
t a tree of the appropriate sort in the new grammar.)3 Cy
le 2: Conversion to ASTAfter having de�ned the input syntax, the next step is to prepare for pro
essing the data entered. Tosimplify pro
essing, an internal AST format should be introdu
ed. The se
ond goal is therefore tointrodu
e an AST format into the appli
ation. In addition, we need to have a fun
tion that rewritesinput to the AST format.Exer
ises:� De�ne an AST format by writing a grammar for it.� Write a 
onversion fun
tion from the input grammar to the AST grammar.3.1 AST format de�nitionIn ASF+SDF, everything that you 
an write down needs to be 
overed by a non-terminal of somesort. That holds for input data (de�ned in the previous 
y
le), any output generated by the program(we will see that later), and also for intermediate data stru
tures like the AST.De�ning an AST format is mu
h the same as de�ning the input format in the previous 
y
le.However, the AST is 
onsidered to be an internal format, whi
h means that the fo
us for this format ismore oriented towards easy pro
essing the data rather than good readability or 
ompa
tness. In addi-tion, you may want to plan for export of this format into some other tool, perhaps written in a di�erentlanguage. To make that easy, we need an easy-to-parse format. Using a pre�x notation 
overs theserequirements. For example, instead of writing an expression like `not true and false', we write itas `and(not(true()),false())'. This format is easy to parse (an LL(1) parser would be enough),it is unambiguous (the in�x version 
ould also be interpreted as `not(and(true(),false()))' if youdisagree on the priorities between `and' and `not'), and a ma
hine 
an easily build a tree out of theformat. Also, you 
an easily transform this AST format to other syntax, for example XML.The AST de�nition that I invented is shown in Figure 4. As you 
an see it is largely the sameapproa
h as the input grammar. The tokens module is imported here, so all the de�nitions fromthat module are available here as well. There are also a few di�eren
es. Firstly, synta
ti
 sugarlike the 
urly bra
kets around the 
ategories and the 
omma between identi�ers has been dropped.The reason is that we aim for an easy format for a 
omputer program rather than a human being.Se
ondly, all sort names have an Ast- pre�x, ex
ept for the 
ommon Identi�er sort. This has twobene�ts. The �rst bene�t is that the grammar of the AST is separate from the input grammar. Moreabout this later, after the transformation fun
tion is de�ned. The se
ond bene�t is that it is 
learto us (anywhere in the entire program) that some term of sort Ast-. . . is part of the AST grammar,whi
h narrows down the sear
h for its de�nition. Thirdly, sin
e the format is unambiguous, thereis no need to de�ne priorities. The fourth and �nal di�eren
e is the relaxed synta
ti
al restri
tionsof allowing zero 
ategories and allowing zero identi�ers in a 
ategory. The idea behind it is thatthe input grammar already enfor
ed these restri
tions, so there is no reason to enfor
e it in theAST format as well. Also, programming the transformation fun
tions be
omes easier in this way.8



module ast-syntaximportstokensexportssortsAst-problem Ast-
ategory Ast-expressionAst-variable
ontext-free syntax"prob" "(" 
ats:Ast-
ategory* "," exprs:Ast-expression* ")"-> Ast-problem {
ons("probl")}"
at" "(" idens:Identifier* ")" -> Ast-
ategory {
ons("
at")}"var" "(" iden1:Identifier "," iden2:Identifier ")"-> Ast-variable {
ons("var")}"true" "(" ")" -> Ast-expression {
ons("true")}"false" "(" ")" -> Ast-expression {
ons("false")}Ast-variable -> Ast-expression"not" "(" expr:Ast-expression ")" -> Ast-expression {
ons("not")}"implies" "(" lft:Ast-expression"," rgt:Ast-expression ")" -> Ast-expression {
ons("impl")}"equal" "(" lft:Ast-expression"," rgt:Ast-expression ")" -> Ast-expression {
ons("eql")}"and" "(" lft:Ast-expression"," rgt:Ast-expression ")" -> Ast-expression {
ons("and")}"or" "(" lft:Ast-expression"," rgt:Ast-expression ")" -> Ast-expression {
ons("or")}Figure 4: v2/ast-syntax.sdf �le
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module 
onvertimportslogi-syntaxast-syntax-apiexports
ontext-free syntax"
onvert" ( Problem ) -> Ast-problemhiddens
ontext-free syntax"
onvert-
ategories" ( Category* ) -> Ast-
ategory*"
onvert-idents" ( {Identifier ","}+ ) -> Identifier+"
onvert-exprs" ( Expression* ) -> Ast-expression*"
onvert-expression" ( Expression ) -> Ast-expression
ontext-free start-symbolsAst-problemhiddensvariables"$
at" [0-9℄? -> Category"$*
at" [0-9℄? -> Category*"$+
at" [0-9℄? -> Category+"$expr" [0-9℄? -> Expression"$*expr" [0-9℄? -> Expression*"$iden" [0-9℄? -> Identifier%% "$*iden" [0-9℄? -> Identifier*"$idenlst" [0-9℄? -> {Identifier ","}+"$var" [0-9℄? -> Variable"$aexpr" [0-9℄? -> Ast-expression"$+
har" [0-9℄? -> CHAR+Figure 5: v2/
onvert.sdf �leThe downside of this de
ision is that it be
omes possible to have logi
-puzzle problems without any
ategory or without any values in a 
ategory, at least in the AST format. This may 
ause havo
 withsome appli
ations. If you think that is bad, add the restri
tions in the AST format, and ASF+SDFwill help you to enfor
e the restri
tions.As you 
an see, the syntax de�nition also has hooks for the ASF+SDF API generator. Thegenerated API is put in the ast-syntax-apimodule (the generator is 
urrently not explained in theuser manual).3.2 Input to AST transformationAfter de�ning the AST format, the next step is to de�ne the transformation from input to AST.This is done in v2/
onvert module, shown in Figures 5 and 6 respe
tively.This module imports both the input grammar and the API of the AST format. For the trans-formation, it de�nes one transformation fun
tion 
onvert, whi
h takes a value of the sort Problem,and outputs a (
orresponding) value of the sort Ast-problem. Sin
e this is intended to be a fun
tionthat gets rewritten to its output value, 
onvert is a pre�x fun
tion.10



The 
onvert fun
tion needs a number of sub-fun
tions. Sin
e it makes no sense to expose theseto the outside world, they are de�ned in the hiddens se
tion. The lo
al start symbol allows 
alls tothe 
onvert fun
tion to be parsed (that is, you 
an pro
ess a term of the form 
onvert(...)).As in longer sort names, I also use dashes to make longer fun
tion names more readable, and Idon't use upper
ase letters in it. Like most other things in ASF+SDF, this is a just 
onvention. Ifyou don't like it, pi
k another one. To make life easier, you will probably want something that looksdi�erent than a sort name (although ASF+SDF would allow it).A new se
tion in the module is the variables se
tion. Here you de�ne the variables that you use inthe equations (in v2/
onvert.asf). In prin
iple, you are free to 
hose any pie
e of text as variable(for example, the line "ab
" -> Category would give me a variable `ab
', that I 
an use as pla
eholder for a 
ategory). However, life is easiest if you ensure that variables are written di�erently thananything else that you de�ne in the grammars involved. Here, starting with the otherwise unused
hara
ter $ ensures that you (and the parser) will not get 
onfused. After the $ 
hara
ter, you need asequen
e that uniquely identi�es what values you 
an put into it. I use a short identi�er (for example`expr' means that it 
an have values of the sort Expression, et
) for this purpose. For equivalent
on
epts in di�erent grammars I use a one letter pre�x (for example the sort Ast-expression gets thesequen
e `aexpr'). A pre�x � or + is added when the variable 
an hold zero or more, or one ormore values respe
tively. Another variant that sometimes o

urs are lists of sorts separated by some
hara
ter, like fIdenti�er ","g�. I use the suÆx `list' or `lst' for these values. Finally, to allow thesame variable name to be used more than on
e in an equation, I add an optional single digits. Othersuse zero or more digits as suÆx, or allow other 
hara
ters su
h as the single quote in the suÆx.To make it easier to �nd variables in a long list, I order them. I always keep variables with thesame (base)sort together. For example, `$expr' and `$�expr' belong together. Beyond that, I keepvariables from di�erent grammars separated by inserting an empty line between di�erent groups.Within the same group, I try to keep the variables sorted, but that does not always su

eeds.Although you 
an export variables, you are advised not to do that, be
ause it 
an be
ome very
onfusing when you ever need to �nd a variable de�nition again. Also, meta gives warnings aboutexported variables. Instead, de�ne hidden variable se
tions in ea
h module (using the same name forthe variable in ea
h module to prevent you from going insane).In the equation part (in 
onvert.asf), you noti
e that I indent the equation lines four positions.I also maintain a fun
tion heading above the rewrite rules of a fun
tion. At the start, I write whetherit is an internal or an external fun
tion. For more 
omplex fun
tions, I often write down someexplanation what the fun
tion is supposed to do. I �nd that these 
omments help to navigate inthe �le, espe
ially when you 
on�gure your editor to do syntax highlighting on 
omments. Thedownside of in
luding the information is that ASF+SDF 
onsiders it 
omments, whi
h means thatthe information is not 
he
ked against the real de�nition, and as a result it may lie to you.In larger �les, you may get groups of fun
tions that you want to keep together. I separate su
hgroups from ea
h other by inserting one or two 
omment lines `=' 
hara
ters (in this appli
ation, Ihave not used this 
onvention).Ea
h equation in the �le gets a unique name by using the �rst two or three letters of ea
h wordof the fun
tion name, followed by a dash and a number. I do try to keep the letter sequen
es uniquein ea
h �le, but that does not always works ni
ely. In that 
ase, I make the names unique by usingunique numbers (that is, 
ontinue in
rementing the number instead of restarting with number one).If that also fails, I normally give up (this happens very rarely). Keeping the names unique meansthat you 
an sear
h for the name of an equation when meta reports an error with an equation-name.Also, you 
an use the names when referring to equations in email and other do
uments.ASF+SDF supports three versions of equation syntax. After some experimenting, I found the`when' version of equations most readable. Other people use other versions, your favorite versionprobably depends on your ba
kground and taste. I format the equation always su
h that lines whi
hare too long are split into two or more lines, with the se
ond and further lines are formatted more11



equations%%%% export: 
onvert(Problem) -> Ast-problem%%[
v-1℄ 
onvert($+
at $*expr)=make-probl(
onvert-
ategories($+
at),
onvert-exprs($*expr))%%%% hidden: 
onvert-
ategories(Category*) -> Ast-
ategory*%%[

-1℄ 
onvert-
ategories()=[

-2℄ 
onvert-
ategories({$idenlst} $*
at)=make-
at(
onvert-idents($idenlst))
onvert-
ategories($*
at)%%%% hidden: 
onvert-idents({Identifier ","}+) -> Identifier+%%[
i-1℄ 
onvert-idents($iden)=$iden[
i-2℄ 
onvert-idents($iden,$idenlst)=$iden 
onvert-idents($idenlst)%%%% hidden: 
onvert-exprs(Expression*) -> Ast-expression*%%[
es-1℄ 
onvert-exprs()=[
es-2℄ 
onvert-exprs($expr $*expr)=
onvert-expression($expr)
onvert-exprs($*expr)%%%% hidden: 
onvert-expression(Expression) -> Ast-expression%%[
e-1℄ 
onvert-expression(true)=make-true()[
e-2℄ 
onvert-expression(false)=make-false()[
e-3℄ 
onvert-expression($var)=make-var($iden1,$iden2)when variable($+
har1 "/" $+
har2):=$var,$iden1:=identifier($+
har1),$iden2:=identifier($+
har2)[
e-4℄ 
onvert-expression(not $expr)=make-not(
onvert-expression($expr))[
e-5℄ 
onvert-expression($expr1 => $expr2)=make-impl($aexpr1,$aexpr2)when $aexpr1:=
onvert-expression($expr1),$aexpr2:=
onvert-expression($expr2)[
e-6℄ 
onvert-expression($expr1=$expr2)=make-eql($aexpr1,$aexpr2)when $aexpr1:=
onvert-expression($expr1),$aexpr2:=
onvert-expression($expr2)[
e-7℄ 
onvert-expression($expr1 and $expr2)=make-and($aexpr1,$aexpr2)when $aexpr1:=
onvert-expression($expr1),$aexpr2:=
onvert-expression($expr2)[
e-8℄ 
onvert-expression($expr1 or $expr2)=make-or($aexpr1,$aexpr2)when $aexpr1:=
onvert-expression($expr1),$aexpr2:=
onvert-expression($expr2)Figure 6: v2/
onvert.asf �le12



to the right. The `when' is always formatted su
h that the `n' is below the `℄' of the equation name.All 
onditions are written on separate lines, with the 
omma separating two 
onditions written atthe end of the line.With multiple equations for the same fun
tion, I always start with the rule that ends the re
ursion,followed by the non-terminating rules. If there is a default rule (whi
h happens very infrequently,you will see examples in future development 
y
les), that rule is always last. I normally put an emptyline between ea
h pair of equations. The only ex
eption that I make to this rule is with 
ases likeshown here. The rewrite rules of the 
onvert-expression fun
tion are very similar and easy, so thereis no real need to add empty lines. Keep in mind that a variable in ASF+SDF behaves as a variablein the mathemati
al sense, you 
an assign a value only on
e to it, all further uses are then equivalentto repla
ing the variable by its 
ontents. For example 
onvert-expression($expr1 and $expr1)will only mat
h if the left-hand side and the right-hand side of the `and' are equal.The only equation that may need some additional explanation is [
e-3℄ (see, using equation namesworks!). In that rewrite rule, a variable is 
onverted to AST format. The `tri
k' shown here is quiteun
ommon (if you are 
areful). The problem that o

urs here is that the Variable sort is de�ned inthe lexi
al domain instead of the 
ontext-free domain. For this reason, you 
annot mat
h its valueto a pattern like $iden1/$iden2, be
ause patterns are always 
ontext-free. Instead, you need toa

ess the data at lexi
al level using the lexi
ally, you need the lexi
al 
onstru
tor fun
tion variableto get its 
ontents. Here, the 
ontents is split to a sequen
e of CHARs before the slash (in `$+
har1'),the slash 
hara
ter itself, and a di�erent sequen
e of CHARs behind the slash (`$+
har2'). Afterthe lexi
al pattern mat
h, you have the `$+
har1' and `$+
har2' variables 
ontaining sequen
es of
hara
ters. Using the identi�er lexi
al 
onstru
tor fun
tion, both sequen
es are 
onverted `normal'identi�ers (that is, values of sort Identi�er), and put into the Ast-variable sort.Finally, I promised to explain why we need new sort names for the AST. The other solution wouldbe to use the same sort names in both grammars. This would merge the AST syntax with the syntaxof the input grammar. That means the user 
an use internal AST notation as input and vi
e versa.Clearly, this is unwanted behavior.For testing, try to parse and redu
e an input term like
onvert({ jaap, john, ja
ob, jeen }{ paris, london, brussel, berlin }{ 
offee, tea, beer, wine }not jaap/teanot jaap/
offeejeen/wine)The output you will get is something like `prob(
at(jaap john ja
ob jeen) 
at(paris londonbrussel berlin) 
at(
offee tea beer wine), not(var(jaap, tea)) not(var(jaap, 
offee))var(jeen , wine))'. You may think (
orre
tly, in my opinion) that this is not very readable. How-ever, keep in mind that a) the output is in AST format, whi
h is not designed to be human readable,b) meta ensures that output is 
ompliant with the syntax de�nition of the grammar (here, the Ast-problem sort), so output is less interesting than you may think at �rst, 
) ASF+SDF assumes that
ontext-free grammars are used, for whi
h layout is not important, d) there are people busy to getsome form of pretty printing working in meta whi
h means that the problem should disappear in thefuture, and e) if you want pretty-printed output, you will need to invest additional time to de�newhat `pretty' means. For now, the highlighting fa
ilities of meta, an editor that allows jumping tothe mat
hing bra
ket, and manually reformatting go a long way towards understanding the outputif you want to see all the details. 13



module output-syntaximportstokensexportssortsOutput Line
ontext-free syntaxLine* -> OutputFigure 7: v3/output-syntax �le4 Cy
le 3: Semanti
 
he
kingAfter 
onversion of the input to the internal AST format, now it is time to 
he
k whether the inputmakes any sense. The goal of this 
y
le is therefore to perform semanti
 
he
king of the AST format.Firstly, we need to de�ne an output format that allows us to output our �ndings to the user. Se
-ondly, we need to de�ne fun
tions that implement the semanti
 
he
king fun
tionality, in parti
ular:1. Do all 
ategories have an equal number of values?2. Are all values uniquely de�ned (that is, in exa
tly one 
ategory in the entire problem)?3. Do expressions 
ontain only de�ned variables?Note that due to the syntax restri
tions we have de�ned in the input grammar, the program willnot a

ept empty 
ategories (that is, 
ategories without a value are reje
ted as parse error). For thisreason we do not need to in
lude su
h 
he
ks here.Not 
he
king su
h restri
tions does mean that you 
annot always use the semanti
s 
he
ker in adi�erent 
ontext, for example, to 
he
k the AST after loading it from another tool. There fore, inmany 
ases it is a good strategy to in
lude the 
he
k even if we know that it will never fail.Exer
ises:� Write a de�nition for the output format.� Che
k that the number of values in ea
h 
ategory is equal.� Che
k that values are uniquely de�ned.� Che
k that expressions only use de�ned variables.4.1 The output formatAs you 
an see in Figure 7, the grammar of the output format is very small. It only states that thereis output of the sort Output, and that the output 
onsists of lines. The syntax for the sort Line willbe de�ned in higher modules (te
hni
ally, here the syntax for the Line sort is empty, and it will beextended in higher modules).The �rst two 
he
ks all have to do with identi�ers in 
ategories. These will be dealt with in thenext se
tion. Then, we will deal with 
he
ks regarding use of variables in expressions.14



equations%%%% hidden: 
he
k-semanti
s(Ast-problem) -> Output%%[
s-1℄ 
he
k-semanti
s($aprob)=
he
k-
ounts(get-
ats($aprob))
he
k-uniqness(get-
ats($aprob))
he
k-defined($aprob)%%%% hidden: 
he
k-
ounts(Ast-
ategory*) -> Line*%%[

-1℄ 
he
k-
ounts($*a
at1 $a
at2 $*a
at3 $a
at4 $*a
at5)=
he
k-
ounts($*a
at1 $a
at2 $*a
at3 $*a
at5)when 
ount-values(get-idens($a
at2))==
ount-values(get-idens($a
at4))[

-2℄ 
he
k-
ounts($*a
at1 $a
at2 $*a
at3 $a
at4 $*a
at5)="Categories have different number of values"when 
ount-values(get-idens($a
at2))!=
ount-values(get-idens($a
at4))[

-3℄ 
he
k-
ounts($a
at)=%%%% hidden: 
he
k-uniqness(Ast-
ategory*) -> Line*%%[
u-1℄ 
he
k-uniqness($*a
at1 $a
at2 $*a
at3 $a
at4 $*a
at5)="Identifier $iden2 used more than on
e"when $*iden1 $iden2 $*iden3:=get-idens($a
at2),$*iden5 $iden2 $*iden6:=get-idens($a
at4)[deault-
u℄ 
he
k-uniqness($*a
at)=%%%% hidden: 
ount-values(Identifier*) -> Integer%%[
v-1℄ 
ount-values()=0[
v-2℄ 
ount-values($iden $*iden)=1+
ount-values($*iden)Figure 8: v3/
he
k-semanti
s.asf �le, part 1
15



"
he
k-var-trav" ( Ast-expression*,Line*,Ast-
ategory*)-> Line* {traversal(a

u,
ontinue,bottom-up)}"
he
k-var-trav" ( Ast-variable, Line*,Ast-
ategory*)-> Line* {traversal(a

u,
ontinue,bottom-up)}Figure 9: Fragment of v3/
he
k-semanti
s.sdf �le4.2 Che
king values in 
ategoriesThe 
he
k-
ounts fun
tion in Figure 8 repeatedly eliminates a 
ategory if it 
an �nd another
ategory with the same number of identi�ers. If it 
an �nd two 
ategories with a di�erent numberof identi�ers, it has found an error, and its output is a error message of the sort Line. If it has one
ategory left, the input was 
orre
t, and the output of the fun
tion is empty.Uniqueness 
he
king 
an be expressed very 
ompa
tly as shown in the 
he
k-uniqness fun
tion.What we need to �nd is an identi�er that exists in one 
ategory, and then again in another. If this
ondition is mat
hed an error is produ
ed. If this 
ondition 
annot be met, the default equationis 
hosen (written as last rewrite rule of the fun
tion), and no output is generated, whi
h meansthat everything is 
orre
t. As you 
an see, pattern mat
hing 
an be very expressive. Writing theuniqueness 
he
king 
ode in an imperative language would be a lot more work. (Elsewhere we willsee a less powerful side of fun
tional programming.)Also, I used ASF+SDF-generated a

ess fun
tions (the get-X fun
tions) everywhere to obtain
ontents of sorts rather than a pattern mat
h with the 
on
rete syntax. For example the get-idensfun
tion of a 
ategory gives the list identi�ers. The advantage of using these fun
tions is that you geta layer of a

ess fun
tions on top of the 
on
rete syntax of the Ast-
ategory sort. When the syntaxof the 
ategory ever 
hanges, you 
an adapt the layer to using the new syntax rather than 
hangingevery o

urren
e of 
ategory syntax in your 
ode.4.3 Che
king use of identi�ers in expressionsThe remaining semanti
 
he
ks that have to be performed are 
he
ks in expressions, in parti
ular,the question whether variables used in expressions use properly de�ned identi�ers. The only wayto 
he
k this is to walk through the expression trees, until you �nd a variable. At that point 
he
kwhether the identi�ers used in the variable are de�ned in di�erent 
ategories (we need `in di�erent
ategories' to ex
lude variables like `john/jeen').Programming the treewalk by hand means that for ea
h node you may en
ounter in the tree,you should forward the walk down to its 
hildren, 
olle
t the output of the 
alls, and pass the resultba
k up. In this example, writing a treewalk manually is still doable, sin
e the number of nodesthat you may en
ounter in a list of expressions is limited. However, ASF+SDF 
an generate thesetreewalks for you. The only two things you need to do are a) spe
ify how you want to walk over thetree, and b) program the fun
tion expli
itly for the nodes that need spe
ial treatment. The 
ode isshown in Figures 9 and 10. In the v3/
he
k-semanti
s.sdf �le, two entries of the 
he
k-var-travtraversal fun
tion are de�ned (As 
onvention, I use the -trav suÆx to denote that this is a generatedtraversal fun
tion). The �rst entry is the starting point of the traversal. It takes a list of expressions,output 
olle
ted so far (whi
h is empty at the start as you 
an see in the 
he
k-defined wrapperfun
tion that initiates the treewalk), and the 
ategories as a 
onstant. The se
ond entry is thespe
ial 
ase. When we en
ounter a variable, we need to verify that the used identi�ers are in twodi�erent 
ategories. The spe
ial 
ase is implemented in the equations. It starts with a 
he
k thatwe really have a variable node here. This is 
urrently redundant, sin
e the sort Ast-variable only
ontains syntax for variables, but when the sort is extended, this 
he
k ensures that this equationwill not mat
h any of the extensions. The se
ond and third 
ondition use the find-iden fun
tion16



%%%% hidden: 
he
k-defined(Ast-problem) -> Line*%%[
d-1℄ 
he
k-defined($aprob)=
he
k-var-trav(get-exprs($aprob), ,get-
ats($aprob))%%%% hidden: 
he
k-var-trav(Ast-variable,Line*,Ast-
ategory*) -> Line*%% {traversal(a

u,
ontinue,bottom-up)}%%[
vt-1℄ 
he
k-var-trav($avar,$*line,$*a
at)=$*line2 $*line3 $*linewhen is-var($avar)==true,<$*a
at2,$*line2>:=find-iden(get-iden1($avar),$*a
at),<$*a
at3,$*line3>:=find-iden(get-iden2($avar),$*a
at2)%%%% hidden: find-iden(Identifier, Ast-
ategory*) -> <Ast-
ategory*,Line*>%%[fi-1℄ find-iden($iden,$*a
at1 $a
at2 $*a
at3)=<$*a
at1 $*a
at3,>when $*iden1 $iden $*iden2:=get-idens($a
at2)[default-fi℄ find-iden($iden,$*a
at)=<$*a
at,"Identifier $iden undefined">Figure 10: v3/
he
k-semanti
s.asf �le, part 2in their mat
h. This fun
tion takes an identi�er, and a list of 
ategories. If the identi�er 
an befound in a 
ategory, it returns the remaining 
ategories, and an empty list of error messages. If theidenti�er 
annot be found, an error is produ
ed and all 
ategories are returned. By using the fulllist of 
ategories in the se
ond 
ondition, and by using the result list of 
ategories from the se
ond
ondition in the third 
ondition, we 
an be sure that a mat
h will only be found in two di�erent
ategories.You 
an test the semanti
s 
he
king 
ode by writing an input term that 
alls the 
he
k-semanti
sfun
tion. Sin
e the fun
tion uses AST format as its input, you either have to write AST formatyourself, or use the 
onvert fun
tion to transform it for you.5 Cy
le 4: Dedu
ing variablesAfter parsing the input, transforming it to the AST format, and performing the stati
 semanti
s
he
ks, the time has 
ome to start implementation of the reasoning me
hanism.The simplest form of reasoning is to dedu
e from an expression like `John/Paris' that John hasvisited Paris (that is, dedu
e that the variable `John/Paris' should be set to `true'), and from anexpression like `not Jaap/tea' that the `Jaap/tea' should be set to `false'. The �rst thing to do is to
reate a data stru
ture to store su
h information, that is, 
reate a variable table for variables andtheir value. The se
ond thing to do is to sear
h the expression list of the problem for expressions likeabove, and use the information to �ll the variable table. Therefore:Exer
ises:� Make a table for storing variables and their values, and� walk over a list of expressions to 
he
k whether we 
an extra
t information about the value ofvariables.Sin
e in the next iteration, we will want to perform this routine repeatedly, until no 
hange o

ursany more, we need to give an additional boolean output whether the walk 
hanged anything.17



module vartable-syntaximports
ontainers/Table[Ast-variable Ast-expression℄ast-syntax-apiexportssortsVariable-table
ontext-free syntaxTable[[Ast-variable,Ast-expression℄℄ -> Variable-table"new-vtable" -> Variable-table"get-var" (Variable-table,Ast-variable) -> Ast-expression"has-var" (Variable-table,Ast-variable) -> Boolean"add-var" (Variable-table,Ast-variable,Ast-expression) -> Variable-table"variables" ( Variable-table ) -> List[[Ast-variable℄℄hiddensvariables"$table" [0-9℄? -> Table[[Ast-variable,Ast-expression℄℄"$avar" [0-9℄? -> Ast-variable"$expr" [0-9℄? -> Ast-expressionFigure 11: v4/vartable-syntax.sdf �le5.1 Variable tableWe 
an write our own table, but the library already supplies the basi
 fun
tions, so we will use thatinstead. (It is also a good opportunity to use parameterized sorts in our appli
ation.) Figure 11shows the syntax de�nition of the variable table. The real table is imported by the Table[Ast-variableAst-expression℄ line. The sort that 
ontains the table is Table[[Ast-variable, Ast-expression℄℄ (note thedouble square bra
kets and the 
omma, 
ompared to the import line).Sin
e I don't like the Table[[Ast-variable, Ast-expression℄℄ sort, I en
apsulated it in a new sort,namely Variable-table. Another way of getting rid of the Table sort (in the spe
i�
ation) would be tode�ne an alias for the sort. However, you 
annot nest aliases. Also, during exe
ution, meta repla
esthe alias with its de�nition, whi
h means that you will still see the original sort at run time. Thedisadvantage of introdu
ing a new sort is that you have to re-implement all the fun
tions.De�ning a new sort Variable-table has an additional advantage in this 
ase. It allows me to extendthe fun
tionality of the standard table to deal with variables that have their identi�ers swapped (thatis, `John/Paris' is treated the same as `Paris/John'). Have a look in the equations �le if you want toknow how that was programmed.5.2 Finding variable valuesAlthough the word `walk' in the introdu
tion may have set you o� in the dire
tion of a treewalk, thatis not appropriate here. The reason is that an expression list is only used at the top, as a 
omponentof a problem. Inside an expression, there are no lists of expressions. Additionally, even if there were,you would not be able to 
on
lude anything from it.The fun
tion dedu
e-vars that implements the dedu
tion is shown in Figure 12. It 
allsdedu
e-var for ea
h expression in the list. If the latter fun
tion returns that it has found a new18



equations%%%% export: dedu
e-vars(Ast-expression*,Variable-table)%% -> <Ast-expression*,Variable-table,Boolean>%%[dvs-1℄ dedu
e-vars(,$vtable)=<,$vtable,false>[dvs-2℄ dedu
e-vars($aexpr $*aexpr,$vtable)=<$*aexpr3,$vtable3,true>when <$vtable2,true>:=dedu
e-var($aexpr,$vtable),<$*aexpr3,$vtable3,$bool3>:=dedu
e-vars($*aexpr,$vtable2)[dvs-3℄ dedu
e-vars($aexpr $*aexpr,$vtable)=<$aexpr $*aexpr3,$vtable3,$bool3>when <$vtable2,false>:=dedu
e-var($aexpr,$vtable),<$*aexpr3,$vtable3,$bool3>:=dedu
e-vars($*aexpr,$vtable2)%%%% hidden: dedu
e-var(Ast-expression,Variable-table)%% -> <Variable-table,Boolean>%%[dv-1℄ dedu
e-var($avar,$vtable)=<add-var($vtable,$avar,make-true()),true>when has-var($vtable,$avar)==false[dv-2℄ dedu
e-var($aexpr,$vtable)=<add-var($vtable,$avar,make-false()),true>when is-not($aexpr)==true,$avar:=get-expr($aexpr),has-var($vtable,$avar)==false[default-dv℄ dedu
e-var($aexpr,$vtable)=<$vtable,false>Figure 12: v4/dedu
e-vars.asf �le
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equations%%%% export: simplify-exprs(Ast-expression*,Variable-table)%% -> <Ast-expression*,Boolean>%%[ses-1℄ simplify-exprs($*aexpr,$vtable)=<$*aexpr,false>when $*aexpr2:=simpl-expr-trav($*aexpr,$vtable),$*aexpr2==$*aexpr[ses-2℄ simplify-exprs($*aexpr,$vtable)=<$*aexpr2,true>when $*aexpr2:=simpl-expr-trav($*aexpr,$vtable),$*aexpr2!=$*aexpr%%%% export: simpl-expr-trav(Ast-expression,Variable-table)%% -> Ast-expression {traversal(bottom-up,trafo,
ontinue)}%%[set-1℄ simpl-expr-trav($avar,$vtable)=get-var($vtable,$avar)when has-var($vtable,$avar)==trueFigure 13: v5/simplify-expr.asf �le, part 1variable value in the expression (se
ond value returned is true), the expression is eliminated from thelist and the boolean value (third return value) returned be
omes true to indi
ate that something has
hanged. If the dedu
e-var returns false as its se
ond value, then nothing 
ould be dedu
ed fromthe expression, and it is kept in the list.What you also see in the equations is my 
onvention of using numbers in equation variablespatterns, for example in <$�aexpr3,$vtable3,$bool3>. If a number of variables are assignedtogether in a 
ondition, they all get the same number. In that way, it is easy to keep tra
k of whi
hvariables belong together.The dedu
e-var fun
tion itself is a list of 
ases, one for ea
h expression form that 
an be usedto 
ompute the value of a variable. The default 
ase 
overs all other expressions.6 Cy
le 5: Simplifying expressionsThe next step is to use the knowledge obtained from the variable dedu
tion by �lling in the values.In addition, on
e variables have been repla
ed, it may be possible to simplify the expressions.Exer
ises:� Perform a bottom-up treewalk to repla
e variables in the expressions.� Extend the 
ode to perform simpli�
ations in the expressions.6.1 Filling in variablesEssentially, this fun
tionality is another treewalk. Sin
e we modify the expressions, we need a trans-formation treewalk. Figure 13 shows the 
ode. The 
ode is very straightforward, ex
ept maybe forthe dete
tion of 
hanges. As you 
an see, there is no modi�
ation boolean value 
arried around in thetraversal fun
tion. Instead, we 
ompare the list expressions before and after performing the traver-sal (by 
omparing $�aexpr2 with $�aexpr). If they are equal, we 
on
lude nothing has 
hanged,otherwise, some rewriting has been performed during the walk.20



%%%% Expression simplifi
ations%%%% and simplifi
ations[es-01℄ simpl-expr-trav(and(true(), $aexpr2),$vtable)=$aexpr2[es-02℄ simpl-expr-trav(and(false(),$aexpr2),$vtable)=false()[es-03℄ simpl-expr-trav(and($aexpr1,true() ),$vtable)=$aexpr1[es-04℄ simpl-expr-trav(and($aexpr1,false()),$vtable)=false()%% or simplifi
ations[es-11℄ simpl-expr-trav(or(true(), $aexpr2),$vtable)=true()[es-12℄ simpl-expr-trav(or(false(),$aexpr2),$vtable)=$aexpr2[es-13℄ simpl-expr-trav(or($aexpr1,true() ),$vtable)=true()[es-14℄ simpl-expr-trav(or($aexpr1,false()),$vtable)=$aexpr1%% not simplifi
ations[es-21℄ simpl-expr-trav(not(true()), $vtable)=false()[es-22℄ simpl-expr-trav(not(false()),$vtable)=true()[es-23℄ simpl-expr-trav(not(not($aexpr)),$vtable)=$aexpr[es-24℄ simpl-expr-trav(not(or($aexpr1,$aexpr2)),$vtable)=and(not($aexpr1),not($aexpr2))[es-25℄ simpl-expr-trav(not(and($aexpr1,$aexpr2)),$vtable)=or(not($aexpr1),not($aexpr2))%% implies simplifi
ation[es-31℄ simpl-expr-trav(implies($aexpr1,$aexpr2),$vtable)=or($aexpr2,not($aexpr1))%% equal simplifi
ation[es-41℄ simpl-expr-trav(equal($aexpr1,$aexpr2),$vtable)=or(and($aexpr1,$aexpr2),and(not($aexpr1),not($aexpr2)))Figure 14: v5/simplify-expr.asf �le, part 2Although this may seem to be a 
ompli
ated and expensive way to 
he
k whether rewritingo

urred, it is in fa
t extremely 
heap in meta due to a property of the underlying ATerm library.6.2 Simpli�
ations (part 1)The simpli�
ations are shown in Figure 14. The �rst thing that you may note is that I do not use thea

ess fun
tions get-...() and is-...(). I tried it, but I found it to be very unreadable 
ompared tothis version (it may be a ni
e exer
ise to try this yourself), so despite the disadvantage that synta
ti

hanges in the AST expressions will break the 
ode here, I threw the version with a

ess fun
tionsaway. The se
ond thing you may noti
e is my numbering s
heme of equations. Instead of numberingsequentially, I leave gaps between groups of equations. In that way, inserting another equation ismu
h easier.With respe
t to the simpli�
ation equations itself, the �rst eleven should be no surprise. The�nal four expressions are the interesting ones. The [se-24℄ and [se-25℄ equations push down the notover `and' and `or' operations, so they 
an be eliminated using the other `not' simpli�
ations on
ethey are 
olle
ted at the bottom. Sin
e the push-down is performed in top-down fashion, and thetraversal fun
tion runs bottom-up, pushing down is done one level at a time, whi
h may be ineÆ
ient21



%%%% export: split-exprs(Ast-expression*) -> <Ast-expression*,Line*,Boolean>%%[spe-1℄ split-exprs($*aexpr1 $aexpr2 $*aexpr3)=<$*aexpr4,$*line4,true>when is-true($aexpr2)==true,<$*aexpr4,$*line4,$bool4>:=split-exprs($*aexpr1 $*aexpr3)[spe-2℄ split-exprs($*aexpr1 $aexpr2 $*aexpr3)=<$*aexpr4,"False expression dete
ted" $*line4,true>when is-false($aexpr2)==true,<$*aexpr4,$*line4,$bool4>:=split-exprs($*aexpr1 $*aexpr3)[spe-3℄ split-exprs($*aexpr1 $aexpr2 $*aexpr3)=<$*aexpr4,$*line4,true>when is-and($aexpr2)==true,<$*aexpr4,$*line4,$bool4>:=split-exprs($*aexpr1 get-lft($aexpr2)get-rgt($aexpr2) $*aexpr3)[default-spe℄ split-exprs($*aexpr)=<$*aexpr,,false>Figure 15: v5/simplify-expr.asf �le, part 3in some situations.The �nal two simpli�
ations are not really simpli�
ations but eliminations. The equations elim-inate the `implies' and `equal' operators. Therefore, it would be enough to run them on
e onlyinstead of repeatedly (as we will do further in the development). For large number of expressionsthis di�eren
e may be noti
eable (I have not tried this). However, sin
e the program is not aimedat solving large puzzles eÆ
iently, I found it easier to put them here. Also, having them here hasthe advantage that I 
an use the `implies' and the `equal' operators in expressions whenever I feellike it, these two equations will make sure they will be eliminated at the �rst simpli�
ation traversal.(In the alternative solution, the elimination is a separate step that has to be 
alled separately at theappropriate point in the program.)6.3 Simpli�
ations (part 2)There are a number of other simpli�
ations that should be performed in the expression list. Theexpression `true' will not provide any useful information, and 
an be eliminated. The expression`false' is almost the same, ex
ept that this should never happen, so this should result in an messageto the user. Finally, an `and' operation at the top of an expression 
an be eliminated by 
onsideringthe left and right sides separately (if `a and b' must evaluate to true, then a as well as b must evaluateto true on their own). The 
ode for these simpli�
ations is shown in Figure 15.7 Cy
le 6: Gluing everything togetherIn the past iterations, we have 
onstru
ted fun
tions that solved a part of the puzzle. As a reminder,below is the list of fun
tions that we have 
onstru
ted.� 
onvert(Problem)! Ast-problem 
onverts a logi
-puzzle problem to AST format in the 
onvertmodule.� 
he
k-semanti
s(Ast-problem)! Output 
he
ks whether the stati
 semanti
 requirements aremet, and reports errors to the output in the 
he
k-semanti
s module.22



� dedu
e-vars(Ast-expression*, Variable-table) ! hAst-expression*, Variable-table, Booleani de-du
es the value of variables from simple expressions in the dedu
e-vars module.� simplify-exprs(Ast-expression*, Variable-table) ! hAst-expression*, Booleani �lls in the vari-ables, and simpli�es or eliminates expressions in the simplify-expr module.� split-exprs(Ast-expression*) ! hAst-expression*, Line*, Booleani splits expressions, so they
an be 
onsidered individually, also in the simplify-expr module.The next obje
tive is to glue all these fun
tions together into one main fun
tion solve-problem.Exer
ises:� Write the solve-problem fun
tion.7.1 Writing the solve-problem fun
tionThe steps that the main fun
tion should take are1. Convert the input to AST format2. Che
k the 
orre
tness of the AST data. If errors are reported, end the fun
tion and return theerrors to the user.3. Try to solve the given problem by redu
ing the expressions. This means do repeatedly(a) dedu
e new values from the expressions,(b) split the expressions, and(
) simplify the expressionsuntil we either have no expressions left, or until we make no progress any more.4. Output the results to the user.The 
ode that implements this fun
tionality is shown in Figure 16. The fun
tion performs the �rsttwo steps, and depending on the output, it either returns the output, or it hands the exe
ution overto the solve-exprs fun
tion. This fun
tion performs expression redu
tion on
e. It then hands overthe results to the solve-exprs2 fun
tion. The latter de
ides whether the end has been rea
hed ornot. If not, the redu
tion is performed again.This solution is quite ni
e, however it also shows one of the weaker points of fun
tional program-ming. In an imperative language one would use a while loop in a single fun
tion, instead of thefun
tions de�ned here.If you test the program with an input �le like (�le v6/puzzle.trm)solve-problem({ jaap, john, ja
ob, jeen }{ paris, london, brussel, berlin }{ 
offee, tea, beer, wine }not jaap/teanot jaap/
offeejeen/wine) 23



equations%%%% export: solve-problem( Problem ) -> Output%%[sp-1℄ solve-problem($prob)=$outputwhen $aprob:=
onvert($prob),$output:=
he
k-semanti
s($aprob),$output!=[sp-2℄ solve-problem($prob)=solve-exprs($aprob,new-vtable)when $aprob:=
onvert($prob),$output:=
he
k-semanti
s($aprob),$output==%%%% hidden: solve-exprs( Ast-problem, Variable-table ) -> Output%%[se-1℄ solve-exprs($aprob,$vtable)=solve-exprs2($aprob,$vtable2,$*aexpr4,$*line3,$bool2|$bool3|$bool4)when $*aexpr:=get-exprs($aprob),<$*aexpr2,$vtable2,$bool2>:=dedu
e-vars($*aexpr,$vtable),<$*aexpr3,$*line3,$bool3>:=split-exprs($*aexpr2),<$*aexpr4,$bool4>:=simplify-exprs($*aexpr3,$vtable2)%%%% hidden: solve-exprs2(Ast-problem,Variable-table,%% Ast-expression*,Output,Boolean) -> Output%%[se2-1℄ solve-exprs2($aprob,$vtable,$*aexpr,$output,$bool)=$outputwhen $output!=[se2-2℄ solve-exprs2($aprob,$vtable,$*aexpr,,false)="Variables found: $vtable "[se2-3℄ solve-exprs2($aprob,$vtable,,,true)= "Variables found: $vtable "[se2-4℄ solve-exprs2($aprob,$vtable,$+aexpr,,true)=solve-exprs(set-exprs($aprob,$+aexpr),$vtable)Figure 16: v6/solve-problem.asf �le
24



you get output like "Variables found: [<var(jeen, wine), true()>, <var(jaap, 
offee),false()>, <var(jaap, tea), false()>℄". However, the program is not reasoning further. Forexample, sin
e Jeen drinks wine, why does the program not 
on
lude that Jaap, John, and Ja
ob donot drink wine? The answer is that we have not told it that it may draw this 
on
lusion. What ismissing is the restri
tion that exa
tly one person drinks wine, or in formula:(jaap/wine and not(john/wine or ja
ob/wine or jeen/wine ))or (john/wine and not(jaap/wine or ja
ob/wine or jeen/wine ))or (ja
ob/wine and not(jaap/wine or john/wine or jeen/wine ))or (jeen/wine and not(jaap/wine or john/wine or ja
ob/wine))If you add this to the input term (done in �le puzzle2.trm), you will �nd that the program does drawthe 
on
lusion that all other persons do not drink wine. A similar story 
an be told about drawing
on
lusions between three di�erent variables, for example, given that `Jaap/beer' and `beer/Berlin'hold, the program should 
on
lude that `Jaap/Berlin' is also true.Besides the la
k of expressions needed for reasoning, the program also still la
ks de
ent output;dumping a list of variables in AST format onto the s
reen is not very useful for the average user.These two extensions are implemented in the following two iterations.8 Cy
le 7: Reasoning expressionsAt the end of the previous 
y
le, we established the need for having expressions that allows theprogram to reason. In prin
iple, the user 
an add them by hand, however it is a lot of boring workwith a high risk of making mistakes. To me, that sounds like a perfe
t job for the 
omputer. On theother hand, there may be o

asions that a user does not want to have the expressions added by theprogram. The solution to this dilemma is to give the user a 
hoi
e by adding two keywords to theinput language, namely `basi
-relations' and `one-step-dedu
tions'. The former 
auses the programto add the basi
 relations like `there is exa
tly one person that drinks wine',the latter adds relationslike `if person A is in 
ity B, and the person in 
ity B has drink C, then person A has drink C'. Ifthe user does not enter the new keywords, no reasoning expressions are generated.These two new keywords behave like an entire expression, that is, one should be able to writesomething likesolve-problem({ jaap, john, ja
ob, jeen }{ paris, london, brussel, berlin }{ 
offee, tea, beer, wine }basi
-relationsone-step-dedu
tionsnot jaap/teanot jaap/
offeejeen/winenot tea/londonnot tea/parisbeer/berlinjohn/paris) 25



Category+ Relation* -> ProblemExpression -> Relation"basi
-relations" -> Relation {
onstru
tor}"one-step-dedu
tions" -> Relation {
onstru
tor}Figure 17: Major 
hanges in the logi-syntax module."expr" "(" expr:Ast-expression ")" -> Ast-relation {
ons("expr")}"basi
-relations" "(" ")" -> Ast-relation {
ons("basi
")}"one-step-dedu
tions" "(" ")" -> Ast-relation {
ons("dedu
t")}Figure 18: Major 
hanges in the ast-syntax module.However, they are not of sort Expression, be
ause the user would be allowed to use the new keywordanywhere in an expression. Instead, we need a new sort between the Problem and the Expressionsorts in the input language. I 
all this sort Relation. A Problem now has 
ategories and relations. Arelation is either an expression, or it is one of the new keywords. During the simpli�
ation loop, thenew keywords 
an be expanded to a list of expressions.Exer
ises:� Introdu
e the relation sort into the program by refa
toring (that is, introdu
e the Relation sortinto the entire program by 
hanging 
ode without 
hanging the fun
tionality).� Add generators to the program that repla
e the new keywords by their lists of expressions.8.1 Introdu
ing the Relation sortHere, I will not show all the details. There are just too many, mainly non-interesting, 
hanges. Ifyou really want to know, run a di� 
ommand between the v6 and the v7 dire
tories.1 Instead, I willgive you a short list, and go into more detail with the more interesting 
hanges.� logi-syntax module: As shown in Figure 17, the biggest 
hange is that a Problem is now a
ombination of 
ategories and relations. A relation is an expression or one of the new keywords.� ast-syntax module: The same 
hange also happens in the AST syntax. Figure 18 shows onlythe new produ
tion rules for the Ast-relation sort.� The ast-syntax-api module should be re-generated to make the new Ast-relation sort a

es-sible through a

ess fun
tions.� The 
onvert module is also adapted (
onvert-exprs be
omes 
onvert-rels).� The traversal fun
tion in 
he
k-semanti
smodule now walks over relations instead of expres-sions.� The split-exprs fun
tion in the simplify-expr module now splits relations rather thanexpressions. For example, the equation that splits an expression with an `and' as top-leveloperand 
hanges to the 
ode shown in Figure 19. As you 
an see, 
ompared to the original
ode in Figure 15, the equation mat
hes on a list of (AST-)relations instead of expressions. The1Using GNU di�, something like `diff -r v6 v7' should work.26



[spe-3℄ split-exprs($*arel1 $arel2 $*arel3,$*a
at)=<$*arel4,$*line4,true>when is-expr($arel2)==true,$aexpr2:=get-expr($arel2),is-and($aexpr2)==true,<$*arel4,$*line4,$bool4>:=split-exprs($*arel1make-expr(get-lft($aexpr2))make-expr(get-rgt($aexpr2))$*arel3,$*a
at)Figure 19: Modi�ed equation in the split-exprs fun
tion.[spe-4℄ split-exprs($*arel1 $arel2 $*arel3,$*a
at)=<$*arel5,$*line5,true>when is-basi
($arel2)==true,$*arel4:=gen-basi
s($*a
at,),<$*arel5,$*line5,$bool5>:=split-exprs($*arel1 $*arel3 $*arel4,$*a
at)[spe-5℄ split-exprs($*arel1 $arel2 $*arel3,$*a
at)=<$*arel5,$*line5,true>when is-dedu
t($arel2)==true,$*arel4:=gen-onesteps($*a
at,,),<$*arel5,$*line5,$bool5>:=split-exprs($*arel1 $*arel3 $*arel4,$*a
at)Figure 20: Adding 
alls to the keyword generators.�rst 
ondition 
he
ks that it is an expression, and the se
ond 
ondition extra
ts the expressionfrom the relation. Then the old 
ode is used, ex
ept for some 
hanges from expression variablesto relation variables.� The other simpli�
ation fun
tions also 
hange from expression to relation in mu
h the sameway.� Finally, the solve-problem module passes relations down to the simpli�
ation fun
tions.8.2 Generating reasoning expressionsThe next goal is to add generators to the program that repla
e the new keywords with their equivalentreasoning expressions. The �rst thing to note is that the generators need the 
ategories to do theirwork. Lu
kily, this information is available in the Ast-problem sort near the root of the AST tree. These
ond thing to note is that keyword repla
ements 
an be 
onsidered to be a form of simpli�
ation,and ni
ely �t in the expression simpli�
ation pro
ess we have been programming (although it maybe more appropriate to 
all it `relation simpli�
ation pro
ess' sin
e our refa
toring).Be
ause the keywords only o

ur at the upper-most level, the best pla
e for the new generatorsseems to be in the split-exprs fun
tion. If you paid 
lose attention to the previous refa
toringstep, you may have noti
ed that I paved the way for the new generators by adding the 
ategories asa se
ond parameter of the fun
tion. Adding 
alls to the generators is straightforward now, as 
an beseen in Figure 20. When dete
ting a keyword, a 
all is made to the appropriate generator, and thekeyword is repla
ed by the output of the generator.The generators them selves, espe
ially the gen-basi
s generator, are a di�erent story. Ratherthan explain them in full length, I will only des
ribe them brie
y. Together with the 
ode, you shouldbe able to work out how it is done up to the level that you want to know.27



%%%% hidden: gen-basi
s(Ast-
ategory*,Ast-
ategory*) -> Ast-relation*%%%% Call: gen-basi
s(<
ategories>,)%%[fe
-1℄ gen-basi
s(,$*a
at)=[fe
-2℄ gen-basi
s($a
at1 $*a
at1, $*a
at2)=gen-oneof($a
at1,a
ats-idens($*a
at1 $*a
at2))gen-basi
s($*a
at1,$a
at1 $*a
at2)%%%% hidden: gen-oneof(Ast-
ategory, Identifier*) -> Ast-relation*%%[gof-1℄ gen-oneof($a
at,)=[gof-2℄ gen-oneof($a
at,$iden $*iden)=gen-basi
-relation(get-idens($a
at),$iden)gen-oneof($a
at,$*iden)%%%% hidden: gen-basi
-relation(Identifier*,Identifier) -> Ast-relation*%%[gbr-1℄ gen-basi
-relation(,$iden3)=[gbr-2℄ gen-basi
-relation($iden1,$iden3)=make-expr(make-var($iden1,$iden3))[gbr-3℄ gen-basi
-relation($iden1 $+iden2,$iden3)=make-expr(gen-basi
-expression($iden1 $+iden2,,$iden3))%%%% hidden: gen-basi
-expression(Identifier+,Identifier*,Identifier)%% -> Ast-expression%%[gbe-1℄ gen-basi
-expression($iden1 ,$+iden3,$iden4)=make-and(make-var($iden1,$iden4),make-not(make-ors(make-variables($+iden3,$iden4))))[gbe-2℄ gen-basi
-expression($iden1 $+iden2,$*iden3,$iden4)=make-or(make-and(make-var($iden1,$iden4),make-not(make-ors(make-variables($+iden2 $*iden3,$iden4)))),gen-basi
-expression($+iden2,$iden1 $*iden3,$iden4))Figure 21: The gen-basi
s generator fun
tion.
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The basi
 relations generator is in module simplify-expr, and shown in Figure 21. Not shown inthe �gure are a number of support fun
tions. The �rst one is the a
ats-idens fun
tion, whi
h 
attensthe given 
ategories to a list of identi�ers. The se
ond support fun
tion is the make-variablesfun
tion. It 
onstru
ts a list of expressions from pairs of identi�ers, for example `make-variables(XY, Q)' generates the list `X/Q Y/Q'. The third and last support fun
tion is make-ors. It takes a listof expressions, and 
ombines them to a single expression with `or' operands in between.The basi
 approa
h of the generator is to take ea
h 
ategory in turn, and for ea
h 
ategory andea
h identi�er in all other 
ategories, generate an expression like the one in Se
tion 7.1 (the expressionshown there is for the 
ategory `Persons' and the identi�er `wine'). This is done in equation [gbr-3℄of the gen-basi
-relation fun
tion. (The 
ategory is the �rst parameter, only its identi�ers aretransferred instead be
ause further down we need to a

ess the identi�ers individually.) The otherequations in the fun
tion are for pathologi
al 
ases like one 
ategory or one identi�er in a 
ategory.An expression like the one in Se
tion 7.1 is a sequen
e of `or' operations at the top (generatedby the outermost make-or appli
ation in equation [gbe-2℄). A single sub-expression (
onstru
ted in[gbe-1℄ as well as in [gbe-2℄) 
onsists of an $iden1/$iden4 and not(...) expression, with the dotsrepla
ed by another `or' sequen
e of variables 
ontaining the other identi�ers in the 
ategory (in theiden2 and iden3 variables), and identi�er $iden4. Constru
tion of this latter `or' sequen
e is doneusing the make-variables and make-ors support fun
tions.The one-step dedu
tions generator is also in module simplify-expr, and shown in Figure 22.The basi
 operation of the generator is to take ea
h 
ategory, take ea
h 
ategory from the remaining
ategories, and 
all the gen-implies-exprs1 fun
tion. This fun
tion then generates a list of expres-sions of the form `a=b) a=
 = b=
' (for example for a=Jeen, b=wine, 
=Paris, the expression wouldbe (in words) `if Jeen/wine, then Jeen/Paris should be equal to wine/Paris'). Su
h an expression isgenerated for all 
ombinations of a, b, and 
, where a is an identi�er from the �rst sele
ted 
ategory,b an identi�er from the se
ond sele
ted 
ategory, and 
 an identi�er from the remaining 
ategories.Sin
e loops have to be implemented by re
ursive fun
tion 
alls, three fun
tions are needed.9 Cy
le 8: Output formatThe variable-dump that the program outputs as result is not very readable, instead we want some-thing more 
ompa
t. In parti
ular, we are only interested in the positive relations that the program
an �nd, ordered su
h that related values from di�erent 
ategories are shown together. For example,output like flondon, wine, jeeng fberlin, jaap, beerg fbrussel, ja
ob, teag f
offee,john, parisg.Exer
ises:� Generate output like above from the variable information in the variable table.9.1 Making a 
ompa
t output formatThe standard approa
h of writing a syntax de�nition, followed by implementing a 
onversion fun
tionalso applies here. However, instead of writing it all ourselves, I used the library to de�ne the syntax,in parti
ular the templated sort Set. The relevant syntax de�nitions are shown in Figure 23. Byinje
ting the set of identi�ers into the Line sort, we ad the set to the output syntax. The outputshown above is a list of su
h sets, and thus a list of lines.The rewrite rules are shown in Figure 24. There are three steps to 
ompute and 
onvert theoutput. The �rst step is to extra
t all the `true' variables from the variable table, and insert them intothe list of identi�er sets. The se
ond step, implemented in the simplify-list fun
tion, sear
hes thelist of sets, and 
ombines two sets when they have a 
ommon element. Finally, the 
onvert-to-linesfun
tion 
onvert the list of sets to a list of lines, whi
h is 
ompatible with the Output sort.You may wonder why I bother with the 
onversion fun
tion, why not use the following:29



%%%% hidden: gen-onesteps(Ast-
ategory*,Ast-
ategory*,Ast-
ategory*)%% -> Ast-relation*%% 
all: gen-onsteps(<
ategories>,,)%%[gdd-1℄ gen-onesteps(,$*a
at3,$*a
at5)=[gdd-2℄ gen-onesteps($a
at1 $*a
at2,,$*a
at5)=gen-onesteps($*a
at2,$a
at1 $*a
at5,)[gdd-3℄ gen-onesteps($a
at1 $*a
at2,$a
at3 $*a
at4,$*a
at5)=gen-implies-exprs1(get-idens($a
at1),get-idens($a
at3),a
ats-idens($*a
at2 $*a
at4 $*a
at5))gen-onesteps($a
at1 $*a
at2,$*a
at4,$a
at3 $*a
at5)%%%% hidden: gen-implies-exprs1(Identifier*,Identifier*,Identifier*)%% -> Ast-relation*%%[gi1-1℄ gen-implies-exprs1(,$*iden3,$*iden4)=[gi1-2℄ gen-implies-exprs1($iden1 $*iden2,$*iden3,$*iden4)=gen-implies-exprs2($iden1,$*iden3,$*iden4)gen-implies-exprs1($*iden2,$*iden3,$*iden4)%%%% hidden: gen-implies-exprs2(Identifier,Identifier*,Identifier*)%% -> Ast-relation*%%[gi2-1℄ gen-implies-exprs2($iden1,,$*iden4)=[gi2-2℄ gen-implies-exprs2($iden1,$iden2 $*iden3,$*iden4)=gen-implies-exprs3($iden1,$iden2,$*iden4)gen-implies-exprs2($iden1,$*iden3,$*iden4)%%%% hidden: gen-implies-exprs3(Identifier,Identifier,Identifier*)%% -> Ast-relation*%%[gi3-1℄ gen-implies-exprs3($iden1,$iden2,)=[gi3-2℄ gen-implies-exprs3($iden1,$iden2,$iden3 $*iden4)=make-expr(make-impl(make-var($iden1,$iden2),make-eql(make-var($iden1,$iden3),make-var($iden2,$iden3))))gen-implies-exprs3($iden1,$iden2,$*iden4)Figure 22: The gen-onesteps generator fun
tion.
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importsvartable-syntaxoutput-syntax
ontainers/Set[Identifier℄exports
ontext-free syntax"generate-list" ( Variable-table ) -> OutputSet[[Identifier℄℄ -> LineFigure 23: Part of the syntax de�nitions of the gen-list module.equations%%%% export: generate-list(Variable-table) -> Output%%[gl-1℄ generate-list($vtable)=
onvert-to-lines(simplify-list(insert-vars(,variables($vtable),$vtable)))%%%% hidden: insert-vars(Set[[Identifier℄℄*,List[[Ast-variable℄℄,%% Variable-table) -> Set[[Identifier℄℄*%%[iv-1℄ insert-vars($*idset,[$avarlst1,$avar2,$avarlst3℄,$vtable)=insert-vars($*idset {get-iden1($avar2),get-iden2($avar2)},[$avarlst1,$avarlst3℄,$vtable)when is-true(get-var($vtable,$avar2))==true[default-iv℄ insert-vars($*idset,$values,$vtable)=$*idset%%%% hidden: simplify-list(Set[[Identifier℄℄*) -> Set[[Identifier℄℄*%%[sl-1℄ simplify-list($*idset1 $idset2 $*idset3 $idset4 $*idset5)=simplify-list($*idset1 $idset9 $*idset3 $*idset5)when {$idenlst1,$iden2,$idenlst3}:=$idset2,{$idenlst5,$iden2,$idenlst7}:=$idset4,$idset9:={$idenlst1,$iden2,$idenlst3,$idenlst5,$idenlst7}[default-sl℄ simplify-list($*idset)=$*idset%%%% hidden: 
onvert-to-lines(Set[[Identifier℄℄*) -> Line*%%[
tl-1℄ 
onvert-to-lines()=[
tl-2℄ 
onvert-to-lines($idset $*idset)=$idset 
onvert-to-lines($*idset)Figure 24: v8/gen-list.asf �le.31



Set[[Identifier℄℄* -> OutputIn this way, the output of simplify-list is immediately 
ompatible without 
onversion. Whilethis is true, it has the disadvantage that the empty output 
an now be written in two ways (as zeroLines, or as zero Set[[Identi�er℄℄s), and has be
ome ambiguous. That means that a 
ondition like`$output==' 
annot be used any more. Although it 
an be done in this way, it is easier to prevent theambiguity from happening. I therefore 
hose to make a single set a single line, and have a 
onversionfun
tion that 
onverts a list of sets to a list of lines.Hooking the generate-list fun
tion into the program is done by repla
ing the generation of aline with the variable table (in equations [se2-1℄ and [se2-2℄ in the solve-problem module) by a 
allto the fun
tion. (Do not forget to delete the syntax of the deleted line.)10 Next stepsA program is never 
omplete, and logisolve is no ex
eption.One of the things you 
an do is to do more refa
toring. For example, the 
ombination of theproblem and the variable table seem to belong together, yet they are two separate entities in theprogram.Expansion of the program 
an for example be done by allowing more 
omplex relations. A bigstep forwards would be to allow expressing relations like `Mary traveled longer than Elizabeth', or`the ti
ket for the trip to the zoo was two euro more expensive than the bill for diner'. You 
ouldalso try to 
over the authoring-side of these puzzles, that is, expand the program su
h that it 
anbe used to design these puzzles. Your �rst goal there may be 
lue-
he
king, whi
h answers questionslike `Can we drop some of the relations and still solve the puzzle?'.Another dire
tion is to try speeding up the program. The almost trivial step here is to try to
ompile the appli
ation (whi
h is a good exer
ise in itself). More diÆ
ult speedups 
an be foundin improving the used simpli�
ation algorithm. In the 
urrent implementation, we try rewriting allexpressions ea
h time. By adding additional information (for example, keep a list of used variableswith ea
h expression), you 
an skip rewrite attempts that are useless.Last but not least, you 
ould also try to atta
h a new ba
k-end to the program and generate theni
e graphi
al matri
es that normally 
ome with these puzzles.11 HistoryYou may ask, did I really solve the logi
-puzzle program in the way des
ribed above? Well, almost.Below, I will tell you some of the history.I did implement everything (ex
ept the pretty-output fun
tion) for the �rst time in a few dayswithout writing any do
umentation, saving the program sour
e after ea
h 
y
le in a separate dire
toryto allow me to work out afterwards what I did in ea
h 
y
le. Afterwards I re
onstru
ted the orderto be:After de�ning the input syntax (also Cy
le 1 here), I �rst implemented semanti
s 
he
king (Cy
le 3here) using the input format. I did in
lude the `basi
-relations' and `one-step-dedu
tions' primitivesimmediately (here introdu
ed in Cy
le 7). Then I realized I needed an AST format, so I took theboolean expressions from the library as data format, and implemented the 
onversion (Cy
le 2 here).During the 
onversion, I eliminated the `implies' and the `equal' operators (now part of Cy
le 5),be
ause I thought I would not need them again. After implementing the 
onversion I thought aboutrefa
toring the 
he
king 
ode to use the AST format but de
ided against it. Instead I introdu
ed thevariables just as in this do
ument (Cy
le 4 here). I knew that I needed the reasoning expressions,so before building the other simpli�
ations, I implemented the fun
tions that generate the reasoningexpressions (Cy
le 7 here) for the �rst time. Then I did the simpli�
ations (Cy
le 5) and the loop32



(Cy
le 6). After some experiments, I found that my reasoning expressions were not working so I�xed that by almost 
ompletely re-implementing them. I never got around to implementing thepretty-output fun
tion the �rst time.During this �rst attempt I dis
overed that performing semanti
s 
he
king in the input format wasnot a good idea, I should have done that using the AST format (like I des
ribe in this do
ument).The se
ond thing I dis
overed was during implementation of the reasoning expression generatorfun
tions. I dis
overed that I needed the `implies' and `equal' operators again, but I had no rewritefun
tion available for them at that point of the 
onversion to the AST format. As a result, in thisversion I have both operators available in the AST, along with their simpli�
ations. The third thingI dis
overed was that using the boolean expressions provided by meta as base for expressions in theAST was a bad 
hoi
e. I expe
ted to get a 
onsiderable advantage be
ause that module already
ontained a number of simpli�
ation equations. However, the advantage was less than I expe
ted.In the end the AST format for expressions was a big mess. As a result, in this version I de�ned myown expressions.Rather than using the original order in this do
ument and then having to explain all the messy
hanges that are really 
onfusing at �rst sight, I de
ided to implement everything for the se
ond timein parallel with writing this do
ument (although I should 
onfess that I have a number of s
ripts thatallow me to go ba
k in time and �x problems in earlier 
y
les without mu
h e�ort). I in
orporatedthe lessons I learned the �rst time to make it a less 
onfusing do
ument and in
rease the 
han
e thatyou understand what I am doing.That does not mean that the 
urrent implementation is ideal. If I were to re-implement theprogram again, I would probably do a number of things slightly di�erent. For example, maybe a`xor' operator would be a better 
hoi
e to express the reasoning expressions instead of the largeexpression at the end of Cy
le 6. Also, I am not sure that I made the right 
hoi
e for the refa
toringI explain in Cy
le 7 (where I add the new `basi
-relations' and `one-step-dedu
tions' primitives).Maybe they should have been be added from the beginning instead like I did in the �rst attempt.Referen
es[vdBK03℄ M.G.J. van den Brand and P. Klint. ASF+SDF Meta-Environment User Manual. Cen-trum voor Wiskunde en Informati
a (CWI), Kruislaan 413, 1098 SJ Amsterdam, TheNetherlands, September 2003. Revision 1.134.
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