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VorwortDas Kolloquium �uber Programmierspra
hen und Grundlagen der Programmierungsteht in der Tradition einer Reihe von Arbeitstagungen, die urspr�ungli
h von denFors
hungsgruppen unter der Leitung von F.L. Bauer (TU M�un
hen), K. Indermark(RWTH Aa
hen) und H. Langmaa
k (CAU Kiel) initiiert wurde und inzwis
henein breites Interesse gefunden hat. Anfang Oktober 2001 fand es zum elften Malstatt und wurde vom Lehrstuhl f�ur Informatik II der RWTH Aa
hen ausgeri
htet.Veranstaltungsort war das Hotel Paulushof in Simmerath{Rurberg am Rursee in derEifel.Die folgende Liste gibt eine �Ubersi
ht der vorherigen Tagungsorte sowie der je-weiligen Veranstalter:1980: Tannenfelde bei Neum�unster (Universit�at Kiel)1982: Altenahr (RWTH Aa
hen)1985: Passau (Universit�at Passau)1987: Midlum auf F�ohr (Universit�at Kiel)1989: Hirs
hegg im Kleinwalsertal (Universit�at Augsburg)1992: Rothenberge bei Steinfurt (Universit�at M�unster)1993: Barbarah�utte auf der Kreuze
kalm, bei Garmis
h-Partenkir
hen (Universit�atder Bundeswehr M�un
hen)1995: Alt{Rei
henau im Bayeris
hen Wald (Universit�at Passau)1997: Avendorf auf Fehmarn (Universit�at Kiel)1999: Kir
hhundem{Heinsberg im Rothaargebirge (FernUniversit�at Hagen)In diesem Jahr trafen si
h 44 Informatikerinnen und Informatiker von den Uni-versit�aten Augsburg, Dortmund, Freiburg, Kiel, K�oln, M�unster, Ulm, der RWTHAa
hen, den Te
hnis
hen Universit�aten Berlin, Dresden und M�un
hen, der FernUni-versit�at Hagen, der Medizinis
hen Universit�at L�ube
k und der Universit�at der Bun-deswehr M�un
hen. Der vorliegende Beri
ht enth�alt die Vortragsausarbeitungen derTeilnehmer.Der herzli
he Dank der Organisatoren geb�uhrt allen Vortragenden und Teilneh-mern f�ur ihre Beitr�age in Wort und S
hrift. Frau Elke Ohlenforst und Herrn ArndGehrmann sowie den �ubrigen Mitarbeitern des Lehrstuhls f�ur Informatik II dankenwir f�ur die Mithilfe bei der Planung und Dur
hf�uhrung des Kolloquiums.W�ahrend der Veranstaltung hat si
h dankenswerterweise Herr Prof. Peter Thie-mann von der Universit�at Freiburg bereiterkl�art, das n�a
hste Kolloquium im Jahr2003 auszuri
hten.Aa
hen, Klaus IndermarkDezember 2001 Thomas Noll
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Untersu
hungen von Algorithmen f�ur transitiveReduktionen und minimale �AquivalenzgraphenRudolf Berghammer, Thorsten Ho�mann und Christian KasperInstitut f�ur Informatik und Praktis
he MathematikChristian-Albre
hts-Universit�at zu KielOlshausenstra�e 40, D-24098 Kiel1 EinleitungViele Problemstellungen der Informatik lassen si
h abstrahieren und mit Mitteln an-derer Disziplinen wie beispielsweise der Graphentheorie l�osen. So k�onnen z.B. dasFinden von Abh�angigkeiten in Datenbanken oder Inkonsistenzen in Ablaufpl�anendur
h geeignete Abstraktion auf einfa
he Weise als Errei
hbarkeitsprobleme f�ur ge-ri
hteten Graphen formuliert werden. Zu einem geri
hteten Graphen g = (V;R)mit Knotenmenge V und Pfeilrelation R kann diese Errei
hbarkeitsinformation ander re
exiv-transitiven H�ulle R� abgelesen werden. Im folgenden werden wir vielegraphentheoretis
he Sa
hverhalte mit Hilfe von relationenalgebrais
hen Formeln be-s
hreiben. Wir gehen daher davon aus, da� der Leser mit den grundlegenden Opera-tionen auf Relationen, wie Vereinigung (R[S), Dur
hs
hnitt (R\S), Negation (R ),Transposition (RT) und Produkt (RS) vertraut ist. Eine gute Einf�uhrung in diesesThemengebiet bietet das Bu
h [4℄. Unser Ziel besteht nun darin, einen Teilgraphenh = (V; S) von g zu �nden, dessen Pfeilrelation S m�ogli
hst wenig Eintr�age enth�altund dessen re
exiv-transitive H�ulle mit der von g �ubereinstimmt. Auf diese Weiseenth�alt h dieselbe Errei
hbarkeitsinformation wie g, wobei jedo
h weniger Platz zurSpei
herung von h ben�otigt wird. Einen Teilgraphen h = (V; S) von g mit anzahlmi-nimaler Pfeilrelation S, so da� R� = S� gilt, bezei
hnet man als minimalen �Aquiva-lenzgraphen von g. Da die Bere
hnung eines sol
hen minimalen �Aquivalenzgraphenein NP-hartes Problem ist, k�onnen wir ni
ht erwarten, einen eÆzienten Algorithmusf�ur die L�osung dieses Problems zu �nden. Stattdessen bes
h�aftigen wir uns mit derApproximation von minimalen �Aquivalenzgraphen, indem wir Teilgraphen h = (V; S)von g betra
hten, so da� S eine inklusionsminimale Teilmenge von R mit der Eigen-s
haft R� = S� ist. Sol
he Teilgraphen bezei
hnen wir als transitive Reduktionen vong. Diese sind zwar im allgemeinen ni
ht eindeutig und au
h ni
ht anzahlminimal,lassen si
h daf�ur aber eÆzient bere
hnen, was wir im folgenden zeigen werden. Wirstellen zun�a
hst in Abs
hnitt 2 ein generis
hes Minimierungsverfahren vor, das wir inAbs
hnitt 3 dur
h geeignete Instantiierung zur Bere
hnung von transitiven Reduk-tionen stark zusammenh�angender Graphen verwenden. Die Eins
hr�ankung auf dieseArt von Graphen ist dadur
h gere
htfertigt, da� si
h eine transitive Reduktion einesbeliebigen Graphen aus den transitiven Reduktionen der starken Zusammenhangs-komponenten und des kreisfreien reduzierten Graphen, in dem jeder Knoten einerstarken Zusammenhangskomponente entspri
ht, zusammensetzen l�a�t, was in [3℄ ge-zeigt wurde.



2 Rudolf Berghammer, Thorsten Ho�mann, Christian Kasper2 Ein generis
hes MinimierungsverfahrenDie Bere
hnung einer transitiven Reduktion stellt einen Spezialfall eines allgemeinenMinimierungsproblems dar, n�amli
h zu einer Menge M , einem Pr�adikat P auf derPotenzmenge 2M und einem Element R dieser Potenzmenge eine inklusionsminimaleTeilmenge von R zu bere
hnen, die P erf�ullt. Na
hfolgend geben wir einen Algorith-mus zur L�osung dieses allgemeineren Problems an, wobei wir voraussetzen, da� dasPr�adikat P na
h oben vererbend ist, d.h. f�ur alle X;Y 2 2M gilt: Aus X � Y undP(X) folgt P(Y ). Die Na
hbedingung kann nun wie folgt formuliert werden, wobeiwir die Variable A dazu verwenden, das Resultat abzuspei
hern:post(R;A) () P(A) ^ A � R ^ 8X 2 2A : P(X)) X = ADur
h Generalisierung der Na
hbedingung und Einf�uhrung einer neuen Variable Bgelangt man zu folgender Invariante:inv (R;A;B) () P(A) ^ A � R ^ B � A ^ 8x 2 A nB : :P(A n fxg)Setzen wir als Vorbedingung voraus, da� R das Pr�adikat P erf�ullt, so erh�alt mandur
h Programmentwi
klung mit Hilfe der Invariantente
hnik na
hfolgendes while-Programm, wobei dur
h die Operation elem(B) ein Element aus B ausgew�ahlt wird:Minimum(R)DECL S; A; B; bBEG A;B := S; S;WHILE B 6= ; DOb := elem(B);IF P(A n fbg) THEN A;B := A n fbg; B n fbgELSE B := B n fbg FI ODRETURN AEND :Dieses Programm verwenden wir im n�a
hsten Abs
hnitt als Grundger�ust, umtransitive Reduktionen von stark zusammenh�angenden Graphen zu bere
hnen.3 Bere
hnung transitiver ReduktionenZiel dieses Abs
hnitts ist es, ein eÆzientes Programm zur Bere
hnung einer transi-tiven Reduktion stark zusammenh�angender Graphen vorzustellen. Daf�ur setzen wirf�ur den Rest des Abs
hnitts einen stark zusammenh�angender Graphen g = (V;R)voraus, wobei der starke Zusammenhang dur
h die Formel R� = L bes
hrieben wird.Das Pr�adikat P de�nieren wir nun auf der Menge aller homogenen Relationen aufV dur
h P(X) =̂ X� = L. Dieses Pr�adikat ist trivialerweise na
h oben vererbend, soda� das Programm Minimum aus dem letzten Abs
hnitt mit dieser Instantiierungeine transitive Reduktion von g bere
hnet. Die Laufzeit des Programms h�angt im we-sentli
hen von zwei Faktoren ab. Zum einen von der Anzahl der S
hleifendur
hl�aufeund zum anderen von der EÆzienz der Pr�adikatauswertung innerhalb der S
hleife.Um die Anzahl der S
hleifendur
hl�aufe zu verringern, ers
heint es sinnvoll, eine Vor-bere
hnung dur
hzuf�uhren, so da� A und B mit einer Relation S initialisiert werden,die in R enthalten ist, ebenfalls S� = L erf�ullt und weniger Eintr�age als R enth�alt.



Algorithmen f�ur transitive Reduktionen und minimale �Aquivalenzgraphen 3Zu diesem Zwe
k f�uhren wir den Begri� des geri
hteten Baumes ein. Gegeben seieneine homogene Relation T und ein Punkt r. Dann hei�t T ein geri
hteter Baum mitWurzel r, falls rL � T �, TTT � I und T+ � I gilt. Das na
hfolgende Lemma zeigt,wie man nun im Fall R� = L aus zwei in R bzw. RT enthaltenen geri
hteten B�aumenmit glei
her Wurzel eine Relation S gewinnen kann, die in R enthalten ist und S� = Lerf�ullt.Lemma 1. Sind T1 und T2 zwei geri
htete B�aume mit glei
her Wurzel r und geltenT1 � R und T2 � RT, so gelten au
h T1 [ T2T � R und (T1 [ T2T)� = L.Initialisieren wir A und B mit einem sol
hen S so verringert si
h die Anzahl derS
hleifendur
hl�aufe von maximal jV j2 auf h�o
hstens 2 � jV j � 2.Eine weitere Laufzeitverbesserung kann errei
ht werden, indem wir das Pr�adikatP dur
h ein anderes Pr�adikat Q ersetzen, das eÆzienter ausgewertet werden kann.Wir fordern f�ur Q die �Aquivalenz P(A n fbg) () P(A) ^ Q(A; b). Setzen wir nunQ(A; b) =̂ b � (A \ b )�, so lautet die obige �Aquivalenz (A \ b )� = L () A� =L ^ b � (A \ b )�. Da A� = L laut Invariante gilt, k�onnen wir folgli
h in dem Kondi-tional P(A n fbg) dur
h Q(A; b) ersetzen. Auf diese Weise wird der Test auf starkenZusammenhang dur
h einen Errei
hbarkeitstest ersetzt, wodur
h der Aufwand f�urdie Pr�adikatauswertung von O(jV j3) auf O(jV j) sinkt.Insgesamt erhalten wir dur
h diese Modi�kationen das na
hfolgende relationaleProgramm: TransRed(R)DECL S; A; B; b; rBEG r := point(L);S := Tree1(R; r) [ Tree2(RT; r)T;A;B := S; S;WHILE B 6= O DOb := atom(B);IF b � (A \ b )� THEN A;B := A \ b ; B \ bELSE B := B \ b FI ODRETURN AEND :Die Operationen point bzw. atom w�ahlen aus einem ni
ht leeren Vektor bzw.einer ni
ht leeren Relation einen beliebigen Eintrag aus, und die Programme Tree1und Tree2 dienen der Bere
hnung der B�aume T1 und T2 aus Lemma 1. W�ahlen wirf�ur diese Programme Standardalgorithmen wie Breiten- oder Tiefensu
he, so betr�agtder Aufwand f�ur die Vorbere
hnung O(jV j2). Dur
h diese Vorbere
hnung wird dieS
hleife weniger als jV j mal dur
hlaufen, und die Pr�adikatauswertung ist ebenfalls inLaufzeit O(jV j) m�ogli
h, so da� si
h dieses Programm in einer Programmierspra
hewie C oder Pas
al insgesamt in Laufzeit O(jV j2) realisieren l�a�t.Interessant f�ur die Praxis sind transitive Reduktionen mit m�ogli
hst wenig Pfei-len, da sie platzsparend gespei
hert werden k�onnen und dieselben Errei
hbarkeitsin-formationen beinhalten wie der urspr�ungli
he Graph. Aufgrund der Vorbere
hnungenth�alt eine mit dem obigen Programm bere
hnete transitive Reduktion h�o
hstens2 � jV j � 2 Pfeile und mindestens jV j Pfeile, was dann genau einem Hamiltons
henKreis entspri
ht. Dur
h Verwendung vers
hiedener Baumalgorithmen f�ur Tree1 undTree2 gelangt man zu sehr unters
hiedli
hen Ergebnissen, wie die na
hfolgende Gra�k



4 Rudolf Berghammer, Thorsten Ho�mann, Christian Kasperzeigt. Dabei haben wir zuf�allig erzeugte Graphen mit 500 Knoten untersu
ht und diePfeildi
hte variiert. F�ur die Baumalgorithmen haben wir Breiten- und Tiefensu
he inden vier m�ogli
hen Kombinationen verwendet, wobei folgendes Diagramm entstan-den ist, bei dem die Pfeildi
hte auf der x-A
hse aufgetragen ist, und die Anzahl derKnoten den Markierungen der y-A
hse entspri
ht:
5006007008009001000
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........ ....
.............................................................................. ............. ............. BFS/BFSDFS/DFS BFS/DFSDFS/BFSDieses Ergebnis mag auf den ersten Bli
k �uberras
hend ers
heinen, l�a�t si
h aberlei
ht erkl�aren. Dur
h die Vorbere
hnung mit den beiden Baumalgorithmen erhaltenwir zun�a
hst dur
h Tree1(R; r) Pfade von der Wurzel r zu jedem �ubrigen Knoten vong. Mit Hilfe von Tree2(RT; r)T werden Pfade von jedem von r vers
hiedenen Kno-ten zu r bere
hnet. Insgesamt besteht S folgli
h aus einer Vereinigung von Kreisen.Verwenden wir f�ur die Vorbere
hnung zweimal die Breitensu
he, so besteht S ausvielen kleinen Kreisen, bei denen mit zunehmender Di
hte des Graphen g wenigerPfeile aus S entfernt werden k�onnen, ohne den starken Zusammenhang zu verlieren,was zu dem im Diagramm si
htbaren s
hle
hten Ergebnis f�uhrt. Dur
h zweimaligesAnwenden der Tiefensu
he gelangt man bei geringer Di
hte no
h zu gro�en Krei-sen und somit zu re
ht guten Ergebnissen, aber bei zunehmender Di
hte besitzenT1 und T2 mehr gemeinsame Knoten, was die Kreise wiederum verkleinert und sodas Ergebnis vers
hle
htert. Sehr gute Resultate k�onnen mit einer Kombination ausBreiten- und Tiefensu
he erzielt werden, unabh�angig von der Di
hte des Graphen.Dies liegt darin begr�undet, da� dur
h die Tiefensu
he lange Pfade von der Wurzel rzu jedem anderen Knoten von g bere
hnet werden, w�ahrend dur
h die Breitensu
hevon diesen Knoten aus der Kreis zur Wurzel mit sehr wenig Pfeilen ges
hlossen wird.Insgesamt lassen si
h auf diese Weise in der Praxis Ergebnisse bere
hnen, die sehrnahe am Optimum liegen, au
h wenn dieses Programm nur eine theoretis
he G�utevon 2 hat, d.h. wenn eine optimale L�osung (ein minimaler �Aquivalenzgraph) mit nPfeilen exisiert, k�onnen wir eine Approximation bere
hnen, die maximal 2 � n � 2Pfeile enth�alt.In der Literatur (vgl. [2℄) �ndet man einen weiteren Algorithmus zur Approxima-tion eines minimalen �Aquivalenzgraphen, der in nahezu linearer Laufzeit, bezogenauf die Pfeilanzahl, eine sol
he Approximation mit G�ute 1,75 bere
hnet. Allerdingshaben praktis
he Tests gezeigt, da� die bere
hneten Ergebnisse im allgemeinen kei-ne transitiven Reduktionen sind und anderthalb mal mehr Pfeile enthalten als eineoptimale L�osung. Um nun die bessere theoretis
he G�ute dieses Verfahrens und dieguten praktis
hen Resultate von unserem Algorithmus auszunutzen, bietet si
h eineKombination beider Verfahren an. Verwenden wir diesen Algorithmus f�ur die Vor-bere
hnung in unserem Programm, so verbessern wir die G�ute von 2 auf 1,75 undbehalten glei
hzeitig die guten praktis
hen Ergebnisse bei.



Algorithmen f�ur transitive Reduktionen und minimale �Aquivalenzgraphen 54 ZusammenfassungIn diesem Artikel haben wir ein generis
hes Programm zur Bere
hnung inklusions-minimaler Teilmengen vorgestellt. Dur
h geeignete Instantiierung kann dieses Pro-gramm dazu verwendet werden, auf einfa
he Weise transitive Reduktionen stark zu-sammenh�angender Graphen zu bere
hnen. Zu diesem Zwe
k werden in einer Vorbere-
hungsphase zwei Baumalgorithmen verwendet, bei der die Kombination aus Tiefen-und Breitensu
he zu sehr guten praktis
hen Ergebnissen f�uhrt, die im Dur
hs
hnittnur um wenige Pfeile von einer optimalen L�osung abwei
hen. Allerdings ist die theo-retis
he G�ute des Verfahrens 2, kann aber dur
h eine neue Vorbere
hnungsphase, inder ein Programm (siehe [2℄) zur Approximation eines minimalen �Aquivalenzgraphenverwendet wird, auf 1,75 verringert werden.Literatur1. C. Kasper. Untersu
hungen von Algorithmen f�ur transitive Reduktionen und minimale�Aquivalenzgraphen. Diplomarbeit, Institut f�ur Informatik und Praktis
he Mathematik,Christian-Albre
hts-Universit�at zu Kiel (2001).2. S. Khuller, B. Raghava
hari, N. Young. Approximating the minimum equivalent di-graph. SIAM Journal on Computing 24(4) (1995).3. H. Noltemeier. Reduktion von Pr�azedenzstrukturen. Zeits
hrift f�ur Operations Resear
h20. Physi
a-Verlag (1976).4. G. S
hmidt, T. Str�ohlein. Relations and Graphs. Dis
rete Mathemati
s for ComputerS
ientists, EATCS Monographs on Theoret. Comput. S
i. Springer (1993).





Algebrai
 Data Stru
ture Re�nement with theL�ube
k Transformation SystemWalter Dos
h and S�onke MagnussenInstitute for Software Te
hnology and Programming LanguagesMedi
al University of L�ube
kRatzeburger Allee 160, D{23538 L�ube
k, Germany{dos
h|magnussen}�isp.mu-luebe
k.deAbstra
t We des
ribe the re�nement of data stru
tures using the L�ube
k TransformationSystem as a tool for manipulating algebrai
 spe
i�
ations. Apart from two simple re�ne-ment steps, we present algebrai
 implementations as a 
omplex re�nement step based onabstra
tion and representation fun
tions. We provide suÆ
ient synta
ti
 
riteria ensuringthe soundness of the transformations. We des
ribe the user intera
tion within the life 
y
leof a spe
i�
ation in the transformation system.1 Introdu
tionFormal methods o�er a se
ure development pro
ess for software and hardware sys-tems. In the transformational approa
h [7℄ a behavioural spe
i�
ation is systemati-
ally re�ned to an eÆ
ient implementation following sound transformation rules. Thederived program is 
orre
t by 
onstru
tion without a posteriori veri�
ation. Sin
e theformal derivation turns out to be a 
omplex task, transformation systems [2℄ assistthe programmer with various degrees of intera
tion. As standard servi
es, they of-fer the safe manipulation of spe
i�
ations following elementary transformation rules.Advan
ed transformation systems also support larger transformation steps where theuser intera
tion is restri
ted to the essential design de
isions. Chaining wide-spannedtransformations results in 
ompa
t derivations with a high degree of me
hanization.In this paper, we des
ribe the re�nement of data stru
tures [3,8℄ as supported bythe L�ube
k Transformation System. The system analyses and transforms higher or-der equational spe
i�
ations using various logi
 and algebrai
 rules. Apart from twosimple re�nement steps, we study the tool support for algebrai
 implementations as a
omplex re�nement step. For the semanti
 re�nement relation, we provide suÆ
ientsynta
ti
 
riteria whi
h 
an be 
he
ked by analysis algorithms. The algebrai
 imple-mentation is des
ribed using an abstra
tion and a representation fun
tion. Given analgorithmi
 des
ription for them, the system attempts to synthesize the fun
tionsoperating on the re�ned sort. The appli
ation 
onditions ensuring the soundness ofthe re�nement step are inserted into the theory as proof obligations. The user inter-a
tion for performing the re�nement steps arises from the life 
y
le a spe
i�
ationundergoes in the transformation system.2 Theoreti
al Ba
kgroundAs spe
i�
ation language we use algebrai
 spe
i�
ations with loose 
onstru
tor gen-erated semanti
s [13℄ . The theory is extended to higher order sorts and higher orderterms for expressing advan
ed 
on
epts of fun
tional programming. The approa
h,
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h, S�onke Magnussensimilar to [10℄ , additionally imposes a generation 
onstraint for sorts to supportthe 
onstru
tor based de�nition of data types. We also dis
riminate basi
 sorts andderived sorts.The re�nement of a spe
i�
ation enri
hes its signature while retaining the prop-erties of its models. The re�nement relation between spe
i�
ations requires that allmodels of the original spe
i�
ation 
an be retrieved as subalgebras from the models ofthe re�ned spe
i�
ation. This notion of re�nement generalizes the usual model in
lu-sion to 
apture 
exible transformations between data stru
tures. Simple re�nementsteps are, among others, the enri
hment of the signature, the addition of axioms,term rewriting, and indu
tion.3 The L�ube
k Transformation SystemThe L�ube
k Transformation System LTS supports the stepwise re�nement of alge-brai
 spe
i�
ations [6℄ . The derivations head for algorithmi
 spe
i�
ations whi
h 
anbe 
ompiled into SML 
ode. This se
tion presents an overview of LTS surveying thelife 
y
le of a spe
i�
ation and the re�nement steps.3.1 Life
y
le of a Spe
i�
ationSpe
i�
ations exhibit a 
hara
teristi
 life 
y
le when they are transformed. After aspe
i�
ation has been loaded, it resides in the system and is ready for transformationand 
ode generation; its life 
y
le is illustrated in Fig. 1 .Analysis After parsing and 
ontext 
he
king, the spe
i�
ation is analysed inorder to inform the user about desirable or 
riti
al properties. LTS 
he
ks for ea
hfun
tion symbol whether the de�ning axioms are algorithmi
 and 
omplete. Orient-ing the equations from left to right, LTS tests 
on
uen
e and termination of theresulting rewrite system. The system investigates further properties of the spe
i�
a-tion that are important for the subsequent development or its 
ompilation into SML
ode. These properties assist the programmer in making future design de
isions orin revising previous transformation steps.Intera
tion The user starts a re�nement pro
ess by sele
ting one of the loadedspe
i�
ations as the a
tive spe
i�
ation. The system enters the spe
i�
ation modewhi
h allows the re�nement of entire spe
i�
ations. LTS also o�ers a �ne tuningmode for transforming single axioms. The start axiom is a logi
al 
onsequen
e of thederived axioms; the entire spe
i�
ation is re�ned by repla
ing the start axiom bythe derived axioms. After ea
h re�nement step, the spe
i�
ation is analysed anew toupdate its properties.The user �nishes the transformation pro
ess of a spe
i�
ation by inserting the re-�ned version into the 
olle
tion of loaded spe
i�
ations repla
ing the original version.Algorithmi
 spe
i�
ations 
an be 
ompiled into SML 
ode.3.2 TransformationsThe user re�nes a spe
i�
ation by invoking sound transformations of di�erent gran-ularity.In the spe
i�
ation mode, the transformations 
on
ern entire spe
i�
ations. El-ementary steps are, among others, the extension of the signature and the addition
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fine tuning

refined

checkin_spec

gen_code

start_task

spec
refinement

checkin_task
small
steps

start_refinement

analyse

active
analyse

usable Figure 1. Life 
y
le of a spe
i�
ationof axioms; dropping an axiom 
auses a proof obligation. Complex steps with wide-spanning transformations e�e
t major 
hanges to the entire spe
i�
ation. Here LTSsupports the fold/unfold paradigm of re
ursive fun
tions and the fusion for 
atamor-phisms [5℄ .In the �ne tuning mode, the transformations refer to single axioms; elementarysteps 
omprise rewriting, indu
tion, generalization and simpli�
ation.4 Re�nement of Data Stru
turesIn this se
tion we survey the basi
 requirements for the re�nement of data stru
turesand study the tool support for various re�nement transformations.4.1 Basi
 RequirementsWhen re�ning a data stru
ture, we realise an abstra
t sort by a derived sort. There�nement embeds the 
arrier set of the abstra
t sort into the 
arrier set of thederived sort. The transformation must not 
hange the behaviour of the 
orrespond-ing operations operating on the abstra
t and derived sort. Therefore we 
onstrainthe embedding by a \subalgebra 
ondition" 
laiming that all models of the re�nedspe
i�
ation possess subalgebras in the models of the original spe
i�
ation.The embedding 
an be des
ribed by a representation fun
tion mapping ea
helement of the abstra
t 
arrier to an element of the derived 
arrier. Vi
e versa, anabstra
tion fun
tion maps ea
h element of the derived 
arrier to an element of theabstra
t 
arrier. The 
ommuting diagram in Fig. 2 shows the abstra
t sort s
 , thederived sort se , the representation fun
tion repr , the abstra
tion fun
tion abstr ,and an inner operation fold on the abstra
t sort s
 . The indu
ed operation f on thederived sort must validate the equation abstr Æ f = fold Æ abstr .4.2 Enri
hing the Set of Constru
torsThe signature of a spe
i�
ation 
an be enri
hed by adding a fun
tion symbol tothe familiy of 
onstru
tors. The 
onstru
tors generate the 
arriers of the models.So an enri
hment of the 
onstru
tor family will enlarge the 
arriers of the original
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 fold���������! s
repr???yx???abstr repr???yx???abstrse f����������! seFigure 2. Algebrai
 implementationspe
i�
ation. This embedding is a sound re�nement step if it validates the subalgebra
ondition. LTS demands that all non-
onstru
tors leading into the re�ned sort are
ompletely de�ned by the axioms of the spe
i�
ation. This 
ondition 
an be 
he
kedby the analysis algorithms of the system using su�
ient synta
ti
al 
riteria.4.3 Redu
ing the Set of Constru
torsThe signature of a spe
i�
ation 
an be redu
ed by removing a fun
tion symbol fromthe family of 
onstru
tors. In general, this will redu
e the 
arriers of the originalspe
i�
ation. Therefore this transformation does in general not form an embeddingas imposed by the basi
 requirements. If the generation of the 
arriers does notdepend on the dropped 
onstru
tor symbol, the transformation is 
orre
t. Again this
ondition 
an by 
he
ked by the analysis algorithms of LTS using su�
ient synta
ti
al
riteria.4.4 Algebrai
 ImplementationsA quite general approa
h to the re�nement of data stru
tures is des
ribed by theprin
iple of algebrai
 implementation. In this re�nement step, a 
onstru
tor sortof the spe
i�
ation is embedded into a derived sort, and all a�e
ted operations aretransformed 
orrespondingly. In the sequel, we des
ribe the transformations realisingthis 
omplex re�nement step.Modi�
ations and Enri
hments For simpli
ity, we assume in this paragraph thatexa
tly one fun
tion symbol f operates on the 
onstru
tor sort s
 . To avoid name
lashes, the signature is 
hanged renaming the 
onstru
tor sort s
 into s
old andthe operation f into fold . Then the signature is enri
hed by the fun
tion symbolf operating on the derived sort, and the spe
i�
ation is extended by the axiom(abstr Æ repr)(x) = x to gain an inje
tive embedding. The re�ned operation is looselyde�ned by the equation abstr Æ f = fold Æ abstr . The subalgebra property is enfor
edby the equation f Æ repr = repr Æ fold .The pro
edure for an algebrai
 implementation in LTS 
omprises �ve major userintera
tions.Preparation First the user may enri
h the signature or the axioms of the spe
-i�
ation in order to obtain all relevant 
onstituents and properties needed for theembedding.Generating the New Spe
i�
ation After invoking the 
ommand for an algebrai
implementation, LTS automati
ally renames the a
tive spe
i�
ation, enlarges thesignature and inserts the required axioms. These modi�
ations establish a soundre�nement step, sin
e the appli
ation 
onditions are expli
itly imposed as axioms.The representation and abstra
tion fun
tions are just inserted into the signaturepostponing their axiomati
 de�nition.
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ture Re�nement with LTS 11Putting the Embedding in Con
rete Form The user 
an now insert algorithmi
de�nitions of the representation and the abstra
tion fun
tions to �x the 
on
reteembedding.Automati
 Derivation of the Operations The system provides a strategy forautomati
ally deriving algorithmi
 de�nitions for the new operations using the algo-rithmi
 de�nitions of the representation and abstra
tion fun
tions. The strategy �rstperforms a 
omplete 
ase analysis on the argument of the abstra
tion fun
tion. Thenit attempts to rewrite the right-hand side into a term with the abstra
tion fun
tionas outermost fun
tion symbol.Manual Completion When the strategy fails, the user 
an manually 
ompletethe derivation introdu
ing additional design de
isions or proving suitable proposi-tions. Moreover, the equations arising from the subalgebra 
ondition 
onstitute proofobligations to be handled by the user.5 Con
lusionIn the meanwhile, the 
omputer aided synthesis of programs from spe
i�
ations hasa long history. The transformation system [4℄ supported fold and unfold transforma-tions using �rst order equations for re
ursively de�ned fun
tions. The CIP system [1℄dealt with the wide-spe
trum language CIP-L supporting a large variety of transfor-mations. A more generi
 approa
h is implemented by the TAS system [9℄ based onthe Isabelle theorem prover [11℄ . The sophisti
ated user interfa
e follows the prin
ipleof dire
t manipulation. The KIDS system [12℄ me
hanises the synthesis of softwareusing a knowledge base of algorithmi
 design prin
iples.The L�ube
k Transformation System LTS was designed at the Institute for Soft-ware Te
hnology and Programming Languages sin
e 1998 and is still under develop-ment. The system is 
ompletely written in SML using the top-level environment ofMos
ow ML as user interfa
e. The system 
ombines the synta
ti
 analysis of spe
i�-
ations with a transformation engine to provide wide-spanning transformation stepslike data stru
ture re�nements or fusion. This leads to 
ompa
t derivations showingthe essential design de
isions. Future work will 
omplete the prototype implementa-tion and pro
eed with a JAVA front-end as graphi
al user interfa
e.Referen
es1. F.L. Bauer, H. Ehler, A. Hors
h, B. M�oller, H. Parts
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ien
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Zuf�allig erzeugte BDDs: Algorithmen undAnwendungenUlf MilaneseInstitut f�ur Informatik und Praktis
he Mathematik,Christian-Albre
hts-Universit�at zu KielZusammenfassung Wir skizzieren, wie endli
he Relationen mit Hilfe von reduzierten,geordneten bin�aren Ents
heidungsdiagrammen (ROBDDs) repr�asentiert werden k�onnen.Dana
h pr�asentieren wir zwei Algorithmen zur Erzeugung zuf�alliger ROBDDs sowie Kom-plexit�atsabs
h�atzungen und Verfeinerungen f�ur diese Algorithmen. Abs
hlie�end geben wirzwei Beispielanwendungen f�ur die Anwendung zuf�allig erzeugter ROBDDs an.1 MotivationReduzierte, geordnete bin�are Ents
heidungsdiagramme (Redu
ed Ordered Binary De-
ision Diagrams, kurz ROBDDs) �nden seit Mitte der 80er Jahre verst�arkt An-wendungen in der Informatik [3℄. Beispielsweise werden in der Hardwareveri�kati-on S
haltungen dur
h Zustands�ubergangsrelationen repr�asentiert, die aufgrund ihrerGr�o�e intern nur als ROBDDs gespei
hert werden k�onnen [4℄. Dasselbe gilt f�ur auto-matentheoretis
he Anwendungen, die in der Lage sind, mit sehr gro�en Automatenzu re
hnen [8℄. F�ur diese Anwendungen ist nur eine relativ kleine Menge von rela-tionalen Operationen implementiert worden. So werden f�ur die Hardwareveri�kationau�er der Darstellung einer Menge von Start- und Fehlerzust�anden nur no
h dieKomposition eines Vektors mit einer Relation, der S
hnitt zweier Vektoren und derTest auf Leerheit ben�otigt.Das Programm RelView [1℄ wurde mit der Absi
ht entwi
kelt, die Operatio-nen der Relationenalgebra f�ur beliebige Relationen zur Verf�ugung zu stellen, damitrelationale Programme �uber der Datenstruktur der Relationen ausgewertet werdenk�onnen. Dabei werden im aktuellenRelView-System Relationen intern als ROBDDsgespei
hert [9℄. Als Beispiele f�ur relationale Programme seien hier unter anderem�Aquivalenztest, Bisimulation und Zustandsreduzierung von Transitionsrelationssy-stemen genannt [2℄.Die Erstellung von relationalen Programmen erfordert neben der �ubli
hen Pro-grammveri�kation (auf die in dieser Arbeit ni
ht eingegangen wird) au
h die Dur
h-f�uhrung von Testl�aufen. Daf�ur werden zuf�allige Testrelationen ben�otigt. Leider be-stehen ROBDDs aus stark vernetzten Strukturen, die ni
ht zuf�allig zusammengesetztwerden k�onnen. Die Erzeugung einer zuf�alligen Relation mit einer anderen Daten-struktur und die ans
hlie�ende Umwandlung in ein ROBDD haben si
h aber in Testsals zu zeitaufw�andig erwiesen. Aus diesem Grund war es erforderli
h, Algorithmenf�ur die zuf�allige Erzeugung von ROBDDs zu entwi
keln.2 Bin�are Ents
heidungsdiagrammeIn dieser Arbeit ist ni
ht der Platz vorhanden, um eine umfassende �Ubersi
ht �uberBDDs zu geben. Es gen�ugt f�ur das weitere Verst�andnis zu wissen, dass ROBDDs



14 Ulf Milanesezur Repr�asentation von Booles
hen Funktionen benutzt werden. Dur
h die Verwen-dung einer Variablenordnung und der Anwendung von Reduktionsregeln ist dieseDatenstruktur eine sehr kompakte und spei
herplatzsparende Darstellung f�ur sol
heFunktionen. Die Booles
hen Konstanten true und false werden in einer graphi-s
hen Darstellung von ROBDDs als Knoten mit Bes
hriftungen 1 und 0 dargestellt.F�ur weitere Details siehe [10℄.Die Gr�o�e von zuf�alligen ROBDDs gibt C. Gr�opl an [5℄. In seiner Arbeit werdenaber keine Verfahren zur eÆzienten Erzeugung angegeben, sondern nur Erwartungs-werte f�ur die Gr�o�e sol
her Diagramme genannt.3 Darstellung einer Relation als ROBDDEs wird vorausgesetzt, dass der Leser mit den Grundbegri�en der Relationenalgebravertraut ist, wie sie z.B. in [11℄ angegeben werden. Eine ausf�uhrli
he Bes
hreibung,wie Relationen als ROBDDs repr�asentiert werden k�onnen, �ndet si
h in [9℄. Hier solldies an einem kleinen Beispiel illustriert werden.Wir betra
hten zwei Mengen X = fa; b; 
; dg und Y = fr; sg. Eine Relation R :X $ Y;R = f(a; r); (
; r); (
; s)g wird in RelView graphis
h wie folgt dargestellt:PSfrag repla
ementsab
d r s
00
01
10
11

0 1
PSfrag repla
ementsab
drsIm re
hten Bild sind die Elemente des Vor- und Na
hberei
hs von R dur
h bin�areKodierungen ersetzt worden.Die Charakteristis
he Funktion �R : X � Y ! B von R und bin�are Kodierungen
1 : X ! B2 und 
2 : Y ! B liefern eine Booles
he Funktion fR : B2 � B ! B,so dass gilt: fR(x1; x2; y1) = �R(
�11 (x1; x2); 
�12 (y1)). Damit kann jede erf�ullendeBelegung der Funktion fR dur
h ein Element der Relation R interpretiert werden,denn es ergibt si
h fR(x1; x2; y1) = (x1 ^ x2 ^ y1) _ (x1 ^ x2 ^ y1) _ (x1 ^ x2 ^ y1).Wenn als Variablenordnung x1 < x2 < y1 gew�ahlt wird, erhalten wir das folgendeROBDD:

1 0

PSfrag repla
ements x1 x2x2y1
Die Repr�asentation von Relationen auf diese Weise bedingt, dass ein ROBDDni
ht eindeutig eine einzige Relation darstellt. Au�erdem liefert diese Konstruktionim allgemeinen nur partielle Booles
he Funktionen, falls Vor- oder Na
hberei
h ei-ner Relation ni
ht exakt als M�a
htigkeiten Zweierpotenzen besitzen. Diese Probleme



Zuf�allig erzeugte BDDs: Algorithmen und Anwendungen 15konnten wir l�osen, indem die Dimensionen der repr�asentierten Relation explizit ge-spei
hert werden und Unde�niertheiten der Funktionen dur
h Ni
hterf�ullung ersetztwerden. Diese Vorgehensweisen werden in [9℄ ausf�uhrli
h behandelt.4 Algorithmen zur ErzeugungIm folgenden gehen wir davon aus, dass zur Kodierung des Vor- und Na
hberei
hseiner zu erzeugenden Relation n Variablen ben�otigt werden. Die Wahrs
heinli
hkeit,dass ein Eintrag in der Relation vorhanden ist, soll p 2 [0 : : : 1℄ betragen.F�ur die Erzeugung eines zuf�alligen ROBDDs bieten si
h zwei Vorgehensweisenan:1. Es werden p � 2n Belegungen zuf�allig gew�urfelt und dur
h _ verkn�upft.Falls p � 0; 5 ist, werden die erf�ullenden Belegungen erzeugt. Ansonsten werdendie ni
ht-erf�ullenden Belegungen mit der Wahrs
heinli
hkeit 1� p generiert undmittels Negation und ^ verkn�upft.2. F�ur jede m�ogli
he Belegung wird mit Wahrs
heinli
hkeit p ents
hieden, ob dieBelegung zu true ausgewertet wird.Bei der ersten Vorgehensweise k�onnen wir annehmen, dass nur neue Belegungengew�urfelt werden. Falls n�amli
h zu der gegebenen Variablenordnung eine Variable xiexistiert, deren Belegung zum ROBDD-Knoten 1 f�uhrt, wird diese Variable in derBelegung negiert. Au�erdem ben�otige die Erzeugung einer Belegung O(n) Re
hen-s
hritte.Das ROBDD, das eine Belegung repr�asentiert, enth�alt genau n + 1 Knoten (nVariablen und eine Konstante). F�ur die Operationen _ (bzw. ^) wird von der Wurzelbis zur Konstanten genau ein Pfad im Zwis
henresultat verfolgt, von der Konstantenbis zur Wurzel werden h�o
hstens n neue Knoten erzeugt und eingebunden. Also istder Re
henaufwand f�ur das Einf�ugen einer Belegung O(n). Damit ergibt si
h alsGesamtaufwand f�ur die Erzeugung der zuf�alligen Funktion O(n � p0 � 2n), wobei p0das Minimum von p und 1� p sei.Die Idee bei der zweiten Methode zur Erzeugung eines zuf�alligen ROBDDs ist dieGenerierung von 2n konstanten ROBDD-Knoten und deren rekursive Verkn�upfung.Falls im rekursiven Aufruf zwei ROBDDs identis
h sind, kommt eine Reduktions-regel zur Anwendung, ansonsten wird ein neuer Knoten mit n�a
hsth�oherem Indexerzeugt. Die Generierung eines konstanten Knotens ben�otigt eine Re
henzeit, die inO(1) liegt. Die Verkn�upfung mit Hilfe eines IfThenElse-Operators ges
hieht eben-falls in konstanter Zeit. Damit liegt der Gesamtaufwand zur Erzeugung des zuf�alligenROBDDS in O(2n).Es ist ziemli
h einfa
h zu ents
heiden, wel
hes Verfahren im Einzelfall anzuwen-den ist. Bezei
hne p0 das Minimum von p und 1�p. Dann gilt, dass das erste Verfahrendem zweiten vorzuziehen ist, falls p0 � n � 1 ist, d.h. p0 � 1n .Bezei
hne Bin;p die Menge der erf�ullenden Belegungen des Resultat-ROBDDs,wel
hes dur
h die i-te Methode erzeugt wird. Dann gilt jB1n;pj = 2n�p undE(jB2n;pj) =2n � p. Dies bedeutet, dass wir bei der ersten Vorgehensweise eine exakte Aussage�uber die Anzahl der erf�ullenden Belegungen tre�en k�onnen, w�ahrend wir bei derzweiten Methode nur einen Erwartungswert angeben k�onnen.F�ur den Fall, dass die Gr�o�e des Vor- oder Na
hberei
hs der zu erzeugenden Rela-tion keine Zweierpotenz ist, m�ussen diese beiden Algorithmen verfeinert werden. Daserste Verfahren l�asst si
h lei
ht auf den De�nitionsberei
h der Relation eins
hr�anken.



16 Ulf MilaneseBei der zweiten Methode wird aber ein ROBDD erzeugt, das mit hoher Wahr-s
heinli
hkeit erf�ullende Belegungen enth�alt, die unde�nierte Eintr�age in der Relati-on repr�asentieren. Um dies zu verhindern, muss das zweite Verfahren dahingehendver�andert werden, dass es ohne Rekursion auskommt. Dies wurde von uns realisiert,indem die Relationsgr�o�e als Liste von Einsen und Nullen als zus�atzli
he Parame-ter angegeben wird. Falls die Berei
hsgr�o�en Zweierpotenzen sind, �andert si
h ni
htsam Verfahren. Ansonsten werden beim Errei
hen des Grenzwertes in dem Zwis
hen-ergebnis alle no
h ni
ht vervollst�andigten ROBDD-Knoten mit der Konstanten 0vereinigt.Die Kodierung der Relationsgr�o�e konnte mit einer Laufzeit in O(n) implemen-tiert werden. Die �Uberpr�ufung, ob die M�a
htigkeit des Vor- oder Na
hberei
h eineZweierpotenz ist, kann in O(n) erfolgen. Der Test auf Errei
hung dieser Werte konntebitweise realisiert werden und liegt insgesamt in O(n). Damit ergibt si
h trotz derVerfeinerung weiterhin ein Gesamtaufwand, der unver�andert in O(2n) liegt.5 AnwendungenEin Anwendungsgebiet f�ur Relationen, die dur
h zuf�allige ROBDDs repr�asentiertwerden, ist das Testen von Invarianten. Dabei liege ein (z.B. relationales) Programmvor. F�ur den n�otigen Korrektheitsbeweis wird eine Invariante vermutet, deren G�ultig-keit ni
ht o�ensi
htli
h ist. Bevor nun Aufwand in den Beweis dieser Invariante ge-ste
kt wird, kann diese zuerst an einer gewissen Zahl von Beispielrelationen getestetwerden. Falls ein Test mi�lingt, mu� keine Arbeit in den Beweis geste
kt werden.Ein Beispiel f�ur diese Arbeitsweise �ndet si
h in [2℄. Die gefundene (und bewie-sene) Invariante hat dort den Korrektheitsbeweis erhebli
h verk�urzt.Eine weitere Anwendung ist die automatis
he Generierung von Testgraphen.Graphen k�onnen als homogene (quadratis
he) Relationen dargestellt werden. SeienG = (V;E) und R = (V;E0) zwei Graphen mit E0 � E. R hei�t transitive Redukti-on von G, falls gilt R� = G� und 8E00 � E0 : (V;E00)� 6= R�. Da die Bere
hnung einerL�osung f�ur dieses Problem NP-vollst�andig ist, werden f�ur viele Anwendungsberei
heAnn�aherungen bere
hnet. Wenn zwei Approximations-Algorithmen zur Bere
hnungeiner transitiven Reduktion vorliegen, stellt si
h die Frage, wel
her Algorithmus imallgemeinen s
hneller ist oder kleinere L�osungen als Ergebnis liefert. Diese Algo-rithmen k�onnen an einer repr�asentativen Anzahl von Beispielgraphen getestet wer-den. Dies erm�ogli
ht den Verglei
h der Anzahl der Kanten in den L�osungen und derben�otigten Re
henzeiten. So konnte z.B. Kasper in [6℄ na
hweisen, dass der Algorith-mus zur Bere
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ally Veri�ed Bootstrap Compiler?Axel Dold and Vin
ent VialardFakult�at f�ur InformatikUniversit�at UlmD-89069 Ulm, GermanyFax: +49/(0)731/50-24119{dold|vialard}�informatik.uni-ulm.de1 Introdu
tionThe use of 
omputer based systems for safety-
riti
al appli
ations requires high de-pendability of the software 
omponents. In parti
ular, it justi�es and demands theveri�
ation of programs typi
ally written in high-level programming languages. Cor-re
t program exe
ution, however, 
ru
ially depends on the 
orre
tness of the binaryma
hine 
ode exe
utable, and therefore, on the 
orre
tness of system software, espe-
ially 
ompilers. As already noted in 1986 by Chiri
a and Martin [2℄, full 
ompiler 
or-re
tness 
omprises both the 
orre
tness of the 
ompiling spe
i�
ation (with respe
tto the semanti
s of the languages involved) as well as the 
orre
t implementation ofthe spe
i�
ation.Veri�x [6, 9℄ is a joint German resear
h e�ort of groups at the universities Karl-sruhe, Kiel, and Ulm. The proje
t aims at developing innovative methods for 
on-stru
ting provably 
orre
t 
ompilers whi
h generate eÆ
ient 
ode for realisti
, pra
ti-
ally relevant programming languages. These realisti
 
ompilers are to be 
onstru
tedusing approved development te
hniques. In parti
ular, even standard unveri�ed 
om-piler generation tools (su
h as Lex or Ya

) may be used, the 
orre
tness of the gen-erated 
ode being veri�ed at 
ompile time using veri�ed program 
he
kers [7℄. Veri�xassumes hardware to behave 
orre
tly as des
ribed in the instru
tion manuals.In order not to have to write the veri�ed parts of the 
ompiler and 
he
kersdire
tly in ma
hine 
ode, a fully veri�ed and 
orre
tly implemented initial 
ompileris required, for whi
h eÆ
ien
y of the produ
ed 
ode is not a priority. The initial
orre
t 
ompiler to be 
onstru
ted in this proje
t transforms ComLisp programs intobinary Transputer 
ode. ComLisp is an imperative proper subset of ANSI-CommonLisp and serves both as a sour
e and implementation language for the 
ompiler. The
onstru
tion pro
ess of the initial 
ompiler 
onsists of the following steps:� de�ne syntax and semanti
s of appropriate intermediate languages.� de�ne the 
ompiling spe
i�
ation, a relation between sour
e and target languageprograms and prove (with respe
t to the language semanti
s) its 
orre
tnessa

ording to a suitable 
orre
tness 
riterion.� 
onstru
t a 
orre
t 
ompiler implementation in the sour
e language itself (atransformational 
onstru
tive approa
h is applied whi
h builds a 
orre
t im-plementation from the spe
i�
ation by stepwise applying 
orre
tness-preservingdevelopment steps [5℄).? This resear
h has been funded by the Deuts
he Fors
hungsgemeins
haft (DFG) underproje
t \Veri�x".



20 Axel Dold, Vin
ent Vialard� use an existing (unveri�ed) implementation of the sour
e language (here: somearbitrary Common Lisp 
ompiler) to exe
ute the program. Apply the programto itself and bootstrap a 
ompiler exe
utable. Che
k synta
ti
ally, that the ex-e
utable 
ode has been generated a

ording to the 
ompiling spe
i�
ation. Forthis last step, a realisti
 te
hnique for low level 
ompiler veri�
ation has beendeveloped whi
h is based on rigorous a posteriori synta
ti
 
ode inspe
tion [8,11℄.This 
loses the gap between high-level implementation and exe
utable 
ode.The size and 
omplexity of the veri�
ation task in 
onstru
ting a 
orre
t 
ompiler isimmense. In order to manage it, suitable me
hanized support for both spe
i�
ationand veri�
ation is ne
essary. We have 
hosen the PVS spe
i�
ation and veri�
a-tion system [16℄ to support the veri�
ation of the 
ompiling spe
i�
ation and the
onstru
tion pro
ess of a 
ompiler implementation in the sour
e language.In this extended abstra
t we brie
y sket
h the me
hani
al veri�
ation of the
ompiling spe
i�
ation of the �rst 
ompilation phase from ComLisp to the sta
k-intermediate language SIL, the �rst of a series of intermediate languages used to
ompile ComLisp programs into binary Transputer ma
hine 
ode:ComLisp ! SIL ! Cint ! TASM ! TCFor a detailed des
ription of the formalization and veri�
ation of the �rst 
ompilationphase 
onsult [4℄.2 ComLisp and SILA ComLisp program 
onsists of a list of global variables, a list of possibly mutualre
ursive fun
tion de�nitions, and a main form. ComLisp forms (expressions) in
ludethe abort form, s-expression 
onstants, variables, assignments, sequential 
omposi-tion (progn), 
onditional, while loop, 
all of user de�ned fun
tions, 
all of built-inunary (uop) and binary (bop) ComLisp operators, lo
al let-blo
ks, list� operator(
onstru
ting a s-expression list from its evaluated arguments), 
ase-instru
tion, andinstru
tions for reading from the input sequen
e and writing to the output. The Com-Lisp operators in
lude the standard operators for lists (e.g. length), type predi
atesfor the di�erent kinds of s-expressions, and the standard arithmeti
 operations (e.g.+; �;
oor). The only available datatype is the type of s-expressions whi
h are binarytrees built with 
onstru
tor \
ons", where the leaves are either integers, 
hara
ters,strings, or symbols. The abstra
t syntax of ComLisp is given as follows:p ::= x1; : : : ; xk; f1; : : : ; fn; ef ::= h(x1; : : : ; xm) ee ::= abort j 
 j x j x := e j progn(e1; : : : ; en) j if (e1; e2; e3) j while(e1; e2) j
all (h; e1; : : : ; en) j uop(e) j bop(e1; e2) j let(x1 = e1; : : : ; xn = en; e) jlist�(e1; : : : ; en) j 
ond(p1 ! e1; : : : ; pn ! en) jread 
har j peek 
har j print 
har (e)The stati
 semanti
s of ComLisp programs (dealing, among other things, with thede
laration of variables), fun
tion de�nitions, and forms is spe
i�ed by means ofseveral well-formedness predi
ates.
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hani
ally Veri�ed Bootstrap Compiler 21For the intermediate languages o

urring in the di�erent 
ompilation phases ofthe ComLisp to Transputer 
ompiler, a uniform relational semanti
s des
ription hasbeen 
hosen. The (dynami
) semanti
s of ComLisp is de�ned in a stru
tural op-erational way by a set of indu
tive rules for the di�erent ComLisp forms (big-stepsemanti
s or evaluation semanti
s). A ComLisp state is a triple 
onsisting of an (in-�nite) input sequen
e (stream) of 
hara
ters, an output list of 
hara
ters, and thevariable state whi
h is a mapping from identi�ers to values (s-expressions). ComLispforms are expressions with side-e�e
ts, that is, they denote state transformers trans-forming states to pairs of result value and result state. The semanti
s of a ComLispprogram is given by the input/output behavior of the program de�ned by a relationPsemCL(p)(is; ol) between input streams is and output lists ol.SIL, the sta
k intermediate language, is a language with parameterless pro
eduresand s-expressions as available datatype. Programs operate on a runtime sta
k withframe-pointer relative addresses. A SIL program 
onsists of a list of parameterlesspro
edure de
larations and a main statement. There are no variables, only memorylo
ations and the ma
hine has statements for 
opying values from the global to thelo
al memory and vi
e versa. For example, 
opy(i; j) 
opies the 
ontent at sta
krelative position i to relative position j.p ::= f1; : : : ; fn; sf ::= h ss ::= abort j 
opy
(
; i) j 
opy(i; j) j g
opy(g; i) j 
opyg(g; i) jitef (i; s1; s2) j sq(s1; : : : ; sn) j f
all (h; i) j uop(i) j bop(i) jwhile(i; s1; s2) j read 
har (i) j peek 
har (i) j print 
har (i) j list�(n; i)SIL statements denote state transformers, where a SIL state 
onsists of the inputstream, the output list, the global memory (a list of s-expressions), and the lo
almemory (
onsisting of the frame pointer base : Nat and the sta
k, a fun
tion fromnatural numbers to s-expressions). As for ComLisp, the semanti
s of a SIL programis its I/O behavior (predi
ate PsemSIL(p)(is; ol)).3 Compiling ComLisp to SILThe 
ompilation from ComLisp to SIL generates 
ode a

ording to the sta
k prin
ipleand translates parameter passing to statements whi
h a

ess the data sta
k. For agiven expression e, a sequen
e of SIL instru
tions is generated that 
omputes its valueand stores it at the top of the sta
k (relative position k in the 
urrent frame). Theparameters x1; : : : ; xn of a fun
tion are stored at the bottom of the 
urrent frame(at relative positions 0; : : : ; n� 1). A SIL fun
tion 
all f
all (h; i) in
reases the framepointer base by i whi
h is reset to its old value after the 
all and lo
al variablesintrodu
ed by let are represented within the 
urrent frame. For ea
h synta
ti
alComLisp 
ategory, a 
ompiling fun
tion is spe
i�ed (Cprog(p) denotes the 
ompilationfun
tion for programs).4 Corre
tness of the Compilation Pro
essThe notion of 
orre
tness used in Veri�x is the preservation of the observable behav-ior up to resour
e limitations. In our 
ase 
orre
tness of the 
ompilation pro
ess is
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ent Vialardstated as follows: for any well-formed ComLisp program p, whenever the semanti
sof the 
ompiled program is de�ned for some input stream is and output list ol, thisis also the 
ase for p for the same is and ol:Theorem 1 (Corre
tness of Program Compilation).8p; is; ol: wf program(p)) (PsemSIL(Cprog(p))(is)(ol)) PsemCL(p)(is)(ol))Unfolding PsemSIL and PsemCL , the semanti
s of forms and 
orresponding SIL state-ments have to be 
ompared. In parti
ular, this requires relating sour
e and targetlanguage states. ComLisp forms denote state transformers transforming a state intoa result value and a result state (if de�ned) � !e (v; �0): On the other hand, SILstatements denote ordinary state transformers s!s s0. Two relations are required:one relation �in relates ComLisp input states � with SIL states s, while the otherrelation �out relates ComLisp output states (v; �0) with SIL states s0. The main obli-gation therefore is to prove the 
orre
tness property for forms (illustrated in Figure1) whi
h in
ludes additional state invariants for the sour
e and target level (omittedhere). !e!s�instateCL 3 �stateSIL 3 s (v; �0) 2 SExpr � stateCLs0 2 stateSIL�outFigure 1. Corre
tness property for the 
ompilation of ComLisp forms5 PVS Formalization and Veri�
ationThe spe
i�
ation language of the PVS veri�
ation system is based on 
lassi
al higher-order logi
 with a ri
h type system in
luding dependent types. In addition, the PVSsystem provides support tools and an intera
tive sequent-
al
ulus based proof 
he
kerthat has a reasonable amount of theorem proving 
apabilities. A strategy languageenables to 
ombine atomi
 inferen
e steps into more powerful proof strategies allow-ing to de�ne reusable proof methods.Abstra
t syntax, stati
 and dynami
 semanti
s of the languages, the 
ompilingfun
tions and the 
ompilation theorems have to be formalized. For abstra
t syntax,the PVS abstra
t data type (ADT) 
onstru
t is used. For the dynami
 semanti
s, aset of rules is represented as an indu
tive PVS relation whi
h 
ombines all the rulesin one single de�nition. The main obligation to prove is the 
orre
tness property forforms whi
h is proved by well-founded indu
tion using a spe
i�
 termination measure.To suitably manage this proof, for ea
h kind of form a separate 
ompilation theoremis introdu
ed. Although strategies for parts of the proofs have been developed, thenumber of manual steps is quite high and shows that this veri�
ation task is by nomeans trivial. All the proofs have been 
ompletely a

omplished using PVS.It is hard to give an estimation of the amount of work invested in the �nalveri�
ation, sin
e we started the veri�
ation on a smaller subset of ComLisp in orderto experiment with di�erent styles of semanti
s and �nd the ne
essary invariants, and
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rementally extended this subset and tried to rerun and adapt the alreadya

omplished proofs. A 
oarse estimation of the total formalization and veri�
atione�ort required for the 
ompiling spe
i�
ation for all 4 
ompilation phases is about 3person-years.6 Related WorkVeri�
ation of 
ompiler 
orre
tness is a mu
h-studied area starting with the work byM
Carthy and Painter in 1967 [13℄, where a simple 
ompiler for arithmeti
 expres-sions has been proved 
orre
t. Many di�erent approa
hes have been taken sin
e then,usually with me
hanized support to manage the 
omplexity of the spe
i�
ations andthe proofs, for example [1, 3, 12, 14, 17℄. Most of the approa
hes only deal with the
orre
tness of the 
ompiling spe
i�
ation, while the approa
h taken in the Veri�xproje
t also takes 
are of the implementation veri�
ation, even on the level of binaryma
hine 
ode. Another di�eren
e of our approa
h is that we are 
on
erned with the
ompilation of \realisti
" sour
e languages and target ar
hite
tures. A ComLisp im-plementation of the ComLisp 
ompiler as well as a binary Transputer exe
utable isavailable.Notable work in this area with me
hanized support is CLIn
's veri�ed sta
k ofsystem 
omponents ranging from a hardware-pro
essor up to an imperative lan-guage [14℄. Both the 
ompiling veri�
ation and the high-level implementation (inACL2 logi
 whi
h is a LISP subset) have been 
arried out with me
hanized supportusing the ACL2 prover. Using our 
ompiler, 
orre
t binary Transputer 
ode 
ould begenerated.The impressive VLISP proje
t [10℄ has fo
used on a 
orre
t translation for S
heme.However, although the ne
essity of also verifying the 
ompiler implementation hasbeen expressed this has expli
itly been left out. Proofs were a

omplished withoutme
hanized support.P. Curzon [3℄ 
onsiders the veri�
ation of the 
ompilation of a stru
tured assemblylanguage, Vista, into 
ode for the VIPER mi
ropro
essor using the HOL system.Vista is a low-level language in
luding arithmeti
 operators whi
h 
orrespond dire
tlyto those available on the target ar
hite
ture.The 
ompilation of PROLOG into WAM has been realized through a series ofre�nement steps and has been me
hani
ally veri�ed using the KIV system [18℄. A(small-step) ASM semanti
s is used for the languages.7 Con
luding RemarksThe formalization and formal veri�
ation of the 
ompiling spe
i�
ation for the boot-strap 
ompiler is an ongoing e�ort. Besides the veri�
ation of the �rst 
ompilationphase, the veri�
ation of the se
ond phase, the translation from SIL to Cint, wheres-expressions and their operators are implemented in linear integer memory (
las-si
al data and operation re�nement), is also 
ompleted. Current work is 
on
ernedwith the veri�
ation of the 
ompiler ba
k-end, namely, the 
ompilation from Cintinto abstra
t Transputer assembler 
ode TASM. The standard 
ontrol stru
tures ofCint must be implemented by 
onditional and un
onditional jumps, and the statespa
e must be realized on the 
on
rete Transputer memory. The veri�
ation of thelast 
ompilation phase, where abstra
t Transputer assembler is 
ompiled into binary
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ent VialardTransputer 
ode (TC) has already been a

omplished following approved veri�
ationte
hniques [15℄: starting from a (low-level) base model of the Transputer, where pro-grams are a part of the memory, a series of abstra
tion levels is 
onstru
ted allowingdi�erent views on the Transputer's behavior and the separate treatment of parti
ularaspe
ts.We have demonstrated that the formal, me
hanized veri�
ation of a non-trivial
ompiler for a (nearly) realisti
 programming language into a real target ar
hite
tureis feasible with state-of-the-art prover te
hnology.A
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Synta
ti
 Type Soundness Results for the RegionCal
ulus?Cristiano Cal
agno, Simon Helsen, and Peter ThiemannQueen Mary, University of London and University of Freiburg1 Introdu
tion and MotivationMemory management for dynami
 data stru
tures is a problem in programming.While memory allo
ation is di
tated by the problem at hand, there is 
onsiderablefreedom in memory deallo
ation. If deallo
ation happens too late, the program suf-fers from memory bloat and spa
e leaks, whi
h impede performan
e. If deallo
ationhappens too early, there might be dangling pointers into deallo
ated memory. Deref-eren
ing a dangling pointer is unsafe and 
an lead to a 
rash, or worse, to wrongresults.Some languages (like C or Pas
al) leave the deallo
ation problem entirely to theprogrammer, whereas others (like Lisp, Smalltalk, Java, and ML) perform automati
deallo
ation by in
orporating a tra
e-based garbage 
olle
tor into the runtime sys-tem. While the programmer-based solution is immensely error-prone, programs 
anin prin
iple be tuned for optimal memory use. Traditional garbage 
olle
tion avoidsa large 
lass of errors, but it has some problems, too. Sin
e the garbage 
olle
toris, in general, unaware of the semanti
s of the running program, it must preserveall pointers rea
hable from a given set of root pointers. This set is a 
onservativeapproximation of the set of pointers that will a
tually be used by the program. Asa 
onsequen
e, deallo
ation might happen too late, whi
h 
an lead to spa
e leaks.In addition, tra
e-based garbage 
olle
tion takes extra, non-produ
tive time and 
an
ause errati
 pauses in the exe
ution of programs, hampering its use for real-timeappli
ations. Finally, inter-operability between garbage 
olle
ted languages and non-garbage 
olle
ted languages is diÆ
ult.The region 
al
ulus of Tofte and Talpin [13, 14℄ (whi
h we refer to as TTRC)provides an alternative method of memory management for the fun
tional languageML [10℄. It is used as an intermediate language in an ML 
ompiler, the ML-kit [2,3,12{14℄. The basi
 idea of the region 
al
ulus is to split memory into regions that areallo
ated in a sta
k-like manner, dire
ted by a 
onstru
t of the language. Deallo
ationis instantaneous, it just pops the topmost region from the sta
k. Using this method,it is possible to implement ML without a tra
e-based garbage 
olle
tor. In someinstan
es, the region 
al
ulus 
an prove that a pointer is semanti
ally dead, eventhough it is still rea
hable by the program. In these 
ases, the region it points to 
anbe safely deallo
ated, something tra
e-based garbage 
olle
tors 
annot do.2 Related WorkThe �rst proof of 
onsisten
y, or type soundness, for the region 
al
ulus as it isgiven by Tofte and Talpin [14℄ is quite 
ompli
ated and uses rule-based 
o-indu
tion.? Extended abstra
t: details are to be published in Information and Computation [5℄.



28 Cristiano Cal
agno, Simon Helsen, Peter ThiemannThe sour
e of 
ompli
ation is twofold. First, Tofte and Talpin prove two propertiesat the same time: type soundness and translation soundness. The latter propertyguarantees that there is some relation between a non-region annotated value and itsregion-based 
ounterpart. In this paper, we fo
us on the problem of type soundness,ie. the property whi
h guarantees that regions are not deallo
ated while they are stillin use.The se
ond sour
e of 
ompli
ation is due to the 
o-indu
tive de�nition of their
onsisten
y relation, required be
ause of the loss of information when deleting a re-gion from the store in their big-step semanti
s. Their safety relation not only requiresa 
o-indu
tive proof, but is rather 
omplex and la
ks intuition of why deallo
ationsafety is obtained.Re
ently, alternative type-soundness proofs for the region 
al
ulus have beenproposed.1. Crary, Walker, and Morrisett [6℄ provide an indire
t soundness proof by translat-ing the region 
al
ulus into their 
apability 
al
ulus. The 
apability 
al
ulus hasa sophisti
ated type-and-e�e
t system that supports safe allo
ation and deal-lo
ation of regions in an arbitrary order. This added 
exibility may lead to abetter use of memory at runtime, sin
e there are 
ases where a region may be de-allo
ated earlier than in the region 
al
ulus. They provide a synta
ti
 soundnessproof for the 
apability 
al
ulus.2. Banerjee, Heintze, and Rie
ke [1℄ translate the region 
al
ulus into F#, an ex-tension of the polymorphi
 lambda 
al
ulus with a spe
ial type 
onstru
tor foren
apsulation. They 
onstru
t an original denotational model for their 
al
ulusand give a semanti
 soundness proof based on the model.3. Dal Zilio and Gordon [16℄ modify the operational semanti
s of Tofte and Talpinso that it also keeps tra
k of deallo
ated regions. This extra information allowsan indu
tive de�nition of the 
onsisten
y relation and an indu
tive 
orre
tnessproof. Then they go on to show that this result is a 
onsequen
e of a moregeneral result for a typed �-
al
ulus with name groups. This is shown by using atranslation from the region 
al
ulus into the typed �-
al
ulus with name groups.4. Helsen and Thiemann [9℄ de�ne a store-less small-step operational semanti
sfor the region 
al
ulus and prove type soundness using the synta
ti
 method ofWright, Felleisen, and Harper.5. Cal
agno [4℄ de�nes a high-level big-step operational semanti
s and proves typesoundness for it. Cal
agno formally relates the high-level semanti
s to the originallow-level semanti
s of TTRC.3 Contribution and OverviewThe present resear
h [5℄ is based on the work of Cal
agno, Helsen, and Thiemann [4,9℄. We give a simpli�ed a

ount of a store-less region 
al
ulus (abbreviated SRC),using the redu
tion-style formulation pioneered by Plotkin [11℄. Its synta
ti
 typesoundness is formulated without proofs and without the treatment of polymorphismand re
ursion, whi
h 
an be found elsewhere [9℄.While the store-less formulation is extremely simple and elegant, it is desirableto model a 
al
ulus with referen
es and destru
tive update. Therefore, we introdu
ea new 
al
ulus with an expli
itely passed store: the imperative region 
al
ulus orIRC. This 
al
ulus extends SRC (and TTRC) with operations on referen
es, as they
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ti
 Type Soundness Results for the Region Cal
ulus 29are a
tually implemented in the ML-kit [3℄. We also give a small-step operationalsemanti
s, similar in spirit to the de�nition of the store-less region 
al
ulus.Then, using the synta
ti
 approa
h of Wright and Felleisen [15℄, in a variationpioneered by Harper [7℄, we prove type soundness of IRC without the standard treat-ment of polymorphism and re
ursion. Adding polymorphism and re
ursion makes theproofs more te
hni
al, but it does not require new insights. The resulting proofs allfollow a relatively simple indu
tive pattern, and are therefore 
onsiderably easierthan the 
o-indu
tive proofs of Tofte and Talpin.In previous work, Cal
agno [4℄ proves type soundness of TTRC by de�ning astore-less big-step operational semanti
s, whi
h is parametri
 in a set of 
urrentlyallo
ated regions. He proves his store-less semanti
s equivalent to TTRC.Inspired by this work, we show the equivalen
e of TTRC with IRC, as well as theequivalen
e of IRC and SRC. However, instead of relating two big-step semanti
s,we relate a big-step semanti
s (TTRC) with a small-step semanti
s (IRC) on theone hand and two small-step semanti
s (IRC and SRC) on the other hand. Theformer result leads to type-soundness of TTRC. In these equivalen
es, we ignore thereferen
e operations of IRC for simpli
ity of the presentation.Referen
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Program Transformation with Term-GraphPatternsFrank Deri
hsweilerUniversity of the German Federal Armed For
esDepartment of Computer S
ien
e, Institute for Software Te
hnologyWerner-Heisenberg-Weg 39, D-85577 Neubibergderi�informatik.unibw-muen
hen.deAbstra
t In the 
ontext of the integrated abstra
t transformational program developmentenvironment HOPS we introdu
e the notion of term-graph patterns for easily spe
ifyingpowerful transformation strategies, whi
h automatise program transformation as a sequen
eof transformation rule appli
ations.1 Introdu
tionIn many 
ontexts (e. g. [1{3, 5, 10, 12{14℄) program transformation is a feasible andfruitful appro
h to developing and / or improving programs.In this paper, we dis
uss ne
essities for me
hanising program transformation byapplying powerful transformation strategies within the integrated development envi-ronment HOPS, in whi
h programs are represented as term graphs.After des
ribing the basi
 ideas of HOPS we fo
us on the requirements for easilyspe
ifying expressive transformation strategies. Term-graph patterns will be intro-du
ed as the key-
omponent for spe
ifying and 
ontrolling me
hanised appli
ationof transformation strategies.2 HOPSThe Higher Obje
t Programming System HOPS is a graphi
ally intera
tive termgraph programming system designed for transformational program development,see also [2, 8, 9, 19℄. (A prototypi
al implementation in the programming languageSmalltalk is available.)In the spirit of Literate Programming [11℄, HOPS modules are do
uments 
on-taining program fragments. In HOPS, these are mostly de
larations, attributionde�nitions, further on transformation rules and strategies | de
larations and rulesare 
reated and manipulated as term graphs.HOPS manipulates arbitrary se
ond-order term graphs, where all the stru
tureusually en
oded via name and s
ope is made expli
it. Term graphs inHOPS thereforefeature nameless variables, expli
it variable binding (to denote whi
h node bindswhi
h variable), expli
it variable identity (to denote whi
h nodes stand for the samevariable) and metavariables with arbitrary arity; for a detailed introdu
tion to thisterm graph 
on
ept see [7℄.Every HOPS term DAG is partitioned into an obje
t and a type layer. The usersbuild their programs within the obje
t layer using bri
ks from the module system.The type layer is automati
ally 
al
ulated on the 
y, i. e., during editing. This ensures



32 Frank Deri
hsweilerthat the user 
an always inspe
t the a
tual typing of a used bri
k. It is not possible to
onstru
t an untypeable term DAG within HOPS. The type system is deterministi
and similar to the polymorphi
 type system of ML (
. f. [7℄).All nodes in the term DAG are marked with bri
k labels, whi
h identify the used
onstru
tors. Further on, the outgoing edges, the 
ardinality of whi
h 
orrespondsto the arity of the 
onstru
tor used, have edge labels to identify the ordering of theparameters of the 
onstru
tor.Only bri
ks for variables are prede�ned in the HOPS module system. On top ofthese, and within the 
onstraints of the typing system, a wide variety of languagesmay be de�ned by the user. Example languages are provided. The most elaborateone follows the fun
tional programming paradigm and is 
lose to Haskell [4℄ in itsspirit.Having no hard-
oded language is 
onsidered to be one of the advantages ofHOPS (only the variables are �xed within the implementation): Di�erent languagesfor di�erent domains and / or levels of abstra
tion give 
exibility. The HOPS userde
lares and uses the bri
ks whi
h are appropriate for his situation. ThereforeHOPSis intended to be a user-friendly framework for spe
ifying and using di�erent domainspe
i�
 languages. For example swit
hing between di�erent levels of abstra
tion 
anbe performed by applying transformation operations.3 Program TransformationProgram transformation in HOPS is an intera
tive pro
ess and not 
onsidered asa \bla
k box" operation, as in in other systems, for instan
e Stratego/System S[16{18℄. Chur
h-Rosser-properties of the transformation system are not within ourmain fo
us ( [15℄ dis
usses the minor importan
e of these theoreti
al 
on
epts forpra
ti
al appli
ations of program transformation).In the 
ontext of HOPS we use transformation rule appli
ation and maximal-identi�
ation as primitive transformation operations. The latter means sear
hing for
ommon sub-expressions and identifying them within the term graph.A HOPS transformation rule is a term graph with two expli
itly marked nodes, theleft and right rule-side node. In order to apply a transformation rule, we need amat
hing homomorphism, whi
h maps the sub-term-graph indu
ed by the left rulenode to the the term graph in question, mapping the left rule node to the node atwhi
h the rule is applied. The result of the appli
ation is 
omputed by 
onstru
tingthe image of the right rule side (i. e., the sub-term-graph indu
ed by the right rulenode) and then repla
ing the image of the left rule side by this term graph. Detailsabout the rule me
hanism and its theoreti
al foundation are given in [6℄.Me
hanised program transformation within HOPS means to spe
ify and applya sequen
e of transformation rule appli
ations and maximal identi�
ation steps indi�erent areas of the term graph under examination. This is done by de�ning trans-formation strategies. Another view of a transformation strategy is that of a fun
tionwhi
h s
hedules the appli
ation of (di�erent) transformation rules at (di�erent) nodesof the term graph in question interspersed by maximal identi�
ation operations.The transformation strategy is 
onstru
ted from the two 
ompontents navigationand a
tion. The navigation part 
ontrols at whi
h node transformation operation(s)will be performed; the a
tion part determines those transformation operation(s). Theinterleaving of the two 
omponents during strategy appli
ation 
ontrols the s
hedul-ing.
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h for the navigation 
omponent uses generi
 graph traversal algo-rithms for s
heduling a
tions at di�erent nodes. Some experiments have shown thatthis approa
h is useful in some 
ases, but generally speaking not powerful enough.First of all we need means to dete
t spe
ial 
ontexts and then a
t a

ordingly. Furthermore it must be possible to ex
lude some parts of the graph: a possible appli
ationis the ex
lusion of the optimisation and / or the unfolding of the body of a re
ursivefun
tion until that 
ase de�nitely o

urs.Within the a
tion 
omponent it should be possible to set up di�erent transfor-mation a
tions for di�erent nodes. For instan
e in the 
ontext of the evaluation ofa term graph expression it should be possible to swit
h between di�erent evaluationorderings (eager, lazy, et
.) and try to apply only a small set of rules whi
h is tailoredtowards the 
urrent term graph under transformation. The term-graph pattern ap-proa
h enables the user to de
lare the evaluation order of some 
onstru
tors as eagerand that of some others as lazy. This de
laration 
an be 
hanged by just swit
h-ing between di�erent pattern sets. This is possible be
ause the de
laration of a bri
k(i. e., spe
i�
ation of name, arity and typing) and the transformation-strategy-relatedset-up for that bri
k are separated from ea
h other.A term-graph pattern is a rooted term-graph together with a sequen
e of a
tionsand a 
ontinuation 
ommand. An a
tion is a tuple 
onsisting of a node of thatterm graph, two transformation expressions pre and post and a re
ursion statement.In order to be appli
able there must be a mat
hing homomorphism from the termgraph of the pattern into the term graph under examination. An appli
able term-graph pattern is applied by exe
uting the sequen
e of a
tions. For every a
tion therelevant node within the term graph is 
omputed via the mat
hing homomorphism.At �rst, the pre-expression is exe
uted. Then the the re
ursion statement is 
he
ked.It 
ontrols an optional re
ursive 
all of the strategy whi
h uses the pattern for thatnode. After that the post-expression will be evaluated. The re
ursive 
all 
an o

uralways ornever or depend on the o

uren
e of a transformation during the pre-expression evaluation; we distinguish between a transformation within the term graphand a transformation whi
h 
hanges the relevant node. After exe
uting one a
tion,the transformation engine 
he
ks for the availability of another a
tion within thesequen
e of the pattern. If there is no su
h a
tion the appli
ation is �nished. If there isanother a
tion the mat
hing homomorphism is re
omputed. If su
h a homomorphismdoes not exist any longer, the 
ontinuation 
ommand des
ribes how to 
ontinue. Theoptions in
lude the termination of the appli
ation of the pattern, a resele
tion ofanother pattern from the same (i. e., the set of term-graph patterns 
ontrolled bythe applied transformation strategy) or another set of patterns, spe
i�ed by thepattern itself.It is possible to have a pattern with an empty sequen
e of a
tions. This is useful inorder to stop a graph traversal in a given 
ontext.5 Example Appli
ationIn this se
tion we shortly sket
h the automati
 generation of interfa
e fun
tions fordata ex
hange between systems whi
h use di�erent data formats in a small example
ontext.
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hsweilerWe are interested in merging di�erent book databases. All databases use di�erentdata formats but provide semanti
ally equivalent data: the di�erent formats areimplementations of a 
ommon formal spe
i�
ation of a data model. In the 
on
reteexample a book has exa
tly one title, ISBN, publisher and year of publi
ation andfurther on an unrestri
ted 
olle
tion of either authors or editors.The generation pro
ess starts with a polymorphi
 adaptor fun
tion. The gener-ating transformation strategy instantiates this fun
tion and therefore produ
es thedesired adaptor. During this instantiation the strategy distinguishes between gen-eralised proje
tion (extra
tion) 
ases, a 
hange of the type of a 
olle
tion and anaggregation 
ase. The strategy is mostly 
ontrolled by type-sensitive mat
hings ofdi�erent term-graph patterns. Altogether we use 8 polymorphi
 (sub-) fun
tions, 41transformation rules, 20 term-graph patterns and 5 (sub-) strategies.In order to generate a new adaptor fun
tion, the user formally spe
i�es the formatof the sour
e data by de�niting a 
orresponding HOPS bri
k, inserting this bri
kinto the generation 
ontext term graph and applying the strategy. The result of thetransformation strategy appli
ation is a term graph whi
h en
odes the appropriate
onversion fun
tion and does not in
lude any polymorphi
 part any more.6 Con
lusionIn this extended abstra
t we have introdu
ed the notion of a term-graph pattern asa powerful means for spe
ifying transformation strategies within the Higher Obje
tProgramming System HOPS.Referen
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Transformational Constru
tion of Corre
t PointerAlgorithmsThorsten EhmInstitut f�ur InformatikUniversit�at AugsburgEhm�Informatik.Uni-Augsburg.DEAbstra
t This paper shows how to use the transformation of Paterson and Hewitt (P &H) to derive imperative pointer algorithms. To a
hieve this we take the re
ursive pointeralgorithms derived from fun
tional des
riptions using the method of M�oller. These aretransformed via the P & H transformation s
heme into an imperative version. Despite theineÆ
ient general runtime performan
e of the s
heme that results from P & H, we get wellperforming algorithms.1 Introdu
tionAlgorithms on pointer stru
tures are often used in lower levels of implementation.Although in modern programming languages (e.g. in Java) they are hidden fromthe programmer, they play a signi�
ant rôle at the implementation level due totheir performan
e. But this advantage is bought at high expense. Pointer algorithmsare very error-prone and so there is a strong demand for a formal treatment anddevelopment pro
ess for pointer algorithms. There are some approa
hes to a
hievethis goal:Several methods [2,11,12℄ use the wp-
al
ulus to show the 
orre
tness of pointeralgorithms. There only properties of the algorithms are proved but the algorithms arenot derived from a spe
i�
ation. So the developer has to provide an implementation.In these approa
hes proving trivialities may last several pages. Butler [7℄ investigateshow to generate imperative pro
edures from appli
ative fun
tions on abstra
t trees.To a
hieve this he enri
hes the trees by paths to eliminate re
ursion. A re
ent paperby Bornat [5℄ shows that it is possible, but diÆ
ult to reason in Hoare logi
 aboutprograms that modify data stru
tures de�ned by pointers. Reynolds [17℄ also usesHoare logi
 and tries to improve a method des
ribed in a former paper of Burstall [6℄to show the 
orre
tness of imperative programs that alter linked data stru
tures.In [14℄ M�oller proposed a framework based on relation algebra to derive pointeralgorithms from a fun
tional spe
i�
ation. He shows that the rules presented also are
apable of handling more diÆ
ult multi-linked data stru
tures like doubly-linked listsor trees. However the derived algorithms are still re
ursive. Our goal is to improvethis method by showing how to derive imperative algorithms and so a
hieve a more
omplete 
al
ulus for transformational derivation of pointer algorithms. Based onthe method by M�oller a re
ent paper by Bird [4℄ shows how one 
an derive theS
horr-Waite marking algorithm in a totally fun
tional way.2 Pointer stru
tures and operationsWe will give a short introdu
tion to pointer stru
tures and how they are used in [14℄.In our model a pointer stru
ture P = (s; P ) 
onsists of a store P and a list of entries



38 Thorsten Ehms. The entries of a pointer stru
ture are addresses A that form starting points of themodeled data stru
tures. We assume a distinguished element � 2 A representing aterminal node (e.g. null in C or nil in Pas
al). A store is a family of relations (morepre
isely partial maps) either between addresses or from addresses to node valuesNj su
h as Integer or Boolean. Ea
h relation represents a sele
tor on the re
ords likee.g. head and tail for lists with fun
tionality A ! Nj respe
tively A ! A.Ea
h abstra
t obje
t implemented is represented by a pointer stru
ture (n; P )with a single entry n 2 A whi
h represents the entry point of the data stru
turesu
h as for example the root node in a tree. The following operations on relations allare 
anoni
ally lifted to families of relations. Algorithms on pointer stru
tures standout for altering links between elements. Su
h modi�
ation has to be modeled in the
al
ulus as well. We use an update operator j (pronoun
ed "onto") that overwritesrelation S by relation R:De�nition 1. R j S def= R [ dom(R) ./ SHere we have used the domain restri
tion operator ./ whi
h is de�ned as L ./ S =S \ (L�N) to sele
t a parti
ular part of S � P(M �N). The update operator takesall links de�ned in R and adds the ones from S that no link starts from in R. Tobe able to 
hange exa
tly one pointer in one expli
it sele
tor we de�ne a sort of a\mini-store" that is a family of partial maps de�ned by:De�nition 2. (x k! y) def= �f(x; y)g for sele
tor k; otherwise �To have a more intuitive notation leaned on traditional programming languages, weintrodu
e the following sele
tive update notation:De�nition 3. For sele
tor k of type A ! A(n; P ):k := (m;Q) def= (n; (n k! m) j Q)whi
h overwrites Q with a single link from n to m at sele
tor k.3 A running example and the problemAs example we will use a fun
tional des
ription of list 
on
atenation (like e.g. (++) inHaskell [3℄). We assume that the two lists are a
y
li
 and do not share any parts. Sothe following pointer algorithm 
an be derived by transformation using the methodof [14℄:
atp(m;n; L) = ifm 6= � then (m;L):tail := 
atp(Ltail(m); n; L)else (n;L)The two pointer stru
tures (m;L) and (n;L) are representations of the two lists.Addresses m and n model the starting points, whereas L is the memory going withthem. In other words m and n form links to the beginning of two lists in memory L.Note that this is only one 
andidate of possible implementations for the fun
-tionally des
ribed spe
i�
ation of (++). Be
ause we are interested in algorithms per-forming minimal destru
tive updates we did not derive a persistent variant su
h asthe standard, partially 
opying interpretation in fun
tional languages.



Transformational Constru
tion of Corre
t Pointer Algorithms 39We now have a linear re
ursive fun
tion working on pointer stru
tures. But whatwe want is an imperative program that does not use re
ursion. By investigating theexe
ution order of 
atp we 
an see, that 
atp 
al
ulates a term of the following form:(m;L):tail := ((Ltail(m); L):tail := :::(n;L))If you remember the de�nition of the := operator, this means that updates areperformed from right to left.(m tail! Ltail(m)) j (: : : j ((Lktail(m) tail! n) j L) : : :)This shows that the derived algorithm uses the update operator not only to prop-erly alter links but also to just pass through the stru
ture after returning from there
ursion.As we 
an see, there are several su
h updates that do not alter the pointer stru
-ture. For example (m tail! Ltail(m)) is already 
ontained in L and does not 
hangethe pointer stru
ture (: : : j ((Lktail(m) tail! n) j L) : : :) if the previous updates do nota�e
t this part of L. This is the 
ase for several algorithms on pointer linked datastru
tures, be
ause most of them �rst have to s
an the stru
ture to �nd the positionwhere they have to do the proper 
hanges.In transformational program design the transformation of a linearly re
ursivefun
tion to an imperative version always has two steps: First transform the linearre
ursion into tail re
ursion. Then apply a standard transformation s
heme [16℄ toget a while program. But 
atp does not have tail re
ursive form. So we �rst haveto �nd a way to transform 
atp into the right form. There are several s
hemes toderive a tail re
ursive variant from a linear re
ursive fun
tion [1℄. But the fun
tionK(m;n; L) is not good-natured enough to be able to apply one of these standardmethods. So is there no way to get a tail re
ursive version of 
atp ?4 The transformation s
heme of Paterson/HewittIn 1970 Paterson and Hewitt presented a transformation s
heme that makes it pos-sible to transform any linear re
ursive fun
tion to a tail re
ursive one [1℄. This rulenormally is only of theoreti
al interest be
ause of the bad runtime performan
e ofthe resulting fun
tion. P & H applied the idea of using the inverse fun
tion K tomake the step from Ki+1 to Ki, but exhaustively re
al
ulated Ki from the start.The evolving s
heme is:F (x) = if B(x) then�(F (K(x)); E(x))elseH(x) l [ P & HF (x) = G(n0; H(m0)) where(m0; n0) = num(x; 0)num(y; i) = if B(y) thennum(K(y); i+ 1)else (y; i)it(y; i) = if i 6= 0 then it(K(y); i� 1)else yG(i; z) = if i 6= 0 thenG(i� 1; �(z; E(it(x; i� 1))))else z



40 Thorsten EhmThe fun
tion num 
al
ulates the number of iterations that have to be done until thetermination 
ondition is ful�lled as well as the �nal value. These values are used byfun
tion G to 
hange the evaluation order of the 
al
ulated term. For this, G usesthe fun
tion it to iterate K to a
hieve the inverse K of K by doing one iteration lessthan had to be done for K. So G 
an start with the 
al
ulations done in the deepestre
ursion step �rst and then as
end from there using the inverse of K.5 Deriving a general transformation s
hemeBy investigation of fun
tion �k((m;L); (n;L)) = (n; (n k! m) j L) we 
an see that �kupdates the link starting from m via sele
tor k and simultaneously sets m as the newstarting entry of the resulting pointer stru
ture. It is apparent that su
h a restri
tedfun
tion 
an not provide the simpli�
ation we aim to a
hieve, namely elimination ofe�e
t-less updates. So we use the te
hnique of generalization and introdu
e a more
exible fun
tion  k(l;m; (n;L)) = (l; (m k! n) j L) that handles the altered addressand the resulting entry independently. With this fun
tion we are in the position toeliminate the quasi-updates that do not alter the stru
ture but are only used forpassing through the pointer stru
ture and get a non-re
ursive fun
tion G. One 
ansay that  k \eats up" the e�e
t-less updates of �k. The s
heme that evolves fromsome 
al
ulations is:F (x) = if B(x) then�(F (K(x)); E(x))elseH(x) l [ ConditionsF (x) = var vx := xif B(x) then whileB(K(vx)) do vx := K(vx) k(ptr(E(x)); ptr(E(vx)); H(K(vx)))elseH(x)Some more simpli�
ation leads us to the imperative algorithm one has in mind:
atp(m;n; L) = var vm := mifm 6= � then whileLtail(vm) 6= � dovm := Ltail(vm)(m; (vm tail! n) j L)else (n;L)6 Con
lusionWe have shown how the transformation of Paterson and Hewitt 
an be used to a
hieveimperative algorithms on pointer-linked data stru
tures. The presented transforma-tion s
heme also 
an be applied to other algorithms like insert into a list or tree [9℄.At these example algorithms it 
an be seen, that there is a need for more sophis-ti
ated s
hemes based on the presented one. It also seems possible that algorithms
hanging more than one link su
h as deletion from a list 
an be treated the sameway. For this, one have to divide the job into several parts altering only one link,applying the s
heme and afterwards putting the parts together.Further resear
h will investigate this and other starting points to 
omplete themethodology. Also a (semi-)automati
 system 
he
king the side-
onditions and sosupporting the developer of su
h algorithms is in work.
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Dynami
 S
ope Analysis for Ema
s LispMatthias NeubauerUniversit�at FreiburgInstitut f�ur InformatikGeorges-K�ohler-Allee 07979110 Freiburg i. Br.Abstra
t It is possible to translate 
ode written in Ema
s Lisp or another Lisp diale
twhi
h uses dynami
 s
oping to a more modern programming language with lexi
al s
opingwhile largely preserving stru
ture and readability of the 
ode. The biggest obsta
le to su
han idiomati
 translation from Ema
s Lisp is the translation of dynami
 binding into suit-able instan
es of lexi
al binding: Many binding 
onstru
ts in real programs in fa
t exhibitidenti
al behavior under both dynami
 and lexi
al binding. An idiomati
 translation needsto dete
t as many of these binding 
onstru
ts as possible and 
onvert them into lexi
albinding 
onstru
ts in the target language to a
hieve readability and eÆ
ien
y of the target
ode.The basi
 prerequisite for su
h an idiomati
 translation is thus a dynami
 s
ope analysiswhi
h asso
iates variable o

urren
es with binding 
onstru
ts. We present su
h an analysis.It is an appli
ation of the Nielson/Nielson framework for 
ow analysis to a semanti
s fordynami
 binding akin to Moreau's. Its implementation handles a substantial portion ofEma
s Lisp, has been applied to realisti
 Ema
s Lisp 
ode, and is highly a

urate andreasonably eÆ
ient in pra
ti
e.1 Migrating Ema
s LispEma
s Lisp [2, 8℄ is a popular programming language for a 
onsiderable number ofdesktop appli
ations whi
h run within the Ema
s editor or one of its variants. Thea
tively maintained 
ode base measures at around 1,000,000 lo
1. As the Ema
s Lisp
ode base is growing, the language is showing its age: It la
ks important 
on
eptsfrom modern fun
tional programming pra
ti
e as well as provisions for large-s
alemodularity. Its implementations are slow 
ompared to mainstream implementationsof other Lisp diale
ts. Moreover, the development of both Ema
s diale
ts pla
es
omparatively little fo
us on signi�
ant improvements of the Ema
s Lisp interpreter.On the other hand, re
ent years have seen the advent of a large number of ex-tension language implementations of full programming languages suitable for thein
lusion in appli
ation software. Spe
i�
ally, several 
urrent S
heme implementa-tions are te
hnologi
ally mu
h better suited as an extension language for Ema
s thanEma
s Lisp itself. In fa
t, the oÆ
ial long-range plan for GNU Ema
s is to repla
ethe Ema
s Lisp substrate with Guile, also a S
heme implementation [7℄. The workpresented here is part of a di�erent, independent e�ort to do the same for XEma
s,a variant of GNU Ema
s whi
h also uses Ema
s Lisp as its extension language.Repla
ing su
h a 
entral part of an appli
ation like XEma
s presents diÆ
ultpragmati
 problems: It is not feasible to re-implement the entire Ema
s Lisp 
odebase by hand. Thus, a su

essful migration requires at least the following ingredients:1 The XEma
s pa
kage 
olle
tion whi
h in
ludes many popular add-ons and appli
ations
urrently 
ontains more than 700,000 lo
.



44 Matthias Neubauer� Ema
s Lisp 
ode must 
ontinue to run un
hanged for a transitory period.� An automati
 tool translates Ema
s Lisp 
ode into the language of the newsubstrate, and it must produ
e maintainable 
ode.Whereas the �rst of these ingredients is not parti
ularly hard to implement (eitherby keeping the old Ema
s Lisp implementation around or by re-implementing anEma
s Lisp engine in the new substrate), the se
ond is more diÆ
ult. Even though adire
t one-to-one translation of Ema
s Lisp into a modern latently-typed fun
tionallanguage is straightforward by using dynami
 assignment or dynami
-environmentpassing to implement dynami
 s
oping, it does not result in maintainable output
ode: Users of modern fun
tional languages use dynami
 binding only in very lim-ited 
ontexts su
h as ex
eption handling or parameterization. As it turns out, thesituation is not mu
h di�erent for Ema
s Lisp users: For many lets and other binding
onstru
ts in real Ema
s Lisp 
ode, dynami
 s
ope and lexi
al s
ope are identi
al !Consequently, a good \idiomati
" translation of Ema
s Lisp into, say, S
heme, should
onvert these binding 
onstru
ts into the 
orresponding lexi
al binding 
onstru
ts ofthe target substrate.The only problem is to re
ognize these binding 
onstru
ts, or rather, distinguishthose where the programmer \meant" dynami
 s
ope from those where she \meant"lexi
al s
ope. Sin
e with dynami
 s
ope, bindings travel through the program exe-
ution mu
h as values do, this requires a proper 
ow analysis. We present su
h ananalysis that we 
all dynami
 s
ope analysis.Spe
i�
ally, our 
ontributions are the following:� We have formulated a semanti
s for a subset of Ema
s Lisp, 
alled Mini Ema
sLisp, similar to the sequential evaluation fun
tion for �d by Moreau [3℄.� We have applied the 
ow analysis framework of Nielson and Nielson [6℄ to thesemanti
s, resulting in an a

eptability relation for 
ow analyses of Mini Ema
sLisp programs.� We have used the a

eptability relation to formulate and implement a 
ow anal-ysis for Ema
s Lisp whi
h tra
ks the 
ow of bindings in addition to the 
ow ofvalues.� We have applied the analysis to real Ema
s Lisp 
ode. More spe
i�
ally, theanalysis is able to handle medium"=sized real-world examples with high a

ura
yand reasonable eÆ
ien
y.The work presented here is a part of the el2s
m proje
t that works on the migrationfrom Ema
s Lisp to S
heme. However, the analysis 
ould be used for a number ofother purposes, among them the development of an eÆ
ient 
ompiler for Ema
s Lisp,or the translation to a di�erent substrate su
h as Common Lisp. For further te
hni
aldetails of the dynami
 s
ope analysis, the reader is referred to the author's thesisdissertation [4℄ and to [5℄.2 ExamplesConsider the Ema
s Lisp 
ode shown in Figure 1, taken literally from files.el inthe 
urrent XEma
s 
ore. It 
ontains �ve variable bindings, all introdu
ing tempo-rary names for intermediate values. The bindings of the variables filename, file,dir, 
omp, and newest are all visible in the other fun
tions rea
hable from the body



Dynami
 S
ope Analysis for Ema
s Lisp 45(let* ((filename (expand-file-name filename))(file (file-name-nondire
tory filename))(dir (file-name-dire
tory filename))(
omp (file-name-all-
ompletions file dir))newest)(while 
omp(setq file (
on
at dir (
ar 
omp))
omp (
dr 
omp))(if (and (ba
kup-file-name-p file)(or (null newest)(file-newer-than-file-p file newest)))(setq newest file)))newest)) Figure 1. Typi
al usage of let in Ema
s Lisp.(let ((file-name-handler-alist nil)(format-alist nil)(after-insert-file-fun
tions nil)(
oding-system-for-read 'binary)(
oding-system-for-write 'binary)(find-buffer-file-type-fun
tion(if (fboundp 'find-buffer-file-type)(symbol-fun
tion 'find-buffer-file-type)nil)))(unwind-prote
t(progn(fset 'find-buffer-file-type(lambda (filename) t))(insert-file-
ontentsfilename visit start end repla
e))(if find-buffer-file-type-fun
tion(fset 'find-buffer-file-typefind-buffer-file-type-fun
tion)(fmakunbound 'find-buffer-file-type))))Figure 2. Parameterizations via dynami
 let in Ema
s Lisp.of the let, yet none of them 
ontain o

urren
es of these names. The only vari-able o

urren
es whi
h a

ess the bindings are in the body of the let* itself, andall are within the lexi
al s
ope of the bindings. Hen
e, translating the let* into alexi
ally-s
oped 
ounterpart in the target language would preserve the behavior ofthis fun
tion.Figure 2 shows an example for idiomati
 use of dynami
 binding (also taken fromfiles.el): It is part of the implementation of insert-file-
ontents-literallywhi
h 
alls insert-file-
ontents in the body of the let. The de�nition of insert-file-
ontents indeed 
ontains o

urren
es of the variables bound in the let withthe ex
eption of find-buffer-file-type-fun
tion. Therefore, it is not permissibleto translate the let with a lexi
ally-s
oped binding 
onstru
t.



46 Matthias NeubauerFor the vast majority of binding 
onstru
ts in real Ema
s Lisp 
ode, dynami
s
ope and lexi
al s
ope 
oin
ide. Thus, the ultimate goal of the analysis is to dete
tas many of these bindings 
onstru
ts as possible.In general however, value 
ow and the 
ow of bindings intera
t during the eval-uation of Ema
s Lisp programs. Hen
e, it is not possible to apply standard 
owanalyses based on lexi
al-binding semanti
s to solve the problem; a new analysis isne
essary.3 Con
lusion and Future WorkWe have spe
i�ed, proved 
orre
t and implemented a 
ow analysis for Ema
s Lispwhose distinguishing feature is its 
orre
t handling of dynami
 binding. The primarypurpose of the analysis is to aid translation of Ema
s Lisp programs into moremodern language substrates with lexi
al s
oping sin
e most binding in real Ema
sLisp programs behaves identi
ally under lexi
al and dynami
 s
oping. Our analysisis highly a

urate in pra
ti
e. Our prototype implementation is reasonably eÆ
ient.We have two main dire
tions for future resear
h:� Improving the eÆ
ien
y of the analysis by ordinary optimization, 
ompilation
ode and modularization of the 
onstraints [1℄, and� integration of the analysis into a translation suite from Ema
s Lisp to S
heme.Referen
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Konsistenz von Vererbung in objektorientiertenSpra
hen und von statis
her, ALGOL-artigerBindungHans Langmaa
kInstitut f�ur Informatik und Praktis
he MathematikChristian-Albre
hts-Universit�at zu KielMit der h�oheren, problemorientierten Programmierspra
he ALGOL60 [19℄ wurdeetwas softwarete
hnis
h sehr Wi
htiges ges
ha�en, n�amli
h das Blo
kkonzept. K. Sa-melson bra
hte es in ALGOL60 ein, die Niveaustruktur von Bl�o
ken und die damiteinhergehende Spei
herverteilung geh�oren zu den bedeutendsten Beitr�agen Samel-sons zur Programmierungste
hnik. Im ALGOL58-Beri
ht [21℄ und in FORTRAN [1℄war no
h keine Rede von Bindungs- und G�ultigkeits-(Si
htbarkeits-) berei
hen vonIdenti�katoren, Ph�anomenen, die in Pr�adikatenlogik und �-Kalk�ulen seit den 1930erJahren bekannt waren [8℄.Erst das Blo
kkonzept bra
hte tragf�ahige Kl�arung in den Prozedurbegri�, syn-taktis
h wie semantis
h. Die ALGOL60-Prozeduren sind aus den do-Anweisungenund Prozeduren von ALGOL58 hervorgegangen. Das ALGOL-artige, statis
he Bin-den von Identi�katoren wurde zudem dadur
h zum Ausdru
k gebra
ht, da� beiProzedurrumpf- und Parameterersetzung (operationelle Kopierregelsemantik) Bin-dungsverf�als
hungen dur
h gebundene Identi�katorumbenennungen zu vermeidenwaren. Die im ALGOL60-Beri
ht verwendeten Formulierungen zur Spra
hseman-tik, speziell zur Semantik von Funktions- und eigentli
hen Prozeduren, w�aren f�urProgrammierer und �Ubersetzerkonstrukteure erhebli
h klarer geworden, wenn derBeri
ht explizit auf die damals s
hon bekannte �- und �-Reduktion in �-Kalk�ulen hin-gewiesen h�atte. Das h�atte man
he ungl�u
kli
he Programmierspra
hen-, �Ubersetzer-und Laufzeitsystementwi
klung vermeiden helfen.Die Idee der Bl�o
ke und ihr Datenspei
herverhalten hatte Samelson s
hon in [24℄vorgezei
hnet. Er spra
h von Teilprogrammen als o�enen Unterprogrammen und Bi-bliotheksprogrammen als ges
hlossenen Unterprogrammen. Er bes
hrieb einerseits,wie beim �Ubersetzen und Auswerten arithmetis
her Formeln Zwis
henergebnissein Hilfsspei
herzellen unterzubringen waren, wobei zuletzt besetzte zuerst wiederverf�ugbar wurden. Das lag am Formelabbau von links na
h re
hts, es wurde im-mer wieder jeweils die vorderste Abbaum�ogli
hkeit ins Auge gefa�t, ein bere
htigtesVorgehen, weil das Auswerten arithmetis
her Formeln, au
h der s
hulbekannten inIn�xnotation mit den Klammereinsparungs- und Vorrangregeln, kon
uent ist. DieBezei
hnung Zahlkeller f�ur die pulsierend auftretenden Zwis
henergebnisse trat erstin der Patents
hrift [2℄ und �o�entli
h wirksam im Artikel \Sequentielle Formel�uber-setzung" [23℄ auf. Andererseits bes
hrieb Samelson 1955 aber au
h, wie si
h dasPulsieren der Zwis
henergebnisse zur Laufzeit auf den Datenspei
her f�ur Teil- undUnterprogramme ausdehnen lie�, bere
htigt ebenfalls aus Kon
uenzgr�unden. Teil-und Unterprogramme hatten mit einer Angabe des f�ur Re
hnungen jeweils freienSpei
hers zu arbeiten, eingetragen unter einem festen Variablennamen Anfang freierSpei
her.



48 Hans Langmaa
kUnter ausdr�u
kli
her Berufung auf [23℄ bes
hrieb Dijkstra in \Re
ursive Pro-gramming" [6℄, wie der Samelson-Bauers
he Zahlkeller zum Laufzeitkeller (run timesta
k) f�ur Bl�o
ke, Funktions- und eigentli
he Prozeduren der Spra
he ALGOL60auszudehnen war. Die Variable Anfang freier Spei
her hie� da sta
k pointer; jederProzeduraufruf erzeugte eine Prozedurinkarnation, f�ur die eine Informationseinheitmit Pl�atzen f�ur Koordination (link), f�ur lokale Parameter, lokale Variablen und Zwi-s
henresultate in den Laufzeitkeller eingetragen wurde. Im Prozedur-link etablierteDijkstra neben der R�u
kkehradresse und dem dynamis
hen Zeiger auf die letzte zeit-li
h vorangegangene, aber no
h ni
ht beendete Inkarnation neu den sog. zweitenParameterzeiger, den statis
hen Zeiger auf die j�ungste (most re
ent) Inkarnation derlexikographis
h umfassenden Prozedur, um �uber ihn an Informationen zu globalenProzedurparametern zu gelangen.Leider geht Dijkstra's \most re
ent"-Festlegung ni
ht mit der Kopierregel, derstatis
hen Bindung des ALGOL60-Beri
hts konform. Denn man kann Programmekonstruieren, die ni
ht die sog. \most re
ent"-Eigens
haft haben [7℄. Bei Dijkstras Im-plementierung erfahren Identi�katoren w�ahrend des Ausf�uhrungsprozesses u. U. un-vermutete Bedeutungs�anderungen, die der Programmierer kaum na
hvollziehen kann,so da� er von seltsamen Endergebnissen �uberras
ht wird. Man spri
ht von Spra
h-semantik mit dynamis
her Bindung, wenn derartige Bedeutungs�anderungen gewolltsind. Selbst das aufwendige Programmbeispiel GPS (General Problem Solver) in [22℄zur Demonstration von Namensparameter�ubergabe erf�ullt die \most re
ent"-Eigen-s
haft.Dijkstras \most re
ent"-Vors
hrift zur Behandlung des statis
hen Zeigers fandselbst no
h in j�ungerer Zeit Eingang in Implementierungen und �Ubersetzerbau-lehrb�u
her f�ur ALGOL-artige Programmierspra
hen. Das f�uhrte nat�urli
h zu Mi�-helligkeiten zwis
hen urspr�ungli
her Spra
hsemantik und aktueller Programmausf�uh-rung. Um Entt�aus
hungen aus dem Weg zu gehen, wurden beispielsweise Prozedurenals Argumente von Prozeduren und im Gefolge formale Proteduraufrufe in Ada [10℄und Prozedurs
ha
htelungen in C [12℄ ni
ht mehr erlaubt. Tats�a
hli
h stimmt unterdiesen Spra
heins
hr�ankungen statis
he und dynamis
he Bindung in ihren Auswir-kungen �uberein.Das dynamis
he Binden wurde ungewollt dur
h eine weitere ein
u�rei
he Ver�of-fentli
hung ins Programmiererbewu�tsein ger�u
kt. 1965 ver�o�entli
hten J. M
Carthyet al. im \Lisp 1.5 Programmer's Manual" [17℄ zwei in Lisp ges
hriebene Interpretie-rer zur De�nition operationeller Kopierregelsemantik der funktionalen Spra
he Lisp.M
Carthy hatte Lisp als benutzerfreundli
he Fassung des auf Chur
h zur�u
kgehen-den (angewandten) �-Kalk�uls mit dessen statis
her Bindung konzipiert [9℄. AberProgrammierfehler in den Interpretierern f�uhrten zu Lisp-Semantik mit dynamis
herBindung, wel
he bei blo�er gebundener Umbenennung s
hon unters
hiedli
he Pro-grammresultate zeitigte. Langmaa
k entde
kte die Programmierfehler in [17℄ im Rah-men von Vorlesungen zu �Ubersetzerbau und Laufzeitsystemen an der Universit�at desSaarlandes 1970/71. Er besserte die Lisp-Interpretierer kurzerhand in Ri
htung sta-tis
her Bindung aus und spra
h von nat�urli
her Semantik. Erst sp�ater kehrte dieLisp-Gemeinde mit CommonLisp [25℄ zur Tugend ALGOL-artiger, statis
her Bin-dung zur�u
k.Man sollte si
h dur
h die Wortwahl \dynamis
hes Binden" ni
ht dahingehendt�aus
hen lassen, da� diese Form des Bindens etwa klaren Vorteil oder hohe M�a
htig-keit biete. Denn sol
hes Binden verlangt zur Besetzung statis
her Zeiger Su
hprozes-se im Laufzeitkeller, w�ahrend statis
hes Binden gezieltes Besetzen gestattet. Au
h
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her Bindung 49die bei dynamis
hem Binden beweisbare Existenz relativ vollst�andiger Hoares
herBeweissysteme [20℄ mu� mit s
hwierigerem Programmverstehen und umst�andli
herformulierbaren Prozedurvor- und -na
hinvarianten erkauft werden, weil keine glattenSubstitutions- und Umbenennungstheoreme wie bei statis
her Semantik gelten.Das dynamis
he Binden wurde vor allem in objektorientierter Programmierungpopul�ar, obwohl O.-J. Dahl und K. Nygaard, die S
h�opfer der Begri�e Objekt,Klasse, Vererbung und der Spra
he Simula67, ausdr�u
kli
h auf ALGOL60 mit derBlo
kstruktur und dem statis
hen Binden fu�ten [3, 5℄. Au
h die Simula67-Na
hfol-gespra
hen BETA [18℄ und LOGLAN'88 [16℄ verbinden Objektorientierung konsi-stent und erfolgrei
h mit statis
her Bindung. W�ahrend unabh�angig entwi
kelte Pro-grammteile etwa dur
h Prozedurkapselung s
hon in ALGOL60 oder PASCAL [11℄problemlos kombiniert werden k�onnen, ist sol
h softwarete
hnis
hes Vorgehen beidynamis
her Bindung ohne Kenntnis der lokalen Namen in anderen Programmteilenfehleranf�allig oder sogar s
hon aus syntaktis
hen Gr�unden unm�ogli
h. Wie gesagt,Simula67 beinhaltete bereits die Vererbungsidee, verlangte aber aus pragmatis
henGr�unden Einebenenvererbung, d.h. ererbte Klassen mu�ten glei
he Moduls
ha
hte-lungstiefen wie erbende Moduln haben. F�ur LOGLAN wie f�ur BETA wurde da-gegen Mehrebenenvererbung angestrebt, u.a. um Programmierer ni
ht zu zwingen,unn�otige Klassenkopien per Hand zu s
hreiben, und um 
exiblere Einri
htung vonKlassenbibliotheken zu erm�ogli
hen. Da� es ni
ht einfa
h sein w�urde, f�ur Mehrebe-nenvererbung klare Spra
hsemantik mit statis
her Bindung zu de�nieren und eÆzi-ente Implementierungen zu errei
hen, wurde 1967 no
h ni
ht vorausgesehen [4℄. F�urLOGLAN'88 l�a�t si
h operationelle Kopierregelsemantik mit statis
her Bindung wief�ur ALGOL-artige Spra
hen de�nieren. Ni
ht nur Prozeduraufrufe, Funktionsaufrufeund Objektgenerierungen erwarten Kopierregeln, sondern au
h das Eliminieren vonErerbungen tut es, womit Module wie Klassen, Bl�o
ke, eigentli
he Prozeduren undFunktionsprozeduren versehen sein k�onnen. Dieser De�nitionsstil verbleibt voll undganz auf Programmierspra
hebene, ohne Bezug zu irgendeiner Implementierung oderMas
hine zu haben [13℄.F�ur eÆziente Implementierung ist die Idee wegweisend, da� man in semanti-kerhaltender Weise das Ererben au
h dadur
h eliminieren kann, da� man Klassenin Prozeduren verwandelt und erbende Moduln mit neuen lokalen Prozeduren ver-sieht, deren formale Parameter gerade diejenigen Identi�katoren sind, die �uber dieErbungs-(Pr�a�x-)kette des erbenden Moduls errei
hbar sind. M.a.W.: Objektorien-tierte Programme mit Klassen und Vererbung sind angenehm verk�urzende und pa-rametersparende Notation f�ur spezielle ALGOL-Programme.EÆziente ALGOL-artige Blo
k- und Prozedurimplementierung errei
ht man ge-m�a� [6℄ dur
h statis
he Zeigerketten und Displayregister. Dabei sind alle angewand-ten Identi�katorvorkommen, die das glei
he zugeh�orige de�nierende Vorkommen ha-ben und somit bei statis
her Bindung semantis
h das glei
he Ding bedeuten, andas glei
he Register gekoppelt, festgelegt dur
h das Moduls
ha
htelungsniveau desde�nierenden Vorkommens. Wegen der Einebenenvererbung bleibt das au
h f�ur Si-mula67 ri
htig, mit der angenehmen Folge, da� keinerlei Diplayregisterumladungenerforderli
h werden, solange ein Re
hnen der Laufzeit in einer Pr�a�xkette verharrtund diese ni
ht verl�a�t.Die ALGOL-Simula67-Displayregisterverteilung wird fals
h bei Mehrebenenver-erbung. Aber die letztgenannte Eigens
haft einer Simula67-Implementierung, Dis-playregister ni
ht umladen zu m�ussen, m�o
hte man im Interesse e�ektvollen objekt-orientierten Programmierens bei Mehrebenenvererbung bewahren. Dadur
h werden
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ku.U. mehr Displayregister n�otig, als das maximale Moduls
ha
htelungsniveau einesProgramms angibt. Krogdahl [15℄ s
hlug daher vor, den BETA-Codegenerator so zuoptimieren, da� er zur �Ubersetzungszeit die niedrigst m�ogli
he Displayregisterzahlbestimmt. [13℄ beweist dur
h systematis
he Displayregisterpermutation, da� dieseZahl grunds�atzli
h gerade dur
h die maximale Moduls
ha
htelungstiefe gegeben ist.Kre
zmar und Warpe
howski [14℄ entwi
kelten dazu eine elegante Theorie statis
herund dynamis
her Algebren, wof�ur LOGLAN'88-Programme Modelle sind. Theorieund Implementierung sind Ergebnisse von �Uberlegungen dar�uber, was Programmier-spra
hsemantik mit statis
her Bindung eigentli
h bedeutet.Ein- und Mehrebenenvererbung sollten ni
ht mit den Ph�anomenen einfa
he bzw.multiple Vererbung verwe
hselt werden. Alle drei Spra
hen Simula67, BETA undLOGLAN'88 erlauben nur einfa
he Vererbung. Es steht no
h aus, wie multiple Ver-erbung in nat�urli
her Weise mit statis
her Bindung gekoppelt werden kann.Meiner Kollegin G. Mirkowska und meinen Kollegen O.-J. Dahl, C.A.R. Hoareund A. Salwi
ki danke i
h herzli
h f�ur die Diskussionen um Objektorientierung undstatis
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Obje
t-Oriented Spe
i�
ation and Veri�
ation withCo-Algebras and Co-Indu
tionPeter PadawitzUniversity of Dortmund, Germany1 Swinging typesSwinging types (STs) provide a spe
i�
ation and veri�
ation formalism for designingsoftware in terms of many-sorted logi
. Current formalisms, be they set- or order-theoreti
, algebrai
 or 
oalgebrai
, rule- or net-based, handle either stati
 system
omponents (in terms of fun
tions or relations) or dynami
 ones (in terms of transi-tion systems) and either stru
tural or behavioral aspe
ts, while STs 
ombine equa-tional, Horn and modal logi
 for the purpose of applying 
omputation and proofrules from all three logi
s.UML provides a 
olle
tion of obje
t-oriented pi
torial spe
i�
ation te
hniques,equipped with an informal semanti
s, but hardly 
ares about 
onsisten
y, i.e. theguarantee that a spe
i�
ation has models and thus 
an be implemented. To a
hievethis goal and to make veri�
ation possible a formal semanti
s is indispensable. Swing-ing types have term models that are dire
tly derived from the spe
i�
ations. We take�rst steps towards a translation of 
lass diagrams, OCL 
onstraints and state ma-
hines into STs.Swinging types are parti
ularly suitable for interpreting UML models be
ausethey integrate stati
 and dynami
 
omponents. UML treats them separately, STshandle them within the same formalism. Hen
e, one may prove, for instan
e, thatstati
 operations are 
orre
tly re�ned by lo
al message passing primitives.A 
ru
ial point of a formal semanti
s of UML models is a reasonable notion ofstate. If 
onstraints are 
onsidered that involve stati
 data and state transitions, themodal-logi
 representation of states as (impli
it) predi
ates is often less adequatethan the ST representation as terms even if a state may have several term repre-sentations, whi
h denote, for instan
e, di�erent method sequen
es that lead to thestate.Given a system to be analyzed or synthesized, there are two 
on
eptionally andte
hni
ally rather di�erent views on the relationship between its stati
 stru
ture onthe one hand and its dynami
 behavior on the other: the two-tiered view and theone-tiered view, respe
tively. The former is based on temporal and modal logi
where ea
h state has its own interpretation (\world") of all synta
ti
 entities thatbuild up the system. Here the formal semanti
s is given by a Kripke stru
ture, i.e. asequen
e of models ea
h of whi
h des
ribes a single state. The state stru
ture doesnot interfere with the transition relation that 
aptures the dynami
s and only thedynami
s of the system.In 
ontrast to the two-tiered view, formal approa
hes adopting the one-tiered viewregard states not as di�erent models, but as di�erent elements of a single model. Thisallows us to keep to|many-sorted|predi
ate logi
: hidden domains of states are dis-tinguished from visible domains su
h as numbers or �nite lists. Visible domains 
on-sist of data that are identi�ed by their stru
ture, while the obje
ts of hidden domains



54 Peter Padawitzare identi�ed by their behavior in response to observers. Approa
hes that favor a one-tiered view are pro
ess algebra [4℄, dynami
 data types [2℄, hidden algebras [8, 10℄and swinging types. Hidden algebras are 
losely related to models of behavioralspe
i�
ations [3℄ and subsumed by models of 
oalgebra spe
i�
ations [12, 13, 25, 29℄.Hidden-algebra spe
i�
ations axiomatize behavioral equivalen
e; dynami
 data typesspe
ify transition systems; swinging types do both.Consequently, a swinging type separates visible sorts from hidden ones. ST pred-i
ates are interpreted as the least relations satisfying their axioms and thus representindu
tive(ly provable) properties. Dually, 
opredi
ates are interpreted as the greatestrelations satisfying their axioms and often represent 
omplementary, \
oindu
tive"properties.1 A 
oalgebrai
 ST [21℄ in
ludes the spe
i�
ation of a �nal 
oalgebra, whi
h
an be regarded as a \
ontra
ted" Kripke stru
ture: ea
h state model of a Kripkestru
ture 
orresponds to an element of the 
oalgebra.Sin
e the semanti
s of an ST is given by a Herbrand stru
ture, swinging types
ombine features of model-oriented formal des
ription te
hniques with those of ax-iomati
, dedu
tion-oriented ones. This is quite natural, puts powerful proof rules atour disposal, like unfolding, indu
tion, 
oindu
tion and Herbrand-model-based sim-pli�
ations [18, 24℄, and keeps STs 
lose to the syntax and semanti
s of fun
tional,logi
 and/or 
onstraint languages. The informal models that guide the design ofprograms in su
h languages are in fa
t the \godfathers" of ST models.The ST approa
h evolved from 25 years of resear
h and development in the areaof formal methods for software 
onstru
tion. It aims at keeping the balan
e between awide range of appli
ations and a simple mathemati
al foundation. To this end bound-aries between many resear
h 
ommunities had to be 
rossed. STs employ 
on
epts,results and methods from many-sorted and modal logi
, algebrai
 spe
i�
ation, termrewriting, automated theorem proving, stru
tural operational semanti
s, fun
tionaland logi
 programming, �xpoint and 
ategory theory, universal algebra and 
oal-gebra. Whatever was adopted from these areas, 
ould be reformulated in terms ofmany-sorted logi
 with equality.Formally, a swinging type starts out from 
onstru
tors for visible sorts and obje
t
onstru
tors for hidden sorts. Obje
t 
onstru
tors are, for instan
e, the inje
tionsinto sorts denoting sums of hidden sorts. Ea
h sort is equipped with a stru
tural anda behavioral equality. For visible sorts, both equalities 
oin
ide. Constru
tors andobje
t 
onstru
tors build up data uniquely w.r.t. stru
tural and behavioral equal-ity, respe
tively. An ST de�nes fun
tions, predi
ates and 
opredi
ates in terms ofgeneralized Horn 
lauses and 
o-Horn 
lauses, respe
tively. A predi
ate is stati
 ordynami
. Stru
tural equalities are dynami
 predi
ates with axiom expressing their
ongruen
e property. Behavioral equalities are 
opredi
ates with axioms expressingthe 
ompatibility with all destru
tors (whi
h are de�ned fun
tions or predi
ates) andthe zigzag 
ompatibility with all transition predi
ates (whi
h are parti
ular dynami
predi
ates). The latter implies that they are bisimulations.The �nal model of a swinging type is a term model fa
tored through its be-havioral equalities. Unfortunately, su
h a model 
an only represent 
ountably manyelements even if the domain to be spe
i�ed 
onsists of un
ountably many \in�nite"obje
ts like streams or pro
esses. For representing su
h a domain an ST is extendedby a 
ospe
i�
ation that adds hidden sorts, destru
tors, 
opredi
ates, indu
tive or1 Appealing to modal-logi
 terminology, predi
ates and 
opredi
ates are also 
alled �- resp.�-predi
ates.
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oindu
tive axiomatizations of fun
tions and assertions for de�ning a subdomain.The latter provide 
o-Horn axioms for membership predi
ates and thus 
omplementthe purpose of the 
o-Horn axioms for behavioral equalities that de�ne a quotientdomain. The 
ospe
i�
ation has a �nal 
oalgebra that interprets a hidden sort as aset of behaviors. A behavior is given by a tuple of interpretations of 
ontext terms
onsisting of destru
tors. The 
onstru
tion of the �nal 
oalgebra generalizes the 
on-stru
tion of the minimal automaton that realizes a �xed input-output behavior. Herethe destru
tors state transition or output fun
tions.If a 
ospe
i�
ation, say CSP , whi
h already extends a swinging type, is aug-mented by further 
onstru
tors, de�ned fun
tions and predi
ates that involve thehidden sorts of CSP , the extension is 
alled a 
oalgebrai
 swinging type (CST). Weakrequirements ensure that the CST is a 
onservative extension of CSP , i.e. CST doesnot produ
e neither \junk" (data that are not already in the �nal 
oalgebra of CSP )nor \
onfusion" (theorems that do not already hold in that 
oalgebra). This prop-erty allows us to swit
h between algebrai
 (indu
tive) and 
oalgebrai
, (
oindu
tive)arguments when reasoning about CSTs.
Figure 1. Two asso
iated 
lasses (Figure 3 of [11℄)2 Class diagrams[11℄ 
laims a general one-to-one 
orresponden
e between a 
lass and a spe
i�
ationunit. However, a simple look at the graph stru
ture of a 
lass diagram reveals that this
annot work as soon as the graph involves 
y
les su
h as those 
reated by bidire
tionalasso
iations (
f. Fig. 1). A 
lass diagram yields a spe
i�
ation, ea
h 
lass providesa (hidden) sort. The entire spe
i�
ation is built up hierar
hi
ally, following the userelationships between methods that form a, maybe 
ollapsed, tree.Even the �nest spe
i�
ation stru
ture re
e
ting a 
lass diagram has to en
apsu-late all data and operations involved in a use 
y
le into a single spe
i�
ation unit. Butthis does not mean that the other extreme, re
ommended in [11℄, must be adopted,i.e., translating the entire 
lass diagram into a single spe
i�
ation with a global statesort. Coalgebrai
 STs allow us to avoid the introdu
tion of global state sorts thatare not sums or produ
ts of sorts representing individual 
lasses.A UML 
lass diagram 
an be translated into a CST as follows. A 
lass be
omesa hidden sort, say 
l, of a 
ospe
i�
ation. An attribute of 
l with values in s yieldsa destru
tor d : 
l ! s. A method m(x1 : s1; : : : ; xn : sn) of 
l is turned into a
onstru
tor 
 : 
l � s1 � : : : � sn ! 
l, while a method m(x1 : s1; : : : ; xn : sn) : s of
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l provides a de�ned fun
tion f : 
l � s1 � : : :� sn ! s. A 
lass-s
ope operationm(x1 : s1; : : : ; xn : sn) be
omes a 
onstru
tor 
 : s1� : : :� sn ! 
l. Methods de�nedin terms of other methods may be introdu
ed as de�ned fun
tions.An asso
iation asso
 that relates n 
lasses 
l1; : : : ; 
ln to ea
h other 
an of
ourse be regarded as an n-ary relation [7, 14, 28℄. Then rolenames atta
hed tothe ends of asso
 
orrespond to attributes or proje
tions in the sense of relationalor algebrai
 models, respe
tively, and asso
 be
omes a further hidden sort withmembership 2: (
l1 � : : : � 
ln) � asso
 as the only destru
tor. Binary and mostlyanonymous asso
iations, whi
h provide the pathways for navigating between obje
tsof the asso
iated 
lasses, however, should be translated di�erently. The relationalview would enfor
e the 
omputation of transitive 
losures of asso
iations, whi
h wasshown to result in rather tri
ky and 
ounter-intuitive 
ode [14℄.Hen
e a rolename r atta
hed to the 
l-end end of a binary asso
iation that relates
l to 
l0 is translated into a destru
tor dr of the 
lass 
l0 at the opposite end. If anasso
iation end la
ks a rolename, we introdu
e one. The range sort s of dr dependson the multipli
ity at the 
l-end, whi
h holds r. If the multipli
ity is 1, then s =
l. If the multipli
ity is m::n, + or �, then s is a sum sort: qni=m
li, qn>0
ln or
l� = qn2N
ln, respe
tively. Hen
e d assigns a list of 
l-obje
ts to ea
h 
l0-obje
t.Additional 
onstraints may demand another type of 
olle
tion like a bag or a set. Aslong as proving that 
l0-obje
ts are behaviorally equivalent is not an issue, the a
tual
olle
tion type is irrelevant and we may keep to the lists given by the above sumsorts. Otherwise it is quite easy to turn these lists into bags or sets be
ause �nite (!)sets and bags also provide swinging types, though not 
oalgebrai
 ones.In [27℄, binary asso
iations are also translated into set-valued fun
tions. But, sin
ethe authors do not give a semanti
s of obje
ts or their states, it is not 
lear whatthe elements are the sets 
onsist of. Translating a 
lass into a 
onstru
tor-based typewhose obje
ts are built up of attribute values and rolenames in a hierar
hi
al waywould be inadequate be
ause asso
iations may form 
y
les as in Fig. 1. Translatinga 
lass into a hidden sort of a CST, however, leads to a behavioral semanti
s in thesense des
ribed above: obje
t states are interpretations of 
ontext expressions builtup of destru
tors, here: of attributes and rolenames.Example.The bidire
tional asso
iation between the 
lasses Person andMeetingin Fig. 1 suggests a single spe
i�
ation, but two sorts for person states and meetingstates, respe
tively. The CST given below 
overs Fig. 1 as well as the following OCL
onstraint [30℄ taken from [11℄:
ontext Meeting :: 
he
kDate()post : isCon�rmed =self.parti
ipants ->
olle
t(meetings) ->forAll(m j m <> self and m.isCon�rmed implies(after(self.end,m.start) or (after(m.end,self.start)))For dealing with obje
t (state) sets we start out from a parameterized spe
i�
ationFINSET of �nite subsets of a set of instan
es of a 
lass 
l (
f. [23℄). FINSET is anST with the only set-destru
tor in : 
l�set(
l)! bool that denotes set membership.FINSET in
ludes a de�ned fun
tion mkset : 
l� ! set(
l) that transforms sequen
esinto sets.PERSON&MEETING = FINSET and STRING and DATE&TIME then
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i�
ation and Veri�
ation 57hidsorts Person Meetingdestru
ts name : Person! Stringmeetings : Person!Meeting�title : Meeting! Stringparti
ipants : Meeting! Person�start; end : Meeting! DateisCon�rmed : Meeting! bool�ni : Personn ! Person�ni : Meetingn !Meeting for all 1 � i � n 2 N
onstru
ts 
he
kDate : Meeting !Meeting
an
el : Meeting !Meetingdefun
ts Meetings : Person! set(Meeting)Parti
ipants : Meeting! set(Person)numMeetings : Person! natnumCon�rmedMeetings : Person! natduration : Meeting ! T ime
onsistent : Meeting �Meeting ! boolvars p : Person m;m0 : Meeting ms : set(Meeting) ps : set(Person)Horn axioms Meetings(p) � mkset(meetings(p))Parti
ipants(m) � mkset(parti
ipants(m))numMeetings(p) � jMeetings(p)jnumCon�rmedMeetings(p) � jfilter(isCon�rmed ;Meetings(p))jduration(m) � end(m)� start(m)
onsistent(m;m0) � not(isCon�rmed(m0))or end(m) < start(m0) or end(m0) < start(m)isCon�rmed (
he
kDate(m)) � forall(�m0:
onsistent(m;m0); remove(m;ms))( Parti
ipants(m) � ps ^ flatten(map(Meetings; ps)) � msisCon�rmed (
an
el(m)) � false�ni (p1; : : : ; pn) � pi�ni (m1; : : : ;mn) � mi for all 1 � i � n 2 Nassertions jParti
ipants(m)j � 2Basi
 methods are de
lared as 
onstru
tors, whereas derived ones are de
laredas de�ned fun
tions. An element of the �nal 
oalgebra of PERSON&MEETING(informally: a state or behavior of a PERSON&MEETING-obje
t) is the tuple ofvalues of all PERSON&MEETING-
ontexts, i.e. non-hidden-sorted terms over theabove destru
tors. For instan
e, a meeting with �ve parti
ipants whose third oneis 
alled Henry is represented by a tuple of meeting-
ontext values su
h that the
ontext name(�53(parti
ipants(m))) evaluates to Henry. ❏More details about the translation of UML 
lasses into CSTs, in parti
ular thetreatment of generalizations (inheritan
e), 
an be found in [23℄ and [20℄. The inte-gration of state ma
hines in terms of transition predi
ates and the proof of staterea
hability or invarian
e are also topi
s of [23℄.[17℄ and [18℄ present the model- and proof-theoreti
al foundations of non-
oalge-brai
 STs. [19℄ and [21℄ fo
us on their stru
tured development (in
luding re�nements)and the emdedding of 
ospe
i�
ations, respe
tively.2 For introdu
tions to hidden al-gebras, 
oalgebras and 
oindu
tion, we re
ommend [13,25,29℄ and [10℄. For the spe
-i�
ation of 
oalgebras or transitions systems, see also [6℄, [5℄ and [12℄. [23℄ exploresvarious appli
ation areas for STs and attempts to integrate 
ertain traditional formal2 These two papers are under revision and will probably re-appear under slightly di�erenttitles.
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ription and proof te
hniques into the ST framework. Examples 
an also be foundin my 
ourse notes [22℄. [24℄ provides a survey of proof and 
omputation rules forreasoning about STs. Our proof and symboli
-
omputation system Expander2 [16℄has been designed in parti
ular for the purpose of 
arrying out and visualizing su
hreasoning semi-automati
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Embedding Pro
esses in a De
larativeProgramming Language?Bernd Bra�el1, Mi
hael Hanus2, and Frank Steiner21 RWTH Aa
hen, Germanybrassel�halifax.rwth-aa
hen.de2 Institut f�ur Informatik, CAU Kiel, D-24098 Kiel, Germany{mh,fst}�informatik.uni-kiel.deAbstra
t While de
larative programming languages are based on the idea of spe
ifyingthe stati
 relationships of problems, the right modeling of the dynami
 behavior is equallyimportant for many pra
ti
al appli
ations. To support a high-level spe
i�
ation of bothaspe
ts of 
omputational systems, we propose the embedding of a pro
ess-oriented spe
i-�
ation language in a multi-paradigm de
larative language. Sin
e this embedding is donein a seamless way, the features of the de
larative base language 
an be exploited (1) for ahigh-level spe
i�
ation of the 
omputational needs in single state transitions of a dynami
system, and (2) to reuse the abstra
tion fa
ilities of the base language for the spe
i�
a-tion of the stru
ture of dynami
 systems. We show an implementation of these ideas inthe de
larative multi-paradigm language Curry. This implementation has been used for aprototypi
al implementation of embedded and distributed systems in a high-level manner.1 Introdu
tionDe
larative programming languages (e.g., fun
tional, logi
, or fun
tional logi
 lan-guages) aim to support high-level des
riptions of software systems, whi
h are exe-
utable at the same time. Su
h programming languages have many advantages w.r.t.the eÆ
ient development, reliability, maintenan
e, analysis, and veri�
ation of pro-grams. The general idea of de
larative programming is the spe
i�
ation of the stati
relationships of a given problem by well-understood mathemati
al entities (fun
tionsand/or predi
ates). However, many real-world appli
ations demand also for an ap-propriate modeling of the dynami
 behavior of a 
omplex software system, whi
hmay be distributed into 
ommuni
ating a
tive parts or embedded in an environmentwhere they must rea
t on external events.Pro
esses are an appropriate notion to des
ribe dynami
 behavior, and high-levelformalisms [3℄ have been developed to des
ribe the essen
e of pro
ess behaviors,like 
ommuni
ation, parallelism, pro
ess 
reation, on an abstra
t level. We want tokeep the advantages of de
larative programming but make them appli
able also for awider range of appli
ations, like distributed or embedded systems. For this purpose,we propose an embedding of a pro
ess-oriented spe
i�
ation language in a de
larativelanguage, where we 
hoose the de
larative multi-paradigm language Curry [4, 9℄ asour base. On the one hand, our proposal is based on a 
lear separation betweenthe de
larative and dynami
 aspe
ts of an appli
ation system by making pro
esses adistinguished data type (this has some similarities to the separation of pure fun
tionsand fun
tions manipulating the external world by the introdu
tion of monads [12℄).? This work has been partially supported by the German Resear
h Coun
il (DFG) undergrant Ha 2457/1-2 and by the DAAD under the PROCOPE programme.
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p1
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p3incoming messages outgoing messages

global state

Figure 1. Component of a dynami
 systemOn the other hand, our embedding of pro
esses is done in a seamless way by de�ningpro
esses as a standard data type so that the features of the base language 
an beexploited in two ways: (1) the 
omputational needs in single state transitions of adynami
 system 
an be spe
i�ed in a high-level style, and (2) the abstra
tion fa
ilitiesof the base language 
an be reused for the spe
i�
ation of the stru
ture of dynami
systems.Our obje
tive is to provide a domain-spe
i�
 language for the des
ription of dy-nami
 systems that should rea
t on external events (e.g., embedded systems). Theintegration of su
h a domain-spe
i�
 language into an existing high-level program-ming language has the advantage that we 
an reuse the fun
tionality of the baselanguage in appli
ation programs and we 
an provide a prototypi
al implementationof the entire framework with a limited e�ort. We have used our implementation fora prototypi
al implementation of embedded and distributed systems in a high-levelmanner.This paper is stru
tured as follows. In the next se
tion we provide a basi
 in-trodu
tion into our framework. Se
tion 3 sket
hes the features of Curry as ne
es-sary for the understanding of this paper. In Se
tion 4 we show the modeling of ourpro
ess-oriented spe
i�
ations in Curry. Its appli
ation is demonstrated in Se
tion 5by several examples before we make some remarks about the implementation of ourframework in Se
tion 6 and 
on
lude in Se
tion 7.2 Spe
i�
ation of Pro
ess SystemsOur framework is based on the partition of a dynami
 system into several 
om-ponents that 
ooperate by ex
hanging messages. In an embedded system, su
h a
omponent 
ould 
orrespond to a 
ontroller that rea
ts on messages re
eived fromexternal sensors by sending messages to other a
tive 
omponents. In a distributedsoftware system, these 
omponents may run on di�erent 
omputers and ex
hangemessages via the Internet. Our goal is to provide a framework for the high-leveldes
ription of su
h 
omponents.The stru
ture of ea
h 
omponent is sket
hed in Fig. 1. A 
omponent 
onsists ofa set of pro
esses (p1,p2,. . . ), a global state (i.e., data visible for all pro
esses insidea 
omponent but not visible from outside) and a mailbox (queue of messages sentto this 
omponent). The behavior of a dynami
 system is de�ned by the behavior ofea
h pro
ess. A pro
ess 
an be a
tivated depending on 
onditions on the global state
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esses in a De
larative Programming Language 63or the mailbox. If a pro
ess is a
tivated (e.g., be
ause a parti
ular message arrivesin the mailbox), it performs a
tions and may start other pro
esses (sin
e we have aninterleaving semanti
s, at most one pro
ess 
an perform a
tions so that a
tions areatomi
 entities).The rea
tion of a pro
ess to the 
hange of its external 
ontext (i.e., mailbox orglobal state) 
onsists of a sequen
e of a
tions. Currently, possible a
tions are the
hange of the global state, the sending of a message to another 
omponent,1 or theremoving of a message from the mailbox. (Note that messages are not automati
allyremoved after reading sin
e there may be several pro
esses that must rea
t on thesame message.) Of 
ourse, the set of possible a
tions 
an be extended but our 
urrentset is suÆ
ient for our 
ase studies.The global state of a 
omponent 
an be a

essed and manipulated by all pro
essesof the same 
omponent. Thus, it also serves as a fa
ility for pro
ess syn
hronization.In general, the global state is just a tuple of data items. However, our 
ase studieshave shown that it is quite useful to partition the state into a stati
 part with a �xednumber of items and a dynami
 part with an evolving number of items.2 Therefore,we provide di�erent a
tions to manipulate the stati
 or the dynami
 part of the state.The stati
 part is 
hanged by de�ning a new value for it (where 
hanges to single items
ould be expressed by re
ord updates) (\SetState s"). For the manipulation of thedynami
 part, there are two a
tions: one for 
reating a new item (\NewName v ref "),whi
h 
an subsequently be a

essed via the newly 
reated name ref , and one for
hanging the value asso
iated to a dynami
 item (\ref := v"). Furthermore, thereis a fun
tion get to extra
t the asso
iated value of a dynami
 item in a store. Thus,the following table summarizes the 
urrent set of a
tions:Send m send message mSetState s set stati
 state to sref := v set dynami
 state obje
t ref to value vNewName v ref 
reate new dynami
 state obje
t ref with initial value vDeq m remove message m from mailboxAs des
ribed above, pro
esses are a
tivated, depending on a parti
ular 
ondition onthe mailbox and/or global state, and perform an a
tion followed by the 
reation ofnew pro
esses. Thus, the behavior of ea
h pro
ess is spe
i�ed by� a guard (i.e., a 
ondition on the mailbox and/or state),� a sequen
e of a
tions (to be performed when the guard is satis�ed and the pro
essis sele
ted for exe
ution), and� a pro
ess term des
ribing the further a
tivities after exe
uting the a
tions.1 For the sake of simpli
ity, all outgoing messages are sent via the same 
hannel. If a 
ompo-nent wants to send messages to di�erent other 
omponents, the messages must be tagged(to identify the re
eiving 
omponent) and it is the purpose of a distributor 
onne
ting thedi�erent 
omponents to forward the outgoing messages to the right re
eiver. Of 
ourse,one 
an extend our model so that a 
omponent 
an send messages dire
tly to di�erentother 
omponents but we have made the experien
e that our restri
ted model providesmore modularity.2 Note that this distin
tion is not stri
tly ne
essary, sin
e the stati
 part 
an also 
ontaindynami
 data stru
tures like lists, but useful to stru
ture 
omponents (see the multiple
ounter example in Se
tion 5).



64 Bernd Bra�el, Mi
hael Hanus, Frank SteinerIn order to stru
ture dynami
 system spe
i�
ations in an appropriate manner, weallow parameterized pro
esses sin
e this supports the distin
tion between lo
al andglobal state: pro
ess parameters are only a

essible inside a pro
ess and, therefore,they 
orrespond to the lo
al state of a pro
ess, whereas the global state is visible toall pro
esses inside a 
omponent. Changes to the lo
al state 
an simply be obtainedby re
ursive pro
ess 
alls with new arguments. Thus, the language of pro
ess termsp is very similar to pro
ess algebra [3℄ and de�ned by the following grammar:p ::= Terminate su

essful terminationj [a1,...,an℄ sequen
e of a
tionsj p t1...tn run pro
ess p with parameters t1. . . tnj p1 >>> p2 sequential 
ompositionj p1 <|> p2 parallel 
ompositionj p1 <+> p2 nondeterministi
 
hoi
ej p1 <%> p2 nondeterministi
 
hoi
e with priorityj p1 <~> p2 parallel 
omposition with priorityA sequen
e of a
tions is exe
uted from left to right as one atomi
 operation (havinga sequen
e of a
tions instead of one single a
tion is useful to spe
ify larger 
riti
alregions in many appli
ations, e.g., see the dining philosophers example below). Theoperators \>>>", \<|>", and \<+>" are standard in pro
ess algebra, whereas the lasttwo operators are not very 
ommon but useful in appli
ations where a simple non-deterministi
 
hoi
e is not appropriate. The meaning of \p1 <%> p2" is: \If pro
essp1 
an be exe
uted, exe
ute p1 (and remove p2), otherwise exe
ute pro
ess p2 (andremove p1), if possible." The meaning of \p1 <~> p2" is: \Exe
ute pro
esses p1 andp2 in parallel (like \p1 <|> p2") but p2 is exe
uted only if p1 
annot be exe
uted;if p1 terminates, then also p2 terminates." The latter 
ombinator is useful for idleba
kground pro
esses like 
on
urrent garbage 
olle
tors.Using this language of pro
ess terms, the behavior of a parameterized pro
ess isde�ned by a pro
ess abstra
tion of the following form:p x1...xn | guard1 = a
tions1 >>> p1...| guardk = a
tionsk >>> pkwhere guardi is a de
idable 
ondition on the mailbox, the global state and the pro
essparameters, a
tionsi is a sequen
e of a
tions, and pi is a pro
ess term (i = 1; : : : ; k).The di�erent guards together with their right-hand sides are 
onsidered to be 
om-bined with the \<%>" operator, i.e., the �rst alternative with a valid guard is sele
tedfor exe
ution.As a �rst example for the use of our framework, 
onsider the 
lassi
al \diningphilosophers". The global state in this example has only a stati
 
omponent, namelythe list (or array) of forks where ea
h fork has either the value Avail (\available")or Used. The entire 
omponent 
onsists of pro
esses Thinking or Eating that areparameterized by the number of the philosopher. Then the 
omplete spe
i�
ation isas follows (forks[i℄ denotes the value of the i-th fork and forks[i<-v℄ denotes anew state identi
al to forks but with the value v for the i-th 
omponent):Thinking i | forks[i℄==Avail ^ forks[i+1 mod n℄==Avail= [SetState forks[i<-Used, i+1 mod n <- Used℄℄>>> Eating i
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larative Programming Language 65Eating i = [SetState forks[i<-Avail, i+1 mod n <- Avail℄℄>>> Thinking iThus, if philosopher i is thinking (whi
h 
orresponds to the existen
e of a pro
essterm \Thinking i") and both forks are available, then he 
an use both forks to turninto the Eating pro
ess. Note that the 
hange of the global state, i.e., the use ofboth forks, 
an only be performed (in an atomi
 manner) if both forks are reallyavailable. Therefore, the 
lassi
al deadlo
k situation is avoided without low-levelsyn
hronization (e.g., semaphores) or additional 
onstru
tions (e.g., room ti
kets).An example where a global state with a dynami
 part be
omes important willbe shown later. Next we will show how this spe
i�
ation language 
an be embeddedinto the de
larative multi-paradigm language Curry in order to obtain an exe
utablespe
i�
ation language for modeling dynami
 systems. Before doing so, we review thebasi
 elements of Curry.3 CurryIn this se
tion we survey the elements of Curry whi
h are ne
essary to understandthe design and implementation of our language for spe
ifying pro
esses. More detailsabout Curry's 
omputation model and a 
omplete des
ription of all language features
an be found in [4, 9℄.Curry is a modern multi-paradigm de
larative language 
ombining in a seam-less way features from fun
tional, logi
, and 
on
urrent programming and supportsprogramming-in-the-large with spe
i�
 features (types, modules, and en
apsulatedsear
h). From a synta
ti
 point of view, a Curry program is a fun
tional program3extended by the possible in
lusion of free (logi
al) variables in 
onditions and right-hand sides of de�ning rules. Thus, a Curry program 
onsists of the de�nition offun
tions and the data types on whi
h the fun
tions operate. Fun
tions are evalu-ated in a lazy manner. To provide the full power of logi
 programming, fun
tions
an be 
alled with partially instantiated arguments and de�ned by 
onditional equa-tions with 
onstraints in the 
onditions. The behavior of fun
tion 
alls with freevariables depends on the evaluation annotations of fun
tions whi
h 
an be either
exible or rigid. Calls to rigid fun
tions are suspended if a demanded argument, i.e.,an argument whose value is ne
essary to de
ide the appli
ability of a rule, is unin-stantiated (\residuation"). Calls to 
exible fun
tions are evaluated by a possiblynon-deterministi
 instantiation of the demanded arguments to the required values inorder to apply a rule (\narrowing").Example 1. The following Curry program de�nes the data types of Boolean valuesand polymorphi
 lists (�rst two lines) and a fun
tion to 
ompute the 
on
atenationof two lists:data Bool = True | Falsedata List a = [℄ | a : List a
on
 :: [a℄ -> [a℄ -> [a℄
on
 eval flex3 Curry has a Haskell-like syntax [10℄, i.e., (type) variables and fun
tion names usuallystart with lower
ase letters and the names of type and data 
onstru
tors start with anupper
ase letter. The appli
ation of f to e is denoted by juxtaposition (\f e").
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on
 [℄ ys = ys
on
 (x:xs) ys = x : 
on
 xs ysThe data type de
larations introdu
e True and False as 
onstants of type Bool and[℄ (empty list) and : (non-empty list) as the 
onstru
tors for polymorphi
 lists (ais a type variable ranging over all types and the type \List a" is usually written as[a℄ for 
onformity with Haskell).The (optional) type de
laration (\::") of the fun
tion 
on
 spe
i�es that 
on
takes two lists as input and produ
es an output list, where all list elements areof the same (unspe
i�ed) type.4 Sin
e 
on
 is expli
itly de�ned as 
exible5 (by\eval flex"), an equation \
on
 ys [x℄ =:= xs" 
an be solved by instantiatingthe �rst argument ys to the list xs without the last argument, i.e., for a given xs,the only solution to this equation satis�es that x is the last element of xs.In general, fun
tions are de�ned by (
onditional) rules of the form \l | 
 = e" where lhas the form f t1 : : : tn with f being a fun
tion, t1; : : : ; tn data terms and ea
h variableo

urs only on
e, the 
ondition 
 (whi
h 
an be omitted) is a 
onstraint, and e is awell-formed expression whi
h may also 
ontain fun
tion 
alls, lambda abstra
tionset
. A 
onditional rule 
an be applied if its left-hand side mat
hes the 
urrent 
alland its 
ondition is satis�able. A 
onstraint is any expression of the built-in typeSu

ess. Ea
h Curry system provides at least equational 
onstraints of the forme1 =:= e2 whi
h are satis�able if both sides e1 and e2 are redu
ible to uni�able dataterms (i.e., terms without de�ned fun
tion symbols). In 
ontrast, e1 == e2 denotes anequality test whi
h is su

essful only if both sides e1 and e2 are redu
ible to identi
alground data terms, i.e., the test suspends in the presen
e of free variables.The operational semanti
s of Curry, pre
isely des
ribed in [4, 9℄, is based on anoptimal evaluation strategy [1℄ and 
an be 
onsidered as a 
onservative extension oflazy fun
tional programming (if no free variables o

ur in the program or the initialgoal) and (
on
urrent) logi
 programming. Con
urrent programming is supported bya 
on
urrent 
onjun
tion operator \&" on 
onstraints, i.e., a non-primitive 
onstraintof the form \
1 & 
2" is evaluated by solving both 
onstraints 
1 and 
2 
on
urrently.Furthermore, distributed programming is supported by ports [5℄ whi
h allows thesending of arbitrary data terms (also in
luding logi
 variables) between di�erent
omputation units possibly running on di�erent ma
hines 
onne
ted via the Internet.The port 
on
ept has been used to integrate obje
t-oriented features into Curry[8℄ and for high-level GUI (Graphi
al User Interfa
e) programming in Curry [6℄.Furthermore, it is relevant for the work des
ribed in this paper sin
e the di�erent
omponents of a dynami
 system 
ommuni
ate via ports (whi
h is, however, notdire
tly visible to the programmer).4 Spe
i�
ation of Pro
ess Systems in CurryNow we are ready to de�ne an implementation of pro
ess-oriented spe
i�
ations, asintrodu
ed in Se
tion 2, in Curry. The implementation is guided by the motivationto enable the writing of spe
i�
ations in the high-level style of Se
tion 2. The main4 Curry uses 
urried fun
tion types where �->� denotes the type of all fun
tions mappingelements of type � into elements of type �.5 As a default, all fun
tions ex
ept for 
onstraints are rigid.
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e (and advantage!) is the fa
t that Curry is a typed language (so that we havea type 
he
ker for spe
i�
ations for free) and allows de�nitions by pattern mat
hing.First, we introdu
e the languages of a
tions and pro
ess terms as data types inCurry. The following data type de
laration de�nes the possible a
tions. ObjRef isan abstra
t data type denoting referen
es to dynami
 obje
ts, and inmsg, outmsg,stati
, and dyn are type variables denoting the type of in
oming messages, outgoingmessages, the stati
 part and the dynami
 items of the global state in a 
on
retespe
if
ation.data A
tion inmsg outmsg stati
 dyn =Send outmsg -- send message| SetState stati
 -- set stati
 state| Assign ObjRef dyn -- set dynami
 state obje
t| NewName dyn ObjRef -- 
reate new dynami
 obje
t| Deq inmsg -- remove message from mailboxIn order to support the same notation as in Se
tion 2, we de�ne the following fun
tion(in�x operator) as a synonym for the Assign a
tion:ref := 
ont = Assign ref 
ontThe data type of pro
ess terms has a similar de�nition but with the type pro
 of
on
rete pro
esses as an additional type parameter:data Pro
Exp pro
 inmsg outmsg stati
 dyn =Terminate| Atomi
 [A
tion inmsg outmsg stati
 dyn℄| Pro
 pro
| ParPro
 (Pro
Exp pro
 inmsg outmsg stati
 dyn)(Pro
Exp pro
 inmsg outmsg stati
 dyn)| SeqPro
 (Pro
Exp pro
 inmsg outmsg stati
 dyn)(Pro
Exp pro
 inmsg outmsg stati
 dyn)| ChPro
 (Pro
Exp pro
 inmsg outmsg stati
 dyn)(Pro
Exp pro
 inmsg outmsg stati
 dyn)| ChPriPro
 (Pro
Exp pro
 inmsg outmsg stati
 dyn)(Pro
Exp pro
 inmsg outmsg stati
 dyn)| ParIdle (Pro
Exp pro
 inmsg outmsg stati
 dyn)(Pro
Exp pro
 inmsg outmsg stati
 dyn)Again, we support the same notation as in Se
tion 2 by the following operator de�-nitions:p1 >>> p2 = SeqPro
 p1 p2p1 <|> p2 = ParPro
 p1 p2p1 <+> p2 = ChPro
 p1 p2p1 <%> p2 = ChPriPro
 p1 p2p1 <~> p2 = ParIdle p1 p2In order to exploit the language features of Curry for the spe
i�
ation of dynami
systems, we 
onsider a system spe
i�
ation as a mapping whi
h assigns to ea
h pro-
ess, mailbox (list of in
oming messages), stati
 and dynami
 state (list of dynami
obje
ts) a pro
ess term (similarly to Haskell, a type de�nition introdu
es a typesynonym in Curry):
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ifi
ation pro
 inmsg outmsg stati
 dyn =pro
 -> [inmsg℄ -> stati
 -> [DynObj dyn℄-> Pro
Exp pro
 inmsg outmsg stati
 dynThis de�nition has the advantage that one 
an use standard fun
tion de�nitions bypattern mat
hing for the spe
i�
ation of systems, i.e., one 
an de�ne the behavior ofpro
esses in the following form:6spe
 (p x1...xn) mailbox state refs| < 
ondition on x1; : : : ; xn; mailbox; state; refs >= Atomi
 [a
tions℄ >>> pro
ess termHen
e, the guard is just a standard 
onstraint on the parameters x1; : : : ; xn, mailbox,state, and refs so that we need no global variables or auxiliary 
onstru
ts to a

essthe 
urrent global state or mailbox (note that the a

ess to these entities was leftunspe
i�ed in Se
tion 2).As an example we show the 
omplete spe
i�
ation of the dining philosophers ofSe
tion 2. It 
onsists of the de�nition of data types for the values of forks, thephilosopher pro
esses and the de�nition of the spe
i�
ation fun
tion phil_spe
(\rpl l i v" repla
es the i-th element of the list l by v):data ForkStatus = Avail | Useddata PhiloPro
 = Eating Int | Thinking Intn = 5 -- here we have five philosophersphil_spe
 (Thinking i) _ forks _| forks!!i == Avail && forks!!((i+1)`mod`n) == Avail= Atomi
 [SetState (rpl (rpl forks i Used) ((i+1)`mod`n) Used)℄>>> Pro
 (Eating i)phil_spe
 (Eating i) _ forks _ =Atomi
 [SetState (rpl (rpl forks i Avail) ((i+1)`mod`n) Avail)℄>>> Pro
 (Thinking i)Note that neither the mailbox nor the dynami
 part of the state is used in this simpleexample. Initially, all philosophers are thinking. This 
an be expressed by a pro
essterm where �ve philosopher pro
esses are 
ombined in parallel:phils = foldr1 (<|>) (map (\i->Pro
 (Thinking i)) [0..n-1℄)Note that we 
an use standard higher-order fun
tions like foldr1 or map to 
reate
omplex pro
ess terms sin
e pro
ess terms are �rst-order obje
ts in our spe
i�
ationlanguage. Hen
e, the expression phils redu
es to the termPro
 (Thinking 0) <|> � � � <|> Pro
 (Thinking 4)A system spe
i�
ation is exe
uted by providing1. a port name for in
oming messages2. a port name for outgoing messages3. an initial pro
ess term4. a system spe
i�
ation5. an initial (stati
) state76 Sin
e we allow arbitrary Boolean expressions or 
onstraints as 
onditions, the de
idabilityof the guard is not automati
ally given but must be ensured by the programmer.7 The dynami
 part of the state is always empty at the beginning.
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larative Programming Language 69This is the purpose of the main fun
tion exe
_system so that we 
an exe
ute ourspe
i�
ation as follows:exe
_system "in" "out" phils phil_spe
(take n (repeat Avail)) -- all forks are availableThe main advantage of our embedding of a pro
ess-oriented language in Curry (ratherthan de�ning a 
omplete new spe
i�
ation language) is the reuse of the features ofCurry for the spe
i�
ation language, in parti
ular:� The type 
he
ker of Curry 
an also be used to type 
he
k spe
i�
ations anddete
t in
onsisten
ies in spe
i�
ations.� Fun
tional programming is useful to 
ompute values in a
tions, pro
ess param-eters, new states et
.� Constraint programming is useful for 
he
king 
omplex 
onditions.� The standard abstra
tion fa
ilities of Curry (e.g., higher-order fun
tions) areuseful to stru
ture the spe
i�
ation of dynami
 systems, in parti
ular, we 
ande�ne fun
tions to 
ompute pro
ess terms (
ompare phils above).5 ExamplesDue to la
k of spa
e, we 
an only sket
h two further examples that are implementedusing our framework. The �rst example is a 
hallenge from the Glasgow Resear
hFestival8, a system of multiple 
ounters.The appli
ation starts be 
reating a single window, as shown to the right,that visualizes a 
ounter. This 
ounter 
an be manually (but-ton \In
") or automati
ally (periodi
ally) in
remented (afterpressing the button \Auto"). Pressing the \Copy" button 
re-ates a new 
ounter with its own independent state, and press-ing the \Link" button 
reates a new view (
ounter window) to the same 
ounter.We implement this system by the spe
i�
ation of a 
ounter 
ontrol system whi
his responsible to 
ontrol all 
ounters and organize the 
ommuni
ations with thedi�erent windows. If the user presses a button in a window win, an appropri-ate message (e.g., (In
 win), (Copy win)) is sent to the 
ounter 
ontroller whi
hmust 
orre
tly rea
t to this request. The global state of the 
ounter 
ontroller hasonly a dynami
 part sin
e a new 
ounter obje
t is 
reated in the state wheneverthe users presses the \Copy" button. The value of a 
ounter obje
t has the form(Counter val wins mode) where val is the 
urrent value of the 
ounter, wins is alist of windows where this 
ounter is displayed, and mode is the in
rement mode ofthe 
ounter (Manual or Automati
). As a 
onsequen
e, the individual pro
esses ofthe 
ontroller are parameterized with referen
es to 
ounter obje
ts and windows. Forinstan
e, there is a pro
ess (Manual_Ctrl 
 w) for ea
h 
ounter obje
t 
 and win-dow w where 
 is displayed. This pro
ess is responsible for pro
essing the messagesre
eived from window w. Using pattern mat
hing, there is one rule for ea
h messagein the spe
i�
ation. For instan
e, the rule for the message In
 is as follows:

trl (Manual_Ctrl 
 w) (In
 win:_) _ store | win==w= let Counter val windows _ = get 
 store inAtomi
 [
 := Counter (val+1) windows Manual, Deq (In
 win)℄8 http://www.
s.
halmers.se/~magnus/GuiFest-95/
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hael Hanus, Frank Steiner>>> Pro
 (Refresh_Window 
) <|> Pro
 (Manual_Ctrl 
 w)Thus, the guard 
onsists of 
he
king whether the message 
omes from the windowfor whi
h this pro
ess is responsible. If this is the 
ase, the value of the 
ounter isin
remented (where the in
rement mode is set to Manual), the message is removedfrom the mailbox, and a new pro
ess for refreshing all windows for this 
ounter is
reated. The latter pro
ess sends update messages to all appropriate windows, wherewe apply some standard higher-order fun
tions:

trl (Refresh_Window 
) _ _ store =let Counter val windows _ = get 
 store infoldr (<|>) Terminate(map (\w->Atomi
 [Send (Update w val)℄) windows)The remaining 
ases are similarly de�ned. In parti
ular, for ea
h 
ounter obje
t
 there is a pro
ess (Automati
_Ctrl b 
) whi
h is responsible for in
rementing
ounters in automati
 mode. This is done by an external 
lo
k whi
h sends 
lo
kti
ks as messages to the 
ontroller so that the Automati
_Ctrl pro
esses are a
ti-vated on these messages. Sin
e there may be many of these pro
esses, the 
lo
k ti
kmessage should not be deleted in the mailbox by any of these pro
esses (sin
e all ofthem must have the 
han
e to rea
t). This is the purpose of a ba
kground pro
essDelete_Clo
ks whi
h is simply de�ned as (ea
h 
lo
k signal has a Boolean 
ag todistinguish su

essive signals):

trl Delete_Clo
ks (Clo
kSignal flag:_) _ _ =Atomi
 [Deq (Clo
kSignal flag)℄ >>> Pro
 Delete_Clo
ksThe 
omplete spe
i�
ation of the 
ounter 
ontroller, whi
h is omitted due to la
k ofspa
e, 
onsists of nine rules (in addition to the three rules above, four further rulesfor handling the 
ounter button messages, one rule for the Automati
_Ctrl pro
essand one rule for the Create_Window pro
ess that 
reates a window together witha Manual_Ctrl pro
ess for it) whi
h spe
ify in a high-level and readable way thebehavior of all pro
esses in the 
ontroller. The initial 
on�guration is de�ned by thefollowing pro
ess term (where 
 is a free variable denoting the referen
e to the �rst
ounter obje
t 
reated by NewName):Atomi
 [NewName (Counter 0 [℄ Manual) 
℄ >>>((Pro
 (Create_Window 
) <|> Pro
 (Automati
_Ctrl True 
))<~> Pro
 Delete_Clo
ks)Note that it is important to 
reate the pro
ess Delete_Clo
ks as a ba
kgroundpro
ess with lowest priority so that the 
lo
k signals are deleted only if no otherpro
ess 
an be a
tive. The remaining parts of the 
omplete implementation, namelythe 
ounter GUIs, are also only a few lines of 
ode thanks to the use of the Currylibrary for high-level GUI programming [6℄.Our se
ond example is a lift 
ontrol system as visualized in Fig. 2. It 
onsists ofa number of request buttons that are inside a lift (left) or outside on the di�erent
oors (right), and a lift that 
an move up and down as well as open and 
lose thedoors. Instead of 
ontrolling a real lift, we simulate the lift also as a dynami
 system.Thus, our implementation 
onsists of two 
omponents in the sense of Fig. 1: a lift
ontroller that a

epts requests from the buttons, rea
ts on sensor messages fromthe lift (e.g., arrival at some 
oor), and sends appropriate 
ontrol 
ommands to thelift unit, and a lift simulator whi
h simulates the lift by rea
ting on 
ommands from
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Figure 2. A lift 
ontrol systemthe lift 
ontroller and sending sensor messages to the 
ontroller and the GUI (shownin the middle of Fig. 2).The spe
i�
ation of the entire system 
an be appropriately expressed in our frame-work. For instan
e, the lift 
ontroller 
onsists of two pro
esses running in parallel: apro
ess Sorting whi
h is responsible to rea
t on user requests by 
omputing a list of
oors where the lift should stop (this list is sorted a

ording to the movement of thelift), and a se
ond pro
ess for 
ontrolling the lift. This pro
ess 
an be either Movingor Stopped a

ording to the state of the lift unit (e.g., Moving waits for sensor mes-sages from the lift unit about the rea
hed 
oor, and Stopped waits for 
oor requestsput in by Sorting in the global state).Due to la
k of spa
e, we 
annot show further details from this spe
i�
ation, butthe 
omplete implementation is available from the authors.6 ImplementationOur pro
ess-oriented spe
i�
ation language is implemented as a standard Curry li-brary so that it 
an be used in any Curry program. It is freely available as a libraryfor PAKCS (Portland Aa
hen Kiel Curry System) [7℄ and 
ompletely implementedin Curry, using the features for distributed programming [5℄ to implement the 
om-muni
ation between di�erent 
omponents of a system. The 
urrent implementationis based on an interpreter for pro
ess terms a

ording to the operational semanti
sof dynami
 systems (see also [2℄). Although the interpreter approa
h is not veryeÆ
ient, it is fast enough to run our examples and required only a limited imple-mentation e�ort (the 
omplete implementation 
onsists of approximately 200 linesof Curry 
ode, without the imported standard libraries of Curry).7 Con
lusionsWe have presented a domain-spe
i�
 language for pro
ess-oriented programming.Sin
e this language is embedded in the de
larative multi-paradigm language Curry,we enable pro
ess-oriented programming in Curry, whi
h is useful for the implemen-tation of distributed or embedded systems. On the other hand, we 
an reuse theprogramming language features of Curry for the high-level spe
i�
ation of dynami
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hael Hanus, Frank Steinersystems. The spe
i�
ation language is based on pro
ess algebras and o�ers parame-terized pro
esses and a global store for the ex
hange of data between pro
esses. Thus,all internal 
ommuni
ation (syn
hronization) between pro
esses is performed via thestore, whereas the external 
ommuni
ation between di�erent dynami
 systems isdone by sending messages. Although our language allows high-level spe
i�
ations asin other pro
ess-oriented spe
i�
ation languages, it is fully exe
utable at the sametime. Therefore, it is a useful tool to implement and test dynami
 systems in a pro-totypi
al manner. We have shown the appropriateness of our framework by several
ase studies.There are many proposals for pro
ess-oriented spe
i�
ation languages (for exam-ple, see [3℄). However, as far as we know, our work is the �rst fully implementedapproa
h to exploit the high-level features of both fun
tional and logi
 programmingfor pro
ess-oriented spe
i�
ations. The most similar proposal to our approa
h is [2℄(whi
h is not a

idental sin
e our work is inspired by many dis
ussions with theauthors of [2℄). Therefore, we refer to [2℄ for a detailed dis
ussion of related work. [2℄
ontains a \generi
" framework for the extension of de
larative (fun
tional, logi
,fun
tional logi
) languages to in
lude pro
esses where there is a stri
t distin
tionbetween the language of pro
esses and the underlying programming language. Inparti
ular, de
larative programs are 
onsidered as the global state between transi-tion steps of pro
esses. Thus, the modi�
ation of de
larative programs are allowedwithout restri
tions, i.e., arbitrary program 
lauses 
an be added or deleted. This
ompli
ates the implementation of their framework. Moreover, when modifying val-ues asso
iated to names, the evaluation time be
omes important, but this is not
learly spe
i�ed in their framework. To provide an e�e
tive implementation, we haverestri
ted all modi�
ations to a set of well-de�ned data items (partitioned into astati
 and dynami
 part of the global store). As shown by our 
ase studies, thisis suÆ
ient for all examples dis
ussed in [2℄. Moreover, we 
ould provide fully exe-
utable spe
i�
ations of all examples, whi
h is due to the use of the Curry librariesfor distributed [5℄ and GUI [6℄ programming.For future work we will 
onsider more appli
ations to study the appropriatenessof our approa
h or ne
essary extensions (like real-time 
onditions). Furthermore,it would be interesting to 
onsider the translation of our spe
i�
ation language intoother existing spe
i�
ation or 
ontrol languages in order to reuse existing veri�
ationor implementation frameworks. This would enable the use of high-level de
larativeprogramming te
hniques in new appli
ation �elds.A
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Implementierung von Port-basiertem DistributedHaskellVolker Stolz1 und Frank Hu
h21 RWTH Aa
hen, 52056 Aa
hen2 Christian-Albre
hts-Universit�at zu Kiel, 24118 KielZusammenfassung In diesem Artikel wird die Implementierung eines robusten verteiltenund o�enen Systems in Haskell unter Zuhilfenahme von Ports vorgestellt. Dieses Systemerlaubt einer beliebigen Anzahl von Anwendungen miteinander zu kommunizieren. EineAnwendung kann ihre Dienste beliebigen Clients im Netzwerk anbieten, so da� diese �uberdas Internet darauf zugreifen k�onnen. Das Laufzeitsystem bietet einen Namensdienst, wel-
her symbolis
he Namen auf die intern verwendeten Kommunikationsstrukturen abbildet.Mittels einer Stream-S
hi
ht wird von dem eigentli
hen Lesen der Na
hri
hten abstrahiert.Sie erlaubt es, einen Teil der Kommunikation in einem funktionalen Kontext abzuwi
keln.1 Einf�uhrungHeutzutage erfreuen si
h verteilte Systeme in Form der sogenannten peer-to-peer -Anwendungen immer gr�o�erer Beliebtheit. Damit w�a
hst auf Seiten der Entwi
klerder Bedarf an Biliotheken, wel
he die Entwi
klung sol
her Systeme unterst�utzen underlei
htern. Bei der Spezi�kation eines Kommunikationsprotokolles m�ussen die Eigen-s
haften der zugrundeliegenden Netzwerkprotokolle ber�u
ksi
htigt werden, sowohl inder Design- als au
h in der Entwi
klungsphase. Bibliotheken helfen den Entwi
k-lern, ihr Kommunikationsprotokoll mehr oder minder unabh�angig vom Medium zuimplementieren. Au�erdem sollten dem Entwi
kler high-level Konzepte zur Fehler-behandlung zur Verf�ugung stehen.Port-based Distributed Haskell [1℄ [2℄ bietet sol
h eine Bibliothek f�ur die funk-tionale Programmierspra
he Haskell [4℄. Das Laufzeitsystem stellt der Anwendungsogenannte Ports zur Verf�ugung, �uber die �ahnli
h wie �uber Kan�ale in Con
urrentHaskell [5℄ getypte Na
hri
hten in Form von algebrais
hen Datentypen versendetwerden k�onnen. Diese Na
hri
hten werden mittels eines Netzwerkprotokolles (hier�uber TCP) zwis
hen den einzelnen Re
hnern ausgetaus
ht. Dabei ist es notwendig,die Daten von der internen Darstellung in Haskell in einen Strom von Bytes zu kon-vertieren. Auf der Gegenseite mu� diese Umwandlung wieder r�u
kg�angig gema
htwerden. F�ur grundlegende Datentypen eignet si
h Haskells Show bzw. Read-Klasse.Da Haskell stark getypt ist, m�ussen einige Besonderheiten in der Implementierungbea
htet werden. Au�erdem sind zur eÆzienten Verwendung der Bibliothek Optimie-rungen vor allem auf der Netzwerkebene wi
htig.2 Grundlagen und Con
urrent HaskellBei der Entwi
klung eines verteilten Systems in Haskell st�o�t man s
hnell an dieGrenzen des mit den Standardbibliotheken M�ogli
hen. Haskell verf�ugt �uber eine Bi-bliothek zur nebenl�au�gen Programmierung in Con
urrent Haskell und einer weite-ren zur Netzwerkprogrammierung notwendigen Bibliothek. Letztere bietet nur die
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hM�ogli
hkeit, einen Zei
henstrom als String zu �ubertragen. Wir werden zeigen, wieaus beiden Bestandteilen eine wertvolle Haskell-Bibliothek entsteht.Wenn wir den Aspekt der Verteiltheit au�er A
ht lassen, eignen si
h die Kan�aleaus Con
urrent Haskell als Implementierung eines Ports �uber einem algebrais
henDatentyp a: Sie bieten eine FIFO-Queue, in die mittels writeChan :: Chan a ->IO () Daten ges
hrieben und mit readChan : Chan a -> IO a wieder ausgelesenwerden k�onnen. Dabei k�onnen dur
haus mehrere s
hreibende Prozesse vorhandensein. Sollte ein Proze� aus einem leeren Kanal lesen, wird er solange suspendiert, bisein anderer Proze� in diesen Kanal hineins
hreibt. Neue Prozesse k�onnen mit derFunktion forkIO erzeugt werden. Es ist zu bea
hten, da� alle erzeugten Prozesseabgesehen von der Syn
hronisation �uber die Kan�ale nebenl�au�g arbeiten. Wir �uber-nehmen diese Aktionen als newPort, readPort und writePort in unsere Bibliothek.Eine einfa
he Client/Server-Anwendung k�onnte beispielsweise so aussehen:main :: IO ()main = dop <- newPortforkIO (writer p 1)reader preader p = doi <- readPort pputStrLn "read:" ++ (show i)reader p writer p i = dowritePort p iwriter p (i+1)Zwei Ports k�onnen mit mergePort :: Port a -> Port b -> IO (Port (Eithera b)) vers
hmolzen werden. Dur
h eine einfa
he Fallunters
heidung l�a�t si
h dannfeststellen, von wel
hem Port die gelesene Na
hri
ht kam.Bei einem Zugri� �uber das Netzwerk mu� der Port, an den eine Na
hri
ht gesandtwerden soll, anders spezi�ziert werden: Wir m�o
hten dazu den Re
hnernamen undeinen symbolis
hen Dienstnamen verwenden. Deshalb stellt Port-basiertes Distribu-ted Haskell folgende Funktionen zur Verf�ugung:registerPort :: Port a -> Portname -> IO ()lookupPort :: Hostname -> Portname -> IO (Port a)Zus�atzli
h zu den Kommunikationsprimitiven bietet die Bibliothek zwei Funktio-nen zur robusten Programmierung: Mittels link :: Port a -> IO () -> IO Linkk�onnen beliebige IO-Aktionen ausgef�uhrt werden, falls der im ersten Parameter ange-gebene Port ni
ht mehr errei
hbar ist oder eine Na
hri
ht ni
ht zustellbar war (Feh-ler im Netzwerk, aufgelegtes Modem). Das Laufzeitsystem �uberwa
ht diese gelinktenPorts dur
h periodis
hes Polling, bis der Link mit der Funktion unlink :: Link ->IO () wieder abgebaut wird.3 Das LaufzeitsystemWie s
hon erw�ahnt liegen der internen Kommunikation vor allem die Kan�ale Con-
urrent Haskells zugrunde. Eine weitere wi
htige Komponente ist die Netzwerk-s
hi
ht. F�ur jede zu vers
hi
kende Na
hri
ht mu� der Benutzer Instanzen der KlasseSerialize implementieren, wel
he mittels der Funktionen serialize/deserializedie Konvertierung der Haskell-Objekte in einen Bytestrom gew�ahrleisten. F�ur Basi-stypen und algebrais
he Datentypen kann ohne zus�atzli
hen Aufwand die Instantiie-rung �uber die Klassen Read und Show gew�ahlt werden, wel
he direkt seitens Haskell
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h f�ur komplexere Datenstrukturen wie beispielswei-se Graphen ist eine eiÆzientere Implementierung des Marshallings von Haskell ineinen Bytestrom und umgekehrt empfehlenswert. Beim Senden an einen entferntenPort werden diese Daten dann zusammen mit der Information, f�ur wel
hen Port siebestimmt sind, �uber das Netz �ubertragen.Leider f�uhrt der intuitive Ansatz, f�ur jeden Port einen getypten Kanal zu neh-men, zu einem Kon
ikt mit dem Haskell-Typsystem: Auf der annehmenden Seite,im sogenannten PortListenerw�urde dies dazu f�uhren, da� diese Funktion unter an-derem eine Datenstruktur, verwalten m�u�te, wel
he getypt ist �uber alle auf diesemKnoten vorhandenen Ports resp. Kan�ale. Da diese aber alle �uber unters
hiedli
heTypen (z.B. algebrais
hen Typen, Strings, Int) gebildet sind und si
h somit ni
htin einem einzigen Typen zusammenfassen lassen, m�ussen wir zu einen Weg �nden:Jedem internen Port ordnen wir ni
ht nur seinen getypten Kanal, sondern au
h einenKanal vom Typ String zu, also genau dem Datenformat, indem wir die no
h ni
htmit deserialize bearbeiteten Na
hri
hten erhalten. Zus�atzli
h starten wir pro Porteinen neuen Proze�, der in einer S
hleife Daten aus dem Kanal vom Typ Stringliest, mit deserialize konvertiert und dann in den endg�ultigen Kanal s
hreibt. DerPortListener brau
ht somit nur alle Kan�ale des Typs String zu verwalten, wassi
h ohne Probleme mit dem Typsystem Haskells bew�altigen l�a�t. Es ergibt si
hsomit der in Abbildung 1 gezeigte Verlauf einer eingehenden Na
hri
ht bis hin zurreadPort-Anweisung.
deserialize; 
writeChan

Chan a readPortChan String

PortListener NetworkAbbildung 1. �Uber das Netzwerk eingehende Na
hri
htBei der Kommunikation �uber TCP wird zwis
hen zwei kommunizierenden Anwen-dungen eine einzige Verbindung aufgebaut, �uber die der gesamte Na
hri
htenverkehrabgewi
kelt wird. Diese Optimierung ist wi
htig, da der Verbindungsaufbau von TCPsehr zeitaufwendig ist und es somit zu Zeitverz�ogerungen bei vielen Na
hri
hten hin-tereinander kommt. Desweiteren l�a�t si
h bei vielen parallelen Na
hri
hten au
h nureine bestimmte Anzahl von Verbindungen benutzen, da das Betriebssystem nur be-grenzte Ressour
en f�ur deren Verwaltung zur Verf�ugung hat.Au�er den Na
hri
hten an einen Port werden �uber diese au
h beispielsweise dieKontrollinformationen f�ur das Linking und den Namensdienst �ubertragen. Um dievers
hiedenen Na
hri
hten auf der Seite des Empf�angers wieder an das entspre
hendeSubsystem weiterleiten zu k�onnen, werden die Na
hri
hten vor dem Versenden miteinem Pr�a�x versehen. Im PortListenerwird auf der anderen Seite wie in Abbildung2 dargestellt das Pr�a�x abgestreift und die Na
hri
hten �uber eine generis
he Routinean das Laufzeitsystem �ubergeben.4 StreamsDer bisherige Ansatz zur Kommunikation in der IO-Monade [3℄ hat jedo
h einigeNa
hteile. Zum einen lassen si
h gewisse Bes
hr�ankungen ni
ht dur
h Typsignaturen
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Msg

1
P

1

Lookup ‘foo‘
 

PortListener

Ping [p
1
,...]

Port P
1

link service

name service

Service prefixes

Abbildung 2. Verteilung der Na
hri
hten an die Subsystemeformulieren. Zum anderen gehen Vorteile der funktionalen Programmierung verloren.Beispielsweise bietet es si
h f�ur das Bearbeiten eingehender Na
hri
hten an, diese ineiner (unendli
hen) Liste zu spei
hern und mit funktionalen Mitteln wie fold undmap abzuarbeiten.Genau dies ist mit Streams m�ogli
h. Statt einem Port bietet die Bibliothek mitnewStream :: IO (Port a, [a℄) einen unendli
hen Strom der eingehenden Na
h-ri
hten an diesem Port. Die explizite Referenz auf den Port ist weiterhin f�ur Sen-deoperation n�otig, au�erdem wird sie von den Befehlen register und link be-nutzt. Als Ersatz f�ur mergePort wird nun mergeStreams :: [a℄ -> [b℄ -> IO[Either a b℄ verwendet. Eine herk�ommli
he Anwendung mit expliziten readPort-Anweisungen kann nun in einer wesentli
h pr�aziseren Form angegeben werden. AlsBeispiel dient ein Fragment aus einem Chat-Server, bei dem ein Client zwei Prozes-se/Ports benutzt, um Na
hri
hten vom Server und die Eingaben des Benutzers ander Tastatur zu behandeln.server = do(p,stream) <- newStreamregister p "Server"foldM_ workinitialState streamwherework st (Conne
t him) = ..work st (Close him) = ..

lient = doserver <- lookup host "Server"(me,s) <- newStreamwritePort server (Conne
t me)(kport,kstream) <- newStreamforkIO (readKeyboard kport)stream <- mergeStreams kstream smapM (loop server) $takeWhile (/= (Left "")) streamwritePort server (Close me)5 ZusammenfassungIn dieser Arbeit haben wir einen kleinen �Uberbli
k �uber die Verwendung von Port-basiertem Distributed Haskell zur Programmierung eines robusten verteilten Systemsin Haskell gegeben. Aufbauend auf Con
urrent Haskell bietet die Bibliothek Ports,�uber die Na
hri
hten vers
hi
kt werden k�onnen. Konstrukte zur robusten Program-mierung stehen zur Verf�ugung. Einige Besonderheiten der Implementierung wurdenbetra
htet. Abs
hlie�end wurde die Erweiterung der Bibliothek um Streams vorge-stellt, so da� si
h die Kommunikation au
h wieder in einem funktionalen Kontextmittels Str�omen von Na
hri
hten betra
hten l�a�t.



Implementierung von Port-basiertem Distributed Haskell 79Im Gegensatz zu vielen anderen Implementierung von Bibliotheken zur verteiltenProgrammierung in Haskell ist unsere Bibliothek keine Erweiterung eines speziellenCompilers wie zum Beispiel Glasgow parallel oder distributed Haskell. Die Biblio-thek l�a�t si
h unabh�angig von der Entwi
klung des Compilers warten und weiterent-wi
keln. So k�onnen von den Anwendern jeweils die Neuerungen in der Entwi
klungvon Haskell direkt �ubernommen werden, ohne lange auf eine Portierung des erwei-terten Systems warten zu m�ussen.Zur Zeit ben�otigt Port-basiertes Distributed Haskell den Glasgow Haskell Compi-ler gh
 ab Version 4.08.1 oder h�oher. Die Bibliothek ist verf�ugbar unterhttp://www-i2.informatik.rwth-aa
hen.de/Resear
h/distributedHaskell/.Literatur1. F. Hu
h and U. Norbisrath. Distributed Programming in Haskell with Ports. LNCS,2011, 2000.2. Frank Hu
h and Volker Stolz. Implementation of Portbased Distributed Haskell. InThomas Arts and Markus Mohnen, editors, IFL 2001, September 2001.3. S. Peyton Jones. Ta
kling the Awkward Squad: monadi
 input/output, 
on
urren
y,ex
eptions, and foreign-language 
alls in Haskell.http://resear
h.mi
rosoft.
om/\
har126simonpj/\#marktoberdorf, January 2001.4. S. Peyton Jones et al. Haskell 98 report. Te
hni
al report, http://www.haskell.org/,1998.5. J. Peterson, K. Hammond, L. Augustsson, B. Boutel, W. Burton, J. Fasel, A. D. Gordon,J. Hughes, P. Hudak, T. Johnsson, M. Jones, E. Meijer, S. Peyton Jones, A. Reid, andP. Wadler. Report on the Programming Language Haskell (Version 1.4), April 1997.





WASH/CGI: Server-side Web S
ripting withSessions, Compositional Forms, and Graphi
sPeter ThiemannUniversit�at Freiburgthiemann�uni-freiburg.deAbstra
t The 
ommon gateway interfa
e (CGI) is one of the prevalent methods to providedynami
 
ontents on the Web. Sin
e it is 
umbersome to use in its raw form, there are manylibraries that make CGI programming easier.WASH/CGI is a domain spe
i�
 embedded language for server-side Web s
ripting. It isimplemented and hosted in Haskell. Its implementation relies on CGI, but it avoids most ofCGI's drawba
ks by in
orporating the 
on
ept of a session and by providing a 
ompositionalapproa
h to 
onstru
ting intera
tion elements (forms). From a programmer's perspe
tive,programming WASH/CGI is like programming a graphi
al user interfa
e (GUI). In 
ontrastto a GUI, the layout is spe
i�ed using HTML. WASH/CGI generates HTML via a newmonadi
 interfa
e. Spe
ial 
ombinators are available that provide typed input �elds andgraphi
s, whi
h is generated on the 
y.1 Introdu
tionThe 
ommon gateway interfa
e (CGI) is one of the oldest methods for deployingdynami
 Web pages based on server-side 
omputations. As su
h, CGI has a numberof advantages. Virtually every Web server supports CGI. CGI requires no spe
ialfun
tionality from the browser, apart from the standard support for form elementsin HTML. On the programming side, CGI 
ommuni
ates via standard input/outputstreams and environment variables. It is not tied to a parti
ular ar
hite
ture orimplementation language. Hen
e, CGI is the most portable approa
h to providingdynami
 
ontents on the Web.The basi
 idea of CGI is straightforward. Whenever the Web server re
eives arequest for a CGI-enabled URL, it treats the lo
al �le determined by the URL as anexe
utable program and starts it in a new pro
ess. This kind of program is 
alleda CGI s
ript. It re
eives its input through the standard input stream and throughenvironment variables and delivers the response to its standard output stream. TheCGI standard [4℄ �xes the format of this 
ommuni
ation.Unfortunately, there are a number of limitations. The most painful one stemsfrom the fa
t that the underlying HTTP proto
ol, whi
h is used for 
ommuni
ationbetween browser and server, is stateless. Every single request starts a CGI s
ript.Then the s
ript produ
es a response page and terminates. Hen
e, there is no 
on
eptof a session, i.e., a sequen
e of alternating requests and responses. Usually, CGIprogrammers must build su
h sessions from s
rat
h. They distribute the stages of asession over a number of CGI s
ripts and 
onne
t them manually through links in theresponse pages. To provide a notion of session-wise state they must resort to puttinghidden information in their responses (hidden input �elds) or to using 
ookies, whi
his not reliable be
ause browsers 
an refuse them. Clearly, it is error-prone to manuallymaintain links in this way and also to have the 
ode for a single intera
tion for
iblyspread over many programs.



82 Peter ThiemannAnother sour
e of errors lies in the parameter passing s
heme between forms andCGI s
ripts. A form is an HTML element that 
ontains named input elements. Ea
hinput element implements one parti
ular kind of input behavior (a widget in GUIterminology). When a spe
ial submit button is pressed, the browser sends a list ofpairs of input element names and their string values to the server. Inside of a CGIs
ript, these argument values 
an be a

essed by their name. Unfortunately, there isno guarantee that the form uses the names expe
ted by the s
ript and vi
e versa.Last but not least, all parameter passing between forms and CGI s
ripts is 
om-pletely untyped. Ea
h s
ript must provide its own de
oding fun
tions to 
onvertstrings into whatever type is really required. It is not even possible to spe
ify theexpe
ted type of an input �eld.The present work provides a 
ure for all the issues mentioned above: the DSLWASH/CGI. WASH/CGI makes CGI programming easy and intuitive. It is imple-mented as a library for Haskell [7℄ and provides the following features:� one program 
an implement entire sessions;� the spe
i�
ation of an input �eld and the 
olle
tion of the input from this widgetare tied together so that mismat
hes are not possible; the external name of aninput �eld does not matter;� input �elds are �rst-
lass entities; they may be typed and grouped to 
ompoundinput �elds (
ompositionality); ea
h group may be bound to a 
allba
k a
tion;� �rst-
lass images as a
tive input �elds where ea
h pixel of the image 
an resultin a di�erent a
tion;� no expli
it URLs need to be 
onstru
ted in the s
ript, ex
ept referen
es to ex-ternal pages;� the s
ript is \relo
atable"; it 
an be moved in the dire
tory hierar
hy or toanother server without 
hange1.The library is available through the WASH web page [17℄. The web page also pro-vides some live examples, 
omplete with sour
es. The implementation of WASH isdo
umented elsewhere [14℄.Familiarity with the Haskell language [7℄ as well as with the essential HTMLelements is assumed throughout.2 Example programsThis se
tion demonstrates the use of WASH/CGI with some examples. At �rst,the reader may be surprised that the examples have a distin
t GUI 
avor. Butthis is exa
tly the right impression: CGI programming should feel just like GUIprogramming, where the layout is determined by HTML.The library is based on the monad CGI, whi
h handles all intera
tion with thebrowser.2.1 Hello worldmainCGI :: CGI ()mainCGI =htell (standardPage "Hello World" empty)1 Of 
ourse, provided that it 
an exe
ute at all on the other ma
hine.



WASH/CGI: Server-side Web S
ripting 83mainCGI :: CGI ()mainCGI =
ounter 0
ounter :: Int -> CGI ()
ounter n =ask (standardPage "Counter" $makeForm $do text "Current 
ounter value "text (show n)br emptysubmitField (
ounter (n + 1))(fieldVALUE "In
rement"))Figure 1. The 
ounter exampleAs 
ustomary, the �rst program just displays Hello World on the s
reen. The
ombinator htell takes an HTML page produ
ed by standardPage and sends itto the browser. The 
ombinator standardPage takes a title and the 
ontents of theHTML page (here: empty) and produ
es the usual 
ombination of html, head, body,and title tags.standardPage ttl elems =html (head (title (text ttl)) ##body (h1 (text ttl) ## elems))Here, text transforms a string into an HTML element and the operator ## 
on
ate-nates groups of HTML elements. Hen
e, the browser re
eives the following response:<html><head><title>Hello World</title></head><body><h1>Hello World</h1></body></html>2.2 The 
ounter exampleThe 
ounter example (Fig. 1) uses the makeForm 
ombinator to start a form. The 
on-tents of the form are spe
i�ed using a monad. Every 
ontent element (in fa
t, everyHTML element) is a value in the monad WithHTML CGI. The text 
ombinator pro-du
es plain text output, the br empty inserts a <br> element, and the submitField
reates a submit-button. The �rst parameter of submitField is the a
tion to betaken, when the form is submitted. The se
ond parameter spe
i�es the attributes ofthe submit-button. The empty parameter of br 
an also be repla
ed by attributesfor <br>.2.3 Extended 
ounter
ounter :: Int -> CGI ()
ounter n =
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Figure 2. S
reenshot of Cal
ulatorask $ standardPage "UpDownCounter" $ makeForm $do text "Current 
ounter value "a
tiveInputField 
ounter (fieldVALUE (show n))submitField (
ounter (n + 1)) (fieldVALUE "++")submitField (
ounter (n - 1)) (fieldVALUE "--")In this example, we 
onsider a repla
ement for the 
ounter fun
tion from theprevious example. It displays the 
urrent value in an input �eld and it has twosubmit-buttons. The generated Web page has the following fun
tionality: Cli
kingon the ++ and -- button in
rements or de
rements the 
ounter's value. Alternatively,a new value may be entered by typing it into the a
tiveInputField and hittingreturn to submit the form. The input �eld is a
tually typed. It a

epts only inputsthat parse as elements of type Int:a
tiveInputField :: Read a =>(a -> CGI ()) -> HTMLField (InputField a)2.4 Cal
ulatorA po
ket 
al
ulator 
onsists of a display and an array of buttons (Fig. 2). The
orresponding 
ode uses a HTML table to spe
ify the layout (Fig. 3). Ea
h buttonhas an a
tion, spe
i�ed by 
al
A
tion, atta
hed to it. The textInputField is aspe
ialized input �eld for Strings. In
luding it into a form yields a value dsp of typeInputField String. This value is a handle to extra
t the input from the �eld usingthe fun
tion value :: InputField a -> Maybe a.The table, tr, and td fun
tions 
onstru
t HTML elements with the same tag.The argument of ea
h fun
tion spe
i�es the list of sub-elements and attributes ofthe element. The operator ## serves to 
on
atenate (lists of) HTML elements andattributes. In the example 
ode,
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ripting 85mainCGI :: CGI ()mainCGI =
al
 "0" id
al
 :: String -> (Integer -> Integer) -> CGI ()
al
 dstr f =ask $ standardPage "Cal
ulator" $ makeForm $ table $do dsp <- tr (td (textInputField (fieldVALUE dstr)## attr "
olspan" "4"))let btn 
 = td (submitField (
al
A
tion dsp 
 f)(fieldVALUE [
℄))tr (btn '1' ## btn '2' ## btn '3' ## btn '+')tr (btn '4' ## btn '5' ## btn '6' ## btn '-')tr (btn '7' ## btn '8' ## btn '9' ## btn '*')tr (btn 'C' ## btn '0' ## btn '=' ## btn '/')
al
A
tion :: InputField String ->Char -> (Integer -> Integer) -> CGI ()
al
A
tion dsp 
 f| isDigit 
 = 
al
 (dstr ++ [
℄) f| 
 == 'C' = mainCGI| 
 == '=' =
al
 (show (f (read dstr :: Integer))) id| otherwise =
al
 "0" (optable 
 (read dstr :: Integer))where Just dstr = value dspoptable '+' = (+)optable '-' = (-)optable '*' = (*)optable '/' = div Figure 3. Cal
ulatortd (textInputField (fieldVALUE dstr) ##attr "
olspan" "4")
reates the element<td 
olspan="4"> <input type="text" value="..."> </td>2.5 Graphi
smainCGI =ask $ standardPage "UseGraphi
s" $ makeForm $a
tiveImage testImage
anvasRed = newImage (100,100) redovalBlue = fillOval 
anvasRed (20,20) (70,50) blueba
kground = a
tivate ovalBlue hitNothingtestImage = a
tivateColor ba
kground blue hitOvalhitOval = htell (standardPage "Hit the Oval!" empty)



86 Peter ThiemannhitNothing = htell (standardPage "Missed." empty)red = (255,0,0)blue = (0,0,255)The 
onne
tion to GUIs also extends to images where parts of the image may bebound to 
ertain a
tions. The example program 
onstru
ts a red square (
anvasRed)and paints a blue oval in it (ovalBlue). Next it a
tivates the image, so that an a
tionis triggered when the image is 
li
ked. The image ba
kground exe
utes the a
tionhitNothing everywhere. The image testImage has the a
tion hitOval atta
hed toea
h blue pixel in ba
kground, and the a
tion hitNothing to any other pixel.3 User-level 
on
eptsThis se
tion presents an appli
ation programmer's view of the 
on
epts and fun
tionof WASH/CGI.3.1 HTMLEa
h HTML element is 
onstru
ted by a fun
tion of the same name as shown withthe fun
tion table below. Ea
h of these \
onstru
tor fun
tions" has a type liketype HTMLCons m a = WithHTML m a -> WithHTML m atable :: Monad m => HTMLCons m aThere are also 
onstru
tor fun
tions for attributes that will be atta
hed to the en-
losing element. The generi
 attribute 
onstru
tor is attr.attr :: Monad m => String -> String -> WithHTML m ()It 
onstru
ts an attribute instan
e from an attribute name and an attribute value.Although a value of type WithHTML m a stands for an ordered 
olle
tion of HTMLelements and attributes, it is impossible to examine elements and attributes on
ethey are 
onstru
ted. Passing su
h a value to a 
onstru
tor fun
tion in
orporates theelements as sub-elements of the new element and also atta
hes the attributes to it.The valuesempty :: Monad m => WithHTML m ()(##) :: Monad m => WithHTML m a ->WithHTML m b -> WithHTML m aserve as the empty 
olle
tion and as the 
on
atenation operation. Sin
e WithHTML mis a monad (provided that m is), HTML elements may also be 
ombined using thestandard monad operations as well as the do notation.In most 
ases, the parameter m will be the monad CGI. But there are ex
eptions,as we will see below in 3.4.
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ripting 87passwordInputField :: HTMLField (InputField String)
he
kboxInputField :: HTMLField (InputField Bool)fileInputField :: HTMLField (InputField String)resetField :: HTMLField (InputField ())submitField :: CGI () -> HTMLField ()Figure 4. Input �elds (ex
erpt)3.2 Input �eldsThere are spe
ial 
ombinators to 
onstru
t input �elds. They add an input �eld tothe 
urrent 
olle
tion of HTML elements and return a handle for a

essing the inputvalue. The type of su
h an input �eld istype HTMLField a = WithHTML CGI () -> WithHTML CGI aThat is, it takes a 
olle
tion of attributes (of type WithHTML CGI ()), atta
hes themto a new <input> �eld, and embeds the new �eld into another 
olle
tion. The generi
,typed textual input �eld is 
onstru
ted byinputField :: Read a => HTMLField (InputField a)The Read a predi
ate 
omes from the fa
t that all 
ommuni
ation between browserand server is through strings. Hen
e, ea
h value of type a must be 
onverted from astring.On
e again, the value of type InputField a is merely a handle to a

ess its inputvalues through the two fun
tionsvalue :: InputField a -> Maybe astring :: InputField a -> Maybe StringThe value fun
tion provides a

ess to the parsed value (if there was a parsableinput), whereas the string fun
tion is meant for error analysis and provides a

essto the raw input (if the input element was �lled in at all).The remaining input elements are provided in the same manner (see Fig. 4). AfileInputField returns the 
ontents of the 
hosen �le as a string. A resetFieldjust 
lears all input �elds, it has no I/O fun
tionality. Radio buttons and sele
tionboxes have a slightly more 
ompli
ated interfa
e. They are omitted for brevity.It remains to dis
uss the submitField. It takes a CGI a
tion and generates abutton in the HTML page. Cli
king su
h a button exe
utes its a
tion. The a
tion issimilar to a 
ontinuation. Sin
e a form may 
ontain more than one submit button,multiple 
ontinuations are possible. In parti
ular, a large form may be 
omposedfrom small intera
tion groups that 
onsist of input �elds and one or more submitbuttons.3.3 FormsmakeForm :: HTMLField ()The 
onstru
tor for forms takes a 
olle
tion of attributes and returns a <form>element. At least one form is ne
essary in ea
h page that 
ontains input �elds sin
e



88 Peter Thiemanninput �elds do not make sense outside of a form. It is not ne
essary to set thestandard attributes of the form element. The a
tion attribute, whi
h 
ontains theURL for pro
essing the form's 
ontents, the en
type attribute, whi
h determinesthe en
oding of the form's 
ontents, and the method attribute are all determinedautomati
ally by WASH/CGI.3.4 SessionsProgramming of intera
tions is based on just four 
ombinators in the monad CGI.run :: Translation -> CGI () -> IO ()ask :: WithHTML CGI a -> CGI ()tell :: CGIOutput a => a -> CGI ()io :: (Read a, Show a) => IO a -> CGI aThe 
ombinator run introdu
es the CGI monad. The standard main program (forthe examples above) is as follows:main = run NoTranslation mainCGIThe NoTranslation argument is appropriate for all s
ripts that do not make use ofgraphi
s generation (see Se
. 3.5).The 
ombinator ask displays a page on the browser. Its argument of type WithHTMLCGI a 
onstru
ts a web page, whi
h should 
ontain a form. It returns a CGI a
tion.This a
tion never produ
es its value. To extra
t values from the form, a 
allba
ka
tion must be tied to one of its input elements.The 
ombinator tell displays a page and terminates the intera
tion. The argu-ment of tell 
an have any type of 
lass CGIOutput. These types are Status (errormessage), Lo
ation (redire
t response to a URL), and WithHTML IO a (a HTMLpage). A
tually, tell is a member fun
tion of CGIOutput.
lass CGIOutput a wheretell :: a -> CGI ()
giPut :: a -> IO ()The 
ombinator io inje
ts an IO a
tion into the CGI monad.3.5 Graphi
sMany web pages 
ontain graphi
s that are prefabri
ated. The WASH/CGI library
ontains fa
ilities to 
reate simple, 
li
k-sensitive graphi
s on the 
y. As expe
tedfrom a fun
tional language, an image is a �rst-
lass value. Images 
an be 
reatedfrom s
rat
h (newImage), from text strings (makeText), and from existing GIF images(gifImage). They 
an be manipulated in the usual ways by drawing ovals, re
tangles,and lines and by overlaying one image on top of another (see Figure 5 for a summaryof the interfa
e). In addition, CGI a
tions may be atta
hed to parts of an image usinga
tivate, a
tivateXY, and a
tivateColor. Finally, an image 
an be inserted into aweb page using a
tiveImage. In prin
iple, it is possible to write intera
tive graphi
sprograms, although the intera
tion is a bit slow.
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ripting 89-- inserting into HTMLa
tiveImage :: CGIImage -> WithHTML CGI ()-- 
reating new imagesnewImage :: (Int, Int) -> Pixel -> CGIImagemakeText :: String -> Pixel -> CGIImagegifImage :: String -> CGIImage-- drawingdrawOval, fillOval, drawRe
tangle, fillRe
tangle,drawLine :: CGIImage -> (Int, Int) -> (Int, Int) ->Pixel -> CGIImage-- 
omposing imagesoverlay :: CGIImage -> CGIImage -> (Int, Int) ->Pixel -> CGIImage-- atta
hing a
tionstype A
tionFun = Int -> Int -> Maybe (CGI ())a
tivateXY :: CGIImage -> A
tionFun -> CGIImagea
tivate :: CGIImage -> CGI () -> CGIImagea
tivateColor :: CGIImage -> Pixel -> CGI () -> CGIImageFigure 5. Interfa
e for graphi
s4 Related workMeijer's CGI library [10℄ implements a low-level fa
ility for a

essing the input to aCGI s
ript and for 
reating its output. It is ni
ely engineered and its fun
tionalityis at about the level of our own RawCGI library. However, Meijer's library o�ersadditional features like 
ookies and its own HTML representation, whi
h we feltshould be separated from the fun
tionality of RawCGI.Hughes [9℄ has devised the powerful 
on
ept of arrows, a generalization of monads.His motivating appli
ation is the design of a CGI library that implements sessions.Indeed, the fun
tionality of his library was the major sour
e of inspiration for ourwork. Our work indi
ates that monads are suÆ
ient to implement sessions (Hughesalso realized that [8℄). Furthermore, it extends the fun
tionality o�ered by the arrowCGI-library with a novel representation of HTML, 
ompositional forms, and graphi
s.Also, the 
allba
k-style of programming advo
ated here is not en
ouraged by thearrow library.Hanus's library [6℄ for server-side s
ripting in the fun
tional-logi
 language Curry
omes 
lose to the fun
tionality that we o�er. In parti
ular, its design inspired ourswit
hing to a 
allba
k-style programming model. While his library uses logi
al vari-ables to identify input �elds in HTML forms, we are able to make do with a purelyfun
tional approa
h. Our approa
h only relies on the 
on
ept of a monad, whi
h isfundamental for a real-world fun
tional programmer.Bigwig [13℄ is a system for writing Web appli
ations. It provides a number of do-main spe
i�
 
ustomizable languages for 
omposing dynami
 do
uments, spe
ifyingintera
tions, a

essing databases, et
. It 
ompiles these languages into a 
ombinationof standard Web te
hnologies, like HTML, CGI, applets, JavaS
ript. Like our library,it implements a session fa
ility, whi
h is more restri
tive in that sessions may nei-ther be ba
ktra
ked nor forked. Ea
h Bigwig session has a notion of a 
urrent state,whi
h 
annot be subverted. However, the implementation of sessions is di�erent andrelies on a spe
ial runtime system that improves the eÆ
ien
y of CGI s
ripts [2℄.



90 Peter ThiemannIn addition, Bigwig provides a sophisti
ated fa
ility for generating do
uments andtyped do
ument templates. Moreover, there is a type system for forms. WASH/CGIprovides typed do
ument template in the weak sense of Bigwig by keeping stringsand values of type Element apart. A spe
ial type system for forms is not requiredsin
e (typed) �eld values are dire
tly passed to (typed) 
allba
k-a
tions. Hen
e, allne
essary type 
he
king is done by the Haskell 
ompiler.MAWL [1℄ is a domain spe
i�
 language for spe
ifying form-based intera
tions.It provides a subset of Bigwig's fun
tionality, but it was the �rst language to o�er atyping of forms against the 
ode that re
eived its input from the form. In parti
ular,the fa
ilities for do
ument templates are mu
h more limited.In 
omparison to a GUI library [3, 5, 12, 15℄ a CGI library does not have to dealwith 
on
urren
y. All intera
tion is limited to ex
hanging messages between Webbrowser and Web server, so that nested intera
tions are not possible. This greatlysimpli�es the implementation. However, HTML is an expressive language to spe
ifylayout, even for a GUI, and Web-based user interfa
es are ubiquitous, so there is amarket for the kind of library that we are proposing.5 Con
lusionsThe WASH/CGI library brings new power to CGI programmers. It o�ers an easyand de
larative way to implement 
ompli
ated intera
tive Web-based user interfa
es.In parti
ular, it treats the display of the Web browser like a graphi
al user interfa
ewith restri
ted fa
ilities. This approa
h results in a natural use of HTML for thelayout and in the use of 
allba
k-a
tions to spe
ify the 
ow of 
ontrol.The WASH/CGI approa
h is not only suitable for CGI programming, but alsofor other kinds of server-side Web s
ripting. For example, it would be interestingto investigate a 
ombination with Haskell server pages [11℄, with Bigwig's runtimesystem [2℄, or with proprietary APIs.Referen
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How to Integrate De
larative Languagesand Constraint SystemsPetra HofstedtTe
hnis
he Universit�at Berlinph�
s.tu-berlin.deAbstra
t This paper shortly des
ribes a general approa
h for the integration of arbitraryde
larative languages and 
onstraint systems. Our approa
h allows to build 
onstraint lan-guages a

ording to 
urrent requirements and, thus, 
omfortable modelling and solving ofa wide range of problems.1 Introdu
tionWhile 
onstraint languages usually are extensions of an initial programming languagewith 
onstraints, where the evaluation me
hanism of the initial language is extendedby some spe
ial rules for handling 
onstraints, our point of view is di�erent from that.In our approa
h we 
onsider a system of 
ooperating 
onstraint solvers [2, 3℄ whi
hinitially is not equipped with a 
ertain programming language. However, the systemallows the integration of di�erent host languages by treating them as 
onstraintsolvers. This enables to build 
onstraint languages a

ording to 
urrent requirements.2 Constraint Programming and Constraint SolversA signature � = (S; F;R; ar) 
onsists of a set S of sorts, a set F of fun
tion symbols,a set R of predi
ate symbols, and an arity fun
tion ar : F [ R ! S?. A set ofvariables appropriate to � is a many sorted set X = Ss2S Xs, where 8s 2 S theset Xs is 
ountably in�nite. A �-stru
ture D = (fDs j s 2 Sg, ffD j f 2 Fg,frD j r 2 Rg) 
onsists of an S-sorted family of nonempty 
arrier sets Ds, a family offun
tions fD, and a family of predi
ates rD appropriate to F and R. Let the set ofterms T (F;X) be de�ned as usually.Let � = (S; F;R; ar) be a signature, where R 
ontains at least one predi
atesymbol =s� for every s 2 S. Let X be a set of �-variables. Let D be a �-stru
turewith equality, i.e. for every predi
ate symbol =s� there is a predi
ate =sD� Ds �Ds,for whi
h the usual axioms for equality hold. A 
onstraint is a string r(t1; : : : ; tm),where r 2 R with ar(r) = s1 : : : sm and ti 2 T (F;X)si . The set of 
onstraints over �is denoted by Constraint. It 
ontains, furthermore, the two distin
t 
onstraints trueand false with D � true and D 2 false. The 4-tupel � = (�;D; X; Cons), whereftrue; falseg � Cons � Constraint, is a 
onstraint system.A solution of a disjun
tion C of 
onstraint 
onjun
tions in D is a valuation� : Y ! D, where var(C) � Y � X , su
h that (D; �) � C holds. Solving the disjun
-tion C means �nding out whether there is a solution for C or not, i.e. �nding outwhether C is satis�able in D or not.Given a 
onstraint system, we need appropriate algorithms for 
onstraint ma-nipulation. A 
onstraint solver CS is asso
iated with a 
onstraint system �. It is a
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olle
tion of operations on disjun
tive 
onstraints, i.e disjun
tions of 
onstraint 
on-jun
tions, of the asso
iated 
onstraint system. Typi
ally a 
onstraint solver 
onsistsof a 
ombination of instantiations of the operations 
onstraint satisfa
tion, 
onstraintentailment, proje
tion and simpli�
ation.3 Cooperating Constraint SolversWhile the paradigm of 
onstraint programming o�ers eÆ
ient me
hanisms to handle
onstraints of various 
onstraint domains, it has been shown to be desirable to 
om-bine several 
onstraint solving te
hniques be
ause this 
ombination makes it possibleto solve problems that none of the single solvers 
an handle alone. Thus, in [2,3℄ weintrodu
ed a 
exible 
ombination me
hanism for 
onstraint solvers. Moreover, usingthis me
hanism it is possible to integrate di�erent host languages into the systemby 
onsidering their evaluation me
hanisms as 
onstraint solvers. In this se
tion, weshortly re
all our 
ombination me
hanism.Sin
e we want to solve mixed disjun
tive 
onstraints su
h that every 
onstraintmay 
ontain fun
tion symbols and predi
ate symbols of di�erent 
onstraint systemsit is ne
essary to 
onvert every su
h disjun
tion into a disjun
tion su
h that every
onstraint is de�ned by fun
tion symbols and predi
ate symbols of exa
tly one 
on-straint system. This is done by 
attening. In [3℄ we give a de�nition of the fun
tionF latten and we show that the set of solutions w.r.t. the 
ommon variables is pre-served. Thus, after 
attening we 
an solve the newly built disjun
tion instead of theoriginal mixed one.Figure 1 shows the ar
hite
ture of our overall system for 
ooperating solvers. LetL be the set of indi
es of 
onstraint systems, �; � 2 L. To every individual solverCS� a 
onstraint store C� is assigned. Let DCCons� denote the set of disjun
tive
onstraints of �� . A 
onstraint store C� 2 DCStore� � DCCons� is a disjun
tive
onstraint whi
h is satis�able in the 
orresponding stru
ture. The meta 
onstraintsolver 
oordinates the work of the di�erent individual solvers and it manages the
onstraint pool. Initially, the 
onstraint pool 
ontains the 
onstraints of the 
onstraint
onjun
tion � whi
h we want to solve.

onstraint 
onstraintmeta 
onstraint solversolver CS1 solver...
onstraint stores CSkC1 Ck


onstraint pool

Figure 1. Ar
hite
ture of the overall system



How to Integrate De
larative Languages and Constraint Systems 95The meta solver takes 
onstraints from the 
onstraint pool and passes them to the
onstraint solvers of the 
orresponding 
onstraint domains (step 1). The individualsolvers propagate the re
eived 
onstraints to their stores (step 2). The meta solverfor
es them to extra
t information from their stores. This information is added bythe meta solver to the 
onstraint pool (step 3). The pro
edure of steps 1-3 is repeateduntil the 
onstraint pool 
ontains either the 
onstraint false or the 
onstraint trueonly. If the pool 
ontains false only, then the initially given 
onjun
tion � of 
on-straints is unsatis�able. If it 
ontains true only, then the system 
ould not �nd a
ontradi
tion. Solutions of � 
an be retrieved from the 
urrent stores. Be
ause ofinformation ex
hange between the solvers, ea
h individual solver deals in this waywith more information than only that of its asso
iated 
onstraints of �.3.1 A Uniform Interfa
e for Constraint SolversTo enable a 
ooperation, the solvers need to ex
hange information. Let to every
onstraint system a 
onstraint solver be assigned. Consider a 
onstraint solver CS� .Our uniform interfa
e of CS� 
onsists of a fun
tion tell� for 
onstraint propagation(a

ording to step 2 of the above behaviour des
ription of the system) and a set offun
tions proj�!� for 
onstraint proje
tion (
orresponding to the above step 3).Constraint Propagation The (partial) fun
tion tell� is due to 
onstraint satisfa
tion.tell� adds a 
onstraint 
 2 Cons� to a 
onstraint store C 2 DCStore� if the 
on-jun
tion of 
 and C is satis�able, i.e. if D � 9(C ^ 
) holds. Figure 2 shows ourrequirements to the fun
tion tell� .tell� : Cons� �DCStore� �!ftrue
hanged; trueredundant; falseg � DCStore� �DCCons� with(1) if tell�(
; C) = (trueredundant; C0; C00), thenC0 = C, C00 = true, and D� � 8(C �! 
),(2) if tell�(
; C) = (true
hanged; C0; C00), then(a) D� � 8((C ^ 
) ! (C0 ^ C00)), (b) D� � 8(
 �! C00),(
) D� � 8(C0 �! C) and (d) D� � 9C0,(3) if tell�(
; C) = (false; C0; C00), thenC0 = C, C00 = false and D� 2 9(C ^ 
).Figure 2. Interfa
e fun
tion tell� (requirements)Giving requirements to the interfa
e fun
tion tell� instead of a de�nition enablesthe integration of a high number of existing solvers into our overall system. Therequirements allow to take parti
ular properties of solvers, like their in
ompletenessor an existing entailment test, into 
onsideration for 
ost redu
tion for our overallsystem. For a detailed des
ription see [3℄.Example 1. The interfa
e fun
tion tellRlin of a solver CSRlin for linear 
onstraintsover real numbers 
ould work as follows (an a

ording implementation is possibleusing the simplex algorithm):
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1; C) = (true
hanged; C 0; true) with
1 = (x � 3), C = true, DRlin � 8(C 0  ! (
1 ^ C)).tellRlin(
2; C 0) = (trueredundant; C 0; true), where 
2 = (x � 4) holds.tellRlin(
3; C 0) = (false; C 0; false), where 
3 = (x = 4) holds.Proje
tion of Constraint Stores Constraint proje
tion is used to enable informationex
hange between 
onstraint solvers. The fun
tion proj�!� (see Fig.3) proje
ts astore C� w.r.t. another 
onstraint system ��, � 2 Lnf�g and a set of 
ommon vari-ables. It provides knowledge whi
h is implied by the store C� of CS� in the form of
onstraints of ��. The proje
tion fun
tion proj�!� must be de�ned in su
h a waythat every solution of C� in D� is a solution of the proje
tion proj�!�(Y;C�) in D�,where Y � X� \ X�. This ensures that proje
ting a store w.r.t. another 
onstraintsystem, no solutions of the 
onstraints of the store are lost. We 
all this requiredproperty soundness, its formal des
ription 
an be found in [3℄.proj�!�: P(X�;�)�DCStore� ! DCCons� withX�;� = X� \X�, var(proj�!�(Y;C�)) � Y .Figure 3. Interfa
e fun
tion proj�!� (requirements)Example 2. Consider the solver CSRlin and a solver CSFD of a �nite domain 
on-straint system �FD . The proje
tion fun
tion projFD!Rlin of CSFD 
ould be de�nedon top of a proje
tion fun
tion projFD proje
ting the store of the �nite domain 
on-straint solver CSFD and yielding 
onstraints of DCConsFD and a 
onversion fun
tion
onvFD!Rlin : DCConsFD ! DCConsRlin . The fun
tion projFD!Rlin 
ould workas follows:Let CFD = ((y =FD 3) ^ (x >FD y) ^ (x 2FD f2; 3; 4; 5; 6g)) hold.projFD(fxg; CFD) = (x 2FD f4; 5; 6g) andprojFD!Rlin(fxg; CFD) = 
onvFD!Rlin(projFD(fxg; CFD))= ((x � 4) ^ (x � 6)).In the following, we require given 
omputable fun
tions tell� and proj�!�, �; � 2L.3.2 Des
ription of the System BehaviourThe behaviour of our system is des
ribed by means of redu
tion relations for overall
on�gurations. An overall 
on�gurationH 
onsists of a formal disjun
tion _Wi2f1;:::;mgGiof 
on�gurations Gi. Formal disjun
tion __ is 
ommutative and asso
iative. A 
on-�guration G = (P �V�2L C�) 
orresponds to the ar
hite
ture of the overall system(Fig.1). It 
onsists of the 
onstraint pool P whi
h is a set of 
onstraints whi
h we wantto solve and the 
onjun
tion V�2LC� of 
onstraint stores. In [2℄ we show elaboratelyhow to de�ne strategies for 
ooperating 
onstraint solvers, i.e. redu
tion systems foroverall 
on�gurations using the interfa
e fun
tions of the solvers.In general, in one derivation step one or more 
on�gurations Gi, i 2 f1; : : : ;mg,are rewritten by a formal disjun
tion HGi of 
on�gurations:



How to Integrate De
larative Languages and Constraint Systems 97OConf1 = H1 __ G1 __ : : : __ Hi __ Gi __ : : : __ Hm __ Gm __ Hm+1 =)OConf2 = H1 __ HG1 __ : : : __ Hi __ HGi __ : : : __ Hm __ HGm __ Hm+1Thus, it is useful, to de�ne �rst a derivation relation for 
on�gurations and, basedon this, to de�ne a derivation relation for overall 
on�gurations.Using su
h a two-step frame (see [2, 3℄) di�erent redu
tion systems whi
h real-ize di�erent 
ooperation strategies for the solvers have be des
ribed. The redu
tionsystems allow the derivation of an initial overall 
on�guration G0 = P� �V�2LC�0 ,where the 
onstraint pool P� 
ontains the 
onstraints of the 
onjun
tion � whi
h wewant to solve and all 
onstraint stores C�0 , � 2 L, 
ontain the 
onstraint true only.From the derived normal form we obtain information about the satis�ability of theinitially given disjun
tion of 
onstraint 
onjun
tions.4 De
larative Languages as SolversOur system of 
ooperating solvers allows to integrate di�erent host languages bytreating them as 
onstraint solvers. In the following, we 
onsider the integration of alogi
 language into our system in detail and we sket
h the integration of a fun
tionallogi
 language. While we extend the languages by 
onstraints, the evaluation me
ha-nisms of the languages are nearly un
hanged, they are only extended by a me
hanismfor 
olle
ting 
onstraints of other 
onstraint systems. The 
ombination of arbitrary
onstraint systems and languages allows to build 
onstraint languages mat
hing thetargeted problems and a

ording to 
urrent requirements.4.1 Logi
 ProgrammingA logi
 program P usually 
onsists of a sequen
e of rules of the formq(s1; : : : ; sm) : � q1(s1;1; : : : ; s1;n); : : : ; qk(sk;1; : : : ; sk;r):;k � 0, where every si, si;j are terms and q, qi are predi
ate symbols. We also writeQ : � Q1; : : : ; Qk: in the following. Qi is 
alled a literal. With Q : � Q1; : : : ; Qk:,where k = 0, we denote a rule of the form Q:, i.e. a so 
alled fa
t. The aim of theevaluation of a logi
 program P with a goal G = (?�R1; : : : ; Rl:) (?�R1; : : : ; Rl:stands for 8(:R1 _ : : : _ :Rl)) is to �nd a refutation of G from P (expressed by theempty 
lause �) using (SLD-)resolution. If a refutation 
an be 
omputed, i.e. P �9(R1^ : : :^Rl) holds, then the 
omputation yields an (so 
alled) answer substitution� su
h that P � 8 �(R1^: : :^Rl) holds. For a detailed des
ription see for example [7℄.A substitution � is a fun
tion � : X ! T (F;X) with �(x) 2 T (F;X)s for ev-ery x 2 Xs and dom(�) = fx j �(x) 6= xg is �nite. If dom(�) = fx1; : : : ; xngand �(xi) = ti, we write � = fx1=t1; : : : ; xn=tng. The fun
tion � is extended to~� : T (F;X)! T (F;X) by ~�(x) = �(x), for every x 2 X , and ~�(f(t1; : : : ; tn)) =f(~�(t1); : : : ; ~�(tn)). In the following, a substitution � is identi�ed with its extension~�. The 
omposition of some substitutions � and � is de�ned by (� Æ �)(t) = �(�(t))for every t 2 T (F;X). A substitution � is a uni�er of two terms or literals Q1and Q2 if �(Q1) = �(Q2). A uni�er � is a most general uni�er of Q1 and Q2, i.e.� = mgu(Q1; Q2), if for every uni�er � of Q1 and Q2 there exists a substitution  su
h that � =  Æ �.A substitution � is idempotent i� � Æ � = � holds. The substitutions whi
h weare handling are usually idempotent. Let the parallel 
omposition " of idempotentsubstitutions be de�ned as given in [8℄.
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 Language as Constraint SolverPure logi
 programming is 
onvenient for example for working with lists and it allowsto handle problems with natural numbers by representing them via 
onstru
tors, i.e.via the 0-ary 
onstru
tor 0 and the unary 
onstru
tor s. However, there are problemswhi
h 
annot be handled 
omfortably with a pure logi
 language. Thus, 
onstraintshave been integrated whi
h led to 
onstraint logi
 programming. A 
onstraint logi
program P 
onsists of a sequen
e of rules of the form Q : �Q1; : : : ; Qk:, k � 0, whereevery Qi, i 2 f1; : : : ; kg, may be a 
onstraint of an arbitrary 
onstraint system or aliteral. The evaluation me
hanism of a 
onstraint logi
 language handles literals asbefore and it 
olle
ts the 
onstraints to 
he
k their satis�ability.Example 3 (logi
 programs vs. logi
 programs with 
onstraints). Pure logi
 languagesare not suitably for modelling and solving usual problems whi
h arise when reasoningabout ele
tri
 
ir
uits with resistors. First, be
ause statements like 1=R = 1=R1 + 1=R2for 
omputing the value of resistors 
onne
ted in parallel 
annot be expressed 
on-veniently. Se
ondly, be
ause to model real world problems we often want to workwith large numbers, for example resistors may have values of some 103
. Usingnumbers built of 
onstru
tors may 
ause mu
h overhead, for example, 
omputingadd(s(s(...s(0)...)),X,Y) 
auses a traversal through the whole �rst argumentterm s(s(...s(0)...)) whi
h may have a large depth.Given three resistors of 102
; 2 � 102
 and 10 � 102
, a rule for the sequential
omposition of resistors, and rules for addition, an asso
iated pure logi
 program Pis the following (at this, we work with resistor values of 102
.):res(simple(s(0)),s(0)).res(simple(s(s(0))),s(s(0))).res(simple(s(s(s(s(s(s(s(s(s(s(0))))))))))),s(s(s(s(s(s(s(s(s(s(0))))))))))).res(seq(X,Y),Z) :- res(X,XV),res(Y,YV),add(XV,YV,Z).add(0,X,X).add(s(X),Y,s(Z)) :- add(X,Y,Z).The integration of 
onstraints of an adequate 
onstraint system �R for 
onstraintsover real numbers allows to formulate 
onstraints with numbers and even the for-mulation of a rule for the parallel 
omposition of resistors. An asso
iated 
onstraintlogi
 program P 0 is the following:res
(simple(102); 102):res
(simple(2 � 102); 2 � 102):res
(simple(103); 103):res
(seq(X; Y); Z) : �res
(X; XV); res
(Y; YV); XV+ YV =R Z:res
(par(X; Y); Z) : �res
(X; XV); res
(Y; YV); 1=XV+ 1=YV =R 1=Z:Now, we integrate a logi
 language into our system of 
ooperating 
onstraintsolvers by 
onsidering the language together with its evaluation me
hanism as 
on-straint solver CSLL for 
onstraints over the herbrand universe. The 
onstraint systemof this solver must 
ontain besides the symbols and predi
ates introdu
ed by the pro-gram the symbols, the predi
ates, and the fun
tions of all other involved 
onstraintsystems. Its 
onstraints are, thus, 
onstraints of Cons� , � 2 L, or literals a

ording tothe given program or they are of the form (X =LL t), where X 2 X and t is a term. Wede�ne the ne
essary interfa
e fun
tions tellLL and projLL!� , � 2 L, as given in Fig.4
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larative Languages and Constraint Systems 99and Fig.5, respe
tively. At this, for a substitution �, C(�) = VX2dom(�)(X =LL�(X))denotes a 
onstraint store resp. a 
onstraint 
onjun
tion whi
h 
ontains the bindingsof a substitution �.tellLL: Let CLL = C(�) be the 
urrent 
onstraint store of CSLL.Let P be a 
onstraint logi
 program, let 
 = p(t1; : : : ; tm) 2 ConsLL be the 
onstraintwhi
h is to be propagated.� Let fr1; : : : ; rng � P be the largest set of rules of P su
h that for every ri, i 2f1; : : : ; ng, there is a variant r0i = Qi : �Qi;1; : : : ; Qi;k, k � 0, of ri s.t. no variableo

urs in 
 and r0i, and �i is a most general uni�er of �(
) and Qi, thentellLL(
; CLL) = (true
hanged; C0LL;Wi2f1;:::;ng(C(�i) ^ �i(�(Qi;1)) ^ : : : ^ �i(�(Qi;k)))) holds.The 
onstraint store does not 
hange, i.e. C0LL = CLL holds.� If there is no rule in P for whi
h the above item holds, thentellLL(
; CLL) = (false; CLL; false) holds.Let 
 = C(�) 2 ConsLL be the 
onstraint whi
h is to be propagated.� If " (�; �) 6= ;, then tellLL(
; CLL) = (true
hanged; C0LL; true),where C0LL = C(" (�; �)).� If " (�; �) = ;, then tellLL(
; CLL) = (false; CLL; false).Figure 4. Interfa
e fun
tion tellLLprojLL!� : The proje
tion of a store CLL = C(�) w.r.t. a 
onstraint system � 2 L and aset of variables X = XLL \X� makes the substitutions for x 2 X expli
it:projLL!�(X;C(�)) = nVx2X;x2dom(�)(�(x) =s� x) if 9x 2 X with �(x) 6= xtrue otherwise.Figure 5. Interfa
e fun
tion projLL!� ; � 2 LFigure 6 illustrates, how the appli
ation of tellLL is used in our framework tosimulate a resolution step. First the 
onstraint pool 
ontains the 
onstraint 
 =r(t1; : : : ; rn), the 
onstraint store CLL 
ontains a substitution �, i.e. CLL = C(�)holds. The su

essful propagation of 
 
orresponds to a resolution step on 
. A

ord-ing to the �rst item of the tellLL des
ription, for the 
onstraint 
 = r(t1; : : : ; tn)for every rule r(s1; : : : ; sn) : � rhs with uni�able left hand side the 
orrespondingmost general uni�er � is built. The 
onstraint 
 in the 
onstraint pool is repla
edby the right hand side of the rule under � and �, i.e. by �(�(rhs)), and by a 
on-straint 
onjun
tion C(�) whi
h expresses the newly built substitution �. If there ismore than one mat
hing rule we get a number of newly built 
onstraint pools and,thus, a number of instantiations of the ar
hite
ture. This is expressed in our overallframework by an overall 
on�guration 
onsisting of a number of 
on�gurations.The requirements for tellLL and projLL!� , � 2 L, a

ording to Fig.2 and Fig.3are ful�lled, respe
tively. Noti
e in parti
ular the �rst 
ase of the de�nition of tellLL,



100 Petra Hofstedt
MCS... ... ... MCS... ... ...

: : : r(t1; : : : ; tn) : : : ...: : : C(�); �(�(rhs)) : : :: : : C(�0); �0(�(rhs0)) : : :CSLL CS�C� CSLL CS�C�CLLCLL= C(�)
Program:r(s1; : : : ; sn) : �Q1; : : : ; Qm:| {z }rhsr(s01; : : : ; s0n) : � rhs0: : :with� = mgu(�(r(t1; : : : ; tn));r(s1; : : : ; sn)) and�0 = mgu(�(r(t1; : : : ; tn));r(s01; : : : ; s0n)).Figure 6. How the interfa
e fun
tion tellLL workswhereP?;D� ; � 2 L � 8((CLL ^ 
) !(C 0LL ^ (Wi2f1;:::;ng(C(�i) ^ �i(�(Qi;1)) ^ : : : ^ �i(�(Qi;k))))))holds (see for example [5℄ and there in parti
ular Lemma 5.3).In Example 4 we demonstrate the use of the logi
 language as 
onstraint solverby means of a part of a derivation of an initial overall 
on�guration using our de�nedinterfa
e fun
tions.Example 4. Given the 
onstraint logi
 program P 0 of Example 3 using our systemof 
ooperating 
onstraint solvers with a solver for arithmeti
 
onstraints over realnumbers CSR and the solver CSLL based on the logi
 language together with P 0,we get the following tra
e (we omit unne
essary parts of substitutions to shorten thetra
e):fres
(par(R1; seq(R2; R3)); 75)g � CLL0 ^ CR0 =)by tell(res
(par(R1; seq(R2; R3)); 75); CLL0 ) = (true
hanged; CLL0 ;res
(R1; RV1)^ res
(seq(R2; R3); RV23)^ 1=RV1+ 1=RV23 =R 1=75)fres
(R1; RV1); res
(seq(R2; R3); RV23); 1=RV1+ 1=RV23 =R 1=75g� CLL0 ^ CR0 =)by tell(res
(R1; RV1); CLL0 ) = (true
hanged; CLL0 ;(R1 =LL simple(102) ^ RV1 =LL 102) _ : : :)Obviously, there are �ve alternatives a

ording to P 0. In the following, we only derivethe �rst alternative and leave the others out (whi
h is marked by : : :).(fR1 =LL simple(102); RV1 =LL 102; res
(seq(R2; R3); RV23);1=RV1+ 1=RV23 =R 1=75g � CLL0 ^ CR0 ) __ : : : =)by tell(R1 =LL simple(102); CLL0 ) = (true
hanged; CLL1 ; true) andtell(RV1 =LL 102; CLL1 ) = (true
hanged; CLL2 ; true), whereCLL2 = C(fR1=simple(102); RV1=102g)(fres
(seq(R2; R3); RV23); 1=RV1+ 1=RV23 =R 1=75g � CLL2 ^ CR0 ) __ : : :
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larative Languages and Constraint Systems 101This �rst 
on�guration of our overall 
on�guration 
orresponds to the situationin the 
omputation of a 
onstraint logi
 program, where a resolution step forres
(par(R1; seq(R2; R3)); 75) has been performed and as well a following resolu-tion step for the newly re
eived goal res
(R1; RV1) with the �rst rule with unifyingleft hand side. The pool des
ribes the goal whi
h is now to be solved and the 
on-straint store CLL2 
ontains the 
omputed substitution. To distribute this substitutionover the full goal we proje
t CLL2 w.r.t. �R su
h that CSR gets the information aboutthe bindings too:(fres
(seq(R2; R3); RV23); 1=RV1+ 1=RV23 =R 1=75g � CLL2 ^ CR0 ) __ : : : =)by projLL!R(fRV1g; CLL2 ) = 
onvLL!R(projLL(fRV1g; CLL2 ))= 
onvLL!R(RV1 =LL 102) = (RV1 =R 102) andprojLL!R(fR1g; CLL2 ) = 
onvLL!R(projLL(fR1g; CLL2 ))= 
onvLL!R(R1 =LL simple(102)) = true1(fRV1 =R 102; true; res
(seq(R2; R3); RV23); 1=RV1+ 1=RV23 =R 1=75g� CLL2 ^ CR0 ) __ : : :The propagation of all 
onstraints of the pool, the proje
tion of the 
omputed bind-ings, and propagating the newly re
eived proje
tions again yields the following overall
on�guration:(ftrueg � CLL ^ CR) __ : : :Proje
ting CLL w.r.t. the variables of the initial 
onstraintres
(par(R1; seq(R2; R3)); 75) yields the valid bindings:projLL(fRig; CLL) = (Ri =LL simple(102)), i 2 f1; 2g, andprojLL(fR3g; CLL) = (R3 =LL simple(2 � 102)) holds.The 
omputed bindings for R1, R2, and R3 are as expe
tedly,res
(par(simple(102); seq(simple(102); simple(2 � 102))); 75) holds.The 
orresponden
e between a resolution sequen
e and a derivation using oursystem of 
ooperating solvers 
an be observed. However, using our system, di�erent
on�gurations of an overall 
on�guration allow to 
onsider all possible resolutionsequen
es.4.3 Fun
tional Logi
 ProgramsNow, let us have a short look at a se
ond language: a fun
tional logi
 one. In 
ontrastto logi
 languages whi
h work with predi
ates fun
tional logi
 ones allow to workwith fun
tions whi
h may be even arguments of fun
tions. Let � = (S; F;R; ar)be a signature, where F is partitioned into a set � of 
onstru
tors and a set � ofde�ned fun
tions. A fun
tional logi
 program P over � is a �nite set of rules of theform f(t1; : : : ; tn) ! r, where f 2 � s1�:::�sn!s, ti 2 T (�;X)si , and r 2 T (F;X)s.f(t1; : : : ; tn) is linear, i.e. it does not 
ontain multiple o

urren
es of one variable, andvar(r) � var(f(t1; : : : ; tn)) holds. In the usual way, P indu
es a 
ongruen
e relation=P . A typi
al evaluation me
hanism for fun
tional logi
 programs is narrowing [1℄.4.4 A Fun
tional Logi
 Language as Constraint SolverThe introdu
tion of 
onstraints into the rules of our language yields 
onstraint fun
-tional logi
 programming. A fun
tional logi
 program P with 
onstraints over � is a1 Sin
e simple 62 FR holds, this proje
tion is `translated' to true.



102 Petra Hofstedt�nite set of rules of the form (f(t1; : : : ; tn) ! r where G), where f 2 � s1�:::�sn!s,ti 2 T (�;X)si , and r 2 T (F;X)s. f(t1; : : : ; tn) is linear, var(r) � var(f(t1; : : : ; tn))holds, and G is a �nite set of 
onstraints over �.To handle the 
onstraints during the evaluation of a fun
tional logi
 program weneed to extend narrowing by 
onstraints. A position p in a term t is represented bya sequen
e of natural numbers, tjp denotes the subterm of t at position p, and t[r℄pdenotes the result of repla
ing the subterm tjp by the term r. A narrowing step with
onstraints t  s;p;� (t0; C 0), where t; t0 are terms and C 0 is a set of 
onstraints, isde�ned as follows: t is narrowable to (t0; C 0) if there is a nonvariable position p in t,i.e. tjp 62 X , s = (l ! r where G) is a new variant of a rule from P , � = mgu(tjp; l),and t0 = �(t[r℄p) and C 0 = V
2G �(
).Now, we 
onsider a fun
tional logi
 language together with its evaluation me
h-anism as 
onstraint solver CSFL for 
onstraints over fun
tional expressions. As forthe logi
 language, the 
onstraint system �FL must 
ontain the symbols, the predi-
ates, and the fun
tions of all other involved 
onstraint systems as well. Constraintsof �FL are restri
ted to be of the form (t =P X), where t 2 T (F;X) and X 2 X .Constraints of the form t1 =P t2, where t1; t2 2 T (F;X), are de
omposed into(t1 =P X ^ t2 =P X). Let for a substitution �, C(�) = VX2dom(�)(X =FL�(X)) hold.Instead of giving a formal de�nition we only sket
h what 'propagating 
onstraints'means in this 
ontext and how narrowing steps with 
onstraints are used there.
MCS... ... ... MCS... ... ...

...: : : t =P Y : : : : : : C(�0); t0 =P Y; C0 : : :: : : C(�00); t00 =P Y; C00 : : :CS�C� CSFL CS�C�CFLCFL= C(�)CSFL
Program:l0 ! r0 where G0l00 ! r00 where G00: : :with�(t) �0 (t0; C0) and�(t) �00 (t00; C00).Figure 7. How the interfa
e fun
tion tellFL worksConsider Fig.7 whi
h illustrates, how the appli
ation of tellFL works in our frame-work to simulate a narrowing step with 
onstraints. Initially the 
onstraint pool
ontains the 
onstraint 
 = (t =P Y ) and the 
onstraint store CFL 
ontains a sub-stitution �. The su

essful propagation of 
 
orresponds to a narrowing step with
onstraints on t. For the term t for every mat
hing rule l! r where G a narrowingstep with 
onstraints is performed yielding the most general uni�er �0 and a tuple(t0; C 0). The 
onstraint (t =P Y ) in the 
onstraint pool is repla
ed by the the 
on-straint (t0 =P Y ), by a 
onstraint 
onjun
tion C(�0) whi
h expresses the newly builtsubstitution �0, and by the newly built 
onstraint 
onjun
tion C 0 whi
h is arisen fromthe narrowing step. If there is more than one mat
hing rule we get a number of newlybuilt 
onstraint pools and, thus, a number of instantiations of the ar
hite
ture. Thiswould be expressed in our overall framework by an overall 
on�guration 
onsistingof a number of 
on�gurations.Figure 7 illustrates a su

essful 
onstraint propagation, the 
ases of
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larative Languages and Constraint Systems 1031. a failing propagation be
ause there is no mat
hing rule for the term to be redu
ed{ this yields a 
onstraint false whi
h is added to the pool and2. a propagation, where the term t is already a 
onstru
tor term, { a binding of Yto this term is tried to add to the 
onstraint store CSFL by parallel 
ompositionof substitutions [8℄are left out here.The de�nition of projFL!� ; � 2 L, is the same as that of projLL!� in Fig.5(where every index LL is repla
ed by FL).5 Con
lusionThis paper shortly des
ribes a general approa
h for the integration of arbitraryde
larative languages and 
onstraint systems. After a short reintrodu
tion of a sys-tem of 
ooperating solvers of [2, 3℄ we have shown how to integrate host languages,in parti
ular a logi
 and a fun
tional logi
 one, into su
h a system by treating theevaluation me
hanisms of the languages together with programs as 
onstraint solversand de�ning interfa
e fun
tions for them.In 
ontrast to several other systems and s
hemes for the 
ombination of 
onstraintsolvers [4, 6, 9℄ whi
h usually have one �xed host language (a logi
 one), our systemallows to integrate di�erent host languages. Moreover, our system is very 
exible,be
ause we 
an integrate di�erent solvers and we 
an de�ne di�erent 
ooperationstrategies (shown in [2℄). Thus, our approa
h allows to build 
onstraint languagesa

ording to 
urrent requirements and, thus, 
omfortable modelling and solving of awide range of problems.Referen
es1. M. Hanus. The Integration of Fun
tions into Logi
 Programming: From Theory toPra
ti
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h Institute for Symboli
 Computation, Linz, Austria, 1994.5. J. Ja�ar, M.J. Maher, K. Marriott, and P. Stu
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An Implementation of Narrowing Strategies?Sergio Antoy1, Mi
hael Hanus2, Bart Massey1, and Frank Steiner21 Department of Computer S
ien
e, Portland State University,P.O. Box 751, Portland, OR 97207, U.S.A.{antoy,bart}�
s.pdx.edu2 Institut f�ur Informatik, Christian-Albre
hts-Universit�at Kiel,Olshausenstr. 40, D-24098 Kiel, Germany{mh,fst}�informatik.uni-kiel.deAbstra
t This paper des
ribes an implementation of narrowing, an essential 
omponentof implementations of modern fun
tional logi
 languages. These implementations rely onnarrowing, in parti
ular on some optimal narrowing strategies, to exe
ute fun
tional logi
programs. We translate fun
tional logi
 programs into imperative (Java) programs withoutan intermediate abstra
t ma
hine. A 
entral idea of our approa
h is the expli
it represen-tation and pro
essing of narrowing 
omputations as data obje
ts. This enables the imple-mentation of operationally 
omplete strategies (i.e., without ba
ktra
king) or te
hniquesfor sear
h 
ontrol (e.g., en
apsulated sear
h). Thanks to the use of an intermediate andportable representation of programs, our implementation is general enough to be used as a
ommon ba
k end for a wide variety of fun
tional logi
 languages.1 Introdu
tionThis paper des
ribes an implementation of narrowing for overlapping indu
tivelysequential rewrite systems [5℄. Narrowing is the essential 
omputational engine offun
tional logi
 languages (see [13℄ for a survey on su
h languages and their im-plementations). An implementation of narrowing translates a program 
onsistingof rewrite rules into exe
utable 
ode. This exe
utable 
ode 
urrently falls into two
ategories: Prolog predi
ates (e.g., [4, 11, 14, 25℄) or instru
tions for an abstra
t ma-
hine (e.g., [10, 18, 24, 27℄). Although these approa
hes are relatively simple, in both
ases, several layers of interpretation separate the fun
tional logi
 program from thehardware intended to exe
ute it. Obviously, this situation does not lead to eÆ
ientexe
ution.In this paper we investigate a di�erent approa
h. We translate a fun
tional logi
program into an imperative program. Our target language is Java, but we make lim-ited use of spe
i�
 obje
t-oriented features, su
h as inheritan
e and dynami
 poly-morphism. Repla
ing Java with a lower-level target language, su
h as C or ma
hine
ode, would be a simple task.In Se
tion 2 we brie
y introdu
e the aspe
ts of fun
tional logi
 programming rel-evant to our dis
ussion. In Se
tion 3 we des
ribe the elements and the 
hara
teristi
s? This resear
h has been partially supported by the DAAD/NSF under grant INT-9981317and the German Resear
h Coun
il (DFG) under grant Ha 2457/1-2. This paper is anabridgement of a paper to appear in the pro
eedings of the Third International Conferen
eon Prin
iples and Pra
ti
e of De
larative Programming (PPDP 2001), and is 
opyright2001 by the Asso
iation for Computing Ma
hinery. Extra
ts of that paper are reprodu
edfor this purpose by permission of the ACM.



106 Sergio Antoy, Mi
hael Hanus, Bart Massey, Frank Steinerof our implementation of narrowing. In Se
tion 4 we des
ribe aspe
ts of our 
ompila-tion pro
ess, as well as exe
ution issues su
h as input, output and tra
ing/debuggingthat may greatly a�e
t the usability of a system. In Se
tion 5 we summarize 
ur-rent e�orts toward the implementation of fun
tional logi
 languages, parti
ularlyw.r.t. implementations of narrowing and how they 
ompare to our work. Se
tion 6o�ers some 
on
lusions.2 Fun
tional Logi
 ProgramsFun
tional logi
 languages 
ombine the operational prin
iples of two of the mostimportant de
larative programming paradigms, namely fun
tional and logi
 pro-gramming (see [13℄ for a survey). EÆ
ient demand-driven fun
tional 
omputationsare amalgamated with the 
exible use of logi
al variables, providing for fun
tioninversion and sear
h for solutions. Fun
tional logi
 languages with a sound and 
om-plete operational semanti
s are usually based on narrowing (originally introdu
edin automated theorem proving [29℄) whi
h 
ombines redu
tion (from the fun
tionalpart) and variable instantiation (from the logi
 part). A narrowing step instantiatesvariables of an expression and applies a redu
tion step to a redex of the instantiatedexpression. The instantiation of variables is usually 
omputed by unifying a subtermof the entire expression with the left-hand side of some program equation.Example 1. Consider the following rules de�ning the � predi
ate leq on naturalnumbers whi
h are represented by terms built from zero and succ:
leq(zero,Y) = true
leq(succ(X),zero) = false
leq(succ(X),succ(Y)) = leq(X,Y)The expression leq(succ(M),Y) 
an be evaluated (i.e., redu
ed to a value) byinstantiating Y to succ(N) to apply the third equation, followed by the instantiationof M to zero to apply the �rst equation:
leq(succ(M),Y)  fY 7!succ(N)g leq(M,N)  fM7!zerog trueNarrowing provides 
ompleteness in the sense of logi
 programming (
omputa-tion of all answers, i.e., substitutions leading to su

essful evaluations) as well asfun
tional programming (
omputation of values). Sin
e simple narrowing 
an havea huge sear
h spa
e, a lot of e�ort has been made to develop sophisti
ated narrow-ing strategies without losing 
ompleteness (see [13℄). Needed narrowing [7℄ is basedon the idea of evaluating only subterms whi
h are needed in order to 
ompute aresult. For instan
e, in a term like leq(t1,t2), it is always ne
essary to evaluatet1 (to some variable or 
onstru
tor-rooted term) sin
e all three rules in Example 1have a non-variable �rst argument. On the other hand, the evaluation of t2 is onlyneeded if t1 is of the form succ(t). Thus, if t1 is a free variable, needed narrow-ing instantiates it to a 
onstru
tor term, here zero or succ(V). Depending onthis instantiation, either the �rst equation is applied or the se
ond argument t2 isevaluated. Needed narrowing is 
urrently the best narrowing strategy for �rst-order(indu
tively sequential) fun
tional logi
 programs [3℄ due to its optimality propertiesw.r.t. the length of derivations and the independen
e of 
omputed solutions, and dueto the possibility of eÆ
iently implementing needed narrowing by pattern mat
h-ing and uni�
ation [7℄. Moreover, it has been extended in various dire
tions, e.g.,
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tions and �-terms as data stru
tures [17℄, overlapping rules [5℄, and
on
urrent 
omputations [15℄.Needed narrowing is 
omplete, in the sense that for ea
h solution to a goal thereexists a narrowing derivation 
omputing a more general solution. However, most ofthe existing implementations of narrowing la
k this property sin
e they are based onProlog-style ba
ktra
king. Sin
e ba
ktra
king is not fair in exploring all derivationpaths, some solutions might not be found in the presen
e of in�nite derivations,i.e., these implementations are in
omplete from an operational point of view. Animportant property of our implementation is its operational 
ompleteness, i.e., all
omputable answers are eventually 
omputed by our implementation.3 Implementation of Needed NarrowingIn this se
tion we des
ribe the main ideas of our implementation of narrowing. Weimplement a strategy, referred to as INS [5℄, proven sound and 
omplete for the
lass of the overlapping indu
tively sequential rewrite systems. In these systems, theleft-hand sides of the rewrite rules de�ning an operation 
an be organized in de�-nitional trees. However, an operation may have distin
t rewrite rules with the sameleft-hand side (modulo renaming of variables): operation coin (Se
tion 3.8), is oneexample. To ease the understanding of our work, we �rst des
ribe the implementationof rewrite 
omputations in indu
tively sequential rewrite systems. We then des
ribethe extensions that lead to narrowing in overlapping indu
tively sequential rewritesystems.3.1 OverviewThe overall goals of our implementation are speed of exe
ution and operational 
om-pleteness. The following prin
iples guide our implementation and are instrumentalin a
hieving the goal.1. A redu
tion step repla
es a redex of a term with its redu
t. A term is repre-sented as a tree-like data stru
ture. The exe
ution of a redu
tion updates onlythe portion of this data stru
ture a�e
ted by the repla
ement. Thus, the 
ost ofa redu
tion is independent of its 
ontext. We 
all this prin
iple in-pla
e repla
e-ment.2. Only somewhat needed steps are exe
uted. We use the quali�er \somewhat" be-
ause di�erent notions of need have been proposed for di�erent 
lasses of rewritesystems. We exe
ute a parti
ular kind of steps that for redu
tions in orthogonalsystems is known as root-needed [28℄. Thus, redu
tions that are a priori uselessare never performed. We 
all this prin
iple useful step.3. Don't know non-deterministi
 redu
tions are exe
uted in parallel. Both narrow-ing 
omputations (in most rewrite systems) and redu
tions (in interesting rewritesystems) are non-deterministi
. Without some form of parallel exe
ution, opera-tional 
ompleteness would be lost. We 
all this prin
iple operational 
ompleteness.In indu
tively sequential rewrite systems, and when 
omputations are restri
ted torewriting, it is relatively easy to faithfully implement all the above prin
iples. Infa
t, our implementation does it. However, our environment is 
onsiderably ri
her.We exe
ute narrowing 
omputations in overlapping indu
tively sequential rewrite
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ompli
ations arise. The non-determinism of narrowingand/or of overlapping rules imply that a redex may have several repla
ements. Inthese situations, there 
annot be a single in-pla
e repla
ement. Furthermore, the stepsthat we 
ompute in overlapping indu
tively sequential rewrite systems are needed,but only modulo non-deterministi
 
hoi
es [5℄. Hen
e, some step may not be neededin the stri
t sense of [7,22℄, but we may not be able to know by feasible means whi
hsteps.The ar
hite
ture of our implementation is 
hara
terized by terms and 
ompu-tations. Both terms and 
omputations are organized into tree-like linked (dynami
)stru
tures. A term 
onsists of a root symbol applied to zero or more arguments whi
hare themselves terms. A 
omputation 
onsists of a sta
k of terms that identify re-du
tion steps. All the terms in the sta
k, with the possible ex
eption of the top,are not yet redexes, but will eventually be
ome redexes, and be redu
ed, before the
omputation is 
omplete. In terms, links go from a parent to its 
hildren, whereas in
omputations links go from 
hildren to their parent.A graphi
al representation of these obje
ts is shown in Figure 1. In this �gure,the steps to the left represent the terms in the sta
k of the 
omputation. Step0 is thebottom of the sta
k: it 
annot be exe
uted before Step1 is exe
uted. Likewise Step1
annot be exe
uted before Step2 is exe
uted.Step0 // positiveStep1 // add

??
??

??
?

��
��

��
�Step2 // coin tFigure 1. Snapshot of a 
omputation of term positive(add(coin,t))To ease understanding, we begin with an a

ount of our implementation of rewrit-ing 
omputations in indu
tively sequential rewrite systems. Although non-trivial, thisimplementation is simple enough to inspire 
on�den
e in both its 
orre
tness and ef-�
ien
y. Then, we generalize the dis
ussion to larger 
lasses of rewrite systems and�nally to narrowing 
omputations and argue why both 
orre
tness and eÆ
ien
y ofthis initial implementation are preserved by these extensions.3.2 Symbol representationSymbols are used to represent terms. A symbol is an obje
t that 
ontains two pie
esof information: a name and a kind. Sin
e there is no good reason to have more thanone instan
e of a given symbol in a program, ea
h distin
t symbol is implemented asan immutable singleton obje
t. The name is a string. The kind is a tag that 
lassi�esa symbol. For now, the tag is either \de�ned operation" or \data 
onstru
tor". Addi-tional tags will be de�ned later to 
ompute with larger 
lasses of rewrite systems. Thetag of a symbol is used to dispat
h 
omputations that depend on the 
lassi�
ationof a symbol. Of 
ourse, we 
ould dispat
h these 
omputations by dynami
 polymor-phism, i.e., by de�ning an abstra
t method overridden by sub
lasses. Often, these
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onsist of a few statements that use the environment of the 
aller.A tag avoids both a proliferation of small methods and the ineÆ
ien
y of passingaround the environment. Furthermore, this ar
hite
ture supports implementationsin obje
tless target languages as well.Nevertheless, in our Java ar
hite
ture, 
lass symbol has sub
lasses su
h as opera-tion and 
onstru
tor. In parti
ular, there is one sub
lass of operation for ea
h de�nedoperation f of a fun
tional logi
 program. This 
lass, a

ording to our se
ond prin-
iple, 
ontains the 
ode for the exe
ution of a useful step of any term rooted by f .Operations are de�ned by rewrite rules. We use the following rules in the examplesto 
ome.
add (zero, Y) = Y
add (succ (X), Y) = succ (add (X, Y))

positive (zero) = false
positive (succ (-)) = true3.3 Term representationTerms of user-de�ned type 
ontain two pie
es of information: the root of the term,whi
h is a symbol, and the arguments of the root, whi
h are terms themselves. Termsof builtin types 
ontain spe
ialized information, e.g., terms of the builtin type int
ontain an int. This situation suggests de�ning a 
ommon base 
lass and a spe
ial-ization of this 
lass for ea
h appropriate type of term. However, this is in 
on
i
twith the fa
t that a

ording to the �rst prin
iple of our implementation, a term is amutable obje
t. In Java, the 
lass of an obje
t 
annot 
hange during exe
ution.Therefore, we implement a term as a bridge pattern. A term delegates its fun
-tionality to a representation. Di�erent types, su
h as user-de�ned types, builtin types,and variables are represented di�erently. All the representations provide a 
ommonfun
tionality. The representation of a term obje
t 
an 
hange at run-time and thusprovide mutability of both value and behavior as required by the implementation.3.4 Computation representationA 
omputation is an obje
t abstra
ting the ne
essity to exe
ute a sequen
e of spe
i�
redu
tion steps in a term. Class 
omputation 
ontains two pie
es of information:1. A sta
k of terms to be 
ontra
ted (redu
ed at the root). The terms in the sta
kare not redexes ex
ept, possibly, the top term. Ea
h term in the sta
k is a subtermof the term below it, and must be redu
ed to a 
onstru
tor-rooted term in orderto redu
e the term below it. Therefore, the elements of the sta
k in a 
omputationmay be regarded as steps as well. The underpinning theoreti
al justi�
ation ofthis sta
k of steps is in the proof of Th. 24 of the extended version of [5℄. Weensure that every term in the sta
k eventually will be 
ontra
ted. To a
hieve thisaim, if a 
omplete strategy 
annot exe
ute a step in an operation-rooted term,it redu
es the term to the spe
ial value failure.2. A set of bookkeeping information. For example, this information in
ludes thenumber of steps exe
uted by the 
omputation and the elapsed time. An inter-esting bookkeeping datum is the state of a 
omputation. Computations being
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uted are in a ready state. A 
omputation's state be
omes exhausted afterthe 
omputation has been exe
uted and it has been determined that no moresteps will be exe
uted at the root of the bottom-most term of the sta
k. Beforebe
oming exhausted a 
omputation state may be either result or failure. Later,we will extend our model of 
omputation with residuation. With the introdu
tionof residuation, a new state of a 
omputation, 
ounder, is introdu
ed as well.Loosely speaking, an initial 
omputation is 
reated for an initial top-level expressionto evaluate. This expression is the top and only term of the sta
k of this 
omputation.If the top term t is not a redex, a subterm of t needed to 
ontra
t t is pla
ed on thesta
k and so on until a redex is found. A redex on top of the sta
k is repla
ed byits redu
t. If the redu
t is 
onstru
tor-rooted, the sta
k is popped (its top elementis dis
arded).3.5 Sear
h spa
e representationThe sear
h spa
e is a queue of 
omputations whi
h are repeatedly sele
ted for pro-
essing. The ma
hinery of a queue and fair sele
tion is not ne
essary for rewriting inindu
tively sequential rewrite systems. For these systems, 
omputations are stri
tlysequential and 
onsequently a single (possibly impli
it) sta
k of steps would suÆ
e.However, the ar
hite
ture that we des
ribe not only a

ommodates the extensionsfrom rewriting to narrowing and/or from indu
tively sequential rewrite systems tothe larger 
lasses that are 
oming later, but it allows us to 
ompute more eÆ
iently.A 
omputation serves two purposes: (1) �nding maximal operation-rooted sub-terms t of the top-level term to evaluate and (2) redu
ing ea
h t to head normalform. The pseudo-
ode of Figure 2 sket
hes part (2), whi
h is the most 
hallenging.Some optimizations would be possible, but we avoid them for the sake of 
larity.Sin
e indu
tively sequential rewrite systems are 
on
uent, repla
ing in-pla
e asubterm u of a term t with u's redu
t does not prevent rea
hing t's normal form.When a term has a result this result is found, sin
e repeated 
ontra
tions of neededredexes are normalizing.3.6 SentinelThe �rst extension to the previous model is the introdu
tion of a \sentinel" at theroot of the top-level expression being evaluated. For this, we introdu
e a distin-guished symbol 
alled sentinel that takes exa
tly one argument of any kind. If t isthe term to evaluate, our implementation evaluates sentinel(t) instead. Thus, thisis the a
tual term of the initial 
omputation. Symbol sentinel has 
hara
teristi
s ofboth an operation and a 
onstru
tor. Similar to an operation, the sta
k of the initial
omputation 
ontains sentinel(t), but similar to a 
onstru
tor, sentinel(t) 
annot be
ontra
ted for any t. Having a sentinel has several advantages. The strategy workswith the sentinel by means of impli
it rewrite rules that always look for an internalneeded redex and never 
ontra
t the sentinel -rooted term itself. Also, using a sen-tinel saves frequent tests similar to using a sentinel in many 
lassi
 algorithms, e.g.,sorting.
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t a ready 
omputation k from the queuej let t be the term at the top of k's sta
kj swit
h on the root of tj j 
ase t is operation-rootedj j j swit
h on the redu
ibility of tj j j j 
ase t is a redexj j j j j repla
e t with its redu
tj j j j j put k ba
k into the queuej j j j 
ase t is not a redexj j j j j swit
h on s, a maximal needed subterm of tj j j j j j 
ase s existsj j j j j j j push s on k's sta
kj j j j j j j put k ba
k into the queuej j j j j j 
ase s does not existj j j j j j j stop the 
omputation, no result existsj j j j j endswit
hj j j endswit
hj j 
ase t is 
onstru
tor-rootedj j j pop k's sta
kj j j if k's sta
k is not emptyj j j j put k ba
k into the queuej endswit
hendwhileFigure 2. Pro
edure to evaluate a term to a head normal form3.7 FailureThe se
ond extension to the previous model is 
on
erned with the possibility of a\failure" of a 
omputation. A failure o

urs when a term has no 
onstru
tor normalform. The 
omputation dete
ts a failure when the strategy, whi
h is 
omplete, �ndsno useful steps (redexes) in an operation-rooted term.The pseudo-
ode presented earlier simply terminates the 
omputation when itdete
ts a failure. For the extensions dis
ussed later it is more 
onvenient to expli
itlyrepresent failures in a term. This allows us, e.g., to 
lean up 
omputations that
annot be 
ompleted and to avoid dupli
ating 
ertain 
omputations. To this purposewe introdu
e a new symbol 
alled failure. The failure symbol is treated as a 
onstant
onstru
tor.Suppose that u is an operation-rooted term. If the strategy �nds no step in u, itevaluates u to failure. A failure symbol is treated as a 
onstru
tor during the patternmat
hing pro
ess. Impli
it rewrite rules for ea
h de�ned operation rewrite any termt to failure when a failure o

urs at a needed position of t. For example, we performthe following redu
tion:
add (failure, v) ! failureWith these impli
it rewrite rules, an inner o

urren
e of failure in a term propagatesup to the sentinel, whi
h 
an thus report that a 
omputation has no result. Theexpli
it representation of failing 
omputations is also important in performing non-deterministi
 
omputations.
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on
erned with non-determinism. In ourwork, non-determinism is expressed by rewrite rules with identi
al left-hand sides,but distin
t right-hand sides. A textbook example of a non-deterministi
 de�nedoperation is:
coin = zero
coin = succ (zero)This operation di�ers from the previous ones in that a given term, say s = coin,has two distin
t redu
ts.The most immediate problem posed by non-deterministi
 operations is that if so

urs in some term t and we repla
e in-pla
e s with one of its repla
ements, wemay lose a result that 
ould be obtained with another repla
ement. If a term su
has s be
omes the top of the sta
k of a 
omputation k, we 
hange the state of kto exhausted and we start two or more new 
omputations. Ea
h new 
omputation,say k0, begins with a sta
k 
ontaining a single term obtained by one of the severalpossible redu
tions of s.The pro
edure des
ribed above 
an be optimized in many ways. We mentiononly the most important one that we have implemented | the sharing of subtermsdisjoint from s. We show this optimization in an example. Suppose that the top-levelterm being evaluated is:
add (coin, t)The non-determinism of coin gives rise to the 
omputation of the following twoterms:
add (zero, t)
add (succ (zero), t)These terms are evaluated 
on
urrently and independently. However, term t in theabove display is shared rather than dupli
ated. Sharing improves the eÆ
ien
y of
omputations sin
e only one term, rather than several equal 
opies, is 
onstru
tedand possibly evaluated. In some situations, a shared term may o

ur in the sta
ks oftwo independent 
omputations and be 
on
urrently evaluated by ea
h 
omputation.This approa
h avoids a 
ommon problem of ba
ktra
king-based implementations offun
tional logi
 languages, in whi
h t will be evaluated twi
e if it is needed duringthe evaluation of both add terms shown above.3.9 Rewrite rulesThe �nal relevant portion of our ar
hite
ture is the implementation of rewrite rules.All the rules of an ordinary de�ned operation f are translated into a single Javamethod. This method impli
itly uses a de�nitional tree of f to 
ompare 
onstru
torsymbols in indu
tive positions of the tree with 
orresponding o

urren
es in an f -rooted term t to redu
e. Let kt be a 
omputation in the queue, ready the state ofkt, and t the term on the top of kt's sta
k. The following 
ase breakdown de�nes the
ode that needs to be generated.1. If t is a redex with a single redu
t, then t is repla
ed in-pla
e by its redu
t.2. If t is a redex with several redu
ts, then a new 
omputation is started for ea
hredu
t. The state of kt is 
hanged to exhausted.
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onsidered a redex as welland it is repla
ed in-pla
e by failure.4. If in a needed position of t there is an operation-rooted ordinary term s, then sis pushed on the sta
k of kt.5. The last 
ase to 
onsider is when operation f is in
ompletely de�ned and noneeded subterm is found in t. In this 
ase, t is repla
ed in-pla
e by failure.3.10 NarrowingAt this point we are ready to dis
uss the extension of our implementation to nar-rowing. A narrowing step instantiates variables in a way very similar to a non-deterministi
 redu
tion step. For example, suppose that allnat is an operation de�nedby the rules:
allnat = zero
allnat = succ (allnat)Narrowing term add(X,t), where X is an uninstantiated variable and t is any term,is not mu
h di�erent from redu
ing add(allnat,t).There are two key di�eren
es in the handling of variables w.r.t. non-deterministi
redu
tions: (1) we must keep tra
k of variable bindings to 
onstru
t the 
omputedanswer at the end of a 
omputation, and (2) if a given variable o

urs repeatedly in aterm being evaluated, the repla
ement of a variable with its binding must repla
e allthe o

urren
es. We solve point (1) by storing the binding of a variable in a 
omputa-tion. Point (2) is simply bookkeeping. We represent substitutions \in
rementally." A
omputation 
omputes both a value (for the fun
tional part) and an answer (for thelogi
 part). The answer is a substitution. In most 
ases, a narrowing step produ
esseveral distin
t bindings for a variable. Ea
h of these bindings in
rements a previ-ously 
omputed substitution. For example, suppose that the expression to narrow is:
add (X, Y) = tfor some term t. Some 
omputation may initially bind X to zero. Later on, a narrow-ing step may bind Y independently to both zero and succ(Y1). These bindingswill \add" to the previous one. The previous binding is shared, whi
h saves bothmemory and exe
ution time.3.11 ParallelismOur implementation in
ludes a form of parallelism known as parallel-and. And-parallel steps do not a�e
t the soundness or 
ompleteness of the strategy, INS, un-derlying our implementation, but in some 
ases they may signi�
antly redu
e thesize of the narrowing spa
e of a 
omputation | possibly from in�nite to �nite. Theparallel-and operation is handled expli
itly by our implementation. If a 
omputationk leads to the evaluation of t & u, where t and u are terms and \&" denotes theparallel-and operation, then steps of both t and u are s
heduled. This requires to
hange the sta
k of a 
omputation into a tree-like stru
ture. The set of leaves of thistree-like stru
ture repla
es the top of the sta
k previously dis
ussed.As soon as one of these parallel steps has to be removed from the tree, whi
hmeans that its term argument has been redu
ed to a 
onstru
tor term 
 (in
ludingfailure), the parent of the step is re
onsidered. Depending on 
's value, either the
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ed (to a failure if 
 = failure) and the other parallel steps areremoved, or (if 
 = su

ess) the 
omputation of the other parallel steps 
ontinuesnormally.3.12 ResiduationResiduation is a 
omputational me
hanism that delays the evaluation of a term
ontaining an uninstantiated variable in a needed position [1℄. Similar to narrowing,it supports the integration of fun
tional programming with logi
 programming byallowing uninstantiated variables in fun
tional expressions. However, in 
ontrast tonarrowing it is in
omplete, i.e., unable to �nd all the solutions of some problems.Residuation is useful for dealing with built-in types su
h as numbers [9℄. Residuationis meaningful only when a 
omputation has several steps exe
uting in parallel. If a
omputation has only one step exe
uting, and this step residuates, the 
omputation
annot be 
ompleted and it is said to 
ounder.Operations that residuate are 
alled rigid, whereas operations that narrow are
alled 
exible. A formal model for the exe
ution of programs de�ning both rigid and
exible operations is des
ribed in [15℄. Our implementation already has the ne
essaryinfrastru
ture to a

ommodate this model. When a step s residuates on some variableV , we store (a referen
e to) s in V , mark s as residuating and 
ontinue the exe
utionof the other steps. When V is bound, we remove the residuating mark from s so thats 
an be exe
uted as any other step. If all the steps of a 
omputation are residuating,the 
omputation 
ounders.4 The Compilation Pro
essThe main motivation of this new implementation of narrowing is to provide a generi
ba
k end that 
an be used by fun
tional logi
 languages based on a lazy evaluationstrategy. Current work [6℄ shows that any narrowing 
omputation in a left-linear
onstru
tor-based 
onditional rewrite system 
an be simulated, with little or no lossof eÆ
ien
y, in an overlapping indu
tively sequential rewrite system, hen
e by ourimplementation. Therefore, our implementation 
an be used by languages su
h asCurry [20℄, Es
her [23℄ and Toy [26℄.To support this idea, our implementation works independently of any 
on
retesour
e language. The sour
e programs of our implementation are fun
tional logi
programs where all fun
tions are de�ned at the top level (i.e., no lo
al de
larations)and the pattern-mat
hing strategy is expli
it. This language, 
alled FlatCurry, hasbeen developed as an intermediate language for the Curry2Prolog 
ompiler [8℄ inthe Curry development system PAKCS [16℄ and is used for various other purposes,e.g., meta-programming and partial evaluation [2℄. Basi
ally, a FlatCurry programis (apart from data type and operator de
larations) a list of fun
tion de
larationswhere ea
h fun
tion f is de�ned by a single rule of the form f(x1; : : : ; xn) = e, i.e.,the left-hand side 
onsists of pairwise di�erent variable arguments and the right-handside is an expression 
ontaining 
ase expressions for pattern mat
hing.For instan
e, the fun
tion leq of Example 1 is represented in FlatCurry as follows(f
ase denotes a 
ase expression that is evaluated by narrowing):
leq(X,Y) = f
ase X of f zero ! true;

succ(M)! f
ase Y of fzero ! false;
succ(N)! leq(M,N)gg
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ription of FlatCurry in
luding 
onstru
ts for en
oding features likenon-deterministi
 
hoi
es (see Se
tion 3.8), residuation (see Se
tion 3.12), higher-order fun
tions or 
onditional rules 
an be found on the Curry web page lo
ated athttp://www.informatik.uni-kiel.de/~
urry/flat/. Any indu
tively sequentialprogram 
an be translated into FlatCurry rules whose right-hand side 
onsists ofonly 
onstru
tor/fun
tion appli
ations and 
ase expressions [17℄.Although FlatCurry was originally designed as an intermediate language to 
om-pile and manipulate Curry programs, it should be 
lear that it 
an also be usedfor various other de
larative languages (e.g., Haskell-like lazy languages with stri
tleft-to-right pattern mat
hing 
an be 
ompiled by generating appropriate 
ase expres-sions). To better a

ommodate a variety of sour
e languages, our ba
k end a

epts asynta
ti
 representation of FlatCurry programs in XML format so that other fun
-tional logi
 languages 
an be 
ompiled into this implementation-independent format.Some examples together with the DTD for the XML FlatCurry representation areavailable at http://www.informatik. uni-kiel.de/~
urry/flat/.Our 
ompiler, whi
h is fully implemented in Curry, reads an XML representationand 
ompiles it into a Java program following the ideas des
ribed in Se
tion 3. Re
allthat every fun
tion is represented by a sub
lass of operation. For ea
h fun
tion, wede�ne a method expand whi
h will expand a fun
tion 
all a

ording to its rules anddepending on its arguments (Se
tions 3.9, 3.10).To show the simpli
ity of our 
ompiled 
ode, we provide an ex
erpt of the expandmethod for leq in Figure 3 whi
h is generated from the 
ase expression given above.A

ording to Se
tion 3.9, we must de
ide whether leq(t1; t2) is a redex. This ex-pression is a redex if t1 is a variable (we must narrow) or zero (we apply the �rstrule). If t1 equals succ(..), we must do the same 
he
k for the se
ond argument.If t1 fails, so does leq. If t1 is a fun
tion 
all, we must evaluate it �rst. For the sakeof simpli
ity, we show pseudo-
ode, whi
h re
e
ts the basi
 stru
ture and is verysimilar to the real Java 
ode.To use our ba
k end for a fun
tional logi
 language, it is only ne
essary to 
ompileprograms from this language to a XML representation a

ording to the FlatCurryDTD. For instan
e, our 
ompiler 
an be used as a ba
k end for Curry sin
e Curryprograms 
an be translated into this XML representation with PAKCS [16℄. Again, itis worth emphasizing that FlatCurry 
an en
ode more than just Curry programs orneeded narrowing, be
ause the evaluation strategy is 
ompiled into the 
ase expres-sions. For instan
e, FlatCurry is a superset of TFL, whi
h is used as an intermediaterepresentation for a Toy-like language based on the CRWL paradigm (Constru
tor-based 
onditional ReWriting Logi
) [21℄.The 
omputation engine is designed to work with the read-eval-print loop typi
alof many fun
tional, logi
 and fun
tional logi
 interpreters. In our Java implementa-tion, the 
omputation engine and the read-eval-print loop are threads that intera
twith ea
h other in a produ
er/
onsumer pattern. When a 
omputed expression (valueplus answer) be
omes available, the 
omputation engine noti�es the read-eval-printloop while preserving the state of the narrowing spa
e. The read-eval-print looppresents the results to the user and waits. The user may request further results orterminate the 
omputation. If the user requests a new result, the read-eval-print loopnoti�es the 
omputation engine to further sear
h the narrowing spa
e. Otherwise,the narrowing spa
e is dis
arded.Currently we provide a naive tra
e fa
ility that is useful to debug both user
ode and our own implementation. Sin
e the 
omputations originating from a goal
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omp) {term = 
omp.getTerm(); // get the term from top of the sta
kX = term.getArg(0); // get �rst argumentY = term.getArg(1); // get se
ond argumentswit
h on kind of X // 
ase X of ...
ase variable: // do narrowing: bind to patternsX.bindTo(zero);spawn new 
omputation for leq(zero,Y);X.bindTo(su

(M));spawn new 
omputation for leq(su

(M),Y);
omp.setExhausted(); // this 
omputation is exhausted
ase 
onstru
tor: // argument is 
onstru
tor-rooted,swit
h on kind of 
onstru
tor // thus do pattern mat
hing
ase zero: // apply �rst rule:term.update(true); // repla
e term with true
ase su

: // 
ase X of su

(M) ! 
ase Y of...re
ursive 
ase for swit
hing on Y
ase failure: // the needed subterm has failed,term.update(failure) // thus leq fails, too
ase operation: // X is a fun
tion 
all, thus
omp.pushOnSta
k(X); // evaluate this 
all �rst} Figure 3. Simpli�ed pseudo-
ode for the expand method of leqare truly 
on
urrent, as is ne
essary to ensure operational 
ompleteness, and sin
esome terms are shared between 
omputations, the tra
e is not always easy to read.Computations are identi�ed by a unique id. We envision a tool, 
on
eptually andstru
turally well separated from the 
omputation engine, that 
olle
ts the interleavedtra
es of all 
omputations, separates them, and presents ea
h tra
e in a di�erentwindow for ea
h 
omputation. This tool may have a graphi
al user interfa
e to sele
twhi
h 
omputations to see and/or intera
t with.5 Related workIn this se
tion we dis
uss and 
ompare other approa
hes to fun
tional logi
 languageimplementation (see [13℄ for a survey). Our approa
h provides an operationally 
om-plete and eÆ
ient ar
hite
ture for implementing narrowing whi
h 
an potentiallya

ommodate sophisti
ated 
on
epts, e.g., the 
ombination of narrowing and resid-uation, en
apsulated sear
h or 
ommitted 
hoi
e. As some re
ent narrowing-basedimplementations of fun
tional logi
 languages show, most implementations that in-
lude these 
on
epts la
k 
ompleteness or are ineÆ
ient.One 
ommon approa
h to implement fun
tional logi
 languages is the transfor-mation of sour
e fun
tional logi
 programs into Prolog programs. This approa
h isfavored for its simpli
ity sin
e Prolog has most of the features of fun
tional logi
languages: logi
al variables, uni�
ation, and non-determinism implemented by ba
k-tra
king. However, the 
hallenge in su
h an implementation is the implementationof a sophisti
ated evaluation strategy that exploits the presen
e of fun
tions in thesour
e programs. Di�erent implementations of this kind are 
ompared and evaluatedin [14℄ where it is demonstrated that needed narrowing is eÆ
iently implemented ina (stri
t) language su
h as Prolog and that this implementation is superior to other



An Implementation of Narrowing Strategies 117narrowing strategies. Therefore, most of the newer proposals to implement fun
tionallogi
 languages in Prolog are based on needed narrowing [4, 8, 14, 25℄. In 
ontrast toour implementation of narrowing, all of these e�orts are operationally in
omplete(i.e., existing solutions might not be found due to in�nite derivation paths) sin
ethey are based on Prolog's depth-�rst sear
h me
hanism. The same drawba
k alsoo

urs in implementations of fun
tional logi
 languages based on abstra
t ma
hines(e.g., [10, 21, 24, 27℄) sin
e these abstra
t ma
hines use ba
ktra
king to implementnon-determinism.An ex
eption is the Curry2Java 
ompiler [18℄ whi
h is based on an abstra
tma
hine implementation in Java but uses independent threads to implement non-deterministi
 
hoi
es. If these threads are fairly evaluated (whi
h 
an be ensuredby spe
i�
 instru
tions), in�nite derivations in one bran
h do not prevent �ndingsolutions in other bran
hes. Our approa
h is more 
exible sin
e it does not dependon threads, but it 
an 
ontrol to any degree of granularity the s
heduling of stepsin distin
t 
omputations. This eases the implementation of problem-spe
i�
 sear
hstrategies at the top level, whereas Curry2Java is restri
ted to en
apsulated sear
h[19℄.Our implementation is the subje
t of a
tive investigation in several dire
tions.Thus, we are not spe
i�
ally 
on
erned with its eÆ
ien
y at this time. Rather, weare studying ar
hite
tures that easily integrate 
on
epts and ideas that have beenproposed for fun
tional logi
 programming. EÆ
ien
y is an important issue, though,and we expe
t that it will be a strong point of our implementation due to the dire
ttranslation into an imperative language without the additional 
ontrol layers of anabstra
t ma
hine. While we have attempted to sele
t an eÆ
ient ar
hite
ture, wehave not paid mu
h attention to detailed optimization of our implementation, andwe do not expe
t top speed as long as we 
ompile to Java. We performed only alimited number of ben
hmarks to get a feel for where we stand.For the fun
tional evaluation, we evaluated the naive reverse of a list of 1200elements (400 only for 
omparing Curry2Java). To ben
hmark non-determinism weevaluated add x y =:= peano300, where peano300 denotes the term en
oding300 in unary notation and the in�x operator =:= denotes the stri
t equality withuni�
ation. This goal is solved by 
reating 301 parallel 
omputations by narrowingon the add operation.The two fastest available implementations of needed narrowing, to the best of ourknowledge, are the Curry2Prolog 
ompiler of the PAKCS system and the M�unsterCurry Compiler (MCC) [27℄. The Curry2Java ba
k end (C2J), in
luded in the PAKCSsystem, is not as fast, but is the fastest available 
orre
t and 
omplete implementationof needed narrowing. We have also 
ompared our approa
h to a Java-based imple-mentation of Prolog: Jinni [30℄ is the fastest engine in the naive reverse ben
hmarkamong the Java-based Prolog implementations 
ompared in [12℄. Table 1 shows exe-
ution times, in se
onds, for simple ben
hmarks on a PIII-900 MHz Linux ma
hine.These results show that our engine is 
urrently the fastest 
omplete implementationof narrowing.In all likelihood, its speed is partially due to the elimination of the overhead paidby Curry2Java for 
omputing with an abstra
t ma
hine. In 
omparison with Jinni,we perform better in the rev1200 ben
hmark, where the number of redu
tion steps ismore or less the same for needed narrowing and SLD-resolution. For the add ben
h-mark, we evaluate the goal add(X,Y,peano300) in Jinni. Due to the rules for stri
tequality with uni�
ation, even an optimized implementation of needed narrowing will



118 Sergio Antoy, Mi
hael Hanus, Bart Massey, Frank SteinerTable 1. Exe
ution times for simple ben
hmarks on several FLP enginesOurs C2J MCC PAKCS Jinni
rev400 0.69 2.6
rev1200 5.5 N/A 0.69 0.68 45.9
add300 2.1 16.2 0.12 0.09 2.5perform at least twi
e as many redu
tion steps for add x y =:= peano300 as aSLD-resolution of add(X,Y,peano300). However, we are still faster than Jinni inthis ben
hmark, too. Curry2Prolog and MCC are faster than our approa
h by a fa
-tor 8 for rev and by fa
tor 20 for add. This is to be expe
ted. Ba
ktra
king-basedimplementations are simpler and faster be
ause they sa
ri�
e 
ompleteness. Addi-tionally, Curry2Prolog is exe
uted by the highly optimized SICStus Prolog 
ompiler,and the abstra
t ma
hine of MCC is written in C, while our implementation is ex-e
uted by the JVM. We expe
t that if our implementation were optimized and/or
oded in C, it would o�er performan
e 
ompetitive with these in
omplete systemswhile retaining 
ompleteness.A fa
tor of 8-20 speedup over Java for a C implementation is reasonable andsupported by the results of [18℄. The authors have shown that a C++ implementationof the Curry2Java abstra
t ma
hine was more than 50 times faster than the sameimplementation in Java. We do not expe
t a similar improvement be
ause we havealready eliminated the interpretation layer of the abstra
t ma
hine, and be
ause theresults of [18℄ were obtained with JDK 1.1 while we use JDK 1.3. The latter is moreeÆ
ient. However, we are 
on�dent that there are still 
onsiderable opportunities forimproving the eÆ
ien
y of our implementation. We plan to work on this aspe
t, butonly after resolving the ar
hite
tural issues related to the in
lusion of en
apsulatedsear
h, whi
h is a very interesting feature for modern fun
tional logi
 languages[19℄. Its integration 
ould 
ause some 
hanges in our ba
kend, e.g., to distinguishbetween lo
al and global variables, whi
h is one important issue of en
apsulatedsear
h. However, most of the stru
tures needed (nested 
omputations, fair s
heduling,expli
it 
ontrol of 
omputations et
.) are already available in our ba
kend. Thus,we expe
t the integration of en
apsulated sear
h to 
ause only minor 
hanges orextensions.6 Con
lusionWe des
ribed the ar
hite
ture of an engine for fun
tional logi
 
omputations. Ourengine implements an eÆ
ient, sound and 
omplete narrowing strategy, INS, andintegrates this strategy with other features, e.g., residuation and and-parallelism,desirable in fun
tional logi
 programming. Our implementation is operationally 
om-plete, easy to extend (e.g., by external resour
es like 
onstraint libraries) and generalenough to be used as a ba
k end for a variety of languages. Although our work isstill evolving, simple ben
hmarks show that it is the fastest 
omplete implementationof narrowing 
urrently available: it has strong potential for further improvement inboth performan
e and fun
tionality.Our implementation and supporting material is available under the GNU Publi
Li
ense at http://nmind.
s.pdx.edu.
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Dedu
tive Veri�
ation for Multithreaded JavaErika �Abrah�am-Mumm1, Frank S. de Boer2, Willem-Paul de Roever1, and MartinSte�en11 Christian-Albre
hts-University Kiel, Germany2 Utre
ht University, The NetherlandsAbstra
t The semanti
al foundations of Java [9℄ have been thoroughly studied ever sin
ethe language gained widespread popularity (see e.g. [2,6,19℄). The resear
h 
on
erning Java'sproof theory mainly 
on
entrated on various aspe
ts of sequential sublanguages (see e.g. [14,18,21℄). This paper presents a proof system for multithreaded Java programs. Con
entratingon the issues of 
on
urren
y, we introdu
e an abstra
t programming language JavaMT, asubset of Java featuring obje
t 
reation, method invo
ation, obje
t referen
es with aliasing,and spe
i�
ally 
on
urren
y.The assertional proof system for verifying safety properties of JavaMT is formulated interms of proof outlines [17℄, i.e., of annotated programs where Hoare-style assertions [8,12℄are asso
iated with every 
ontrol point.1 The programming language JavaMTJavaMT is a multithreaded well-typed sublanguage of Java. Programs, as in Java, aregiven by a 
olle
tion of 
lasses 
ontaining instan
e variable and method de
larations.Instan
es of the 
lasses, i.e., obje
ts, are dynami
ally 
reated, and 
ommuni
ate viamethod invo
ation, i.e., syn
hronous message passing. As we fo
us on a proof systemfor the 
on
urren
y aspe
ts of Java, all 
lasses in JavaMT are thread 
lasses in thesense of Java: Ea
h 
lass 
ontains a start-method that 
an be invoked only on
efor ea
h obje
t, resulting in a new thread of exe
ution. The new thread starts toexe
ute the run-method of the given obje
t while the initiating thread 
ontinues itsown exe
ution.For variables, we notationally distinguish between instan
e and temporary vari-ables, where instan
e variables are always private in JavaMT. Instan
e variables xhold the state of an obje
t and exist throughout the obje
t's lifetime. Temporary vari-ables u play the role of formal parameters and lo
al variables of method de�nitionsand only exist during the exe
ution of the method to whi
h they belong. Thereforethese temporary variables represent the lo
al state of a thread of exe
ution. Table 1
ontains the abstra
t syntax of JavaMT.For the semanti
s, we only highlight a few salient aspe
ts. The formalization asstru
tural operational semanti
s is given in [1℄.The behaviour of a program results from the 
on
urrent exe
ution of threads,ea
h des
ribed by the 
all-
hain of its method invo
ations, given as a sta
k of lo
al
on�gurations. Threads 
an be 
reated via new and started by (the �rst) invo
ation ofthe start-method. The invo
ation of a method extends the 
all 
hain by 
reating a newlo
al 
on�guration. It is removed from the sta
k when returning from the method.Java o�ers a syn
hronization me
hanism for the mutually ex
lusive exe
ution ofmethods: Syn
hronized methods of an obje
t 
an be invoked only if no other threadsare 
urrently exe
uting any syn
hronized methods of the same obje
t.



122 Erika �Abrah�am-Mumm et al.exp ::= x j u j this j nil j f(exp; : : :;exp) e 2 Expt
 expressionssexp ::= new
0 j exp:m(exp; : : : ; exp) j exp:start() sexp 2 SExpt
 side-e�e
t exp.stm ::= sexp j x := exp j u := exp j u := sexpj � j stm ; stm j if exp then stm else stmj while exp do stm : : : stm 2 Stm
 statementsmodif ::= nsyn
 j syn
 modi�ersrexp ::= return j return expmeth ::= modif m(u; : : : ; u)f stm ; rexpg meth 2 Meth
 methodsmeth run ::= modif run()f stm; return g meth run 2 Meth
 run-methodmethmain ::= nsyn
 main()f stm ; return g methmain2Meth
 main-method
lass ::= 
fmeth : : : meth meth rung 
lass 2 Class 
lass defn's
lassmain ::= 
fmeth : : : meth meth run methmaing 
lassmain 2 Class main-
lassprog ::= h
lass : : : 
lass 
lassmaini programsTable 1. JavaMT abstra
t syntax2 The proof systemThis se
tion sket
hes the assertional proof system formulated in terms of proof out-lines [7,17℄, i.e., where Hoare-style pre- and post
onditions [8,12℄ are asso
iated withea
h program statement. The proof system has to a

ommodate for shared-variable
on
urren
y, aliasing, method invo
ation, and dynami
 obje
t 
reation.2.1 The assertion languageThe underlying assertion language 
onsists of two di�erent levels: The lo
al assertionlanguage spe
i�es the behaviour on the level of method exe
ution, and is used toannotate programs. The global behaviour, in
luding the 
ommuni
ation topology ofthe obje
ts, is expressed in the global language used in the 
ooperation test.In the language of assertions, we introdu
e as usual a 
ountably in�nite set of log-i
al variables with typi
al element z disjoint from the instan
e and the lo
al variableso

urring in programs. Logi
al variables are used as bound variables in quanti�
a-tions and, on the global level, to represent the values of lo
al variables.Table 2 de�nes the syntax of the assertion language. Lo
al expressions are ex-pressions of the programming language possibly 
ontaining logi
al variables. Lo
alassertions are standard logi
al formulas over lo
al expressions, where unrestri
tedquanti�
ation is allowed for integer and boolean domains only. Quanti�
ation overobje
ts is only allowed in a restri
ted form asserting the existen
e of an element ora subsequen
e of a given sequen
e. Restri
ted quanti�
ation involving obje
ts en-sures that the evaluation of a lo
al assertion indeed only depends on the values ofthe instan
e and temporary variables. In deferen
e to the lo
al assertion language,quanti�
ation on the global level is allowed for all types. Quanti�
ations over obje
tsrange over the set of existing obje
ts only.2.2 Proof outlinesTo be able to reason about the 
ommuni
ation me
hanism of method invo
ations, wesplit ea
h method invo
ation statement into the sequential 
omposition of an output
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ation for Multithreaded Java 123exp l ::= z j x j u j this j nil j f(expl; : : : ; expl) e 2 LExpt
 lo
al expressionsass l ::= exp l j :ass l j ass l ^ ass lj 9z(ass l) j 9z 2 exp l(ass l) j 9z v expl(ass l) p 2 LAss
 lo
al assertionsexpg ::= z j nil j f(expg; : : : ; expg) j expg:x E 2 GExpt global expressionsassg ::= expg j :assg j assg ^ assg j 9z(assg) P 2 GAss global assertionsTable 2. Syntax of assertionsand an input statement representing the invo
ation of the method and the re
eptionof the return value.Next, we augment the program by fresh auxiliary variables. Assignments 
an beextended to multiple assignments, and additional multiple assignments to auxiliaryvariables 
an be inserted at any point. We introdu
e three spe
i�
 auxiliary variablesid, lo
k, and started to represent information about the global 
on�guration at theproof-theoreti
al level. The temporary variable id of type Obje
t � Int stores theidentity of the obje
t in whi
h the 
orresponding thread has begun its exe
ution,together with the 
urrent depth of its sta
k. The auxiliary instan
e variable lo
k ofthe same type is used to reason about thread syn
hronization: The value ? statesthat no threads are 
urrently exe
uting any syn
hronized methods of the given obje
t;otherwise, the value (�; n) identi�es the thread whi
h a
quired the lo
k, together withthe sta
k depth n, at whi
h it has gotten the lo
k. The boolean instan
e variablestarted states whether the obje
t's start-method has already been invoked.Finally, we extend programs by 
riti
al se
tions, a 
on
eptual notion, whi
h isintrodu
ed for the purpose of proof and, therefore, does not in
uen
e the 
ontrol
ow. Semanti
ally, a 
riti
al se
tion expresses that the statements inside are exe
utedwithout interleaving with other threads.To spe
ify invariant properties of the system, the transformed programs are an-notated by atta
hing pre- and post
onditions, formulated in the lo
al assertion lan-guage, to all o

urren
es of statements. Besides that, for ea
h 
lass 
, the annotationde�nes a lo
al assertion I
 
alled 
lass invariant, whi
h refers only to instan
e vari-ables, and expresses invariant properties of the instan
es of the 
lass. Finally, theglobal invariant GI 2 GAss spe
i�es properties of 
ommuni
ation between obje
ts.We require that for all quali�ed referen
es E:x in GI , all assignments to x in 
lass 
are en
losed in 
riti
al se
tions.2.3 Proof systemThe global behaviour of a Java program results from the 
on
urrent exe
ution ofmethod bodies, that 
an intera
t by� shared-variable 
on
urren
y,� syn
hronous message passing for method 
alls, and� obje
t 
reation.Apart from the initial 
orre
tness, meaning that the annotation is 
orre
t withrespe
t to the initial 
on�guration, the proof system is split into three parts. The
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ution of a single method body in isolation is 
aptured by lo
al 
orre
tness 
on-ditions that show the indu
tiveness of the annotated method bodies and whi
h arestandard.Intera
tion via syn
hronous message passing and via obje
t 
reation 
annot beestablished lo
ally but only relative to assumptions about the 
ommuni
ated values.These assumptions are veri�ed in the 
ooperation test. The 
ommuni
ation 
an takepla
e within a single obje
t or between di�erent obje
ts. As these two 
ases 
annotbe distinguished synta
ti
ally, our 
ooperation test 
ombines elements from similarrules used in [5℄ and in [15℄ for CSP.Finally, the e�e
t of shared-variable 
on
urren
y is handled, as usual, by theinterferen
e freedom test, whi
h is modeled after the 
orresponding tests in the proofsystems for shared-variable 
on
urren
y in [17℄ and in [15℄. In the 
ase of Java itadditionally has to a

ommodate for reentrant 
ode and the spe
i�
 syn
hronizationme
hanism.Lo
al 
orre
tness A proof outline is lo
ally 
orre
t, if the usual veri�
ation 
on-ditions [4℄ for standard sequential 
onstru
ts hold: The pre
ondition of a multipleassignment to instan
e and lo
al variables must imply the post
ondition after exe-
ution of the assignment. As output and return statements do not a�e
t the state ofthe exe
uting thread, their pre
onditions must dire
tly imply their post
onditions.Finally, the pre- and post
onditions of all statements of a 
lass are required to implythe 
lass invariant.The interferen
e freedom test The 
onditions of the interferen
e freedom testensure the invarian
e of lo
al properties of a thread under the a
tivities of otherthreads. Sin
e we disallow publi
 instan
e variables in JavaMT, we only have to dealwith the invarian
e of properties under the exe
ution of statements within the sameobje
t. Containing only temporary variables, 
ommuni
ation and obje
t 
reationstatements do not 
hange the state of the exe
uting obje
t. Thus we only have totake assignments y := e into a

ount.Satisfa
tion of a lo
al property of a thread may 
learly be a�e
ted by the exe
utionof assignments by a di�erent thread in the same obje
t. If, otherwise, the propertydes
ribes the same thread that exe
utes the assignment, the only 
ontrol pointsendangered are those waiting for a return value earlier in the 
urrent exe
utionsta
k, i.e., we have to show the invarian
e of pre
onditions of re
eive statements.Espe
ially, the interferen
e freedom test has to take 
are of reentrant method 
alls.The 
ooperation test Whereas the veri�
ation 
onditions asso
iated with lo
al
orre
tness and interferen
e freedom 
over the e�e
ts of assigning side-e�e
t-free ex-pressions to variables, the 
ooperation test deals with method invo
ation and obje
t
reation. Sin
e di�erent obje
ts may be involved, it is formulated in the global as-sertion language. Besides de�ning veri�
ation 
onditions that ensure the invarian
eof the global invariant, it spe
i�es 
onditions under whi
h properties, whose evalu-ation depend on 
ommuni
ated values, are satis�ed. Those properties are given bythe pre
onditions of method bodies, and by the post
onditions of re
eive and obje
t
reation statements.



Dedu
tive Veri�
ation for Multithreaded Java 1253 Con
lusionIn this extended abstra
t we sket
hed an assertional proof method for a multi-threaded sublanguage of Java. The soundness of our method is shown by a standardalbeit tedious indu
tion on the length of the 
omputation. Proving its 
omplete-ness involves the introdu
tion of appropriate assertions expressing rea
hability andauxiliary history variables. The details of the proofs 
an be found in [1℄.Currently we are developing in the 
ontext of the European Fifth FrameworkRTD proje
t Omega and the bilateral NWO/DFG proje
t MobiJ a front-end toolfor the 
omputer-aided spe
i�
ation and veri�
ation of Java programs based on ourproof method. Su
h a front-end tool 
onsists of an editor and a parser for annotatingJava programs, and of a 
ompiler whi
h translates these annotated Java programsinto 
orresponding veri�
ation 
onditions. A theorem prover (HOL or PVS) is usedfor verifying the validity of these veri�
ations 
onditions. Of parti
ular interest inthis 
ontext is an integration of our method with related approa
hes like the Loopproje
t [11, 16℄.More in general, our future work fo
usses on the formalization of full-featuredmultithreading, inheritan
e, and polymorphi
 extensions involving behavioral sub-typing [3℄.A
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Me
hanized Veri�
ation of Imperative Programsand Partial Fun
tionsJ�urgen GieslLuFG Informatik II, RWTH Aa
hen, Ahornstr. 55, 52074 Aa
hen, Germanygiesl�informatik.rwth-aa
hen.deAbstra
t Sin
e indu
tion is the essential proof method for program veri�
ation, severalindu
tion theorem provers [2, 3, 9, 12, 13℄ have been developed whi
h support me
hanizedprogram veri�
ation. However, these systems are mainly designed for verifying fun
tionalprograms. This represents a major problem for their appli
ation in pra
ti
e where imperativeprograms are used almost ex
lusively.Therefore, we suggest a new methodology in order to use the existing indu
tion theoremprovers for veri�
ation of imperative programs: First, imperative programs are transformedautomati
ally into the fun
tional input language of the indu
tion prover [7℄. Comparedto standard translation te
hniques, the programs resulting from our transformation aresigni�
antly easier to verify. Then, existing indu
tion provers should be applied in order toverify the resulting fun
tions.However, in general the resulting fun
tions are partial, even if the imperative programterminates for every input. Unfortunately, most te
hniques for indu
tion theorem provingare unsound when dealing with partial fun
tions. However, we show that by slightly restri
t-ing the appli
ation of these te
hniques, they 
an still prove partial 
orre
tness of partialfun
tions [8℄. This means that the existing indu
tion theorem provers 
an also be used forimperative programs without major 
hanges.1 Imperative Programs and Indu
tion ProversTo handle imperative programs, they �rst have to be translated into the fun
tionalinput language of existing indu
tion provers. As an example 
onsider the followingimperative program whi
h 
omputes the division of x and y in its result variable z.(Before the statement \z := 0;" the program ensures that y > 0 and that y dividesx.) It uses a data type nat whose obje
ts are built with the 
onstru
tors 0 ands : nat ! nat (for the su

essor fun
tion). Moreover, it 
alls a subtra
tion fun
tion\�" whi
h is implemented by an auxiliary algorithm.. . .z := 0;while x 6= 0 do x := x� y; z := s(z); od;To translate this program into a fun
tional one, every while-loop is transformedinto a separate fun
tion, 
f. [14℄. The fun
tion while 
orresponding to the loop above
he
ks if the loop-
ondition is satis�ed (i.e., if x 6= 0). In this 
ase, while is 
alled



128 J�urgen Gieslre
ursively with the new values of x, y, and z. Otherwise, while returns the resultvariable z. The program 
onsisting of both statements above 
orresponds to thefun
tion div.fun
tion while : nat� nat� nat! nat fun
tion div : nat� nat! natwhile(x; y; z) = if x 6= 0 div(x; y) = while(x; y; 0)then while(x� y; y; s(z))else zWe use a fun
tional language with eager (
all-by-value) evaluation strategy. Thenthe semanti
s of the original imperative program is equivalent to the semanti
s ofthe translated fun
tional one.The fun
tions resulting from this translation are always tail re
ursive. However,verifying tail re
ursive fun
tions is diÆ
ult, be
ause their a

umulator parameter isusually initialized with a �xed value, but this value is 
hanged in re
ursive 
alls.For example, while's a

umulator z is initialized with 0 in the fun
tion div, but it
hanges during the exe
ution of while. Hen
e, to verify div we would like to provestatements about while(x; y; 0), but in order to su

eed with the proof, these state-ments have to be generalized to 
onje
tures about while(x; y; z) [10,11℄. To avoid theneed for generalizations we developed a te
hnique that transforms fun
tions like divand while, whi
h are diÆ
ult to verify, into algorithms whi
h are mu
h more suitablefor automated indu
tion proofs.This is a novel appli
ation area for program transformations, be
ause 
lassi
altransformations [1,4,15℄ aim to in
rease eÆ
ien
y. Su
h transformations are unsuit-able for our purpose, sin
e a more eÆ
ient algorithm is often harder to verify thana less eÆ
ient easier algorithm. As the goals of the existing transformations are op-posite to ours, a promising starting approa
h was to use 
lassi
al transformationsin the reverse dire
tion. Su
h an appli
ation of transformations for the purpose ofveri�
ation has rarely been investigated before.Starting from this idea, we extended and modi�ed the transformations substan-tially in [7℄, whi
h resulted in an automati
 transformation pro
edure to in
reaseveri�ability. While of 
ourse our transformations are not always appli
able, theyproved su

essful on a representative 
olle
tion of tail re
ursive fun
tions. In thisway, 
orre
tness of many imperative programs 
an be proved automati
ally withoutloop invariants or generalizations.The basi
 idea of our transformations is to move away the 
ontext around re-
ursive a

umulator arguments su
h that the a

umulator is no longer 
hangedin re
ursive 
alls. For example, the result while(x � y; y; s(z)) 
an be repla
ed bys(while(x � y; y; z)) by moving the 
ontext s(: : :) of the a

umulator z outside ofwhile's re
ursive 
all. Then while's a

umulator z is no longer 
hanged, and thus,it 
an be eliminated by repla
ing all its o

urren
es by 0. So �nally, we obtain thefollowing transformed algorithm where we renamed while to div and where we useda formulation with pattern mat
hing instead of \if".fun
tion div : nat� nat! natdiv(0; y) = 0div(s(x); y) = s(div(s(x) � y; y))



Me
hanized Veri�
ation of Imperative Programs and Partial Fun
tions 1292 Indu
tion Proving for Partial Fun
tionsThe translation of imperative into fun
tional programs often generates partial fun
-tions, even if the imperative program is de�ned for all inputs. The reason is thattermination ofwhile-loops may depend on their 
ontexts. In our example, the while-loop is only entered if y > 0 and if y divides x. However, this restri
tion on x and yis not present in the fun
tions while and div. Therefore although the fun
tion 
orre-sponding to the whole imperative program will be total, its auxiliary fun
tion div ispartial (e.g., div(s(0); 0) is not terminating).For partial fun
tions we 
an at most verify their partial 
orre
tness. For instan
e,suppose that the spe
i�
ation for div is8n;m : nat div(n;m) �m = n:Then div is in fa
t partially 
orre
t, i.e., for all n and m, if evaluation of div(n;m) isde�ned, then div(n;m) �m = n. To express partial 
orre
tness, we use a de�nednessfun
tion def, where for any ground term t, def(t) is true i� evaluation of t is de�ned.Otherwise, def(t) is not de�ned either. So the partial 
orre
tness statement for div isdef(div(n;m)) ! div(n;m) �m = n; (1)where all formulas are impli
itly universally quanti�ed. Our aim is to show that su
hstatements are indu
tively true, i.e., that they hold for all data obje
ts n, m, wherethe semanti
s of the fun
tions is given by their algorithms.In the following we present the three basi
 rules usually applied in indu
tiontheorem provers. We demonstrate that unfortunately, these rules are only sound ifall o

urring fun
tions are total. However, we show that by slightly modifying theirprerequisites, it is also possible to use them for partial fun
tions.2.1 Indu
tionWhen proving a 
onje
ture about an algorithm f , one of the main ideas used inindu
tion theorem proving is to perform an indu
tion a

ording to the re
ursionstru
ture of this algorithm f [2, 16, 17℄. Sin
e (1) 
ontains o

urren
es of div(n;m)this suggests an indu
tion w.r.t. the re
ursions of the algorithm div where n andm areused as indu
tion variables. For that purpose we perform a 
ase analysis a

ordingto the de�ning equations of div (i.e., n and m are instantiated by 0 and y and by s(x)and y, respe
tively). Moreover, in the re
ursive 
ase of div one may assume that (1)already holds for the arguments s(x)�y and y of div's re
ursive 
all. So instead of (1)it is suÆ
ient to prove the following indu
tion base formula (IB) and the indu
tionstep formula (IH) ! (IC) whi
h states that the indu
tion hypothesis (IH) impliesthe indu
tion 
on
lusion (IC).def(div(0; y)) ! div(0; y) � y = 0 (IB)def(div(s(x); y)) ! div(s(x); y) � y = s(x) (IC)def(div(s(x) � y; y)) ! div(s(x) � y; y) � y = s(x) � y (IH)Thus, in this proof one uses an indu
tion relation �ind where (t1; t2) �ind (r1; r2)holds i� evaluation of div(t1; t2) leads to the re
ursive 
all div(r1; r2).However, indu
tion proofs are only sound if the indu
tion relation used is wellfounded (i.e., if there exists no in�nite des
ending 
hain q�1 �ind q�2 �ind : : : w.r.t. the



130 J�urgen Gieslindu
tion relation �ind, where q�i are tuples of terms). Here, the well-foundedness ofthe indu
tion relation 
orresponds to the termination of the algorithm div. But aswe already noti
ed, div is not always terminating!Indeed, indu
tions w.r.t. non-terminating algorithms like div must not be used inan unrestri
ted way. For example, by indu
tion w.r.t. the non-terminating algorithmf with the de�ning equation f(x) = f(x) one 
ould prove any formula, e.g., false
onje
tures like :x = x.Hen
e, in the existing indu
tion theorem provers, totality of all fun
tions is re-quired. However, it turns out that for (1) an indu
tion w.r.t. the re
ursions of divis nevertheless possible. For that purpose we modify the former non-well-foundedindu
tion relation �ind by only de�ning (t1; t2) �ind (r1; r2) if div(t1; t2) leads tothe re
ursive 
all div(r1; r2) and evaluation of div(t1; t2) is de�ned. This restri
tedrelation is well founded although div is not always terminating.With this modi�ed indu
tion relation we still get the formulas (IB) and (IH) !(IC), but in addition we also obtain a formula for the 
ase where div(t1; t2) is notde�ned. (This is an additional base 
ase of the indu
tion.):def(div(n;m)) ! (1) (PC)In other words, an indu
tion w.r.t. div only proves Conje
ture (1) for those inputswhere div is de�ned. Hen
e, we have to prove the additional permissibility 
onje
ture(PC) to show that the 
onje
ture also holds for inputs where div is not de�ned. If(PC) is true, then the indu
tion proof w.r.t. the partial fun
tion div is permitted.In most examples, the permissibility 
onje
ture is a tautology (e.g., :def(div(n;m))
ontradi
ts the premise of (1)).Hen
e, the su

essful rule for indu
tion w.r.t. an algorithm f 
an now be extendedto partial fun
tions. The only modi�
ation needed is that for every appli
ation of therule one has to prove an additional permissibility 
onje
ture whi
h 
he
ks whetherthe 
onje
ture also holds if the algorithm f is not de�ned. Apart from indu
tionsw.r.t. algorithms there is also a similar rule for stru
tural indu
tions a

ording tothe de�nitions of data types.2.2 Symboli
 EvaluationTo 
ontinue our proof of (1), terms 
an be symboli
ally evaluated (i.e., de�ning equa-tions of algorithms 
an be used as rewrite rules). For example, the �rst equation ofdiv 
an be used to rewrite div(0; y) to 0 in the indu
tion base formula (IB), whi
hyields def(0)! 0 � y = 0.However, unrestri
ted symboli
 evaluation would be unsound for partial fun
-tions. Due to the eager evaluation strategy of the fun
tional language, a de�ningequation f(t) = r 
an only be applied to evaluate the term �(f(t)) for some sub-stitution � if the argument �(t) is de�ned, i.e., if def(�(t)) holds. For example, theterm div(0; div(s(0); 0)) has an unde�ned argument div(s(0); 0) and thus, it may notbe evaluated to 0. Hen
e, when rewriting the term �(f(t)) in a formula ', one alsohas to prove the permissibility 
onje
ture :def(�(t)) ! '. (For fun
tions with sev-eral parameters, the de�nedness fun
tion def is extended to tuples of argumentswhere def(t1; : : : ; tn) stands for def(t1)^ : : :^def(tn).) So in our example, in order toevaluate div(0; y) in the indu
tion base (IB) one also has to prove the permissibility
onje
ture :def(0; y)! (IB).
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tions 1312.3 First-Order Consequen
eThe last rule performs inferen
es in standard �rst-order logi
. It states that it issuÆ
ient to prove lemmata  1; : : : ;  n instead of the original 
onje
ture ', if Ax [f 1; : : : ;  ng ` ' 
an be shown by a �rst-order 
al
ulus. Here, one may also usesuitable axioms Ax about the data stru
tures (whi
h state that di�erent 
onstru
torsyield di�erent data obje
ts, et
.).However, when regarding partial fun
tions, it is re
ommendable to extend Axby additional axioms whi
h des
ribe how the de�nedness fun
tion def operates onalgorithms and 
onstru
tors. Thus, one should add the axioms def(f(x1; : : : ; xn))! def(x1; : : : ; xn) for all algorithms f and def(
(x1; : : : ; xn)) = def(x1; : : : ; xn) forall 
onstru
tors 
.In our example, one 
an now prove all proof obligations in the indu
tion base
ase and in the indu
tion step, the proof obligations 
an be redu
ed todef(u� v) ! (u� v) + v = u;whi
h 
an be proved analogously by indu
tion w.r.t. the partial algorithm \�".3 Con
lusionThe rules in Se
t. 2.1{2.3 
onstitute a 
al
ulus whi
h is also sound for partial fun
-tions. The only di�eren
e between this 
al
ulus and the rules typi
ally used for in-du
tion theorem proving (with total fun
tions) is the fun
tion def and an additionalpermissibility 
onje
ture whi
h has to be proved whenever indu
tion or symboli
evaluation are applied. Hen
e, the existing indu
tion provers 
an easily be extendedto this 
al
ulus and in this way, these systems 
an be dire
tly used to reason aboutpartial fun
tions. So the restri
tion of indu
tion provers to total fun
tions is unne
-essary, be
ause in order to perform partial 
orre
tness proofs one does not need anyinformation about the termination behavior. Further re�nements, details, and exten-sions of this result as well as a thorough 
omparison with related work on partiality
an be found in [8℄.Our extension of indu
tion proving to partial fun
tions 
an be used for programswhere the domain 
annot be determined automati
ally as well as for programs withunde
idable domains (e.g., interpreters or theorem provers), 
f. [6℄. Partial fun
tionsalso o

ur frequently in program s
hemes and spe
i�
ations (see [5℄ for an adaptationof our approa
h in order to reason about Z-spe
i�
ations).But in parti
ular, the extension of indu
tion theorem proving to partial fun
tionsis ne
essary in order to apply indu
tion provers for the veri�
ation of imperative pro-grams. Building on this extension, we developed a new methodology for me
hanizedveri�
ation of imperative programs: First, imperative programs are automati
allytransformed into the fun
tional input language of the existing indu
tion provers(whi
h often yields partial fun
tions). Then the existing indu
tion provers are ap-plied for their veri�
ation.Referen
es1. F. L. Bauer and H. W�ossner. Algorithmi
 Language and Program Development.Springer, 1982.
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Model Che
king Erlang Programs {LTL-Propositions and Abstra
t InterpretationFrank Hu
hInstitute of Computer S
ien
eChristian-Albre
hts-University of KielKiel, Germanyfhu�informatik.uni-kiel.deAbstra
t We present an approa
h for the formal veri�
ation of Erlang programs usingabstra
t interpretation and model 
he
king. In previous work we de�ned a framework forthe veri�
ation of Erlang programs using abstra
t interpretation and LTL model 
he
king.The appli
ation of LTL model 
he
king yields some problems in the veri�
ation of statepropositions, be
ause propositions are abstra
ted too. In dependen
e of the number ofnegations in front of a propositions in a formula they must be satis�ed or refuted. We showhow this 
an automati
ally be de
ided by means of the abstra
t domain.The approa
h is implemented as a prototype and we are able to prove properties likemutual ex
lusion or the absen
e of deadlo
ks and lifelo
ks for some Erlang programs.1 Introdu
tionGrowing requirements of industry and so
iety impose greater 
omplexity of softwaredevelopment. Consequently understandability, maintenan
e and reliability 
annotbe warranted. This gets even harder when we leave the sequential territory anddevelop distributed systems. Here many pro
esses run 
on
urrently and intera
t via
ommuni
ation. This 
an e.g. yield problems like deadlo
ks or lifelo
ks. To guaranteethe 
orre
tness of software formal veri�a
tion is needed.In industry the programming language Erlang [1℄ is used for the implementation ofdistributed systems. In [7℄ we have developed a framework for abstra
t interpretations[4,10,14℄ for a 
ore fragment of Erlang. This framework gurantees that the transitionsystem de�ned by the abstra
t operational semanti
s (AOS) in
ludes all paths ofthe standard operational semanti
s (SOS). Be
ause the AOS 
an sometimes havemore paths than the SOS, it is only possible to prove properties that have to besatis�ed on all paths, like in linear time logi
 (LTL). If the abstra
tion satis�es aproperty expressed in LTL, then also the program satis�es it, but not vi
e versa.If the AOS is a �nite transition system, then model 
he
king is de
idable [12, 15℄.For �nite domain abstra
t interpretations and an additional 
ow-abstra
tion [9℄ this�nite state property 
an be guaranteed for Erlang programs whi
h do not 
reate anunbound number of pro
esses and use only mailboxes of restri
ted size.However, the appli
ation of LTL model 
he
king to the AOS is not that straightforward, as the following example shows: We assume the abstra
t domain bA =feven;odd;num; ?g, in whi
h even and odd represent all even respe
tively oddnumbers, num represents all numbers and ? represents all values. LTL is usuallyde�ned over state propositions. For 
onvenient spe
i�
ation of system properties, weallow arbitrary values of Erlang as possible propositions. Hen
e, in the abstra
tionpossible state propositions are values of bA.
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hThen we may ask in whi
h states does the proposition num hold? As a matter of
ourse in states 
ontaining the proposition num. The values even and odd are morepre
ise than num and in states with these propositions num also holds. The abstra
tvalue ? also represents other values (e.g. lists). For safeness of the abstra
tion, in astate of the AOS only 
ontaining the proposition ? the proposition num must nothold. Although some 
on
retizations of ? are numbers.LTL formulas 
an also 
ontain negation, whi
h makes the veri�
ation more 
om-pli
ated: In whi
h states does the property :num hold? Although num does nothold in a state only 
ontaining the proposition ? the property :num does not holdin this state either. ? represents arbitrary values in
luding numbers. For safeness ofour approa
h non of the values may ful�ll this property.In Se
tion 5 of this paper we dis
uss how it 
an be de
ided if an abstra
t proposi-tion holds in a state. Furthermore, we formalize the semanti
s of abstra
t propositionsin Se
tion 6 and show how there veri�
ation 
an be integrated in standard model
he
kers in Se
tion 7. Therefore, we �rst de�ne the syntax and sket
h the semanti
sof a 
ore fragment of Erlang in Se
tion 2. The framework for the abstra
t interpreta-tion is shortly introdu
ed in Se
tion 3 and LTL is introdu
ed inn Se
tion 4. Finally,we present a 
on
rete veri�
ation in Se
tion 8 and 
on
lude in Se
tion 9.2 Core Erlang2.1 Syntax and Informal Semanti
sLet � be a set of prede�ned fun
tion symbols with arity. For example +/2 2 �. LetVar = fX; Y; Z; : : :g be a set of variables and Atoms a set of atoms, e.g. 1, 2, fail,su

, : : : Let C be the set of Erlang 
onstru
tor fun
tions with arity:C = f[:|:℄=2; [℄=0g [ f{ : : :}=n j n 2 INg [ fa=0 j a 2 Atomsg; (1)a 
onstru
tor for building lists, a 
onstru
tor for the empty list, 
onstru
tors forbuilding tuples of any arity and the atoms as 
onstru
tors with arity 0.The set of 
onstru
tor terms is de�ned as the smallest set TC(S) su
h that:S � TC(S) and 
=n 2 C, t1; : : : ; tn 2 TC(S) =) 
(t1; : : : ; tn) 2 TC(S)The syntax of Core Erlang programs is de�ned as follows:p ::= f(X1, : : :,Xn) -> e. j p pe ::= �(e1, : : : ,en) j X j pat = e j self j e1,e2 j e1!e2 j
ase e of m end j re
eive m end j spawn(f,e)m ::= p1->e1; : : : ;pn->enpat ::= 
(p1, : : : ,pn) j XAll de�ned fun
tions of a program, extended with their arity, built the set FS(p).�=n is an abbreviation for f=n 2 FS(p), F=n 2 � and 
=n 2 C. In every Core Erlangprogram a main fun
tion is de�ned: main=0 2 FS(p).We 
all the set of Core Erlang terms e ET (;). The set ET (S) is de�ned by addingthe grammar rule e ::= v 2 S for Core Erlang terms.Erlang is a stri
t fun
tional programming language. It is extended with pro-
esses, that are exe
uted 
on
urrently. With spawn(f; [a1; : : : ; an℄) a new pro
ess
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an be 
reated anywhere in the program. The pro
ess starts with the evaluation off(a1; : : : ; an). If the se
ond argument of spawn is not ground, then it is evaluated be-fore the new pro
ess is 
reated. The fun
tional result of spawn is the pro
ess identi�er(pid) of the newly 
reated pro
ess.With p!v arbitrary values (in
luding pids) 
an be sent to other pro
esses. Thepro
esses are addressed by their pids (p). A pro
ess 
an a

ess its own pid with theErlang fun
tion self/0. The messages sent to a pro
ess are stored in a mailboxand the pro
ess 
an a

ess them 
onveniently with pattern mat
hing in a re
eive-statement. Espe
ially, it is possible to ignore some messages and fet
h messages fromfurther behind. For more details see [1℄.Example 1. We 
onsider the following Core Erlang program:main() -> DB = spawn(dataBase,[[℄℄), spawn(
lient,[DB℄),
lient(DB).dataBase(L) -> prop(top)re
eive{allo
ate,Key,P} ->prop({allo
ate,P}),
ase lookup(Key,L) offail -> P!free,re
eive{value,V,P} -> prop({value,P}),dataBase([{Key,V}|L℄)end;{su

,V} -> P!prop(allo
ated), dataBase(L)end;{lookup,Key,P} -> prop(lookup),P!lookup(Key,L), dataBase(L)end.All appli
ations of the fun
tion prop introdu
e state propositions, whi
h will beused for the formal veri�
ation of the database. At this point, they 
an be ignored.There semanti
s will be dis
ussed in Se
tion 3.1.The program 
reates a database pro
ess holding a state in whi
h the key-valuepairs are stored. This database is represented by a list of tuples, ea
h 
onsisting of akey and a 
orresponding value. The interfa
e of the database is given by the messages{allo
ate,Key,P} and {lookup,Key,P}. Allo
ation is done in two steps. First thekey is re
eived and 
he
ked. If there is no 
on
i
t, then the 
orresponding value 
anbe re
eived and stored in the database. This ex
hange of messages in more thanone step has to guarantee mutual ex
lusion on the database, be
ause otherwise it
ould be possible that two 
lient pro
esses send keys and values to the database andthey are stored in the wrong 
ombination. A 
lient 
an be de�ned a

ordingly [7℄.In Se
tion 8 we will prove that the database 
ombined with two a

essing 
lientssatis�es this property.2.2 Formal Semanti
sIn [7℄ we presented a formal semanti
s for Core Erlang. In the following we will referto it as standard operational semanti
s (SOS). It is an interleaving semanti
s over a
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hset of pro
esses � . Formally, a pro
ess 
onsists of a pid (� 2 P id := f�n j n 2 INg), aCore Erlang evaluation term (e 2 ET (TC(Pid))) and a word over 
onstru
tor terms,representing the mailbox (� 2 TC(Pid)�). For the de�nition of the leftmost innermostevaluation strategy, we use the te
hnique of evaluation 
ontexts [5℄:E ::= [ ℄ j �(v1, : : :,vi,E,ei+2, : : : ,en) j E,e j p = Espawn(f,E) j E!e j v!E j 
ase E of m endHere v denotes an evaluated expression, E the subterm the redex is in and e andm the parts whi
h 
annot be evaluated. [ ℄ is 
alled the hole and marks the pointfor the next evaluation. We shall then write E[e℄ for the 
ontext E with the holerepla
ed by e. The next step of the evaluation takes pla
e here. Analogously to theCore Erlang Terms ET (S) over a set S, we name the Core Erlang 
ontexts EC(S).The set S de�nes, the set of values: v 2 TC(S). In the SOS this is S = TC(Pid) andwill be repla
ed by the abstra
t domain in the abstra
tion.The semanti
s is a non-
on
uent transition system. The evaluations of the pro-
esses are interleaved. Only 
ommuni
ation and pro
ess 
reation have side e�e
ts toother pro
esses. For the modeling of these a
tions two pro
esses are involved. To givean impression of the semanti
s, we present the rule for sending a value to anotherpro
ess: v1 = �0 2 P id�; (�;E[v1!v2℄; �)(�0; e; �0) !v2=) �; (�;E[v2℄; �)(�0; e; �0 : v2)The value is added to the mailbox of the pro
ess �0 and the fun
tional result of thesend a
tion is the sent value.3 Abstra
t Interpretation of Core Erlang ProgramsIn [7℄ we developed a framework for abstra
t interpretations of Core Erlang pro-grams. The abstra
t operational semanti
s (AOS) yields a transition system whi
hin
ludes all paths of the SOS. In an abstra
t interpretation bA = ( bA;b�;v; �) for CoreErlang programs bA is the abstra
t domain, whi
h should be �nite for our appli
a-tion in model 
he
king. The abstra
t interpretation fun
tion b� de�nes the semanti
sof prede�ned fun
tion symbols and 
onstru
tors. Its 
odomain is bA. Therefore it isfor example not possible to interpret 
onstru
tors freely in a �nite domain abstra
-tion. b� also de�nes the abstra
t behaviour of pattern mat
hing in equations, 
ase,and re
eive. Here the abstra
tion 
an yield additional non-determinism, be
ausebran
hes 
an get unde
idable in the abstra
tion. Hen
e, b� yields a set of results,whi
h de�nes possible su

essors. Furthermore, an abstra
t interpretation 
ontainsa partial order v, des
ribing whi
h elements of bA are more pre
ise than other ones.We do not need a 
omplete partial order or a latti
e, be
ause we do not 
ompute any�xed point. We just evaluate the operational semanti
s with this abstra
t interpre-tation. An example for an abstra
tion of numbers with an ordering of the abstra
trepresentations is: IN v fv j v � 10g v fv j v � 5g. It is more pre
ise to know, that avalue is �5, than �10 than any number. The last 
omponent of bA is the abstra
tionfun
tion. � : TC(Pid) �! bA maps every 
on
rete value to its most pre
ise abstra
trepresentation. Finally, the abstra
t interpretation has to ful�ll �ve properties, whi
hrelate an abstra
t interpretation to the standard interpretation [7℄. They also guar-antee that all paths of the SOS are represented in the AOS, for example in bran
hing.



Model Che
king Erlang Programs 137An example for these properties is the following:(P1) For all �=n 2 � [ C; v1; : : : ; vn 2 TC(Pid) andevi v �(vi) it holds that � bA(ev1; : : : ; evn) v �(�A(v1; : : : ; vn)).It postulates, that evaluating a prede�ned fun
tion or a 
onstru
tor on abstra
tvalues, whi
h are representations of some 
on
rete values yields abstra
tions of theevaluation of the same fun
tion on the 
on
rete values. The other properties pos-tulate 
orrelating properties for pattern mat
hing in equations, 
ase, and re
eive,and the pids represented by an abstra
t value. More details and some example ab-stra
tions 
an be found in [7, 8℄.3.1 Semanti
s of PropositionsWe de�ned the semanti
s of Core Erlang as a labeled transition system. We want toprove properties of the system with model 
he
king. It would be possible to spe
ifyproperties using the labels. Nevertheless, it is more 
onvenient to add propositionsto the states of this transition system. With these state propositions properties 
anbe expressed more easily. We use Core Erlang 
onstru
tor terms as possible statepropositions, whi
h is very natural for Erlang programmers.For the de�nition of propositions we assume a prede�ned Core Erlang fun
tionprop/1. The operational semanti
s of the fun
tion prop is the identity. Hen
e, addingappli
ations of prop does not e�e
t the SOS nor the AOS. Nevertheless, as a kindof side{e�e
t the state in whi
h prop is evaluated has the argument of prop as stateproposition. We mark this with the label prop in the AOS:��; (�;E[prop(v)℄; �)prop�! bA�; (�;E[v℄; �)The valid propositions of a pro
ess and a state 
an be evaluated with the fun
tionprop:De�nition 1. (Proposition of pro
esses and states)The proposition of a pro
ess is de�ned with the fun
tion prop bA : [Pro
 bA �! P( bA):prop bA((�;E[e℄; �)) := � fbvg , if e = prop(bv) and bv 2 bA; , otherwiseThe propositions of a state prop bA :\S tate bA �! P( bA) are de�ned as the union of allpropositions of its pro
esses:prop bA(�) = [�2� prop bA(�)For both fun
tions we use the name prop bA. The 
on
rete instan
e of this over-loading will be 
lear from the appli
ation of prop bA. We will also omit the abstra
tinterpretation in the index, if it is 
lear from the 
ontext.In Example 1 we have added four propositions to the database, whi
h have thefollowing meanings:top marks the main state of the database pro
ess{allo
ate,P} marks that the pro
ess with the pid P tries to allo
ate a key{value,P} marks that the pro
ess with the pid P enters a value intothe databaselookup marks a reading a

ess to the database
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hIn most 
ases propositions will be added in a sequen
e, as for example the propositiontop. De�ning propositions with the fun
tion prop it is also possible to mark existing(sub{)expressions as propositions. As an example we use the atom allo
ated, whi
his sent to a requesting 
lient, as a proposition.4 Linear Time Logi
The abstra
t operational semanti
s de�nes a transition system. We want to proveproperties of this transition system using model 
he
king. The properties are de-s
ribed in a temporal logi
. We use linear time logi
 (LTL) [6℄ in whi
h propertieshave to be satis�ed on every path of a given transition system.De�nition 2. (Syntax of Linear Time Logi
 (LTL)) Let Props be a set of statepropositions. The set of LTL{formulas is de�ned as the smallest set with:� Props � LTL state propositions� ';  2 LTL =) � :' 2 LTL negation� ' ^  2 LTL 
onjun
tion� X' 2 LTL in the next state ' holds� ' U  2 LTL ' holds until  holdsAn LTL{formula is interpreted with respe
t to an in�nite path. The propositionalformulas are satis�ed, if the �rst state of a path satis�es them. The next modalityX' holds if ' holds in the 
ontinuation of the path. Finally, LTL 
ontains a stronguntil: If ' holds until  holds and  �nally holds, then ' U  holds. Formally, thesemanti
s is de�ned as:De�nition 3. (Path Semanti
s of LTL) An in�nite word over sets of propositions� = p0p1p2 : : : 2 P(Props)! is 
alled a path. A path � satis�ess an LTL{formula '(� j= ') in the following 
ases:p0� j= P i� P 2 p0� j= :' i� � 6j= '� j= ' ^  i� � j= ' and � j=  p0� j= X' i� � j= 'p0p1 : : : j= ' U  i� 9i 2 IN : pipi+1 : : : j=  and 8j < i : pjpj+1 : : : j= 'Formulas are not only interpreted with respe
t to a single path. Their semanti
sis extended to Kripke Stru
tures:De�nition 4. (Kripke Stru
ture) K = (S;Props;�!; �; s0) with S a set of states,Props a set of propositions, �!� S � S the transition relation, � : S �! P(Props)a labeling fun
tion for the states, and s0 2 S the initial state is 
alled a KripkeStru
ture. Instead of (s; s0) 2�! we usually write s �! s0.A state path of K is an in�nite word s0s1 : : : 2 S! with si �! si+1 and s0 theinitial state of K. If s0s1 : : : is a state path of K and pi = �(si) for all i 2 IN, thenthe in�nite word p0p1 : : : 2 P(Props)! is a path of K.De�nition 5. (Kripke{Stru
ture{Semanti
s of LTL) Let K = (S;Props;!; �; s0)be a Kripke stru
ture. It satis�es an LTL{formula ' (K j= ') i� for all paths � ofK: � j= '.



Model Che
king Erlang Programs 139The te
hnique of model 
he
king automati
ally de
ides, if a given Kripke stru
-ture satis�es a given formula. For �nite Kripke stru
tures and the logi
 LTL model
he
king is de
idable [12℄.For the 
onvenient spe
i�
ation of properties in LTL we de�ne some abbrevia-tions:De�nition 6. (Abbreviations in LTL)ff := :P ^ P the boolean value truett := :ff the boolean value false' _  := :(:' ^ : ) disjun
tion'!  := :' _  impli
ationF ' := tt U ' �nally ' holdsG ' := :F:' globally ' holdsF1' := G F ' in�nitely often ' holdsG1' := F G ' only �nally often ' does not holdThe propositional abbreviations are standard. F' is satis�ed if there exists a positionin the path, where ' holds. If in every position of the path ' holds, then G' issatis�ed. The formulas ', whi
h have to be satis�ed in these positions of the pathare not restri
ted to propositional formulas. They 
an express properties of the wholeremaining path. This fa
t is used in the de�nition of F1' and G1'. The weakerproperty F1' postulates, that ' holds in�nitely often on a path. Whereas G1' issatis�ed, if ' is satis�ed with only �nitely many ex
eptions. In other words there isa position, from where on ' always holds.For the veri�
ation of Core Erlang programs we use the AOS respe
tively theSOS of a Core Erlang program as a Kripke stru
ture. We use the transition system,whi
h is spawned from the initial state (�0,main(),()). As labeling fun
tion for thestates we use the fun
tion prop from the previous se
tion.5 Abstra
tion of PropositionsWe want to verify Core Erlang programs with model 
he
king. The framework forabstra
t interpretations of Core Erlang programs guarantees, that every path of theSOS is also represented in the AOS. If the resulting AOS is �nite, then we 
an usesimple model 
he
king algorithms to 
he
k, if it satis�es a property ' expressed inLTL. If ' is satis�ed in the AOS, then ' also holds in the SOS. In the other 
asemodel 
he
king yields a 
ounter example whi
h is a path in the AOS on whi
h ' isnot satis�ed. Due to the fa
t that the AOS 
ontains more paths than the SOS, the
ounter example must not be a 
ounter example for the SOS. The 
ounter path 
anbe a valid path in the abstra
tion but not in the SOS. Therefore, in this 
ase it onlyyields a hint, that the 
hosen abstra
tion is too 
oarse and must be re�ned.The appli
ation of model 
he
king seems to be easy, but proving state propositionssome problems appear, as the following example shows:Example 2. main() -> prop(42).A possible property of the program 
ould be F 42 (�nally 42). To prove thisproperty we use the AOS with an abstra
t interpretation, for instan
e the even{odd
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hinterpretation, whi
h only 
ontains the values even (representing all even numbers),odd (representing all odd numbers), and ? (representing all values). With this ab-stra
tion the AOS yields the following transition system:(�0; main(); ()) �! (�0; prop(42); ()) �! (�0; prop(even); ())prop�! (�0; even; ())Only the state (�0; prop(even); ()) has a property, namely even. 42 is an evennumber, but it is not the only even number. Therefore, this property 
annot beproven, be
ause of safeness. For example, we 
ould otherwise also prove the propertyF 40.It is only possible to prove properties, for whi
h the 
orresponding abstra
t valueex
lusively represents this value. But it does not make mu
h sense, to abstra
t fromspe
ial values and express properties for these values afterwards. Therefore, we onlyuse propositions of the abstra
t domain, likeF even (�nally even)In the AOS the state (�0,prop(even),()) has the property even. Therefore, theprogram satis�es this property. Now we 
onsider a more 
ompli
ated example:Example 3. main() -> prop(84 div 2).This system satis�es the property too, be
ause (84 � 2) = 42. But in the even{oddabstra
tion we only get: (�0,main(),())#(�0,prop(84 div 2),())#(�0,prop(even div 2),())#(�0,prop(even div even),())#(�0,prop(?),())#prop(�0,?,())with prop((�0,prop(?),()))= f?g and ; as propositions of the other states. The resultof the division of two even values must not be even. In a safe abstra
tion we 
annotbe sure, that the property F even is satis�ed. Hen
e, model 
he
king must yield,that it does not hold. For instan
e, for the programmain() -> prop(42 div 2).the AOS is similar, but the property is not satis�ed (42 � 2 = 21).Therefore, a property is satis�ed in a state, if the property of the state is at leastas pre
ise, as the expe
ted property:p0p1 : : : j= ev i� 9ev0 2 p0 with ev v ev0
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king Erlang Programs 141But this is not 
orre
t in all 
ases, as the following example shows. We want toprove that the program satis�es the property = G:even (always not even)Therefore, one point is to 
he
k that the state (�0,prop(?),()) models :even. Withthe de�nition from above we 
an 
on
lude:(�0,prop(?),()) 6j= even and hen
e (�0,prop(?),()) j= :even:But that is wrong, be
ause in Example 3 the property is not satis�ed. The SOS hasthe property 42, whi
h is an even value.The problem is the non{monotoni
 operation :. Considering abstra
tion, theequivalen
e � j= :' i� � 6j= 'does not hold! � 6j= ' only means that � j= ' is not safe. In other words, there 
anbe a 
on
retization, whi
h satis�es ', but we 
annot be sure that it holds for all
on
retizations. Therefore, negation has to be handled 
arefully.Whi
h value of our abstra
t domain would ful�ll the negated proposition :even?Only the proposition odd does. The values even and odd are in
omparable and novalue exists, whi
h is more pre
ise than these two abstra
t values. This 
onne
tion
an be generalized as follows:p0p1 : : : j= :ev if 8ev0 2 p0 holds ev t ev0 does not existNote, that this is no equivalen
e anymore. The non{existen
e of evtev0 does only implythat p0p1 : : : j= :ev. It does not give any information for the negation p0p1 : : : j= ev.This (double) negation holds, if 9ev0 2 p0 with ev v ev0.On a �rst sight refuting a proposition seems not to be 
orre
t for arbitrary ab-stra
t interpretations. Consider the abstra
t domain�0 �0numwhere the abstra
t values represent the following 
on
rete valuesabstra
t value represented 
on
rete values�0 f0;�1;�2; : : :g�0 f0;1;2; : : :gnum ZZThe represented 
on
rete values of �0 and �0 overlap. Both represent the value 0.Therefore, it would be in
orre
t that a state with the proposition �0 satis�es theformula :�0.But this abstra
t domain is not possible. The abstra
tion fun
tion � : A �! bA
an only yield one abstra
t representation for a 
on
rete value. Without loss ofgenerality let �(0) = �0. Abstra
t values, whi
h represent the 
on
rete value 0 
anonly be the result of the use of the abstra
t interpretation fun
tion b�. But all theseresults ev must be less pre
ise: ev v �(0) = �0, be
ause of the properties 
laimed
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hby our framework. Hen
e, this abstra
t domain 
an be de�ned, but the value �0does only represent the values f�1;�2; : : :g. The name of the abstra
t value is notrelevant, but for understandability it should be renamed to <0.Alternatively, the abstra
t domain 
an be re�ned. The two overlapping abstra
tvalues 
an be distinguished by a more pre
ise abstra
t value:<0 0 >0�0 �0num or 0�0 �0numIn both 
ases we must de�ne �(0) = 0, be
ause otherwise we have the same situationas before and the 
on
rete value 0 is not represented by both abstra
t values �0and �0.6 Con
retization of PropositionsWith the advisement of the previous se
tion we 
an now formalize, whether a propo-sition is satis�ed respe
tively refuted. Similar results have been found in by Clark,Grumberg, and Long [3℄ and Knesten and Pnueli [11℄. The result of Knesten andPnueli introdu
es a solution to the problem informally, without any formalization.The paper of Clark et. al. formalizes a solution, but their framework di�ers from oursand the result 
annot easily be transferd to our framework.First we de�ne the 
on
retization of an abstra
t value. This is the set of all
on
rete values, whi
h abstra
t to the value, or a more pre
ise value.De�nition 7. (Con
retization of Abstra
t Values)Let bA = ( bA; �;v; �) be an abstra
t interpretation. The 
on
retization fun
tion 
 :bA �! P(TC(P id)) is de�ned as
(ev) = fv j ev v �(v)g:For the last example we get the following 
on
retizations:
(0) = f0g
(�0) = f0;�1;�2; : : :g
(�0) = f0;1;2; : : :g
(num) = ZZThe following 
onne
tions between the abstra
tion and the 
on
retization fun
tionhold:Lemma 1. (Conne
tions between 
 and �)Let bA = ( bA; �;v; �) be an abstra
t interpretation and 
 the 
orresponding 
on
retiza-tion fun
tion. Then the following properties hold:1. 8v 2 
(ev) : ev v �(v)2. df�(v) j v 2 
(ev)g = evProof.
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(ev) i� v 2 fv0 j ev v �(v0)g i� ev v �(v)2. df�(v) j v 2 
(ev)g = df�(v) j v 2 fv0 j ev v �(v0)gg =df�(v) j ev v �(v)g = evWith the 
on
retization fun
tion we 
an de�ne, whether a proposition of a statesatis�es a proposition in the formula or refutes it.De�nition 8. (Semanti
s of a Proposition)Let bA = ( bA; �;v; �) be an abstra
t interpretation. A set of abstra
t state propositionssatis�es or refutes a proposition of a formula in the following 
ases:p j= ev if 9ev0 2 p with 
(ev0) � 
(ev)p 6j= ev if 8ev0 2 p holds 
(ev) \ 
(ev0) = ;With these de�nitions for the 
on
retization we 
an de�ne a 
orresponding de�nitionfor the abstra
t values. For �nite domain abstra
tions they 
an be de
ided automat-i
ally.Lemma 2. (De
iding Propositions in the abstra
t domain)Let bA = ( bA; �;v; �) be an abstra
t interpretation. A set of abstra
t state propositionssatis�es or refutes a proposition of a formula in the following 
ases:p j= ev if 9ev0 2 p with ev v ev0p 6j= ev if 8ev0 2 p holds ev t ev0 does not existProof. We show: ev v ev0 implies 
(ev0) � 
(ev) and the non{existen
e of ev0 t ev0 implies
(ev) \ 
(ev0) = ;:� ev v ev0
(ev) = fv j ev v �(v)g and 
(ev0) = fv j ev0 v �(v)g.( bA;v) is a partial order. Hen
e, it is transitive. This implies 
(ev0) � 
(ev)� ev t ev0 does not exist =) 
(ev t ev0) = ; =) fv j (ev t ev0) v �(v)g = ;=) fv j ev0 v �(v) and ev v �(v)g = ; =) 
(ev0) \ 
(ev) = ;Note, that we only show an impli
ation. We 
an de�ne unnatural abstra
t domains,in whi
h a property is satis�ed or refuted with respe
t to De�nition 8, but usingonly the abstra
t domain, we 
annot show this. We 
onsider the following abstra
tdomain: 0zeronum with �(v) = �0 , if v = 0num otherwiseThe abstra
t value zero is super
uous, be
ause it represents exa
tly the same values,as the abstra
t value 0. But this abstra
t domain is valid. Using the de�nition of thesemanti
s of a proposition from De�nition 8, we 
an show that fzerog j= 0, be
ause
(zero) = 
(0) = f0g. But zero v 0 and we 
annot show that fzerog j= 0 justusing the abstra
t domain.
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hThe same holds for refuting a proposition.0�0 �0num with �(v) = ��0 , if v � 0�0 otherwiseIn this domain the abstra
t value 0 is super
uous. Its 
on
retization is empty. Hen
e,
(�0) = f�1;�2; : : :g and 
(�0) = f0;1;2; : : :g. 
(�0) \ 
(�0) = ; and �0 j=:�0. But this proposition 
annot be refuted with this abstra
t domain, be
ause�0 t �0 = 0 exists.These examples are unnatural, be
ause the domains 
ontain super
uous abstra
tvalues. Nobody will de�ne domains like these. Usually, the 
on
retization of an ab-stra
t value is nonempty and di�ers from the 
on
retizations of all other abstra
tvalues. In this 
ase de
iding propositions in the abstra
t domain is 
omplete withrespe
t to the semanti
s of propositions. Although it is not 
omplete in general, it issafe. If we 
an prove a property with the abstra
t values, then it is also 
orre
t forits 
on
retizations.7 Proving LTL FormulasSo fare we have dis
ussed, whether a proposition is satis�ed or refuted. But in LTLnegation is not only allowed in front of a proposition. Arbitrary sub{formulas 
anbe negated. To solve this problem two di�erent approa
hes are possible: In the �rstapproa
h, all negations 
an be pushed inside the formula, until they only o

ur infront of the propositions. Therefore, we must extend LTL with the release modal-ity 'R , be
ause there exists no equivalent representation of :('U ), whi
h usesnegation only in front of ' and  . Release is the dual modality of until::('U ) � :'R: Therefore, its semanti
s is de�ned asp0p1 : : : j= 'R i� 8i 2 IN : pipi+1 : : : j=  or 9j < i : pjpj+1 : : : j= 'There is no intuitive semanti
s of release, ex
ept that it 
an be used for the negationof until. However, it 
an also be automati
ally veri�ed in model 
he
king.Furthermore, we must add _ to LTL and use the following equivalen
es:::' � ' ; :(' ^  ) � :' _ : , and :(X') � X:'With these equivalen
es we 
an push all negations into a formula and get an equiv-alent formula, in whi
h negation only o

urs dire
tly in front of propositions. Thenthese formulas 
an be used for model 
he
king. Positive and negative propositions
an be 
he
ked with Lemma 2. Standard model 
he
king algorithms work with asimilar idea, but they do not need the release modality. For example, in [15℄ an alter-nating automaton is 
onstru
ted, that represents the maximal model whi
h satis�esthe formula. The states 
orrespond to the possible sub{formulas and their negations.For every negation in the formula the automaton swit
hes to the 
orresponding state,
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king Erlang Programs 145whi
h represents the positive respe
tively negative sub{formula. With this alterna-tion the negations are pushed into the automaton representing the formula, like inthe �rst approa
h. This leads to the se
ond approa
h, in whi
h a proposition has tobe valued as a positive proposition, if it is used after an even number of negations.In the other 
ase it is valued as a negative proposition. It has to be refuted.We 
an use the same idea and distinguish two di�erent kinds of propositions. Thenumber of negations in front of a proposition are 
ounted. In dependen
y of an evenor an odd number of negations the propositions must be satis�ed or refuted. It ispossible, that the same property o

urs more than ones in a formula. The di�erento

urren
es must be 
onsidered separately, be
ause there 
an be di�erent numbersof negations in front of them.The advantage of this approa
h is, that we do not need the non{intuitive releasemodality. The formulas 
an be left as they are. The semanti
s of the propositionsonly depends on the number of negations in front.The number of negations in front of a proposition 
an easily be 
omputed withthe following algorithm. We de
ent the formula indu
tively with a fun
tion mark. Ina se
ond argument mark a

umulates if the number of negations in front of the a
tualsub{formula is even (+) or odd (�). If mark rea
hes a proposition, this proposition isannotated with the a
tual a

umulated sign. If a negation o

urs the algorithm 
ips+ and �.All other operators in the formula are just 
opied, without any modi�
ation.In the �rst 
all of mark no negations must be 
onsidered. Therefore, it is initially
alled with the sign +: For the two kinds of propositions we 
an now de�nep0p1 : : : j=+ ev if 9ev0 2 p0 with ev v ev0p0p1 : : : 6j=�ev if 8ev0 2 p0 holds ev t ev0 does not exist8 Veri�
ation of the DatabaseNow we want to verify the system of Example 1. A database pro
ess and two 
lientsare exe
uted. We want to guarantee, that the pro
ess whi
h allo
ates a key also setsthe 
orresponding value:If a pro
ess � allo
ates a key, then no other pro
ess �0 sets a value before �sets a value, or the key is already allo
ated.This 
an for arbitrary pro
esses be expressed in LTL as follows:^�2Pid�0 6=� G (�fallo
ate; �g �! (:�fvalue; �0g) U (+fvalue; �g _ +allo
ated))In our system only a �nite number of pids o

urs. Therefore, this formula 
an betranslated into a pure LTL{formula as a 
onjun
tion of all possible permutations ofpossible pids, whi
h satisfy the 
ondition. This is(�; �0) 2 f(�0; �1); (�0; �2); (�1; �2); (�1; �0); (�2; �0); (�2; �1)g:We have already applied the fun
tion mark to the formula. With respe
t to thismarking the proposition �fallo
ate; �g must be refuted. This is for example the
ase for the abstra
t values top and flookup,?g. But ? and fallo
ate;pg with p
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hthe pid of the a

essing 
lient do not refute the proposition. The right side of theimpli
ation must be satis�ed. Similar 
onditions must hold for the other propositions.We 
an automati
ally verify this property using a �nite domain abstra
tion, inwhi
h only the top{parts of depth 2 of the 
onstru
tor terms are 
onsidered. Thedeeper parts of a 
onstru
tor term are 
ut o� and repla
ed by ?. For more detailssee [8℄. Our framework guarantees that the property also holds in the SOS and wehave proven mutual ex
lusion for the database program.9 Related Work and Con
lusionThere exist two other approa
hes for the formal veri�
ation of Erlang: EVT [13℄is a theorem prover espe
ially tailored for Erlang. The main disadvantage of thisapproa
h is the 
omplexity of proves. Espe
ially, indu
tion on in�nite 
al
ulationsis very 
ompli
ated and automatization is not support yet. Therefore, a user mustbe an expert in theorem proving and EVT to prove system properties. We think forthe pra
ti
al veri�
ation of distributed systems push-button te
hniques are needed.Su
h a te
hnique is model 
he
king, whi
h we use for the automati
 veri�
ation ofErlang programs. This approa
h is also pursued by part of the EVT group in [2℄.They veri�ed a distributed resour
e lo
ker written in Erlang with a standard model
he
ker. The disadvantage of this approa
h is that they 
an only verify �nite statesystems. However, in pra
ti
e many systems have an in�nite (or for model 
he
kerstoo large) state spa
e. As a solution, we think abstra
tion is needed to verify largerdistributed systems implemented in Erlang. Our approa
h for the formal veri�
ationof Erlang programs uses abstra
t interpretation and LTL model 
he
king. The mainidea is the 
onstru
tion of a �nite abstra
t operational semanti
s with the use of a�nite domain abstra
t interpretation. The abstra
tion is safe in the sense, that allpath of the SOS are also represented in the AOS.For 
onvenient veri�
ation we have added propositions to the states of the AOS.Considering the abstra
t interpretation, problems in the semanti
s of these propo-sitions arise. In this paper we solved these problems by distinguishing positive andnegative propositions of the formula. For these we 
an de
ide, if a state satis�esor refutes it by means of the abstra
t domain. Finally, we used this te
hnique inthe formal veri�
ation of the database pro
ess: we proved mutual ex
lusion for twoa
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Automated Regression Testing of CTI-SystemsAndreas Hagerer1, Tiziana Margaria1, Oliver Niese2, and Bernhard Ste�en21 METAFrame Te
hnologies GmbH, Dortmund, Germany{AHagerer,TMargaria}�METAFrame.de2 Chair of Programming Systems, University of Dortmund, Germany{Oliver.Niese,Steffen}�
s.uni-dortmund.de1 System-Level Testing of Complex Telephony SystemsThe world of tele
ommuni
ations has rapidly evolved during the last 15 years, modify-ing in this pro
ess its fo
us. In 1985 a telephone swit
h was 'only' used as a telephoneswit
h. Additional 
omponents, either hardware or software, were gradually devel-oped to bring additional fun
tionality and 
exibility to the traditional swit
h, e.g.in the initial days voi
e mail or billing systems. Today not only single fun
tionalitiesare added at a qui
k pa
e, but the swit
h is mutating its role into the 
entral elementof 
omplex heterogeneous and multivendor systems: it is nowadays integrated intowhole business solutions, e.g. in the �eld of hotel solutions, 
all 
enter and uni�edmessaging appli
ations. As a 
onsequen
e, whereas in the earlier days the intera
-tion between the swit
h and the appli
ations was almost ex
lusively implementedvia proprietary interfa
es, the de�nition of open standards like e.g. CSTA or TAPIpushed the �eld towards the development of new, system level, appli
ations. The leftdiagram in �gure 1 do
uments the trend towards a growing produ
t integration interms of the in
rease in the number of value-added appli
ations that work in averageon or with a swit
h. As one 
an see, the integration fa
tor is rapidly in
reasing sin
e1995, and the trend points in the dire
tion of even larger value-added produ
t ranges.A parallel but 
on
urring aspe
t is the in
reasing number of major swit
h re-leases per year (
f. �gure 1 right). This trend is driven mainly by the 
onvergen
ebetween the 
lassi
al tele
ommuni
ation te
hnology and the modern IP te
hnology,e.g. 'Voi
e-over-IP': modern swit
hes are themselves 
omplete 
omplex systems, andthey experien
e the a

elerating evolution pa
e of hardware and software in 
ombi-nation!A typi
al example of an integrated Computer-Telephony Integrated (brie
y CTI)platfom is illustrated in �gure 2, showing a midrange telephone swit
h and its envi-ronment. The swit
h is 
onne
ted to the ISDN telephone network or, more generally,to the publi
 swit
hed telephone network (PSTN), and a
ts as a 'normal' telephoneswit
h to the phones. Additionally, it 
ommuni
ates dire
tly via a LAN or indire
tlyvia an appli
ation server with CTI appli
ations that are exe
uted on PCs. Like thephones, CTI appli
ations are a
tive 
omponents: they may stimulate the swit
h (e.g.initiate 
alls), and they also rea
t to stimuli sent by the swit
h (e.g. notify in
om-ing 
alls). Therefore in a system-level test s
enario it is ne
essary to investigate theintera
tion between su
h subsystems.In the rapidly evolving s
enario depi
ted above, the need for eÆ
ient automatedregression testing is evident: whenever a release arises, either of the swit
h or of (asubset of) the appli
ation programs that 
ooperate with it,- singularly or, in
reas-ingly more often, in 
ollaborative 
ombinations - the 
orre
t fun
tioning of the new
on�gurations must be 
erti�ed again.
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Figure 2. Example of an integrated CTI platformEven the relatively simple s
enario of �gure 2 demonstrates the 
omplexity of CTIplatforms from the 
ommuni
ation point of view, be
ause there are several (internal)proto
ols involved. E.g. the telephones 
ommuni
ate via the Corporate Network Pro-to
ol1 with the Private Bran
h Ex
hange (PBX), whereas the PBX 
ommuni
atesvia CSTA Phase II/III proto
ol [1, 2℄ with the appli
ation server. On the appli
a-tion server, a TAPI servi
e provider performs a mapping of the CSTA proto
ol tothe TAPI proto
ol [8℄, whi
h is the 
ommuni
ation proto
ol between the appli
ationserver and its 
lients.This 
omplex interplay between proto
ols must be 
onsidered when testing CTIsystems, and it is 
learly unfeasible to do this at the level of 
ustomary, �ne grainedproto
ol analysis.1 ECMA and CCITT Q.930/931 oriented D-
hannel layer 3 proto
ol for private IPABX
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ale 
omplexity is introdu
ed by the test tools themselves: for ea
hsigni�
ant interfa
e (in the most 
onvenient 
ase 
overing a full parti
ipating sub-system, but more often for ea
h devi
e in a distributed setting) a spe
i�
, dedi
atedtest tool parti
ipates in the regression test. Con
retely, the simple s
enario shown in�gure 2 grows in the test laboratory to the dimensions shown in �gure 4, wherebyea
h of the devi
es and appli
ations must be set up, steered, and reset during systemlevel regression test.Altogether, testing 
omplex telephony solutions is a multidimensional task, whi
hdemands automation via adequate system level tool support. The 
omplexity lies inthe intera
tion between the 
omponents as well as in the short innovation 
y
lesand the great number of possible 
ombinations between the PBX and the value-added appli
ations. Therefore an adequate environment must fo
us on stru
turing,eÆ
ien
y and abstra
tion.The paper is organized as follows: Se
tion 2 des
ribes our integrated test environ-ment for system level regression testing of telephony systems. The su

essive se
tionsdes
ribe the main features of our test environment: easy library-based design of test
ases (se
tion 3), reliable design of test 
ases (se
tion 4), and the exe
ution of test
ases (se
tion 5). Se
tion 6 dis
usses the improvement of the usage of the integratedtest environment while se
tion 7 draws some 
on
lusions.2 The Integrated Test Environment

Figure 3. Ar
hite
tural overview of the test environmentIn summary systems-under-test have be
ome 
omposite (e.g. in
luding ComputerTelephony Integrated (CTI) platform aspe
ts), embedded (due to hardware/software
odesign pra
ti
es), rea
tive, and run on distributed ar
hite
tures (e.g. 
lient/serverar
hite
tures). Complex subsystems a�e
t ea
h other in a variety of 
omplex ways, somastering today's testing s
enarios for telephony systems demands for an integrated,open and 
exible approa
h to support the management of the overall test pro
ess,i.e. spe
i�
ation of tests, exe
ution of tests and analysis of test results.To handle the stru
tural 
omplexity, our approa
h o�ers a 
oarse grained testingenvironment, realized in terms of a 
omponent-based test design on top of a libraryof elementary but intuitively understandable test 
ase fragments. The relations be-tween the fragments are treated orthogonally, delivering a test design and exe
utionenvironment enhan
ed by means of lightweight formal veri�
ation methods. Thisestablishes a 
oarse-granular `meta-level', on whi
h
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rete test setting� test engineers are used to think,� test 
ases 
an be easily 
omposed,� test suites 
an be 
on�gured and initialized,� 
riti
al 
onsisten
y requirements in
luding version 
ompatibility and frame 
on-ditions for exe
utability are easily formulated, and� 
onsisten
y of test 
ases is fully automati
ally enfor
ed via model 
he
king anderror diagnosis.The Integrated Test Environment (ITE) is based on an existing general purposeenvironment for the management of 
omplex work
ows, METAFrame Te
hnologies'Agent Building Center (ABC) [11℄, whi
h 
ontains built in features 
on
erning test
oordination and test organization. The 
urrently available Test Coordinator (�g-ure 3) 
onstitutes the test management layer of our environment, and in
ludes anappli
ation-spe
i�
 spe
ialization of the ABC for the domain of system level regres-sion testing of telephony systems.To 
ommuni
ate with di�erent test tools, a 
exible CORBA/RMI-based ar
hi-te
ture has been designed for the ITE, 
f. �gure 3. The Test Coordinator exe
utesintegrated test 
ases by 
ontrolling several test tools, ea
h managing its own subsys-tem. The extensibility of the environment by additional test tools is the key of theapproa
h.A 
on
rete test s
enario is shown in �gure 4, whi
h is used to test a 
omplex
all 
enter solution. The 
all 
enter 
onsists of a swit
h with telephones of di�erentkinds 
onne
ted to a 
all 
enter server, whi
h 
ontrols several 
all 
enter 
lients. Inthe 
onsidered s
enario three di�erent kind of test tools are supported by the test
oordinator:1. A proprietary proto
ol analyser (Hipermon [4℄) whi
h is 
onne
ted to a telephonesimulator (Husim) and to the 
onne
tion between the swit
h and the appli
ationserver.2. A GUI test tool (Rational Robot [9℄), whi
h is used in several instan
es, i.e. forevery 
onsidered 
all 
enter 
lient.
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oordinator has a

ess to the telephone swit
h itself, e.g. toperform an initialization at the beginning of a test 
ase exe
ution.We now examine the main features of the environment, 
on
erning easy, library-based design of test 
ases, the support for reliable design, and the support for test
ase exe
ution in a heterogeneous distributed environment.3 Design Support FeaturesSystem testing is 
hara
terized by fo
ussing on inter-
omponents 
ooperation. For thedesign of appropriate system-level test 
ases it is ne
essary to know what features thesystem provides, how to operate the system in order to stimulate a feature, and howto determine if features work. This information is gathered and after identi�
ationof the system's 
ontrollable and observable interfa
es it is transformed into a setof stimuli (inputs) and veri�
ation a
tions (inspe
tion of outputs, investigation of
omponents' states). For ea
h a
tion a test blo
k is prepared: a name and a 
lass
hara
terizing the blo
k are spe
i�ed and a set of formal parameters is de�ned toenable a more general usage of the blo
k. In this way, for the CTI system to be testeda library of test blo
ks has been issued that in
ludes test blo
ks representing andimplementing, e.g.Common a
tions Initialization of test tools, system 
omponents, test 
ases andgeneral reporting fun
tions,Swit
h-spe
i�
 a
tions Initialization of swit
hes with di�erent extensions,Call-related a
tions Initiation and pi
k up of 
alls via a PBX-network or a lo
alswit
h,CTI appli
ation-related a
tions Mis
ellaneous a
tions to operate a CTI appli-
ation via its graphi
al user interfa
e, e.g., log-on/log-o� of an agent, establish a
onferen
e party, initiate a 
all via a GUI, or 
he
k labels of GUI-elements.The library of test blo
ks grows dynami
ally whenever new a
tions are made avail-able.The design of test 
ases 
onsists in the behaviour-oriented 
ombination of test blo
ks.This 
ombination is done graphi
ally, i.e., i
ons representing test blo
ks are graph-i
ally stu
k together to yield test graph stru
tures that embody the test behaviourin terms of 
ontrol, see �gure 5.4 Veri�
ation Support FeaturesIn our environment, the design of test 
ases is 
onstantly a

ompanied by onlineveri�
ation of the global 
orre
tness and 
onsisten
y of the test 
ases' 
ontrol 
owlogi
 [6℄. During the design phase, vital properties 
on
erning the usage of parameters(lo
al properties) and 
on
erning the interplay between the stimuli and veri�
ationa
tions of a test 
ase (global properties) 
an be veri�ed. Design de
isions that 
on
i
twith the 
onstraints and 
onsisten
y 
onditions of the intended system are thusimmediately dete
ted.Lo
al properties spe
i�ed imperatively are used to 
he
k that the parameters areset 
orre
tly. Global properties 
on
erning the interplay between arbitrarily distanttest blo
ks of a test graph are expressed in a user-friendly spe
i�
ation language based
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Figure 5. Test exe
utionon the Semanti
 Linear-time Temporal Logi
 [5℄, and are gathered in a 
onstraintlibrary a

essed by the environment's model 
he
ker during veri�
ation. Typi
al
onstraints for the testing of CTI systems refer to the resour
e management, i.e.ensure that all used resour
es are freed after the test 
ase exe
ution2.If the model 
he
ker dete
ts an in
onsisten
y, a plain text explanation of theviolated 
onstraint appears. In addition, test blo
ks violating a lo
al property aswell as paths violating a global property are marked.5 Exe
ution Support FeaturesIn the Test Coordinator, test 
ases 
an be exe
uted immediately by means of ABC'stra
er. Starting at a dedi
ated test blo
k of a test graph the tra
er pro
eeds fromtest blo
k to test blo
k. The a
tions represented by a test blo
k are performed, i.e.,stimuli and inspe
tion requests are sent to the 
orresponding system's 
omponent,responses are re
eived, evaluated, and the evaluation result is used to sele
t one ofthe possibilities to pass 
ontrol 
ow to a su

eeding test blo
k.Figure 5 illustrates these features on a 
on
rete test session snapshot. Here, thesystem-under-test is a 
all 
enter appli
ation, in this 
ase a 
lient-server CTI appli
a-tion 
alled \ACD Agent" whi
h runs on di�erent 
omputers than the Test Coordina-tor. In this test we emulate a human 
all 
enter agent with identi�er AGENT 500 andhandle some a
tions via the agent's GUI of the PC appli
ation. The main window2 E.g. every hook-o� for a devi
e must be followed by a hook-on for this devi
e.
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tual exe
uted test graph, where the exe
utionpath is highlighted. The exe
ution 
an be 
ontrolled via the Tra
er Window, e.g. atest graph 
an be exe
uted either automati
ally or in a single step manner. The CTIAgent S
reen shows the desktop of a 
all 
enter agent, whi
h is now 
ontrolled viathe Rational Robot. The a
tions of the phones are 
ontrolled through the Husim andmanaged/observed through the Hipermon.In general, the implementation of this exe
ution s
heme requires two a
tivitiesduring set-up of the ITE:1. The a
tions referen
ed via test blo
ks have to be implemented by means of testtools. This task is performed by test engineers whi
h are familiar with test tools,their handling and programming. For ea
h a
tion, the test engineers has to spe
ifyinstru
tions to be exe
uted by the test tool determined to support the spe
i�
a
tion, e.g., via re
ording GUI-a
tivities.2. Spe
i�
 tra
er 
ode has to be developed, that is assigned to the a
tion's testblo
k and that will be exe
uted by the tra
er. Experien
e with the CTI systemshows that this 
ode 
an be generated automati
ally for most a
tions. Manualdevelopment is ne
essary only if the test blo
k shall initiate the exe
ution ofmultiple a
tions in order to meet real-time requirements or if more 
omplexevaluation of information about a 
omponent's state or rea
tion is required.Finally, when exe
uting a test graph, a detailed proto
ol is prepared. For ea
htest blo
k the tra
er exe
utes, all relevant data (its exe
ution time, its name, theversion of the �les asso
iated with the test blo
k, the blo
k's parameter values, andthe pro
essed data) are written to the proto
ol.6 Evaluation Table 1. Regression Test Cost fa
torsTask manual with ITE frequen
yTest planning p p on
eTest spe
i�
ation p p on
eTest s
ripts (p) p on
eTest exe
ution p - re
urrentTest proto
ol p - re
urrentTest analysis p (p) re
urrentTo evaluate the e
onomi
 impa
t of the ITE introdu
tion, we must �rst identifythe 
ost fa
tors that pertain to testing CTI systems. Table 1 identi�es the ma
ro-s
opi
 
ost fa
tors that arise along the life
y
le. They are listed togehter with theirfrequen
y of o

urren
e and with a qualitative indi
ation of their relevan
e in a man-ual testing and an automated testing s
enario. Test planning and spe
i�
ation andthe de�nition and setup of test s
ripts o

ur only initially, when an experimentals
enario (i.e. the testing of a spe
i�
 CTI system) is set up. The planning and spe
i-�
ation phases are not a�e
ted by the ITE. The usual 
olle
tion or programming oftest s
ripts that in a manual setting dire
tly 
onstitute the elementary test blo
ksis in the ITE additionally supported by a largely automated generation of reusable
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ks that �t with the overall ITE ar
hite
ture. The additional e�ort requiredby this wrapping is 
ompensated by the in
reased reusal and ease of test design, butit requires in prin
iple some additional e�ort.The main fo
us of the ITE is however the redu
tion of 
osts for the repetitive,re
urrent phases of CTI testing: primarily we address the test exe
ution (
f. table 2),in 
ombination with the automati
 
reation of test reports and (in near future)advan
ed support of the analysis of test results.Table 2 do
uments the measured improvement of the test exe
ution 
osts dueto the introdu
tion of ITE. The systems under tests 
onsidered in ea
h row are
omposed by the PC 
lient-server appli
ation listed in Col. 1 
ooperating with theHICOM swit
h along the 
on�guration pattern illustrated in �gure 4. The se
ondand third 
olumn report the measured e�ort (in man hours) of one regression 
y
lefor the system under test when performed manually (Col. 2) or with the ITE (Col.3). The improvement is dramati
: fa
tors between 20 and 50 for ea
h regression
y
le exe
ution. The full automation is for the moment not yet feasible sin
e somemanual steps like system setup and 
on�guration (e.g. physi
al 
onne
tion of the
omponents, installation of the software on the ma
hines) are still needed. Theseinitial results are indeed representative for the average behaviour. Con
erning thenext appli
ations that are joining the ITE, the 
onservative expe
tations shown inthe last rows of table 2 indi
ate also a fa
tor of about 40.A global 
ost-bene�t 
al
ulation shows that the additional investement for ITEis well able to pay o� in a short period of time, if extensively adopted. ITE in fa
tdramati
ally redu
es the re
urring 
ost fa
tors, without signi�
atively in
reasing theremaining positions, that 
on
ern the basi
 e�ort that still has to be spent along thewhole test life
y
le (test planning, manual 
on�guration of the test settings, ...) andthe ne
essary upfront investments (e.g. li
en
e fees for test tools, hardware, ...).Table 2. Test exe
ution e�ort in hours per regressionSystem-under-test manual with ITEHotel Solutions 10,0 0,5Call Center Solutions 43,0 1,0Analog Voi
e Mail 23,0 0,5�Digital Voi
e Mail 20,0 0,5�Call Charge Computer 19,0 0,5�Total 115,0 3,0� Estimated values, sin
e these systems are notyet fully integrated into the ITE.7 Con
lusionWe have implemented a formal methods-
ontrolled, 
omponent-based test environ-ment on top of a library of elementary but intuitively understandable test 
ase frag-ments, in order to manage the in
reasing 
omplexity of today's testing s
enarios fortelephony systems. The 
oarse-granular `meta-level' established this way has provento be adequate wrt. the way test engineers are used to think: Already after a fewmonths of 
ooperation this 
oarse-granular test management support was su

ess-fully put into pra
ti
e, drasti
ally strengthening the pre-existing test environment.



Automated Regression Testing of CTI-Systems 157We are not aware of any other test environment systemati
ally addressing the needsof 
oordinating the highly heterogeneous test pro
ess, let alone on the basis of formalmethods.Being able to build on the Agent Building Center, whi
h already 
ontains featuresfor the management of 
omplex work
ows, was a 
lear implementational advantage:we were able to demonstrate in a short time the pra
ti
al satis�ability of the kernelrequirements 
on
erning test 
oordination and test organization. The Test Coordina-tor, whi
h 
onstitutes the test management layer of our environment, is already usedin its 
urrent version in the test laboratories, and the test management has alreadyproved to be 
apable of 
oordinating the di�erent 
ontrol and inspe
tion a
tivitiesof integrated system-level tests. Extensive use in the �eld has just begun and showseÆ
ien
y improvement of fa
tors.Referen
es1. European Computer Manufa
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ktra
king-free Design Planning by Automati
 Synthesis inMETAFrame, Pro
. FASE'98, Int. Conf. on Fundamental Aspe
ts of Software Engi-neering, Lisbon, LNCS 1382, Springer Verlag, 1998, pp.188-204.6. O. Niese, B. Ste�en, T. Margaria, A. Hagerer, G. Brune, H.-D. Ide: Library-based Designand Consisten
y Che
king of System-level Industrial Test Cases, Pro
. FASE 2001, Int.Conf. on Fundamental Aspe
ts of Software Engineering, LNCS 2029, Genova, SpringerVerlag, 2001, pp.233-248.7. O. Niese, T. Margaria, A. Hagerer, M. Nagelmann, B. Ste�en, G. Brune, H.-D. Ide: AnAutomated Testing Environment for CTI Systems Using Con
epts for Spe
i�
ation andVeri�
ation of Work
ows, a

epted for publi
ation in Annual Review of Communi
.,Vol. 54, Int. Engineering Consortium, Chi
ago, 2000.8. Mi
rosoft Coorperation: Using TAPI 2.0 and Windows to Create the Next Generationof Computer-Telephony Integration, Whitepaper, http://www.mi
rosoft.
om.9. Rational, In
.: The Rational Suite des
ription,http://www.rational.
om/produ
ts.10. B. Ste�en, T. Margaria, V. Braun, N. Kalt: Hierar
hi
al Servi
e De�nition, AnnualReview of Communi
., Vol. 51, Int. Engineering Consortium, Chi
ago, 1997, pp.847-856.11. B. Ste�en, T. Margaria: METAFrame in Pra
ti
e: Intelligent Network Servi
e Design,In Corre
t System Design { Issues, Methods and Perspe
tives, LNCS 1710, SpringerVerlag, 1999, pp.390-415.





An Operational Pro
edure for the Model-BasedTesting of CTI SystemsAndreas Hagerer1, Hardi Hungar1, Tiziana Margaria1, Oliver Niese2, andBernhard Ste�en21 METAFrame Te
hnologies GmbH, Dortmund, Germany{AHagerer,HHungar,TMargaria}�METAFrame.de2 Chair of Programming Systems, University of Dortmund, Germany{Oliver.Niese,Steffen}�
s.uni-dortmund.de1 Moderated Regular ExtrapolationModerated regular extrapolation aims at providing a posteriori des
riptions of
omplex, typi
ally evolving systems or system aspe
ts in a largely automati
 way.These des
riptions 
ome in the form of extended �nite automata tailored for me
han-i
ally produ
ing system tests, grading test suites and monitoring running systems.Regular extrapolation builds models from observations via te
hniques from ma
hinelearning and �nite automata theory. These automati
 steps are steered by appli
a-tion experts who observe the intera
tion between the model and the running system.This way, stru
tural design de
ision are imposed on the model in response to thediagnosti
 information provided by the model generation tool in 
ases where the
urrent version of the model and the system are in 
on
i
t.Moderated regular extrapolation is parti
ularly suited for 
hange management,i.e. in 
ases where the 
onsidered system is steadily evolving, whi
h requires 
ontin-uous update of the system�s spe
i�
ation as well.We will illustrate our method using a regression testing s
enario for system levelComputer Telephony Integration (CTI ) [1℄: Here, previous versions of the systemserve as referen
e for the validation of future releases. A new release is required tosupport any un
hanged feature and to enhan
e it with new or modi�ed features. Theiterative pro
ess of moderated regular extrapolation (Se
. 3) supports this systemevolution, by in
rementally building a model 
omprising the 
urrent spe
trum offun
tionality on the basis of 
on
ise diagnosti
 feedba
k highlighting lo
ations andsour
es of system/model mismat
hes.2 The Computer/Telephony S
enarioFig. 1 shows the 
onsidered s
enario, a 
omplex Computer telephony integrated (CTI)system, 
on
retely a Call 
enter solution. A midrange telephone swit
h is 
onne
tedto the ISDN telephone network or, more generally, to the publi
 swit
hed telephonenetwork (PSTN), and a
ts as a 'normal' telephone swit
h to the phones. Additionally,it 
ommuni
ates dire
tly via a LAN or indire
tly via an appli
ation server with CTIappli
ations that are exe
uted on PCs. Like the phones, CTI appli
ations are a
tive
omponents: they may stimulate the swit
h (e.g. initiate 
alls), and they also rea
tto stimuli sent by the swit
h (e.g. notify in
oming 
alls).Themodel generator is a novel part of the Integrated Test Environment (ITE forshort) [2,3℄, in parti
ular the Test Coordinator, an environment for the management
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Rational Robot

SwitchFigure 1. Overview of the Computer-Telephony S
enarioof the overall test pro
ess for 
omplex systems, i.e. test spe
i�
ation, exe
ution, andanalysis of test runs.3 Regular Extrapolation in Pra
ti
eIn this se
tion we sket
h the approa
h, whi
h will su

essively address the �ve stepsof the model generation by regular extrapolation pro
ess by one simple example ea
h.3.1 Tra
e Colle
tionTo build a model, the system is stimulated by means of test 
ases and the e�e
ts aretra
ed and 
olle
ted to form an initial model. Fig. 2 shows a simple test 
ase as it isspe
i�ed in the ITE by a test engineer. Here, three users pi
k up and hang up thehandset of their telephones in arbitrary order. Test 
ase exe
utions are automati
allyproto
olled in form of tra
es by the ITE's tra
er (see e.g. Fig. 3). In a tra
e, bothstates and transitions are labeled with ri
h labels that des
ribe portions of the systemstate and proto
ol messages respe
tively.3.2 Abstra
tionHere, we generalize observed tra
es to sequential behavioural patterns. The paperwill illustrate the e�e
t of abstra
ting from 
on
rete 
omponents to a
tors playingspe
i�
 roles. Fig. 3 shows an observed tra
e 
oming from the exe
ution of the test
ase of Fig. 2 where this abstra
tion has taken pla
e.3.3 FoldingFolding a tra
e to a tra
e automaton allows a further powerful generalization of allpossible interleaved 
ombinations of a
tor-set tra
es. In the folding step, stable states
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Figure 2. Example of a Test Graph

Figure 3. Example of an Observation Tra
ethat are 
onsidered equivalent are identi�ed and 
an then be merged. For example,typi
ally all observed devi
es are 
lassi�ed a

ording to the status of display messagesand LEDs. In this step extrapolation takes pla
e: the behavior of the system observedso far is extrapolated to an automaton, whi
h typi
ally, due to 
y
le introdu
tion,has in�nite behavior.
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Figure 4. Adding a New Tra
e to the ModelThe model shown in Fig. 4(left) has been generated via folding from a set ofindependent tra
es. It represents the behavior of two users pi
king-up and hanging-up handsets independently.3.4 Re�nementWith new observations, we 
an re�ne the model by adding further tra
e automatato a model. Again, ea
h re�nement step is based on the identi�
ation of behaviorallyequivalent states. In Fig. 4 we show how the tra
e of Fig. 3, on the right, is added tothe previous model on the left and leads to the model of Fig. 5 with four stable systemstates. Here, a system state is extremely abstra
t: it is 
hara
terized by the numberof phones 
urrently pi
ked up. As a 
omparison, the observations on the originalexe
utable test 
ases were fully instantiated (e.g. they referred to single 
on
retedevi
e names).3.5 ValidationTemporal properties of the models, re
e
ting expert knowledge, 
an be 
he
ked atany stage by means of standard model 
he
king algorithms. This establishes an in-dependent 
ontrol instan
e: vital appli
ation-spe
i�
 frame 
onditions, like safety
riteria guaranteeing that nothing bad happens, or liveness properties guaranteeinga 
ertain progress 
an automati
ally 
he
ked on the model. In 
ase of failure, diag-nosti
 information in terms of error tra
es reveals the sour
e of trouble on the modellevel. The appli
ation then has to examine whether the revealed problem is just due
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Figure 5. The Re�ned Optimized Modelto the ina

ura
ies of the model obtained so far, or whether there must be a problemin the underlying system as well.Validation typi
ally initiates the next iteration of the extrapolation pro
ess, whi
hmay now also involve te
hni
ally more involved updating steps, like, e.g., modelredu
tion, in 
ases where the model 
ontained too many paths. Our system providesa number of automata theoreti
 operations and temporal synthesis pro
edures forthe various updating steps. Moreover, it 
omprises algorithms for �ghting the stateexplosion problem. This is very important, as already 
omparatively small sets oftra
es lead to quite big automata. E.g. Fig. 6 shows part of a model des
ribingtwo very simple independent 
alls. For ea
h 
all the model des
ribes the 
orre
tinterplay of the following a
tions: 
aller pi
k-ups handset, dials number, 
allee pi
k-ups handset, 
aller and 
allee hang-up their handsets. Already this simple s
enarioleads to a model with 369 states and 441 transitions.Referen
es1. A. Hagerer, T. Margaria, O. Niese, B. Ste�en. Automated Regression Testing ofCTI-Systems. In Pro
. Kolloquium Programmierspra
hen und Grundlagen der Pro-grammierung, K. Indermark and T. Noll (eds.), Aa
hener Informatik{Beri
hte N.2001{11, Aa
hen University of Te
hnology (RWTH), 2001, ftp://ftp.informatik.rwth-aa
hen.de/pub/reports/2001/2001-11.ps.gz,2. O. Niese, T. Margaria, A. Hagerer, M. Nagelmann, B. Ste�en, G. Brune, and H. Ide.An automated testing environment for CTI systems using 
on
epts for spe
i�
ation andveri�
ation of work
ows. Annual Review of Communi
ation, Int. Engineering Consor-tium Chi
ago (USA), Vol. 54, pp. 927-936, IEC, 2001.
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Figure 6. Example of a Larger POTS Model3. O. Niese, B. Ste�en, T. Margaria, A. Hagerer, G. Brune, and H. Ide. Library-baseddesign and 
onsisten
y 
he
ks of system-level industrial test 
ases. In H. Hu�mann,editor, Pro
. FASE 2001, LNCS 2029, pages 233{248. Springer Verlag, 2001.



Re�ning Stream Transformers to State-BasedComponentsWalter Dos
h and Annette St�umpelInstitute for Software Te
hnology and Programming LanguagesMedi
al University of L�ube
kRatzeburger Allee 160, D{23538 L�ube
k, Germany{dos
h|stuempel}�isp.mu-luebe
k.deAbstra
t A bla
k box spe
i�
ation of a deterministi
 software or hardware 
omponentrefers to the fun
tion mapping input histories to output histories. An important re�nementstep amounts to designing a state-based 
omponent 
orre
tly implementing the spe
i�edbehaviour. We present a formal method for re�ning stream transformers to state transitionma
hines whose states arise from an abstra
tion of the input histories.1 Introdu
tionDistributed systems are networks of 
omponents that 
ommuni
ate asyn
hronouslyvia unidire
tional 
hannels. Streams model 
ommuni
ation histories by re
ording thesu

ession of messages on a 
hannel. The input/output behaviour of a deterministi

omponent is des
ribed by a stream pro
essing fun
tion mapping input histories tooutput histories [5℄ . Stream pro
essing fun
tions, for a survey see [7℄, allow simple op-erators for serial 
omposition, parallel 
omposition, and feedba
k. The stream-basedapproa
h also supports modular re�nement te
hniques, among others behaviouralre�nement, interfa
e re�nement, and 
ommuni
ation re�nement.The top-down design starts with a bla
k box spe
i�
ation whi
h �xes the interfa
eand the input/output behaviour without referring to the internal stru
ture. Thedevelopment pro
ess visualized in Fig. 1 leads to a network of elementary 
omponentssuitable for a dire
t implementation.An important design step 
onsists in introdu
ing a 
omponent's state spa
e andin implementing the spe
i�ed behaviour by a state transition system. The state-baseddes
ription of a 
omponent prepares further re�nement steps based on the stru
tureand on the properties of the internal state.In this paper, we present a formal method for transforming stream transformersinto state-based 
omponents. In general, the output of the 
omponent will not onlydepend on the 
urrent input, but also on the previous input history. Therefore thestate of the 
omponent must re
ord the input history to the extent to whi
h itin
uen
es the future output history. The state spa
e results from an abstra
tion ofthe input histories; the fun
tions operating on the state spa
e 
an systemati
ally bederived from the stream transformer. In summary, the state re�nement of a streamtransformer provides a 
orre
t implementation as a state-based 
omponent.2 Streams and Stream Pro
essing Fun
tionsStreams model the temporal su

ession of messages on the 
hannels between 
om-muni
ating 
omponents. The set of �nite streams forms a partial order under the
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h, Annette St�umpel�� �� �� � ����� ����state ��
bla
k box view:stream transformerglass box view:
omposition of
omponents
operational view:state transition ma
hineFigure 1. Re�nement of distributed systemspre�x relation. It models operational progress in time: the shorter stream forms aninitial part of the 
ommuni
ation history.A stream pro
essing fun
tion maps an input stream to an output stream. Itmodels a 
ommuni
ating 
omponent with one input and one output 
hannel. Thegeneralization to stream pro
essing fun
tions with several arguments and results isstraightforward.In the sequel, we 
on
entrate on monotoni
 fun
tions where further input leads tofurther output. A stream pro
essing fun
tion is 
alled (pre�x) monotoni
, for short astream transformer , if any extension of the input history will result in an extensionof the output history. Stream transformers in
orporate a notion of 
ausality sin
efuture input 
annot 
an
el nor 
hange previous output.3 State Transition Ma
hines with Input and OutputState transition ma
hines with input and output are an abstra
t devi
e modellingdis
rete state-based systems generating output driven by input.A state transition ma
hine with input and output , for short a state transitionma
hine, 
onsists of a nonempty set of states , an input alphabet , an output alpha-bet , a one-step state transition fun
tion, and a one-step output fun
tion mapping astate and an input to the su

essor state resp. to the �nite output sequen
e. Thistype of state transition ma
hine is useful for the high-level design of 
ommuni
ating
omponents.We extend the ma
hine fun
tions from a single input datum to a �nite streamof input data. The multi-step state transition fun
tion yields the state transitione�e
ted by a �nite input history. The multi-step output fun
tion yields the outputhistory for a �nite input history. For ea
h state, the multi-step output fun
tion ispre�x monotoni
; so it des
ribes a stream transformer. Two states of the ma
hineare 
alled output equivalent i� they generate the same stream transformer [4℄.4 State Re�nementIn this se
tion, we present a formal method for re�ning stream transformers to state-based 
omponents. For simpli
ity, we 
on�ne ourselves to stri
t stream transformers



Re�ning Stream Transformers to State-Based Components 167generating no output for the empty input history. Given a suitable abstra
tion of theinput history, we 
onstru
t a state transition ma
hine 
orre
tly implementing thestream transformer. Altogether, a state re�nement asso
iates with a stream trans-former a state transition ma
hine together with an initial state su
h that the originalstream transformer agrees with the multi-step output fun
tion applied to the initialstate.4.1 Abstra
tions of the Input HistoryFirst we isolate the e�e
t of the 
urrent input wrt. a previous input history. Theoutput extension of a stream transformer denotes the prolongation of the outputhistory e�e
ted by the 
urrent input after pro
essing the input history. The outputextension is well-de�ned, sin
e the stream transformer is monotoni
.The state of a state transition ma
hine 
olle
ts relevant information from theinput history that may in
uen
e the output on future input. An abstra
tion fun
tionasso
iates with every input history a state representing the information needed. Twoinput histories may be identi�ed under an abstra
tion fun
tion i� the stream trans-former generates the same output for every future input stream no matter whi
h ofthe two input histories has been pro
essed before.An abstra
tion fun
tion of input histories is required to be transition 
losed :if two input histories are identi�ed, then their prolongations with the same inputdatum must be identi�ed as well. Moreover, an abstra
tion fun
tion is 
alled output
ompatible wrt. a stream transfomer, if it identi�es at most input histories with thesame output extension.4.2 Constru
ting a State Transition Ma
hineGiven a stream transformer and an output 
ompatible abstra
tion fun
tion, we sys-temati
ally 
onstru
t a state transition ma
hine 
orre
tly implementing the streamtransformer, 
f. Fig. 2 .stream transformer f : A? ! B?output extension " : A? �A ! B?abstra
tion fun
tion � : A? ! Qstate transition ma
hine M = (Q;A;B; Æ; ')initial state q0 = �(hi)state transition fun
tion Æ(�(X); x) = �(X & hxi)output fun
tion '(�(X); x) = "(X;x)Figure 2. State re�nement of a stream transformerThe input and output alphabet A resp. B 
oin
ide with the types of the inputand output streams of the stream transformer f . The set Q of states is the rangeof the abstra
tion fun
tion � . The initial state q0 is the abstra
tion of the emptystream hi . The state transition fun
tion Æ asso
iates with a state �(X) abstra
tingan input history X and a 
urrent input x the state respresenting the extended inputhistory X & hxi . For a state �(X), the output fun
tion ' yields the output extension" of the input history X and the 
urrent input x .
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h, Annette St�umpelThe state re�nement is well de�ned, sin
e the abstra
tion fun
tion is transition
losed and assumed to be output 
ompatible wrt. the stream transformer. The 
or-re
tness of the state re�nement is based on the following proposition: the multi-stepoutput fun
tion of the 
onstru
ted state transition ma
hine applied to the initialstate agrees with the original stream transformer.For every stream transformer, the 
anoni
al state re�nement uses the identityfun
tion as the abstra
tion of input histories. Then ea
h state re
ords the entire inputhistory, and a state transition simply extends the input history. On the 
ontrary, amaximally redu
ed state re�nement identi�es all output equivalent input histories.5 Appli
ationsWe presented a formal method for systemati
ally re�ning stream transformers tostate-based 
omponents. The 
ru
ial design step 
onsists in dis
overing useful ab-stra
tions of the input histories generating the state re�nement.As a �rst appli
ation, we 
onsider an iterator 
omponent that repeatedly applies abasi
 fun
tion to all elements of the input stream. The iterator 
omponent pro
essesthe input datum by datum. The output only depends on the 
urrent input, but not onthe previous input history. Therefore the iterator is a history independent 
omponent.The state re�nement allows a maximally redu
ed state transition ma
hine with asingleton state spa
e.As a se
ond appli
ation, we 
onsider a s
an 
omponent having one input andone output port. The 
omponent produ
es the stream of proper pre�xes of the inputstream redu
ed under a binary operation. Two input histories are output equivalenti� their values redu
ed under the binary operation agree. An abstra
tion fun
tionleading to the maximally redu
ed state re�nement redu
es the input histories underthe binary operation. The maximally redu
ed state transition ma
hine of a historysensitive 
omponent manages with simple data values as states.As a �nal appli
ation, we 
onsider an input driven shift register whi
h delaysan input stream for a �xed number of steps. For suÆ
iently long input histories,the output history depends only on a �xed number of elements at the rear of thestream. Therefore the abstra
tion fun
tion that generates the maximally redu
edstate transition ma
hine identi�es all input histories whi
h agree in the �nal segmentof the spe
i�ed length.Further appli
ations like memory 
omponents, 
ontrol 
omponents or transmis-sion 
omponents 
an be treated in quite a similar way.6 Related WorkThe approa
h is based on a general type of state transition ma
hine with input andoutput. As related work, [1℄ investigate output equivalent states in Mealy ma
hineswhi
h are spe
ializations of generalized sequential ma
hines. Lyn
h and Stark's portinput/output automata [6℄ perform input, internal and output a
tions where in ea
hstate ea
h input a
tion is enabled. The !-automata [8℄ are a

epting devi
es for in�-nite streams having a �nite number of states. Broy's group [2,3℄ uses state transitiondiagrams for verifying 
omponents of distributed systems. Here the transitions maydepend on attributes of the previous and the su

essor state and also on the 
om-plete 
ontent of the input and output 
hannels of the 
omponent before and afterthe transition.
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Some Appli
ations of Goguen Categories inComputer S
ien
eMi
hael WinterDepartment of Computer S
ien
eUniversity of the Federal Armed For
es Muni
h85577 Neubiberg, Germanythrash�informatik.unibw-muen
hen.deAbstra
t Goguen 
ategories were introdu
ed as a suitable 
al
ulus for L-fuzzy relations,i.e., for relations taking values from an arbitrary 
ompletely distributive latti
e L instead ofthe unit interval [0; 1℄ of the real numbers. In this paper we want to present three appli
ationsof su
h stru
tures in 
omputer s
ien
e.1 Introdu
tionOne important appli
ation in 
omputer s
ien
e is the treatment of un
ertain orin
omplete information. To handle su
h kind of information, Zadeh [12℄ introdu
edthe 
on
ept of fuzzy sets. Later on, Goguen [3℄ generalized this 
on
ept to L-fuzzysets and relations for an arbitrary 
ompletely distributive latti
e L (or 
ompleteBrouwerian latti
e) instead of the unit interval [0; 1℄ of the real numbers.De�nition 1. Let (L;u;t; 0; 1) be a 
ompletely distributive latti
e with meet u,union t, least element 0 and greatest element 1. Then the stru
ture of L-fuzzyrelations is de�ned as follows:1. A relation Q : A! B between sets A and B is fun
tion from A�B to L.2. For Q : A! B and R : B ! C 
omposition is de�ned by(Q;R)(x; z) := Gy2B(Q(x; y) uR(y; z)):3. For Q : A! B 
onversion de�ned by Q`(x; y) := Q(y; x):4. For Q;S : A! B join and meet are de�ned by(Q t S)(x; y) := Q(x; y) t S(x; y); (Q u S)(x; y) := Q(x; y) u S(x; y):5. The identity, the least and the greatest element are de�ned byIA(x; y) := � 0 : x 6= y1 : x = y; ??AB(x; y) := 0;>>AB(x; y) := 1:An L-fuzzy relation is 
alled 
risp i� R(x; y) = 0 or R(x; y) = 1 holds for allx and y. The stru
ture de�ned above 
onstitutes a Dedekind 
ategory introdu
edin [7℄.De�nition 2. A Dedekind 
ategory R is a 
ategory satisfying the following:
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hael Winter1. For all obje
ts A and B the 
olle
tion R[A;B℄ is a 
ompletely distributive latti
e.Meet, join, the indu
ed ordering, the least and the greatest element are denotedby u;t;v; ??AB ; >>AB , respe
tively.2. There is a monotone operation ` (
alled 
onversion) su
h that for all relationsQ : A ! B and R : B ! C the following holds: (Q;R)` = R`;Q` and(Q`)` = Q.3. For all relations Q : A ! B;R : B ! C and S : A ! C the modular lawQ;R u S v Q; (R uQ`;S) holds.4. For all relations R : B ! C and S : A ! C there is a relation S=R : A ! B(
alled the left residual of S and R) su
h that for all X : A ! B the followingholds: X ;R v S () X v S=R:Corresponding to the left residual, we de�ne the right residual byQnR := (R`=Q`)`:This relation is 
hara
terized by Q;Y v R () Y v QnR.We will use some basi
 properties of relations in a Dedekind 
ategory throughoutthe paper without mentioning. These properties and their proofs may be found in[1, 2, 8{10℄.In some sense a relation of a Dedekind 
ategory may be seen as an L-relation.The latti
e L may equivalently be 
hara
terized by the ideal relations, i.e., a relationJ : A ! B satisfying >>AA; J ; >>BB = J , or by the s
alar relations. A relation� : A ! A is 
alled a s
alar on A i� � v IA and >>AA;� = �; >>AA. The set of alls
alars on A is denoted by S
R(A). For L-fuzzy relations the s
alars are of the form0�k 0 00 k 00 0 k1A for an element k 2 L.The notion of ideal elements was introdu
ed by J�onsson and Tarski [4℄ and thenotion of s
alars by Furusawa and Kawahara [5℄.In [11℄ it was shown that a suitable algebrai
 formalisation for arbitrary L-fuzzyrelations demands an extra operator. In parti
ular, it was shown that there is noformula in the theory of Dedekind 
ategories expressing the fa
t that a given L-fuzzy relation is 
risp. Therefore, the 
on
ept of Goguen 
ategories was introdu
ed.Our approa
h introdu
es two operations mapping every relation to the greatest 
risprelation it 
ontains resp. to the least 
risp relation it is in
luded in.De�nition 3. A Goguen 
ategory G is a Dedekind 
ategory together with two op-erations " and # satisfying the following:1. R"; R# : A! B for all R : A! B.2. ("; #) is a Galois 
orresponden
e, i.e., S w R" () R v S# for all R;S : A! B.3. (R`;S#)" = R"`;S# for all R : B ! A and S : B ! C.4. If � 6= ??AA is a nonzero s
alar then �" = IA.5. For all antimorphisms1 f : S
G(A) ! G[A;B℄ that f(�)" = f(�) for all � 2S
G(A) and all R : A! B the following equivalen
e holdsR v G�:A!A� s
alar �; f(�) () (�nR)# v f(�) for all � 2 S
G(A):1 f is 
alled an antimorphism i� f(FM) = �2M f(�) for all subsets M of S
G(A)
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ations of Goguen Categories in Computer S
ien
e 173The obvious de�nition of " and # for L-fuzzy relationsR"(x; y) := �1 i� R(x; y) 6= 00 i� R(x; y) = 0 ; R#(x; y) := �1 i� R(x; y) = 10 i� R(x; y) 6= 1 ;shows that this stru
ture is a Goguen 
ategory.A

ording to the de�nitions above we 
all a relation R of an arbitrary Goguen
ategory 
risp i� R" = R (or equivalently R# = R).In [11℄ it was shown that the sets S
G(A) of s
alars on A are isomorphi
 via themapping � 7! >>BA;�; >>AB u IB.The relation (�nR)# is 
alled the �-
ut of R. For L-fuzzy relation it is 
hara
ter-ized by (�nR)#(x; y) i� R(x; y) w �.2 Fuzzy ControllerAs a �rst appli
ation we want to show that fuzzy 
ontroller may be des
ribed by asimple term in the language of Goguen 
ategories. This may be used to prove prop-erties of the 
ontroller. A system like RelView developed at the Christian-Albre
hts-University of Kiel or RATH developed at the Univesity of the Federal Armed For
esMuni
h is able to 
ompute relational terms. Using su
h a system one easily gets aprototype of the 
ontroller.We want to 
on
entrate on the method of Mamdani (
f. [6℄) for 
onstru
ting afuzzy 
ontroller. In this method a fuzzy 
ontroller 
onsists of a rulebase, a de
isionmodule, a fuzzi�
ation and a defuzzi�
ation. This may be visualized by the followingpi
ture. Fuzzy ControllerFuzzy ValuesFuzzy-�
ation De
isionModuleRulebase Defuzzy-�
ationPro
ess
6?- - -�Crisp ValuesThe rulebase is formulated using so-
alled linguisti
 variables, i.e.,abstra
t notionsrepresented by 
ommon words from every day language (like: high speed, hot water,very heavy rain et
.). These linguisti
 variables are understood as meaning suitablefuzzy sets. Finally, a 
ontrol rule is formulated as a 
onditional expression using thelinguisti
 variables, e.g. there 
ould be a rule likeif x is hot then y = negative small;where x is a temperature and y is the input of a heating.Su
h a fuzzy 
ontroller may be des
ribed within a Goguen 
ategory using thefollowing pi
ture.
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A

Linguisti
Variables(Input)1+1+1+1+...
Q1Q2Q3Q4...	��Y

Linguisti
Variables(Output)1+1+1+1+...
S1S2S3S4... Rj-* BR 
risp

The linguisti
 variables are modelled by a disjoint union of several 
opies of a one-element set. The relation R 
orresponds to the rulebase of the 
ontroller, and therelations Qi and Si are the fuzzy sets 
orresponding to every linguisti
 variable. The
ontroller itself is des
ribed by the relational termD((Gi2I Qì ; �i);R; (Gj2J �j̀ ;Sj));where �i denotes the inje
tion into the disjoined union, followed by a suitable de-fuzzi�
ation D. The de
ision module is hidden in the 
omposition operation ;. Onemay 
hoose another 
omposition operation indu
ed by some t-norm like fun
tion onthe underlying latti
e.As an example we want to 
onstru
t a temperature 
ontroller. The input of the
ontroller are temperatures taken from the intervall [0; 100℄ � Q and the output is avalue from [�20; 20℄ � Z, the adjusting values of the heating. The linguisti
 variablesare given byLVin = fEC = extrem 
old; LVout = fNB = negative big;VC = very 
old; NS = negative small;C = 
old; ZO = zero;M = medium; PS = positive small;W = warm; PB = positive biggH = hot;VH = very hotg:The following set of rules des
ribes the behaviour of the 
ontrollerif x is EC then y = PB; if x is W then y = NS;if x is VC then y = PS; if x is H then y = NS;if x is C then y = PS; if x is VH then y = NB;if x is M then y = ZO:This rule base leads to the following relation R written as a matrix with rows 
orre-sponding to LVin and 
olumns 
orresponding to LVout.R = 0BB� 0 0 0 0 10 0 0 1 00 0 0 1 00 0 1 0 00 1 0 0 00 1 0 0 01 0 0 0 01CCA
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ien
e 175The fuzzy sets Qi and Sj 
orresponding to the linguisti
 variables may be 
hoosen asusual by some 
onvenient membership relation. As a defuzzi�
ation we take D(X) =glbE(((X ; >> u I)nX)#), where E is the ordering on [�20; 20℄. The 
ut within D sele
tsthe maximal values in every row ofX . Afterwards, in every row we 
hoose the greatestlower bound in respe
t to E, su
h that we get a fun
tion and hen
e for every inputtemperature exa
tly one output value.3 Optimization ProblemsThe underlying latti
e Lmay be interpreted as a partial order of degrees of optimalityfor a problem. A ve
tor V : 1! A, i.e.,a relation from a singleton set to set A, maydes
ribe all possible solutions of the problem. If V is an L-fuzzy relation it alsodes
ribes the degree of optimality of every solution. As in the last se
tion we maytake a suitable 
ut of V to get an optimal solution.The problem has an optimal solution () ((V ; >>A1)nV )# 6= ?? 1A:Noti
e, that we take a 
ut with V ; >>A1 instead of V ; >>A1 u I1 sin
e I1 = >> 11. If theproblem has an optimal solution we get the following statements:1. Any 
risp point x, i.e., x ve
tor, x" = x; x 6= ?? 1A and x`;x v IA, with x v((V ; >>A1)nV )# is an optimal solution.2. The degree of an optimal solution is given by the s
alar V ; >>A1.As an example we want to des
ribe a 
ommon situation in a shopping mall. One hasto sele
t a set of produ
ts whi
h ful�l some optimality 
riteria. In our example thiswould be
 , Produ
t is 
heap. t , Produ
t tastes very well.q , Produ
t has a great quality. a , Produ
t is a

epted by the family.As the latti
e L we take the Boolean latti
e with atoms f
; q; t; ag. Suppose P is thefollowing L-fuzzy ve
tor of produ
ts fP1; P2; P3; P4g with their properties.P1 P2 P3 P4P = (fq; tg f
; q; tg fq; t; ag f
; qg)Let "0 the 
risp membership relation of nonempty sets of produ
ts, i.e., "0(Pi;M)holds i� Pi is an element of the nonempty set M of produ
ts. This relation may bevisualized by the matrix with rows 
orresponding to the set fP1; P2; P3; P4g and the
olumns 
orresponding to the nonempty sets of produ
ts"0 =  0 0 0 0 0 0 0 1 1 1 1 1 1 1 10 0 0 1 1 1 1 0 0 0 0 1 1 1 10 1 1 0 0 1 1 0 0 1 1 0 0 1 11 0 1 0 1 0 1 0 1 0 1 0 1 0 1!where 1 is a shorthand for f
; q; t; ag and 0 for ;. Furthermore, suppose f is thefollowing subobje
t of legal sets of produ
ts (a 
risp inje
tive mapping), i.e., thesubobje
ts of those sets of produ
ts whi
h we are able to buy.f = 0BB� 0 0 1 0 0 0 0 0 0 0 0 0 0 0 00 0 0 0 0 1 0 0 0 0 0 0 0 0 00 0 0 0 0 0 0 0 1 0 0 0 0 0 00 0 0 0 0 0 0 0 0 1 0 0 0 0 00 0 0 0 0 0 0 0 0 0 1 0 0 0 00 0 0 0 0 0 0 0 0 0 0 1 0 0 00 0 0 0 0 0 0 0 0 0 0 0 0 1 01CCA
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hael Winterf expresses the fa
t that we are not allowed to buy just one produ
t and P2 andP4 together. Now, the L-fuzzy ve
tor V of possible solutions is given by the termsyQ(P`; "0); ("0n"0)`; f` and as matrix byfP3; P4g fP2; P3g fP1; P4g fP1; P3g fP1; P3; P4g fP1; P2g fP1; P2; P3g( fqg fq; tg fqg fq; tg fqg fq; tg fq; tg )Therefore, the optimal solutions ((V ; >>A1)nV )# are 
hara
terized by the (
risp) ve
-tor � 0 1 0 1 0 1 1 � 
orresponding to the produ
t sets fP2; P3g; fP1; P3g; fP1; P2g andfP1; P2; P3g. The degree of su
h an optimal solution may be 
omputed as V ; >>A1
orresponding to the latti
e element fq; tg.4 GamesAs shown in [8℄ a strategy of a game 
orresponds to the kernel of the graph belongingto the game. Su
h a kernel 
an be 
omputed by relational methods (
f. [8℄).We want to study a variant of the well-kown two person NIM game. The rules ofthis game are as follows. At the beginning there is a �xed number of mat
hes on atable (in our expample 21). Every player is allowed to remove 1 or 2 mat
hes. Thereare two spe
ial moves. On
e in the game one player is allowed to remove 3 mat
hesand on
e in the game one player is allowed to remove 4 mat
hes. If there is no mat
hleft the player who is on move loses.We model this game using the Boolean latti
e L with atoms f3; 4g for the spe
ialmoves. An element of L des
ribes whi
h spe
ial move is still available. The graphof the game is a relation R between the number of mat
hes left on the table. It isde�ned by R(n;m)= ; i� n�m � 5 or n = m;R(n;m)= f4g i� n�m = 3;R(n;m)= f3g i� n�m = 4;R(n;m)= f3; 4g i� n�m 2 f1; 2g;
orresponding to the interpretation of L indi
ated above. The kernel of this relationis L-fuzzy ve
tor on the set f0; : : : ; 21g of the number of mat
hes left on the table.Its matrix representation looks like0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21( 1 0 0 3 4 0 3 0 4 3 0 0 1 0 0 3 4 0 3 0 4 3 )where 0; 3; 4; 1 are shorthands for ;; f3g; f4g; f3; 4g, respe
tively. This kernel may beinterpreted as follows. If at least the spe
ial move 3 is left state 9 is a winning statefor the player who is on move. He takes 3 mat
hes and the game is in state 6. Theother player may swit
h to state 5; 4 or to state 2 by using the spe
ial move 4. Inthe se
ond 
ase the �rst player 
an go immediately to state 0 and win, in the �rst
ase he 
an go to state 3 su
h that the se
ond player just may swit
h to state 1 or 2where he will lose agin. Analogously, state 12 is a winning state for the player whois on move if both spe
ial moves are still available, and state 10 is a winning stateif both spe
ial moves are not available. The kernel above shows that the player whostarts will win the game. But he will lose if the spe
ial move 3 is forbidden. In this
ase he may swit
h to state 20; 19 or 17. In all 
ases the se
ond player 
an go to astate whi
h is labelled by 3 (state 15 or 18).
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Internet-based Experimentation withHeterogeneous Software ToolsVolker BraunUniversit�at Dortmund, Fa
hberei
h Informatik, D-44221 Dortmund, GermanyAbstra
t This paper gives an overview of the Ele
troni
 Tool Integration (ETI) platform(see also [9℄ and [2℄), a platform for the intera
tive experimentation with heterogeneoussoftware tools via the Internet. This platform enables even new
omers to master the wealthof existing software tools in a short timespan, and to identify the most appropriate 
olle
tionof tools to solve their own appli
ation-spe
i�
 tasks.1 The GoalsModern software engineering is more and more dependent on automation and goodtool support. However, fa
ed with a problem, it is hard to identify the appropriatetools. In parti
ular, sin
e generi
 tools are often not adequate, (di�erent) tools havinga spe
i�
 fo
us are needed to ta
kle the task. Of 
ourse, the Internet is a good resour
efor information. But the advantage of the available information-variety is extenuatedby the fa
t that the right software tool is diÆ
ult to �nd. Though, there is generi
support for ea
h step of the tool evaluation pro
ess, in form of1. sear
hing the Web,2. reading the available do
umentation,3. installing the software tool and �nally4. experimenting with the tool, tool-evaluationspe
i�
 support and overlapping assistan
e is still missing.The Ele
troni
 Tool Integration (ETI) platform over
omes this problem by pro-viding Internet-based a

ess to software tools with the ability to� retrieve information on ea
h available tool,� exe
ute single tool features, and� 
ombine features 
oming from di�erent tools within the repository and run the
orresponding programs.These features are o�ered to the publi
 via moderated Internet sites, 
alled ETISites, whi
h give a

ess to a 
olle
tion of pre-installed software tools using the ETIplatform.This paper presents the user's view of the ETI platform in form of the ToolZoneSoftware. For this, we �rst give a short overview to this Internet-based 
lient/serverappli
ation in Se
t. 2. This introdu
es terms like A
tivities (see Se
t. 3), Taxonomies(see Se
t. 4) and Coordination Programs (see Se
t. 5 and Se
t. 6) whi
h are afterwardsexplained in the subsequent se
tions.



180 Volker Braun2 Introdu
ing the ToolZone SoftwareA user 
an experiment with the tools hosted by an ETI site using the ToolZoneSoftware. This 
lient/server appli
ation gives a

ess to a tool repository in whi
htool features are represented as fun
tional entities 
alled ETI A
tivities (see Se
t.3). Additionally, the tool repository 
omprises the data types the a
tivities workon. The a
tivities and the asso
iated data types are 
lassi�ed for ease of retrievala

ording to behavioral and interfa
ing 
riteria via ETI's Type and A
tivity Taxon-omy, respe
tively (see Se
t. 4). Using the ToolZone software, the end user 
an getinformation on ea
h a
tivity and type 
ontained in the tool repository via ETI's tax-onomy browsers (see Fig. 1) beside others, in form of a link to the underlying tool'shome page or 
onta
t address. Whereas links to tools having a spe
i�
 fo
us are alsoavailable via other Web sites like the Petri Nets Tool Database [3℄ or the FormalMethods Europe [1℄ database, the key feature of the ToolZone software is its uniqueInternet-based experimentation fa
ility. This means, that via the ToolZone softwareend users 
an exe
ute single a
tivities as well as 
ombine a
tivities to 
oordinationprograms and �nally exe
ute the programs via the Internet.To 
ombine (
oordinate) the a
tivities 
ontained in the tool repository, experi-en
ed users 
an make use of ETI's pro
edural 
oordination languageHLL (High-LevelLanguage) [6℄ to manually implement the intended 
oordination task on the basis ofthe available a
tivities (see Se
t. 5). Unexperien
ed users are supported by meansof ETI's Synthesis Component [10℄ whi
h generates sequen
es of a
tivities out ofabstra
t spe
i�
ations (see Se
t. 6). Single a
tivities or 
ombinations of them 
an berun via the Internet on libraries of examples, 
ase studies, and ben
hmarks whi
hare also available in the tool repository. Additionally, the user 
an experiment withown sets of data, to be deployed in user-spe
i�
, prote
ted home areas.3 A
tivitiesIn general, tools are not integrated into the tool repository as monolithi
 blo
ks.Rather, single tool features are identi�ed and prepared to be a

essible by the plat-form. Within the tool repository, a distin
t tool feature is represented by an ETIA
tivity whi
h is the elementary fun
tional 
omponent of the ETI platform. Ana
tivity de�nition 
omprises� the name that is beside others required to referen
e the a
tivity in a 
oordi-nation-task des
ription (see Se
t. 6).� the 
lassi�
ation 
onstituent in terms of predi
ates whi
h 
hara
terizes the a
tiv-ity within the tool repository. This information 
an be used to spe
ify an a
tivityusing abstra
t properties instead of its name in a 
oordination-task des
ription.� the implementation 
onstituent whi
h implements the a
tivity on the basis of the
orresponding tool feature.After an a
tivity has been made available within the tool repository, it 
an be
ombined with other a
tivities. For this, the end user 
an write an HLL-programimplementing the intended 
oordination task. Alternatively, the glue-
ode 
oordi-nating the a
tivities 
an be generated automati
ally on the basis of an abstra
t
oordination-task des
ription, 
alled Loose Spe
i�
ation (see Se
t. 6).
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ontrast to HLL-based 
oordination whi
h 
an be used to 
ombine arbitrarya
tivities 
ontained in the tool repository, only a
tivities having a 
ertain pro�le 
anbe used for program synthesis. These synthesis-
ompliant a
tivities look at a toolfeature as a "transformational" entity. This means that a tool feature is seen as a
omponent taking an obje
t of type T1 as input and delivering an obje
t of type T2as output.As an example, Table 1 shows the names and the interfa
e 
onstituent of thede�nition of synthesis-
ompliant a
tivities identi�ed within the CADP toolkit [5℄. Itpresents the name of the a
tivities, their input and output types as well as the toolstheir implementation is based on.A
tivity Name Input Type Output Type Tool Des
riptionopenAUTFile ETINone AUTFile aldebaran Loads an AUT-File obje
t.aldebaran MIN STD I AUTFile AUTFile aldebaran Minimizes an LTS.autF2b
gF AUTFile BCGFile aldebaran Transforms a �lein the aut formatinto the BCG�le format.b
gEVAL BCGFile ETIFile b
g open A model 
he
kerbased on b
g open.xtl BCGFile ETIFile xtl Evaluation of value-based temporallogi
 formulas.Table 1. A
tivities Based on the CADP Toolkit
4 TaxonomiesFor a 
exible handling (retrieval, loose obje
t spe
i�
ation, abstra
t views), a
tivitiesand the data types they work on are 
lassi�ed by means of the A
tivity Taxonomy andType Taxonomy, respe
tively. A taxonomy is a hierar
hi
al stru
ture of predi
atesover a set of atomi
 elements, here the a
tivities and types respe
tively. Formally, ataxonomy (de�ned over a set of atomi
 obje
ts S) is a sub-latti
e of the power-setlatti
e over S whi
h 
omprises elements with a parti
ular pro�le whi
h are identi�edby names. Taxonomies 
an be represented as dire
ted a
y
li
 graphs (DAGs) whereea
h leaf represents an atomi
 entity (here a
tivity or type) and ea
h intermediatenode represents a set of entities, 
alled group. Con
eptually, edges re
e
t an "is-a" re-lation between their target and sour
e nodes. The semanti
s of an intermediate nodeis the set of all atomi
 entities whi
h are rea
hable within the taxonomy DAG fromthis node. With respe
t to this semanti
s, edges re
e
t the standard set in
lusion.Fig. 1 shows a simple 
lassi�
ation of the types introdu
ed in Table 1 withinETI's taxonomy browser. Here, the type group CADPFile represents beside othersthe types LOTOSFile, SEQFile, BCGFile, AUTFile, and EXPFile. The a
tivities areorganized within the a
tivity taxonomy analogously.
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Figure 1. A simple Type Taxonomy5 HLL ProgrammingOn
e an a
tivity is available in the tool repository, it 
an be a

essed via the HLL(High-Level Language) fun
tion de�ned by the a
tivity's implementation 
onstituent(see Se
t. 3). On the basis of this HLL fun
tion, HLL programs are used to manually
ombine a
tivities representing heterogeneous fun
tionalities 
oming from di�erenttools in order to perform 
omplex tasks.The HLL-based 
oordination program presented in Fig. 2 minimizes a labelledtransition system (LTS) stored in the aut-format, a �le format de�ned by the Cae-sar/Aldebaran Development Pa
kage (CADP). After that, the xtl model 
he
ker, atool 
ontained in the CADP toolkit, is invoked on the minimized labelled transitionsystem. In detail, this is done by requesting from the user the �les storing the la-belled transitions system and the formula to be 
he
ked via the fsBoxLoad fun
tionof the ETI HLL-library (see (1) and (2) of Fig. 2). Then the model is minimizedwith respe
t to observational equivalen
e [8℄ using the aldebaranMIN STD I fun
tion
ontained in the HLL-library CADP (see (3)). Sin
e the xtl model 
he
ker requiresthe model to be provided in the b
g �le format, the aut-representation of the mini-



Internet-based Experimentation with Heterogeneous Software Tools 183mized labelled transition system is transformed into this format by the HLL fun
tionautF2b
gF (see (4)). Finally, the xtl model 
he
ker is 
alled using the xtl fun
tionof the HLL-library CADP getting the model and the formula as arguments (see (5)).var String: aut_model;var String: min_aut_model;var String: b
g_model;var String: formula;var ETIResult: result;aut_model := ETI.fsBoxLoad ("Sele
t Model", "*.aut"); (1)formula := ETI.fsBoxLoad ("Sele
t Formula", "*.xtl"); (2)result := CADP.aldebaranMIN_STD_I (aut_model, min_aut_model); (3)result := CADP.autF2b
gF (min_aut_model, b
g_model); (4)result := CADP.xtl (b
g_model, formula); (5)Figure 2. A HLL-based Coordination Program6 Program SynthesisIn addition to the HLL-based 
oordination, the ETI platform provides automated
oordination support by means of its synthesis 
omponent. Here, the glue-
ode 
om-bining the a
tivities is automati
ally generated. For this, the user spe
i�es a 
oor-dination task via an abstra
t des
ription 
alled Loose Spe
i�
ation (see Fig. 3 as anexample), instead of programming it using the HLL. Using loose spe
i�
ations, theuser 
hara
terizes what he wants to a
hieve instead of how to a
hieve it. This goal-oriented approa
h is the main di�eren
e between ETI's synthesis-based 
oordinationfa
ility and other 
oordination approa
hes like UNIX piped 
ommands, s
riptinglanguages (e.g. Perl [11℄, Python [7℄) or the ToolBus [4℄: there the user is for
ed topre
isely spe
ify the 
oordination pro
ess like in HLL programs.
Figure 3. A Loose Spe
i�
ationThese abstra
t des
riptions whi
h are based on the Semanti
 Linear-time Tem-poral Logi
 [10℄ are loose in two orthogonal dimensions:Lo
al Looseness : The 
hara
terization of types and a
tivities is done at the ab-stra
t level of the taxonomies, instead of enumerating them expli
itly. Here names
ontained in the taxonomies are interpreted as propositional predi
ates (see e.g.the a
tivity groups minimizer, model 
he
ker, and display in Fig. 3). They
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an be 
ombined by the Boolean operators & (and), j (or) and � (not) to spe
ifysets of a
tivities and types.Global/Temporal Looseness : The 
hara
terization of whole 
oordination sequen-
es is done in terms of abstra
t 
onstraints spe
ifying pre
eden
es, eventuality,and 
onditional o

urren
e of single taxonomy entities, rather than spe
ifyingthe pre
ise o

urren
e of the types and a
tivities (see e.g. the before operator <in Fig. 3).From the 
oordination-task des
ription, the synthesis 
omponent then generatessequen
es of a
tivities (
alled Coordination Sequen
es) ea
h implementing the spe
-i�ed task. Coordination sequen
es are �nite paths of the formT1 a1�! T2 a2�! T3 � � �Tn�1 an�1�! Tnwhere Ti is a type and ai is a synthesis-
ompliant a
tivity whi
h transforms an obje
tof type Ti into an obje
t of Ti+1.As result of the synthesis pro
ess all 
oordination sequen
es whi
h satisfy a givenloose spe
i�
ation are presented to the user as dire
ted graph 
alled the SynthesisSolution Graph (see Fig. 4).Using the ToolZone software, the user 
an graphi
ally sele
t his favored sequen
ewithin the synthesis solution graph and then run the 
orresponding program via theInternet.

Figure 4. A Synthesis Solution Graph7 Con
lusionWithin this paper we have presented the user's view of the Ele
troni
 Tool Integrationplatform whi
h allows the experimentation with heterogeneous software tools via the
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tivities, whi
h represent distin
t features of pre-installed software tools, the user 
an build 
oordination programs manually usingthe HLL. Additionally, sequential 
ompositions of a
tivities 
an be generated out ofgoal-oriented abstra
t spe
i�
ations. Coordination programs 
an then be run via theInternet.We are optimisti
 that this platform will help over
oming the typi
al hesitationto try out new te
hnologies: serious hurdles, like installation of the tools, gettinga
quainted with new user interfa
es, la
k of dire
t 
omparability of the results andof performan
es, are eliminated.8 A
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TEMPLUS | TEa
hing Management PLatformfor UniversitieSClaudia GsottbergerLehrstuhl Informatik VUniversit�at DortmundClaudia.Gsottberger�
s.uni-dortmund.deZusammenfassung Im Rahmen von TEMPLUS entsteht eine internetbasierte, persona-lisierte Plattform, die es den vers
hiedenen universit�aren Nutzergruppen erm�ogli
hen soll,eÆzient zu kooperieren. Dies beinhaltet insbesondere eine uniforme Integration der angebo-tenen Dienstleistungen (kurz: Dienste) in einer Form, die eine rollen- und pro�lspezi�s
heZugangskontrolle und Nutzerf�uhrung erlaubt.1 MotivationUniversit�arer Lehrbetrieb beinhaltet Organisation und Dur
hf�uhrung von �Ubungen.Die Organisation umfasst die Ber�u
ksi
htigung vers
hiedener universit�arer �Ubungs-formen, die Anmeldung der Studierenden zu den �Ubungen, die Verteilung der Stu-dierenden auf die einzelnen �Ubungsgruppen, die S
hulung der Tutoren, sowie dasErstellen von Statistiken. Bei der Dur
hf�uhrung von �Ubungen sind zentrale Punktedas Erstellen und Verteilen von �Ubungsbl�attern und Musterl�osungen, die Korrek-tur von Abgaben, die Pr�asentation von Lerninhalten und -materialien, sowie dieFeedba
k-Erfassung.Dabei sind hohe Studierendenzahlen, stark wa
hsende Studienzeiten, hohe Abbru
h-quoten, eine unzurei
hende Betreuungssituation, hohe Belastung des Lehrpersonalsund komplexe, si
h h�au�g �andernde Work
ows unsere t�agli
hen Herausforderungen.An der Universit�at Dortmund wurde aufgrund dieser Problematik ein WIS-Projekt(Sofortprogramm zur Weiterentwi
klung des Informatikstudiums) ins Leben geru-fen. Mehrere Lehrst�uhle des Fa
hberei
hs Informatik arbeiten im Rahmen diesesProjektes an der Verbesserung der Lehre im Grundstudium. Eines der Teilprojekteist TEMPLUS.2 ZieleDie Ziele des TEMPLUS{Projekts sind die Entlastung des Lehrpersonals von admi-nistrativen Aufgaben und eine Verbesserung der Betreuung der Studierenden. Diessoll errei
ht werden dur
h eine proaktive Work
ow-Steuerung, die Erg�anzung derKommunikation dur
h elektronis
he Medien, sowie das automatis
he Erfassen undAuswerten statistis
her Informationen.Anforderungen an das zu entwi
kelnde System und unser L�osungsansatz daf�ur sind:� Flexibilit�at: �Anderungen in den komplexen Work
ows m�ussen einfa
h unds
hnell im System umzusetzen sein. Eine komponentenbasierte, graphis
he Kon-�guration der Work
ows bietet dabei viele Vorteile.



188 Claudia Gsottberger� hohe Verf�ugbarkeit: Viele Nutzer arbeiten von unters
hiedli
hen Orten undunters
hiedli
hen Betriebssystemen aus mit dem System. Es bietet si
h daher an,eine webbasierte Plattform zu entwi
keln.� Personalisierbarkeit: Die vers
hiedenen Nutzergruppen (z.B. Studenten, Do-zenten, Tutoren, et
.) haben unters
hiedli
he Re
hte und P
i
hten in Bezug aufDateneinsi
ht und -�anderung. Ein 
exibles Nutzer- und Rollenmanagement bietetdie notwendige Kontrolle.� Zuverl�assigkeit: Si
herheitskritis
he Work
ows erfordern die Korrektheit derAbl�aufe. Es ist also notwendig, die entworfenen Work
ows in Bezug auf bestimm-te Kriterien zu validieren.3 Te
hnologieDas Agent Building Center (ABC) ist eine generis
he graphis
he Entwi
klungsum-gebung f�ur anwendungsspezi�s
hes, komponentenbasiertes Softwaredesign [5℄. Dabeiwird der Work
ow als Graph (Servi
e Logi
 Graph, kurz SLG) modelliert. Dieserbesteht aus Knoten, den funktionalen Einheiten (sog. SIBs, d.h. Servi
e IndependentBuilding Blo
ks), und Kanten, die den Kontroll
uss repr�asentieren (vgl. Abb. 1).Die Trennung der Daten (Implementierung der SIBs) von dem konkreten Work-

Abbildung 1. Graphis
he Kon�guration von Work
ows mit ABC
ow (Servi
e Logi
 Graph) erm�ogli
ht Aufgabenteilung und Spezialisierung w�ahrend



TEMPLUS 189der Dienstentwi
klung. Der zugeh�orige Software-Entwi
klungsprozess ist in [1,3℄ be-s
hrieben.Die graphis
he Kon�guration der Work
ows in Form der SLGs liefert die n�otigeFlexibilit�at, um die Work
ows an �Anderungen anzupassen.Zus�atzli
he Module innerhalb des ABC garantieren die Korrektheit und Zuverl�assig-keit der entwi
kelten Dienste und vereinfa
hen die Dienst-Entwi
klung:� Work
ow-Validierung in Form von �Uberpr�ufung lokaler und globaler Constraints,sowie symbolis
he Ausf�uhrung [2, 6℄.� Automatis
he Generierung der Applikation, d.h. der �Ubergang von der Spezi�ka-tion (SLG) zur Implementierung (konkreter Dienst) wird dur
h einen Compile-S
hritt realisiert.� Einsatz vorgefertigter Komponenten (SIBs) f�ur bestimmte Aufgabenberei
he,z.B. Nutzer- und Rollenmanagement [4℄� Makros ma
hen komplexe Work
ows beherrs
hbar und unterst�utzen die Aufga-benteilung w�ahrend der Dienst-Entwi
klung (vgl. Abb. 2).

Abbildung 2. Makros im ABC4 Der TEMPLUS{DienstDer TEMPLUS-Dienst ist ein personalisierter, webbasierter Internetdienst f�ur dieOrganisation und Dur
hf�uhrung von Lehrveranstaltungen an der Universit�at.Folgende Teilfunktionalit�aten sind zur Zeit im TEMPLUS-Dienst umgesetzt:� Flexibles Nutzer- und Rollenmanagement angepasst an die Bed�urfnisse und Re
h-te der universit�aren Nutzergruppen� Einsatz von Personalisierung als Filterme
hanismus f�ur Daten und Funktiona-lit�aten� Verwaltung von Vorlesungen und �Ubungen



190 Claudia Gsottberger� Anmeldung zu Vorlesungen und �Ubungen� Automatis
he Verteilung auf �Ubungsgruppen, sowie die M�ogli
hkeit, per HandStudierende na
htr�agli
h einzuteilen bzw. zu vers
hieben.� Import�lter f�ur Studierendendaten zum Einri
hten von Default-A

ounts f�ur denTEMPLUS-DienstZentral f�ur alle Teilberei
he des TEMPLUS-Dienstes sind Personalisierung undProaktivit�at.Die Personalisierung erlaubt eine ad�aquate Behandlung von Rollen im univer-sit�aren Alltag (z.B. Student, Dozent, Tutor, et
.). Zugang zum Dienst und damit zuden dar�uber angebotenen Funktionalit�aten und errei
hbaren Daten erfolgt nur mit-tels eines pers�onli
hen Logins und Passworts. Na
hdem si
h ein Benutzer eingeloggthat, werden ihm abh�angig von seiner Rolle vers
hiedene Funktionalit�aten angeboten(vgl. Abb.3). Die pers�onli
he Navigationsleiste zeigt den Benutzernamen, die Rol-len des Benutzers, sowie seine aktive Rolle und je einen Button f�ur eine Klasse vonFunktionalit�aten, die f�ur diese Rolle erlaubt sind.

Abbildung 3. Rollenspezi�s
hes Anbieten von Funktionalit�atenDur
h die Proaktivit�at des TEMPLUS-Dienstes werden dar�uberhinaus, rollen-und zeitspezi�s
h Funktionalit�aten aktiviert oder deaktiviert bzw. unters
heiden si
him Ablauf.Der Button Verteilung f�uhrt z.B. zu allen Aktivit�aten, die mit der Einteilung von�Ubungsgruppen zu tun haben. Dabei werden die Aktivit�aten rollenabh�angig aktiviertbzw. deaktiviert (vgl. Abb.3).



TEMPLUS 191Aktivit�aten k�onnen je na
h Rolle unters
hiedli
h ablaufen, d.h. unters
hiedli
he Si
h-ten auf die darunterliegende Datenmenge bieten. Beispielsweise hat der Organisatordie Teilnehmerlisten der �Ubungsgruppen inklusive der pers�onli
hen Daten der Studie-renden, wie z.B. Studiengang, Fa
hsemester, Matrikelnummer, w�ahrend die Tutorennur die Namen der Teilnehmer in ihren �Ubungsgruppen kennen, und die Studierendennur wissen m�ussen, f�ur wel
he �Ubungsgruppe sie selbst eingeteilt sind.Die zeitspezi�s
he Aktivierung bzw. Deaktivierung von Funktionalit�aten ist appli-kationsabh�angig. Im Rahmen der Anmeldung zu �Ubungsgruppen ist ein Anmelde-zeitraum f�ur eine Veranstaltung de�niert. Studierende d�urfen das Anmeldeformularnur w�ahrend dieses Zeitraums editieren. Na
h Ablauf der Anmeldefrist k�onnen Stu-dierende ledigli
h ihre eingegebenen Daten einsehen, der Organisator kann jedo
herst dana
h den Verteilungsalgorithmus ansto�en, sowie dessen Ergebnisse ver�o�ent-li
hen, na
hbessern und Kon
ikte beheben. Studierende und Tutoren k�onnen dieErgebnisse erst na
h der Ver�o�entli
hung einsehen.5 Zusammenfassung und Ausbli
kDer TEMPLUS-Dienst ist ein personalisierter, webbasierter Internetdienst zur Or-ganisation und Dur
hf�uhrung von Lehrveranstaltungen an der Universit�at. Zentraldabei sind die ad�aquate Handhabbarkeit der Rollen des universit�aren Alltags, sowiedie Zuverl�assigkeit der entwi
kelten Work
ows, um die Datensi
herheit im Rahmender si
herheitskritis
hen Abl�aufe zu gew�ahrleisten.Das Agent Building Center (ABC) [5℄ ist die ideale Entwi
klungsumgebung f�ur einederartige Webapplikation, denn es bietet� Komponentenbasierte, graphis
he Entwi
klung work
ow-zentrierter Software: So-mit ist Flexibilit�at in Design, Wartung und Weiterentwi
klung gew�ahrleistet.� Flexibles Nutzer- und Rollenmanagement in Form einer Bibliothek von Kom-ponenten: Es ist z.B. au
h m�ogli
h, zur Laufzeit neue Nutzer einzuri
hten undRollen zu de�nieren bzw. zu modi�zieren.� Work
ow-Validierung auf dem Ablaufniveau (SLG): Dabei werden die Kompo-nenten (SIBs) als korrekt funktionierende atomare Bausteine betra
htet. DieValidierung der Work
ows ist der S
hl�ussel zu zuverl�assigen Webapplikationen.Symbolis
he Ausf�uhrung der Applikation, lokale Che
ks bzgl. der Kon�gurationeinzelner SIBs und globale Che
ks, d.h. �Uberpr�ufen der Interaktion zwis
hen ver-s
hiedenen SIBs innerhalb des Work
ows mittels Model
he
king, erm�ogli
hen esdem Benutzer zur Designzeit (d.h. bevor die konkrete Applikation generiert undgetestet wird) die Konsistenz seiner Applikation pr�ufen. So werden viele Fehlerbereits in einer sehr fr�uhen Phase des Softwareentwi
klungsprozesses gefunden,was die Kosten und die Entwi
klungszeit der Webapplikationen reduziert.Unmittelbare Feuerprobe f�ur den Dienst ist der Einsatz bei der Organisation undDur
hf�uhrung der Erstsemestervorlesung Datenstrukturen, Algorithmen und Pro-grammierung 1 im WS 2001/02 an der Universit�at Dortmund. An dieser Stellem�o
hte i
h Bernhard Ste�en und Volker Braun f�ur ihre inhaltli
hen Beitr�age, demTEMPLUS-Entwi
klerteam f�ur die gute Zusammenarbeit, sowie demMETAFrame-Team f�ur die te
hnis
he Unterst�utzung danken. Ohne ihre Mitarbeit w�are es ni
htm�ogli
h gewesen, den TEMPLUS-Dienst innerhalb weniger Monate zu entwi
keln.Geplante Erweiterungen f�urTEMPLUS, die zum Teil no
h w�ahrend desWS 2001/02zum Einsatz kommen sollen, sind



192 Claudia Gsottberger� eine Statistik-Komponente{ zur Verwaltung der Anwesenheit in den �Ubungen und den bei der Abgabevon L�osungen zu �Ubungsaufgaben errei
hten Punkten{ mit automatis
her �Uberpr�ufung von S
heinkriterien� ein Nutzerpro�l-Generator f�ur Studierende, um den Wissensstand und den Lern-forts
hritt bewerten zu k�onnen, sowie die Ursa
hen f�ur Probleme benennen zuk�onnen� Verwaltung von �Ubungsaufgaben� Online-Abgabe und Korrekturunterst�utzung (z.B. automatis
he Compilierungbei Programmieraufgaben als Pr�aprozess)� pro�labh�angige Aufbereitung von Lerninhalten bzw. Generierung pers�onli
herLerneinheiten zur Na
hbereitung der Vorlesungsinhalte bzw. zur Pr�ufungsvorbe-reitungbis hin zu� Notebook-Klausur, bei der alle Studierenden ihre pers�onli
hen, parametrisiertenAufgaben bekommen [7℄� 
exiblem �Ubungsbetrieb mit themenspezi�s
hen �Ubungsgruppen und S
hwer-punkttutorienLiteratur1. V. Braun, A. Holzmann, S. Bollin, and K. Plo
iennik. The Agent Building Center: Brin-ging a Web Appli
ation into Operation. METAFrame Te
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Demonstration der Problematiken beim Einsatzvon Komponenten anhand eines Lernkurses ausJavaBeans-KomponentenUrsula S
heben und Arnd Poetzs
h-He�terFernUniversit�at Hagen, Feithstra�e 142, D-58084 Hagen1 Einf�uhrung und MotivationDie Erwartungen an eine hohe Wiederverwendbarkeit von Software beim Einsatzobjektorientierter Spra
hen hat si
h ni
ht erf�ullt. Obwohl diese Spra
hen gute Me-
hanismen f�ur Datenabstraktion und Datenkapselung bereitstellen, haben sie ni
htzur vermehrten Entwi
klung unabh�angiger, wiederverwendbarer Einheiten gef�uhrt.Statt dessen sind h�au�g gro�e, monolithis
he Programme entstanden.Es hat si
h gezeigt, dass Klassen zu fein granular sind, um weitgehend unabh�angi-ge, wiederverwendbare Komponenten mit komplexerer Funktionalit�at zu bilden. ZurBereitstellung sol
her Funktionalit�aten wird eine Menge von kooperierenden Klassenben�otigt. Gute Konzepte zur Bildung gr�o�erer Einheiten fehlen aber in den meistenobjektorientierten Spra
hen.Au�erdem f�uhrt Vererbung -der Me
hanismus zur Wiederverwendung in objek-torientierten Spra
hen- zum sogenannten fragile base 
lass-Problem [12, 17℄. �Ande-rungen an einer Superklasse k�onnen unvorhersehbare Folgen f�ur die Subklassen na
hsi
h ziehen (Anpassungen, Neukompilierung, Sematik�anderungen...).Diese Probleme f�uhrten zur Entwi
klung von Konzepten f�ur besser wiederver-wendbare Softwarebausteine, sogenannteKomponenten [9,13,17℄. Komponenten sind(bin�are) Einheiten bei denen Entwi
klung, Erwerb und Einsatz unabh�angig von-einander erfolgen und die interagieren, um ein funktionierendes System zu bilden.Komponenten kommunizieren �uber wohlde�nierte S
hnittstellen. Ihre Implementie-rung bleibt verborgen. Sie k�onnen sowohl objektorientiert mit Hilfe mehrerer Klassenimplementiert werden als au
h prozedural (siehe z.B. DCOM [7,9, 17℄).Der Einsatz von Komponenten verspri
ht folgende Vorteile:� Bessere Erweiterbarkeit von Applikationen dur
h Hinzuf�ugen neuer Komponen-ten� Bessere Anpassbarkeit von Applikationen an ge�anderte Bed�urfnisse dur
h Aus-taus
hbarkeit von Komponenten (Beispiel: Komponente zur Re
hts
hreibpr�ufungf�ur vers
hiedene Spra
hen, von vers
hiedenen Anbietern)� H�oherer Grad an Wiederverwendbarkeit f�ur andere Applikationen� M�ogli
hkeit zum Zukauf von Komponenten� Reduzierung der Entwi
klungskosten dur
h Zukauf oder Wiederverwendung� Verteilung von Komponenten auf vers
hiedene Re
hner� Programmierspra
hen- und Plattformunabh�angigkeit� Hohes Abstraktionsniveau (Bereitstellen von Ges
h�aftskomponenten)� Reduzierung der Komplexit�at bei der Erstellung einer neuen Applikation ausbestehenden Komponenten (Unterst�utzung ni
ht spezialisierter Entwi
kler)� Niedrige externe Kopplung zwis
hen vers
hiedenen Komponenten



194 Ursula S
heben, Arnd Poetzs
h-He�terWesentli
h f�ur die Akzeptanz von Komponenten ist, dass der Kompositionsvorgang(das ist das Zusammensetzen von Komponenten zu einem Gesamtsystem -au
h As-sembly genannt-) einfa
h ist und au
h von Ni
ht-Programmierern dur
hgef�uhrt wer-den kann. Dazu geh�oren u.a. eine gra�s
he Unterst�utzung dur
h geeignete Werkzeu-ge, eine weitgehend automatis
he Anpassung von Komponenten an die Bed�urfnisseihrer Klienten sowie die �Uberpr�ufung der Gesamtkon�guration auf Konsistenz.Um zu sehen, wel
he S
hwierigkeiten beim Zusammensetzen von Komponentenmit g�angigen Werkzeugen auftreten, wurden an der FernUniversit�at Hagen Multi-media-Komponenten zum Aufbau von Fernstudienkursen entwi
kelt.2 Multimedia-Komponenten f�ur Studienzwe
keF�ur die Implementierung der Multimedia-Komponenten wurde das JavaBeans - Kom-ponentenmodell [9, 17℄ gew�ahlt.Die entwi
kelten Komponenten sind eingeteilt in atomare und Containerkom-ponenten. Containerkomponenten dienen im wesentli
hen dazu, atomare und an-dere Containerkomponenten aufzunehmen, zu gruppieren und zu verwalten sowieggf. Konsistenzpr�ufungen dur
hzuf�uhren. Zu atomaren Komponenten k�onnen keineanderen Komponenten hinzugef�ugt werden. Sie dienen zum Laden, Spei
hern undDarstellen von Informationen wie Texten, Bildern, Gra�ken et
. und zum Steuernvon Aktionen wie z.B. dem Starten eines Applets oder dem Starten einer Entwi
k-lungsumgebung zum Bearbeiten von Programmierbeispielen.Ein Fernstudienkurs setzt si
h aus mehreren Kurseinheiten zusammen. Jede Kurs-einheit kann ein Inhaltsverzei
hnis, mehrere Kapitel, ein Sti
hwortverzei
hnis, Litera-turverzei
hnis sowie �Ubungen und zugeh�orige L�osungen enthalten. Jedes Kapitel wie-derum kann aus anderen Kapiteln sowie Paragraphen und atomaren Komponentenwie Text-, Bild-, Applet-, Programmierbeispiel- und Re
henkomponenten bestehen.Kurseinheiten, Kapitel und Paragraphen sind Containerkomponenten. Die ato-maren Komponenten sind eingeteilt in aktive und inaktive Komponenten. Beispielef�ur aktive Komponenten sind Komponenten, die Applets steuern, zur Bearbeitungvon Programmierbeispielen dienen oder Tas
henre
hnerfunktionalit�aten implemen-tieren. Inaktive Komponenten sind z.B. Komponenten zum Anzeigen von Texten,Bildern und Gra�ken.Das Zusammensetzen der Komponenten zu einem Kurs erfolgte mit Hilfe derBeanbox [11℄, ihre Entwi
klung mit Hilfe des JBuilders [8, 18℄.3 Probleme und L�osungsans�atzeBei der Entwi
klung und dem Einsatz der Multimedia-Komponenten wurden Pro-bleme erkannt, die grob in zwei Kategorien eingeteilt werden k�onnen:1. Probleme zwis
hen Buildertool und Komponenten2. Probleme bei der Verbindung von Komponenten untereinanderProbleme der ersten Kategorie ergeben si
h im wesentli
hen daraus, da� das Buil-dertool Eigens
haften der Komponenten auswertet, die �uber die dur
h das Kom-ponentenmodell festgelegten Eigens
haften hinausgehen. Dadur
h k�onnen man
heKomponenten in einem bestimmten Tool ni
ht oder nur bedingt verwendet werden.Probleme der zweiten Kategorie haben u.a. folgende Ursa
hen:



Problematiken beim Einsatz von Komponenten 195� Der Entwi
kler (Autor) muss wissen, wel
he Komponenten verwendet werdenk�onnen, um Applikationen eines bestimmten Typs (z.B. einen Fernstudienkurs)zu erstellen und wie sie zu verbinden sind. Das Buildertool unterst�utzt ihn dabeini
ht.� Er muss wissen, wel
he Verbindungen ni
ht erlaubt sind. Zum Beispiel darf eineKurseinheit ni
ht zu einem Kapitel hinzugef�ugt werden. Das Buildertool f�uhrteine sol
he Fehlkon�guration ohne Warnung dur
h.� Dem Entwi
kler muss bekannt sein, ob eine Komponente andere Komponentenben�otigt, um ihre Aufgabe erf�ullen zu k�onnen und wie die Verbindung zwis
hendiesen Komponenten einzuri
hten ist. Wird eine ben�otigte Verbindung zwis
henzwei Komponenten ni
ht oder fals
h hergestellt, �au�ert si
h dies sp�ater in ei-nem Fehlverhalten. Das Buildertool gibt keinen Warnhinweis aus. Beispielsweiseben�otigt die entwi
kelte Re
henkomponente eine Pr�ufkomponenten, die das Er-gebnis der Re
henkomponente �uberpr�uft und zur�u
kmeldet, ob das �ubergebeneErgebnis korrekt war oder ni
ht. Damit die Komponente f�ur Programmierbei-spiele korrekt arbeitet, muss die angegebene IDE verf�ugbar sein und gestartetwerden k�onnen u.s.w.� Einige Buildertools (z.B. Beanbox) bieten keine M�ogli
hkeit, neue (wiederver-wendbare) Komponenten aus bestehenden Komponenten zusammenzusetzen. An-dere Buildertools (z.B. JBuilder) verf�ugen zwar �uber diese Option, setzen hierf�uraber die F�ahigkeiten eines professionellen Entwi
klers voraus. Gerade im Berei
hder Autorensysteme w�are es aber w�uns
henswert, s
hnell und einfa
h immer wie-der ben�otigte Einheiten wie z.B. ein Video zusammen mit Buttons zum Startenund Anhalten erstellen und sp�ater beliebig wieder verwenden zu k�onnen.� Ni
ht speziell f�ur einen bestimmten Anwendungsberei
h entwi
kelte Komponen-ten k�onnen h�au�g ni
ht in anderen Berei
hen eingesetzt werden. Hier fehlen au-tomatis
he Adaptionsme
hanismen, mit denen eine Komponente an ein ge�ander-tes Umfeld angepasst werden kann. Beispielsweise w�are es w�uns
henswert, eineButton-Komponente in einem Fernstudienkurs verwenden zu k�onnen, die ni
htspeziell daf�ur entworfen wurde.Ziel ist es, ein Buildertool in die Lage zu versetzen, den Entwi
kler besser als bis-her beim Kompositionsvorgang unterst�utzen zu k�onnen und dadur
h au
h unge�ubtenBenutzern zu erm�ogli
hen, Applikationen aus Komponenten zusammenzusetzen. Ins-besondere soll es ihn auf bestehende Fehler aufmerksam ma
hen und automatis
heAdaptionen dur
hf�uhren k�onnen. Daf�ur m�ussen die Komponenten zus�atzli
h zu dendur
h das Komponentenmodell vorges
hriebenen Informationen -wie z.B. die un-terst�utzten S
hnittstellen, Methodensignaturen et
.- weitere Informationen bereit-stellen. Dazu geh�oren z.B. Angaben �uber ben�otigte S
hnittstellen anderer Kompo-nenten, ggf. we
hselseitige Verbindungen zweier Komponenten, ni
ht erlaubte Ver-bindungen zwis
hen Komponenten, die verwendete Ar
hitektur usw.Hier liegt das aktuelle Fors
hungsgebiet des Projekts EASYCOMP, an dem dasLehrgebiet "Praktis
he Informatik V" der FernUniversit�at Hagen beteiligt ist. ImLehrgebiet werden Spezi�kationste
hniken gesu
ht, die die oben genannten zus�atzli-
hen Informationen in geeigneter Weise bes
hreiben und die eine automatis
he Aus-wertung von Seiten eines Buildertools erm�ogli
hen.Literatur1. Klaus Bergner, Andreas Raus
h, Mar
 Sihling, Alexander Vilbig, and Manfred Broy. AFormal Model for Componentware. In Gary T. Leavens and Murali Sitaraman, editors,
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