
Formal De�nition of a Conceptual Language for theDescription and Manipulation of Information ModelsA.H.M. ter Hofstede, H.A. Proper, Th.P. van der WeideDepartment of Information SystemsUniversity of NijmegenToernooiveld6525 ED NijmegenThe NetherlandsPublished as: A.H.M. ter Hofstede, H.A. Proper, and Th.P. van der Weide. Formal De�nitionof a Conceptual Language for the Description and Manipulation of Information Models.Information Systems, 18(7), 1993. AbstractConceptual data modelling techniques aim at the representation of data at a high levelof abstraction. This implies that conceptual data modelling techniques should not only becapable of naturally representing complex structures, but also the rules (constraints) thatmust hold for these structures. Contemporary data modelling techniques however, do notprovide a language, which on the one hand has a formal semantics and on the other handleads to natural looking expressions, for formulating these constraints. In this paper such alanguage is de�ned for an existing data modelling technique (PSM), which is a generalisationof object-role models (such as ER or NIAM). In this language not only constraints, but alsoqueries and updates can be expressed on a conceptual level.1 IntroductionCurrently, many conceptual data modelling techniques exist. Conceptual data modelling tech-niques aim at the representation of data at a high level of abstraction. The ConceptualisationPrinciple ([15]) states that a conceptual schema should deal only and exclusively with aspects ofthe underlying Universe of Discourse (UoD). Any aspect irrelevant to that meaning, e.g. machinee�ciency, should be avoided. Contemporary data modelling techniques are not capable of adher-ing to the Conceptualisation Principle for each UoD. Choices that are not relevant with respect tothe UoD have to be made (leading to overspeci�cation) or, even worse, the UoD has to be adapted,e.g. extra object types have to be introduced, to meet the requirements of the modelling technique.These problems are caused by the lack of su�ciently powerful construction mechanisms.Another important principle of conceptual data modelling is the 100% Principle ([15]), whichstates that a conceptual schema completely prescribes all the permitted states and transitions ofthe conceptual data base. This implies that a conceptual data modelling technique should notonly be capable of representing complex structures but also rules (constraints) that must hold forthese structures. In most modelling techniques such constraints can not be expressed formally,but need to be expressed in natural language, obviously causing interpretation problems ([22]).Besides constraints, it would also be convenient to be able to express queries and updates on a1



conceptual level. Many query and manipulation languages (e.g. SQL) require a fairly high level oftraining or are based on a rather primitive data modelling technique (e.g. ER).In [23], the conceptual data modelling technique PSM (Predicator Set Model) has been de�ned,which is capable of representing complex object structures without violating the ConceptualisationPrinciple. PSM is an extension of PM (Predicator Model [4]) which on its turn is a formalisationof NIAM ([31], [42], [17]). This means that all NIAM schemas can be seen as PSM schemas. It alsomeans that the design procedure supporting the construction of NIAM schemas and the NIAMphilosophy are not lost, they only need to be extended to support also the additional constructs.The NIAM analysis method originates from the early seventies, and is based on an analysis methodfor natural language. The language starts from examples which are (partial) descriptions of theunderlying domain provided by domain experts. Such an analysis leads, in a natural way, toan information structure. The use of examples helps to bridge the gap between domain expertand system analyst. It is only obvious that the language for manipulating and querying has theformat of a semi natural language. The language RIDL (Reference and IDea Language [9], [29])was developed for this purpose. However, due to its informal de�nition, no rigid base for bothsyntax and semantics was provided, the language never got much acceptance. Furthermore, RIDLwas based on the restricted binary version of NIAM ([38]).The intention of this paper is to make a (re)design of, a strongly extended version of, RIDL. Theresulting language is called LISA-D (Language for Information Structure and Access Descriptions),and is based on PSM. Its functionality far exceeds the intended functionality of RIDL. As PSM hasbeen designed as a general object-role modelling technique, LISA-D is (in principle) also applicableto well-known representatives of object-role modelling techniques such as ER ([7]), FDM ([36]) orINFOMOD ([24]).The organisation of this paper is as follows. In section 2 a summary of the formal de�nition ofPSM is given in order to make this paper self-contained. In section 3 path expressions are intro-duced. Path expressions form a primitive, yet powerful, language for information manipulation.In section 4 the language LISA-D is introduced and formally de�ned by means of a translationto path expressions. Information descriptors form the basic syntactical construct of LISA-D andthey are used for the de�nition of constraints, queries and updates in LISA-D. Upon �rst reading,sections 2 and 3 may be skipped, although they are necessary for a complete understanding of thispaper.2 The Predicator Set ModelThis section contains a formal description of PSM. This formal description serves as a platform fora manipulation language, introduced in the next section. The formal description consists of threeparts. In the �rst part, information structures are de�ned. Information structures capture thesyntax of PSM schemas without graphical constraints. The second part deals with instantiations,referred to as populations, of information structures. The third part contains the requirementsimposed on a PSM schema that make it possible to uniquely denote abstract instances in terms ofconcrete instances (labels). This is called structural identi�cation. (This section may be skippedduring a �rst introductory reading).2.1 The Information StructureAn information structure is a structure consisting of the following basic components:1. A �nite set P of predicators.2. A nonempty set O of object types. 2



3. A set L of label types. Label types are also object types: L � O.4. A set E of entity types (E � O).5. A partition F of the set P. The elements of F are called fact types. Fact types are alsoobject types (F � O). The auxiliary function Fact : P ! F yields the fact type in whicha given predicator is contained, and is de�ned by: Fact(p) = f , p 2 f .6. A set G of power types. Power types form a special class of object types (G � O).7. A set S of sequence types. Sequence types form a special class of object types (S � O).8. A set C of schema types: C � O.9. A function Base : P ! O. The base of a predicator is the object part of that predicator.10. A function Elt : G [ S ! O. This function yields the element type of power types andsequence types.11. A relation � � C � O. This relation describes the decomposition of schema types.12. A partial order Spec on object types, capturing specialisation.13. A function u : O ! O yielding the Pater Familias of a given object type.14. A partial order Gen on object types, expressing generalisation.In this approach, the instances of object types are not part of the information structure. Instan-tiations (populations) will be introduced in section 2.2.
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Figure 1: Example information structureExample 2.1Figure 1 shows an information structure diagram visualising the information structure that consistsof: P = fp; q; r; s; t; u; v; w; xg O = fA;B;C;D;E; F; f; g; h; igF = ff; g; h; ig G = fEgS = ? C = ?E = fA;B;C;Dg L = fFgwhere f = fp; qg, g = fr; s; tg, h = fu; vg, i = fw; xg. With respect to the predicators: Base(p) =B, Base(q) = A, Base(r) = f , etc. Finally, Elt(E) = A, Spec and Gen are empty, and u(x) = x forall object types x. 3



Due to the di�erent interpretation that will be given to label types, fact types, power types,sequence types, schema types and entity types, these object types are all considered to be di�erentconcepts:(PSM1) (separation) L, F , G, S, C and E form a partition of O2.1.1 Abstract and concrete objectsIn data modelling there exists a distinction between objects that can be represented directly andobjects that cannot be represented directly. In ER, this distinction is reected by the di�erencebetween entity types and attribute types, while in NIAM and PSM this distinction correspondsto the di�erence between entity types and label types. Labels can be represented directly on acommunicationmedium, while other objects depend for their representation on labels. As a result,label types are also called concrete object types, as opposed to the other object types which arereferred to as abstract object types. The gap between concrete and abstract object types can onlybe crossed by special binary fact types, called bridge types in the NIAM terminology. We willcome back to this in the next subsection.2.1.2 Fact typingOne of the key concepts in data modelling is the concept of relationship type. Generally, a relationtype is considered to represent an association between object types. In �gure 2 the graphicalrepresentation of a binary relation R between object types X1 and X2 is shown, both in theNIAM and ER style. A relation type consists of a number of roles (r1 and r2 in �gure 2), denotingthe way object types participate in that relation type. The connection between an object typeand a role is called a predicator (p1 and p2 in �gure 2, see [4]).����X1 Rr1p1 r2 p2 ����X2 X1 ��@@��@@Rp1 p2 X2Figure 2: A NIAM relation type, and its corresponding ER diagramIn PSM a relation type is considered to be a set of predicators. A relation type is thereforeconsidered to be an association between predicators, rather than between objects types. A relationtype (also referred to as fact type) may be treated as an object type (fact objecti�cation), and cantherefore play a role in other relation types.Bridge types establish the connection between abstract and concrete object types. The termBridge(f) quali�es fact type f as a bridge type, and is an abbreviation for the expression9p;q [f = fp; qg ^ Base(p) 2 L ^ Base(q) 62 L]B denotes the set of bridge types. The strict separation between the concrete and abstract levelis expressed by the rule that label types may only participate in bridge types:(PSM2) Base(p) 2 L ) Bridge(Fact(p))The predicators that constitute a bridge type b = fp; qg can be extracted by the operators concrand abstr. These operators are de�ned by concr(b) 2 b ^ Base(concr(b)) 2 L and abstr(b) 2 b ^Base(abstr(b)) 62 L respectively.Example 2.2 In �gure 1, i is a bridge type with concr(i) = x and abstr(i) = w.4



2.1.3 Power typingThe concept of power type in PSM forms the data modelling pendant of power sets in conventionalset theory ([26]). This notion is the same as the notion of grouping as introduced in the IFOdata model ([1]). An instance of a power type is a set of instances of its element type. Such aninstance is identi�ed by its elements, just as a set is identi�ed by its elements in set theory (axiomof extensionality). ����Ship has-code code-of ����(Ship-code)�-�-r r2pConvoy2eConvoy ?6   '&$%rConvoyFigure 3: A simple example of a power typeAn example of power typing is the Convoy Problem (based on [18]), depicted in �gure 3. There,the object type Convoy is a power type with as element type Ship. As a result, each instance ofobject type Convoy is a set of instances of Ship. Convoys are identi�ed by their constituent ships,whereas ships are identi�ed by a Ship-code, which is a label type. To distinguish label types fromentity types in diagrams, label type names are parenthesized. Furthermore, the black dot on theobject type Ship is an example of a so-called total role constraint, it expresses that each instanceof Ship has to play the role has-code. The arrow above this role is an example of a uniquenessconstraint and expresses that instances of Ship play the role has-code at most once. The formalsemantics of these graphical contraint types can be found in [4]. An overview of the drawingconventions is included in the appendix.This Convoy Problem is not expressible in terms of a NIAM or ER schema (see [21]), withoutviolating the Conceptualisation Principle.The element type of a power type is found by the function Elt. The relation between a power typex and its element type Elt(x) is recorded in the fact type 2x = f2px;2exg, where Base(2px) = x andBase(2ex) = Elt(x). This relation is assumed to be available for each power type. Usually 2x istreated as an implicit fact type, and not drawn in the information structure diagram. If this facttype is subject to constraints it needs to be made explicit. Note that, in this way, power typingcorresponds to a polymorphic type constructor, and the fact type 2x to an associated polymorphicaccess operator.The strict separation between abstract and concrete object types prohibits label types to occur aselement type:(PSM3) Elt(x) 62 L2.1.4 Sequence typingSequence typing o�ers the opportunity to represent sequences, built from an underlying elementtype. This notion is not elementary in PSM, as it is expressible in terms of generalisation (see [23]).Nonetheless, the concept of sequence type is treated as an independent concept in this paper,because this facilitates its use in the manipulation language to be introduced in the remainder ofthis paper.Example 2.3 A train is identi�ed by a T-code, and consists of a locomotive followed by a sequenceof freight cars. This Universe of Discourse is modelled in the information structure diagram of�gure 4. 5



����Train(T-code) rr ����Freight-car(C-code)����Loco-motive(L-code) r Freight-car-sequence ����(I)has of�-part-of contains�-�- 2sFS2eFS?6r    @sFS @iFS�-����rFigure 4: The train composition administrationThe element type of a sequence type is also found by the function Elt. The relation between asequence type x and its element type Elt(x) is recorded in the (implicit) fact type 2x = f2sx;2exg,where Base(2sx) = x and Base(2ex) = Elt(x). Contrary to power types, this relation 2x is augmentedwith the position of the element in the sequence, via the (implicit) fact type @x = �@sx;@ix	, whereBase(@sx) = 2x and Base(@ix) = I. The object type I is the domain for indexes in sequence types.Usually the natural numbers are used for this purpose. The index type is assumed to be a labeltype (I 2 L), which is assumed to be totally ordered and to have a least element.Note that axiom PSM3 also applies for sequence types.2.1.5 Schema typingA schema type is an object type with an underlying decomposition. The concept of schema typingallows for the decomposition of large schemata into, objecti�ed, subschemata. The need for such amechanism has been generally recognised. Though in [23] it has been argued that schema typingis not an elementary concept, it is considered an independent concept here for the same reason asmentioned for sequence types in the previous section.����Activity having-input is-input-of� -having-output is-output-of� - ����State��������PPPPPPPP PPPPPPPP��������'
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Activity graph����t ����tCCCCCCCCC ������������� AAAAbeing-decom-posed-into being-decom-position-of�-�- being-decom-position-of being-decom-posed-into�-�-Figure 5: An information structure diagram for Activity GraphsExample 2.4 Activity Graphs are a well-known modelling technique for processes (see [35]). Ac-tivity graphs are bipartite directed graphs consisting of activities (processes) and states. States,which can be compared to ows in data ow diagrams (see e.g. [43]), can be input for or output of6



activities. In an Activity Graph, both activities and states may be subject to decomposition. Thisresults in the information structure diagram of �gure 5.Schema types can be decomposed into an underlying information structure via the relation �, withthe convention that x� y is interpreted as x is decomposed into y or y is part of the decompositionof x. This underling information structure Ix for a schema type x is derived from the objecttypes into which x is decomposed: Ox = � y 2 O j x� y 	. Analogously, the special object classesFx, Gx, Sx, Cx and Ex can be derived. The functions Basex, Eltx, �x, Specx, ux and Genx areobtained by restriction to object types within Ox. In order to be a proper decomposition, theunderlying information structure should form an information structure on its own:(PSM4) (structural nesting) x 2 C ) Ix is a PSM information structureWith each schema type x and each object type y in its decomposition, an (implicit) fact type2x;y = �2cx;y;2dx;y	 is associated, where Base(2cx;y) = x and Base(2dx;y) = y. This fact type willenable the transition from a schema object to an object from its decomposition.2.1.6 SpecialisationSpecialisation, referred to as subtyping in NIAM, is a mechanism for representing one or more(possibly overlapping) subtypes of an object type. Specialisation is to be applied when only forspeci�c instances of an object type certain facts are to be recorded. Suppose for example thatonly for Adults, i.e. Persons with an Age greater or equal than 18, one is interested in the Carsthey own. This situation is captured by the PSM schema in �gure 6.����Adult ����Carowns owned-by����Person ����Agehas is-ofr �-� -6Figure 6: Example of specialisationA specialisation relation between a subtype and a supertype implies that the instances of thesubtype are also instances of the supertype (each Adult is also a Person). For proper specialisation,it is required that subtypes be de�ned in terms of one or more of their supertypes. Such a decisioncriterion is referred to as Subtype De�ning Rule ([4]). In �gure 6 the subtype de�ning rule forAdult is expressed (in LISA-D) as:Adult = Person has Age � 18As a consequence, identi�cation of subtypes is derived from their supertypes. Therefore, if in theongoing example Persons would be identi�ed by a name, then Adults are also identi�ed by thatname.Specialisation relations are organised in so-called specialisation \hierarchies". A specialisationhierarchy is in fact not a hierarchy in the strict sense, but an acyclic directed graph with a uniquetop. This top is referred to as the pater familias (see [10]). In the example of �gure 6, the paterfamilias of Adult is Person. 7



Objects inherit all properties from their ancestors in the specialisation hierarchy. This character-istic of specialisation excludes non-entity types (e.g. fact types) occurring as subtypes. Considerfor example the case that a ternary fact type is a subtype of a binary fact type. Clearly this leadsto a contradiction. No problems occur when non-entity types themselves are specialised. Conse-quently, non-entity types always act as pater familias. For an in depth discussion of specialisation,we refer to [16].The concept of specialisation is introduced as a partial order (asymmetric and transitive) Spec onobject types, with the convention that a Spec b is interpreted as: a is a subtype (specialisation) ofb, or b is a supertype of a. Subtypes inherit the structure of their supertypes. A consequence isthat only entity types can act as subtype. This, on its turn, prohibits specialisation of label types.(PSM5) (strictness) Spec � E � (O�L)(PSM6) (asymmetry) a Spec b) :b Speca(PSM7) (transitivity) a Spec b ^ b Spec c) a Spec cEach specialisation hierarchy has a unique top element, the pater familias of the object types inthis hierarchy. The pater familias is found by the function u : O ! O (which is similar to the topoperator from lattice theory). This function has the following properties:(PSM8) (cohesion) a Spec b) u(a) = u(b)(PSM9) (ancestor) a 6= u(a)) a Specu(a)In the remainder spec(a) will be used as an abbreviation for 9x2O [x Spec a]. From these axiomsthe following important property, stating that a pater familias cannot be a subtype, can be derived(the proof can be found in [23]).Lemma 2.1 :u(a) Spec bCorollary 2.1 Idempotency of u: u(u(a)) = u(a)2.1.7 GeneralisationGeneralisation is a mechanism that allows for the creation of new object types by uniting existingobject types. Generalisation is to be applied when di�erent object types play identical roles infact types. Contrary to what its name suggests, generalisation is not the inverse of specialisation.Specialisation and generalisation originate from di�erent axioms in set theory ([23]) and thereforehave a di�erent expressive power.For generalisation it typically is required that the generalised object type is covered by its con-stituent object types (or speci�ers). Therefore, a decision criterion as in the case of specialisation(the subtype de�ning rule) is not necessary. Furthermore, properties are inherited \upward" in ageneralisation hierarchy instead of \downward", which is the case for specialisation (see also [1]).This also implies that the identi�cation of a generalised object type depends on the identi�cationof its speci�ers. From the nature of generalisation, it is apparent that a non-entity type cannotbe a generalised object type.Example 2.5 In �gure 7 we see an example of generalisation. A formula may be either a singlevariable, or constructed by some function (say f) from simpler formulas. It is clear that instancesfrom the object type Formula inherit the structure (identi�cation) from the speci�er from whichthey originate (Variable or f). 8



����Variable ��������Formula�I f eeeeeeeehaving-left-arg having-right-argFigure 7: Example of generalisationThis example also shows that generalisation can be used to de�ne recursive object types. Thisis not possible in the IFO data model ([1]), where object types are hierarchical structures. Inthe Logical Data Model (see [25]), however, object types are directed graphs, which may containcycles.The concept of generalisation is introduced as a partial order (asymmetric and transitive) Gen withthe convention that aGen b is interpreted as: a is a generalisation of b, or b is a speci�er of a. Asgeneralised objects inherit the structure from the speci�er from which they originate, only entitytypes can act as generalised object types. The strict separation between abstract and concreteobject types prohibits the generalisation of label types.(PSM10) (strictness) Gen � E � (O�L)(PSM11) (asymmetry) aGen b) :bGena(PSM12) (transitivity) aGen b ^ bGen c) aGen cIn the remainder gen(a) will be used as an abbreviation for 9x2O [aGenx]. Generalisation and spe-cialisation can be conicting due to their inheritance structure. To avoid such conicts, generalisedobject types are required to be pater familias:(PSM13) gen(a)) u(a) = a2.1.8 Type RelatednessIntuitively, object types can, for several reasons, have values in common in some instantiation. Forexample, each value of object type x will, in any instantiation, also be a value of object type u(x).As another example, suppose xGeny, then any value of y in any population will also be a value ofx. A third example, where object types may share values is when two power types have elementtypes that may share values. In this section, this is formalised in the concept of type relatedness.Formally type relatedness is captured by a binary relation � on O. Two object types are typerelated if and only if this can be proven from the following derivation rules:(T1) ` x � x(T2) x � y ` y � x(T3) x Spec y ^ y � z ` x � z 9



(T4) xGeny ^ y � z ` x � z(T5) x; y 2 G ^ Elt(x) � Elt(y) ` x � y(T6) x; y 2 S ^ Elt(x) � Elt(y) ` x � y(T7) Ox = Oy ` x � y����A ����C����B ����D����* * Y ����F����E ����Gp qr s t uf g hFigure 8: Example information structureExample 2.6 In �gure 8 the only object types that are type related are A and B, C and D andF and D.2.2 PopulationsAn information structure is used as a frame for some part of the (real) world, the so-called Universeof Discourse (U�D). A state of the U�D then corresponds to a so-called instantiation or populationof the information structure, and vice versa. The idea of states was previously mentioned in [14],[39], [8]. Furthermore, a state transition of the U�D has a corresponding transition on populationsof the information structure. This can be formulated as:The Universe of Discourse is isomorphic with the set of possible populations of theinformation structure and a transition relation hereupon.This is called the conceptuality property of information structures. In this paper, a population Popof an information structure I is a value assignment of sets of instances to the object types in O,satisfying the rules that will follow in the rest of this section. This is denoted as IsPop(I;Pop). Popthen is a mapping Pop : O ! }(
), where 
 is the universe of instances that can occur in thepopulation of an information structure I. This universe of instances is de�ned in de�nition 2.1.The set of all populations is de�ned as POP = O ! }(
).An information structure can only be populated if a link is established between label types andconcrete domains. The instances of label types then come from their associated concrete domain.Formally this link is established by the function Dom : L ! D. The range of this function, i.e.D, is the set of concrete domains (e.g. string, natno). The sets in D form the carriers of a manysorted algebra D = hD;F i, where F is the set of operations (e.g. +) on the sorts in D.De�nition 2.1 The universe of instances 
 is inductively de�ned as the smallest set satisfying:1. SD � 
. Instances from the sorts in the many sorted algebra are elements of the universeof instances.2. � � 
, where � is an abstract (countable) domain of (unstructured) values that may occurin the population of entity types. 10



3. x1; : : : ; xn 2 
 ^ p1; : : : ; pn 2 P ) fp1 : x1; : : : pn : xng 2 
. The set fp1 : x1; : : : ; pn : xngdenotes a mapping, assigning xi to each predicator pi. These mappings are intended for thepopulation of fact types (see the Conformity Rule).4. x1; : : : ; xn 2 
) fx1; : : : ; xng 2 
. Sets of instances may occur as instances of power types(see the Power Base Rule).5. x1; : : : ; xn 2 
) hx1; : : : ; xni 2 
. Sequences of instances are used as instances of sequencetypes (see the Sequence Type Rule). The i-th element of a sequence hx1; : : : ; xni, i.e. xi,can be derived using projection, denoted as: hx1; : : : ; xni [i].6. X1; : : : ; Xn � 
 ^ O1; : : : ; On 2 O ) fO1 : X1; : : : ; On : Xng 2 
. Assignments of sets ofinstances to object types are also valid instances. They are intended for the populations ofcomposition types (see the Decomposition Rule).The �rst population rule is the Strong Typing rule, which expresses that instantiations of abstractobject types may only have instances in common, if they are type related.(P1) x; y 62 L ^ x 6� y ) Pop(x) \ Pop(y) = ?The population of a label type is a set of values, taken from its corresponding concrete domain:(P2) x 2 L ) Pop(x) � Dom(x)Root object types are object types that are neither generalised, nor a subtype. This is formalisedas: IsRoot(x)�: gen(x) ^ : spec(x). The population of root entity types is a set of values, takenfrom the abstract domain �.(P3) x 2 E ^ IsRoot(x)) Pop(x) � �The population of a fact type is a set of tuples. A tuple t in the population of a fact type fis a mapping of all its predicators to values of the appropriate type. This is referred to as theConformity Rule:(P4) x 2 F ^ y 2 Pop(x)) y : x ! 
 ^ 8p2x �y(p) 2 Pop(Base(p))�The population of a power type consists of (nonempty) sets of instances of the correspondingelement type. This is called the Power Type Rule:(P5) x 2 G ^ y 2 Pop(x)) y 2 }(Pop(Elt(x)))� f?gThe (implicit) fact type 2x that is provided for each power type x, describes the relation betweenpower type x and its element type Elt(x). This is described in the Power Base Rule:(P6) x 2 G ) Pop(2x) = � f2px : u;2ex : vg j u 2 Pop(x) ^ v 2 u 	The Power Base Rule is as a derivation rule for the population of fact type 2x. Note that itis not necessary in the Power Base Rule to state that v 2 Pop(Elt(x)) since this follows from theConformity Rule. The population of a sequence type consists of (nonempty) sequences of instancesof the corresponding element type. This is called the Sequence Type Rule:(P7) x 2 S ^ y 2 Pop(s) ) y 2 Pop(Elt(x))+ 11



Indexing in sequence type x is provided by the (implicit) fact types 2x and @x. This is conceivedin the Sequence Decomposition Rules.(P8) x 2 S ) Pop(2x) = � f2sx : u;2ex : vg j u 2 Pop(x) ^ 9i2I [u[i] = v] 	(P9) x 2 S ) Pop(@x) = ��@sx : u;@ix : v	 j u 2 Pop(2x) ^ u(2sx)[v] = u(2ex) 	These rules can be used as derivation rules for 2x and @x.The population of a composition type consists of populations of the underlying information struc-ture. This is called the Decomposition Rule:(P10) x 2 C ^ y 2 Pop(x)) IsPop(Ix; y)The relation between a composition type and its constituing object types is recorded in the facttype 2c;d. Its population is decribed in the Decompositor Rule, which is a derivation rule:(P11) x� y ) Pop(2x;y) = ��2cx;y : u;2dx;y : v	 j u 2 Pop(x) ^ v 2 u(y) 	Lemma 2.2 x� y ) 8u2Pop(x) [u(y) � Pop(y)]Proof: Assume u 2 Pop(x) and v 2 u(y). Applying the Decompositor Rule one can derive that�2cx;y : u;2dx;y : v	 2 Pop(2x;y). From the Conformity Rule and the fact that Base(2dx;y) = yit then follows that v 2 Pop(y).2Respecting the specialisation hierarchy is reected by the Specialisation Rule:(P12) x Spec y ) Pop(x) � Pop(y)This rule does not require that instances of subtypes have to ful�l the subtype de�ning ruleassociated to the involved subtype. A subtype de�ning rule is de�ned as an information descriptor(see section 4). Up to this point no language for the formulation of such rules is available. Thesubtype de�ning rule should however also be considered as a population derivation rule, thepopulation of a subtype can be computed using this rule.Respecting the Generalisation hierarchy is reected by the Generalisation Rule:(P13) gen(x)) Pop(x) = SxGeny Pop(y)The Generalisation Rule, which clearly is a derivation rule, requires that the population of ageneralised object type (x) is completely covered by the populations of its speci�ers.Example 2.7 A sample population of the information structure of �gure 1 is:Pop(A) = fa1; a2g Pop(f) = � fp : b1; q : a1g ; fp : b1; q : a2g	Pop(B) = fb1g Pop(g) = � fr : fp : b1; q : a1g ; s : d1; t : c1g	Pop(C) = fc1g Pop(h) = � fu : fa1g ; v : c1g ; fu : fa1; a2g ; v : c1g	Pop(D) = fd1g Pop(i) = � fw : c1; x : 17g	Pop(E) = � fa1g ; fa1; a2g	Pop(F ) = f17gIt is assumed that the concrete domain of label type F is the set of natural numbers. In the abovepopulation 17 comes from this domain and is the only label instance. The instances a1, a2, b1,c1 and d1 come from the abstract domain � and are considered to be non-denotable by a user.Note that if the instance fw : c2; x : 17g is added to the population of fact type i the conformityrule is violated, since c2 is not an element of Pop(C). In �gure 9 this population is graphicallyrepresented. The population of the implicit fact type 2E can be derived to be:Pop(2E) = � f2pE : fa1g ;2eE : a1g ; f2pE : fa1; a2g ;2eE : a1g ; f2pE : fa1; a2g ;2eE : a2g	12
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Figure 9: Graphic representation of a population2.3 Structural identi�cationStructural identi�ability is a schema property that ensures that each population is weakly identi-�ed, i.e., in each population each object instance can be identi�ed by some of its properties. Thismakes it possible to denote abstract instances, e.g. entities, in terms of concrete instances, i.e.labels.Let � = hI;Ri be a PSM schema over information structure I bounded by a set R of con-straints. The important constraints for structural identi�cation are the total role constraint andthe uniqueness constraint. Informally, a total role constraint total(� ) over a set of predicators �states that object instances in the population of their bases occur at least once in the populationof these predicators. A uniqueness constraint unique(� ) over a set of predicators � expresses theuniqueness of combinations of values in these predicators. Examples of a total role constraint anda uniqueness constraints have been discussed in example 6. The formal semantics of the total(� )and unique(� ) is given in [4] and [40].The requirements for structural identi�cation have been presented in [23], and are only brieylisted here. A PSM schema � is structurally identi�able i�:1. � is closed over labels, i.e., each label type occurs in some total role constraint:8x2L9p2P9total(�)2R [Base(p) = x ^ p 2 � ]The motivation behind this is to enforce the absence of unused label values.2. All object types can be identi�ed: 8x2O [Identi�able(x)]The identi�cation of an object can be seen as a �xed set of properties that provide a uniquedescription in terms of label values.The predicate Identi�able is de�ned in terms of the structure of objects. The respective objectclasses are discussed consecutively.Label TypesIf x is a label type, then obviously Identi�able(x).13



Fact TypesA fact type x (or, generally, a set of predicators) is identi�able if all components of x are identi�able:8p2x [Identi�able(Base(p))]Power Types and Sequence TypesA power type or sequence type x is identi�able if its element type is identi�able:Identi�able(Elt(x))Composition TypesA composition type x is identi�able if all its constituent object types are identi�able:8x� y [Identi�able(y)]Entity TypesIf x is an entity type, then the following cases can be distinguished.If x is not pater familias (u(x) 6= x) then x takes (inherits) its identi�cation from its pater familias,provided that the subtype membership is decidable from the subtype de�ning rules (see section 2).A second case of identi�cation inheritance arises from object generalisation. In this case the objecttype inherits its identi�cation from some of its speci�ers. More precisely, if x is a generalised objecttype (gen(x)), then x is identi�able if:9y2O [xGeny ^ Identi�able(y)]This leaves the identi�cation of root object types, in which case we are looking for identi�cationpaths (denominations). These denominations form a recipe for uniquely denoting each object ofthe object type, in any population. The set of possible �rst names for denominations is de�nedby: N (x) = � p j Base(p) = x ^ total(fpg) ^ unique(fpg) 	The identi�cation of object type x now depends on the existence of a set of middle names (con-stituting a so-called identi�er), i.e., a set � of predicators such that:� (uniqueness of denotation) unique(� )� (�rst name-middle name relatedness) 8p2�9q2Fact(p) [q 2 N (x)]� (recursion) 8p2� [Identi�able(Base(p))]Example 2.8 In �gure 10 an example of identi�cation in the case of an entity type that is a paterfamilias is shown. The bases of predicators p1; p5 and p9 are label types. Entity type Address canbe identi�ed by identi�er fp7; p9g, which requires the identi�cation of Street. This can be achievedby identi�er fp3; p5g, which on its turn requires the identi�cation of Community. Communitiesare identi�ed by a C-name. As a result, an Address can be uniquely denoted in the followingformat: (p9 : H-nr; p7 : (p5 : S-name; p3 : (p1 : C-name)))14



����Commu-nity rr����(C-name)r ����Streetr rr����(S-name)r ����Addressr r����(H-nr)r?6?6 �- ?6 �- ?6p1p2 p5p6 p9p10p3 p4 p7 p8f1 f3 f5f2 f4����u ����uFigure 10: Example of complex identi�cationStructural identi�cation ensures the existence of denominations for entity types. For each entitytype one denomination has to be selected as its standard name. In order to get short denotations forentity types, by omitting predicators, an order of the middle names is de�ned by Ident : E ! P�.The (partial) function Copred : P � P is introduced to resolve any ambiguity in the relationbetween middle names and �rst names. However, predicators from the same fact type should beassigned the same copredicator:Fact(p) = Fact(q)) Copred(p) = Copred(q)Example 2.9 For example 2.8 the functions Ident and Copred could be:Ident(Address) = hp7; p9i Copred(p7) = p8Ident(Street) = hp3; p5i Copred(p9) = p10Ident(Community) = hp1i Copred(p5) = p6Copred(p3) = p4Copred(p1) = p2This allows a short denotation for addresses in the form:hH-nr; S-name;C-nameiBesides for the identi�cation of entity types, Ident is extended to provide a standard namingconvention for fact types as well. If f = fp1; : : : ; png is a fact type, then Ident(f) = hp1; : : : ; pnidetermines an order on the predicators in f . This order will be used in section 4.5 to de�ne astandard naming for fact type f .3 Path ExpressionsPath expressions are constructs for expressing derived fact types closely following the underlyinginformation structure. Path expressions can be constructed from elements of the informationstructure (predicators, object types) and a number of operators. They are evaluated with respectto the current population of the information structure at hand. In its elementary form, a pathexpression corresponds to a path through the information structure, starting and ending in anobject type. Intermediate object instances, though needed for the evaluation of path expressions,are discarded in their �nal result. The reason for this is uniformity, since this approach alwaysleads to evaluation results in the form of binary relations. To compensate for the information thatmay be lost by discarding intermediate object instances, these binary relations take the form ofmultisets of tuples. More complex forms of path expressions may be inhomogeneous, i.e. resulting15



in tuples from di�erent domains. Path expressions are thus interpreted as inhomogeneous binarymultiset relations. At a �rst reading of the article, this section may be skipped.As the semantics of path expressions are de�ned using multisets, this section starts with a treat-ment of multisets and operations on multisets. Section 3.2 then presents the formal de�nitionof path expressions. The set of path expressions for a given information structure I, is denotedas PE(I). In section 4 path expressions will be used to de�ne the semantics of informationdescriptors in LISA-D.3.1 Basic Algebraic Operations on MultisetsMultisets ([27]), also known as multiple membership sets ([26]), or bags ([32]), di�er from ordinarysets in that a multiset may contain an element more than once. Multisets over an underlyingdomain X are elegantly introduced as functions: X ! INI , assigning to each x 2 X its frequency.In the de�nitions of the operations on multisets, the �-calculus notation provided by [2], will beemployed. For instance �x.x2 is the polynomal function assigning x2 to each x-value.As in set theory, ? denotes the empty multiset, with de�nition: �x.0. If C is an expression whichde�nes a function M : X ! INI , then: M ���e"n ��C(e; n)�	 is a more conventional denotation fora multiset corresponding to bag comprehension, see e.g. [3]. Bag comprehension can be used forintentional denotations of multisets. Extentional denotations are de�ned by: ��a�	���a"q �� q = 1�	and ��a1; : : : ; an�	���a1�	 [ : : :[ ��an�	. We will write e 2n M rather than M (e) = n, and e 2Mfor M (e) > 0. Besides forming multisets by means of an intentional or extentional speci�cation,they can be formed by the following binary operators:N [M � �x.N (x) +M (x)N \M � �x.min(N (x);M (x))N �M � �x.max(N (x)�M (x); 0)The comparison operator N � M for multisets is de�ned as: 8x [N (x) �M (x)]. From thisoperator, the � comparison is derived in the usual way: N � M ^ N 6= M . This allows for thede�nition of the powerset of a multiset: }(X) = ��Y "1 �� Y � X �	. Coercions from multiset to setand vice versa are de�ned by the following functions:Set(N ) � �x j x 2 N	Multi(S) � ��x"1 �� x 2 S �	The number of elements in a multiset is counted by jN j�Px2X N (x). In this paper, a usefulclass of multisets operations operates on multisets over binary tuples X�X. We start by de�ningthe following coercion operations between multisets over X and X �X:Sqr(N ) � ��hx; xi"n �� x 2n N �	and conversely: �1(N ) � �x.Py2X N (x; y)�2(N ) � �y.Px2X N (x; y)We de�ne three extra operations for multisets over X �X:N �M � �hx; yi.Sa2X N (x; a)�M (a; y)N �M � �hx; yi.Sa;b2X N (x; a)�M (y; b)N � �hx; yi.N (y; x)where N corresponds to the reverse relation, N �M to the concatenation of N and M , andN �M to the head-head combinations of N and M . On the � and  operations, we de�ne the16



neutral element: 1X�X ��hx; xi.1. We also de�ne the following operation, being the multisetpendant of a union of a set of sets:]N � �x. XA2N;x2AN (A)Note that N is a multiset of sets. By making assumptions on the underlying domains X we canintroduce some more interesting operations. If X is an arithmetic domain, then the followingoperations can be de�ned: max(N ) � max(Set(N ))min(N ) � min(Set(N ))sum(N ) � Px2X x� N (x)As in conventional set theory, the concept of ordered pair is introduced, and generalised to tuplesof arbitrary length (also denoted as sequences). Sequences can be denoted by enumeration, e.g.ha; b; c; di. The operator Lin converts a tuple (of any length) to the corresponding multiset:Lin(hx1; : : : ; xni) = [1�i�n��x[i]�	for example Lin(ha; b; c; d; ai) = ��a; a; b; c; d�	.3.2 Path ExpressionsThe syntax of path expressions is presented as an abstract syntax. In [30] the motivation for theuse of an abstract syntax is stated as follows:The use of abstract syntax rather than concrete syntax as a basis for studies of pro-gramming languages is representative of an important trend in software engineering:the move towards a higher-level view of software objects, emphasising deep structurerather than surface properties. Concepts such as abstract data types are another ex-ample of this trend.The semantics of path expressions will be de�ned using denotational semantics (see e.g. [37]).The semantics of each syntactical construct are de�ned in terms of other syntactical constructs,and ultimately in terms of multisets as de�ned in the previous subsection. An important rolein denotational semantics is played by the environment, representing the state of a program. Inthe case of path expressions, the environment is the population of the information structure.Information descriptors are evaluated in the context of this environment.As a path expression corresponds to a (directed) path through the information structure diagram,such a path is interpreted as describing a relation between the object types at its beginning andending point. However, path expressions may be inhomogeneous, as a result of uniting path ex-pressions with di�erent ending points. In this case, the path expression leads to an inhomogeneousbinary relation. Consequently, the semantics of path expressions are de�ned as binary relationsover (multiple) object types. It will be convenient to treat these binary relations tuple oriented([28]), as opposed to the mapping oriented approach to tuples in the population of fact types. Asa result, the domain for these inhomogeneous binary multiset relations is derived from 
 in thefollowing way: 
PE = �X jX is a multiset over 
�
 	Path expressions are built around the following syntactical categories: constant, multiset, objecttype (O), predicator (P) and path expression (PE(I)). The naming conventions are: c for con-stants, X for multisets, x for object types, p for predicators and P , Q, G, and P1; : : : ; Pn for pathexpressions. The function � : PE � POP! 
PE17



is used to de�ne the semantics of path expressions. First the atomic path expressions are intro-duced. Note the use of the function Sqr, necessary due to the interpretation of path expressionsas binary relations. The operator � represents functional composition.name expr �[[expr]] (Pop)empty path ?PE ?neutral path 1PE 1
�
constant c Sqr(��c�	)multiset X Sqr(X)object type x Sqr �Multi �Pop(x)predicator p ��hv(p); vi"1 �� v 2 Pop � Fact(p)�	Example 3.1 Suppose Pop(g) = � fr : b1; s : c1g ; fr : b2; s : fe1gg ; fr : b3; s : fe2; e3gg	 in �gure 8,then: �[[r]] (Pop) = b1 fr : b1; s : c1gb2 fr : b2; s : fe1ggb3 fr : b3; s : fe2; e3ggA number of operators and functions are available for the construction of composed path expres-sions. First the unary operators are introduced. They provide the opportunity to reverse a path Pas: P , to isolate the front elements of a path P by: f P , to remove multiple occurrences using:dsP , to count the number of elements in a path expression by: Cnt(P ), to add the elements in apath expression by means of: Sum, and to determine the minimum or maximum element in a pathexpression by: Min and Max. The powerset }(P ) of a path expression P yields a path expressionwith all sets of instances occurring in the �rst component of P . The operators are summarised inthe following table: name expr �[[expr]] (Pop)reverse P �[[P ]] (Pop) front f P Sqr ��1 ��[[P ]] (Pop)distinct dsP Multi � Set ��[[P ]] (Pop)count CntP Sqr ���j�[[P ]] (Pop)j�	�sum SumP Sqr ���sum ��1 ��[[P ]] (Pop)�	�minimum MinP Sqr ���min ��1 ��[[P ]] (Pop)�	�maximum MaxP Sqr ���max ��1 ��[[P ]] (Pop)�	�powerset }P Sqr �} ��1 ��[[P ]] (Pop)Example 3.2 In the situation of the previous example:�[[s ]] (Pop) = fr : b1; s : c1g c1fr : b2; s : fe1gg fe1gfr : b3; s : fe2; e3gg fe2; e3g18



A path can be extended in several ways. Most elementary, is path extension by concatenation(P �Q). The extend operator � also applies to path expressions (P �Q), and is built from thehead values of both path expressions. Furthermore, the usual set operators (P \Q, P [Q andP �Q) are available. These operators are formally described in the following table:name expr �[[expr]] (Pop)concatenate P �Q �[[P ]] (Pop) ��[[Q]] (Pop)extend P �Q �[[P ]] (Pop) ��[[Q]] (Pop)intersection P \Q �[[P ]] (Pop) \ �[[Q]] (Pop)union P [Q �[[P ]] (Pop) [ �[[Q]] (Pop)minus P �Q �[[P ]] (Pop)��[[Q]] (Pop)Example 3.3 In the situation of example 3.1:�[[r � s ]] (Pop) = b1 c1b2 fe1gb3 fe2; e3gA more complex example making use of the implicit fact type between a power type and its elementtype is: �[[r � s �2pF �2eF ]] (Pop) = b2 e1b3 e2b3 e3Special constructs are available for data type conversions. Grouping and ungrouping form theconversion between an object type and a corresponding power type. Ordering is used for theconversion of a path expression into a sequence.name expr �[[expr]] (Pop)grouping '(P;G) see belowungrouping �(P ) Sqr �U ��1 ��[[P ]] (Pop)ordering  (P;G) see belowGrouping path expression P , according to grouping criterion G, is performed by the function'(P;G). The elements to be grouped are obtained from the �rst component of path expression P .Path expression G speci�es a grouping criterion for these elements. Suppose g 2 �2 ��[[G]] (Pop),then with g is associated the following class of elements:Kg = �x 2 �1 ��[[P ]] (Pop) j hx; gi 2 �[[G]] (Pop) 	The result of grouping is now obtained as the set of all such classes, presented in the format thatis used for the interpretation of path expressions:�[['(P;G)]] (Pop) = Multi(� hKg ; gi j g 2 �2 ��[[G]] (Pop) ^Kg 6= ? 	)Sorting the result of path expression P into a single sequence, according to a sorting criterion S,can be achieved by applying  on P and S respectively. The sorting criterion may be weak (forexample S = ?PE), allowing more than one ordering of the elements, or too strong, for which anyordering fails. A sequence s is called compatible with sorting criterion S over P in population Popif: 19



1. s contains all elements of �1 ��[[P ]] (Pop) in the same frequency: Lin(s) = �1 ��[[P ]] (Pop),2. the order of elements in s does not conict with the ordering rules from S:0 � i < j < jsj ) 9y1 ;y2 [hs[i]; y1i 2 �[[P ]] (Pop) ^ hs[j]; y2i 2 �[[P ]] (Pop) ^ hy2; y1i =2 �[[S]] (Pop)]The result of sorting now is de�ned as:�[[ (P; S)]] (Pop) = Sqr(��s"1 �� s is compatible with S over P in Pop�	)The following construction mechanism for path expressions corresponds to the transitive closureof a binary relation. name expr �[[expr]] (Pop)closure P+ ds�Sn2INI �[[closure(n; P )]] (Pop)�The expression closure(n; P ) represents a closure of path expression P in n steps and is recursivelyde�ned as follows: closure(0; P ) = Pclosure(n + 1; P ) = closure(n; P ) �PA powerful operation on path expressions is the conuence operation. This operator is typicallyused when di�erent sorts of information are to be integrated. For instance, name, day of birth,salary and address of an employee with a given employee number.name expr �[[expr]] (Pop)conuence [P1; : : : ; Pn j Q] see belowIf P1; : : : ; Pn; Q are path expressions then [P1; : : : ; Pn j Q] is a path expression corresponding toan n-ary relation called the conuence of P1; : : : ; Pn. The meaning of this expression is:�[[ [P1; : : : ; Pn j Q] ]] (Pop)= [x2�1 ��[[Q]] (Pop)��hhx1; : : : ; xni ; xi"k1�:::�kn �� 81�i�n �hxi; xi 2ki �[[Pi]] (Pop)� �	The condition in the conuence Q, is not mandatory. By using 1PE , the condition is neutralised.As a shorthand, we de�ne: [P1; : : : ; Pn]� [P1; : : : ; Pn j 1PE ].In order to de�ne the active complement: (see [28]) of a path expression, the set of active elementsare introduced: ActVals = [x2O xThe active complemement of a path expression P then, is de�ned as: :P � ActVals� f P . Pathexpressions are coerced to multi sets by the Rn function: Rn��1 ��.For path expressions having instances of power, sequence or composition types as front elements,a substitution operator exists. This operator substitutes the elements in these front elements,according to a second path expression. Therefore, a set of instances fa; b; cg can be converted toa set fx; y; zg. Furthermore, a set, or sequence, of path expressions can be converted to a path20



expression consisting of sets, or sequences, of \ordinary" elements. This is achieved by means ofthe set or sequence constructor.name expr �[[expr]] (Pop)element substitution �(P;Q) see belowset constructor fP1; : : : ; Png Sqr �Multi(� fx1; : : : ; xng j 81�i�n[xi 2 �1 ��[[Pi]] (Pop)] 	)sequence constructor hP1; : : : ; Pni Sqr �Multi(� hx1; : : : ; xni j 81�i�n[xi 2 �1 ��[[Pi]] (Pop)] 	)Usually the path expressions P1; : : : ; Pn in the set and sequence constructor will contain just onevalue. The de�nition of the element substitution operator is based on the subst(p; f) operation,which substitutes the components of p by means of the substitution relation f . For instance,subst(fa; b; cg ; fhx; ai ; hy; bi ; hz; cig) = fx; y; zgThis leads to the following de�nition for the element substitution operator:�[[�(P;Q)]] (Pop) = [hx;yi2n�[[P ]] (Pop)��hz; yi"n �� z = subst(x;�[[Q]] (Pop))�	4 Information Descriptors in LISA-DIn this section the abstract syntax and semantics of information descriptors in LISA-D (Languagefor Information Structure and Access Descriptions) are de�ned. A concrete syntax for LISA-Dfalls outside the scope of this paper. A concrete syntax will, however, allow several spellings ofthe elementary constructs, and also o�er the opportunity to use so-called stopwords, i.e., wordssuch as `the', `a'.Information descriptors form the basis of LISA-D, they are used for the speci�cation of constraints(see section 4.6), updates (see section 4.7) and queries (see section 4.8). Most of the examplesin this section are taken from a fragment of the so-called Presidential Database), regarding theelection process of presidents from the USA. This example was a uni�ed example in the specialissue of Computing Surveys ([13]); the example was �rst enunciated in [41]. An excerpt of thisschema is presented in �gure 11.4.1 The Underlying Naming ConventionIn the previous sections the elements constituting an information structure were introduced asabstract concepts. The intention of the rest of this paper is to describe a language by whichpopulations of information structures can be manipulated (by human beings), in terms of theseabstract concepts (to be manipulated by machines). This language should lead to natural ex-pressions. Typical for such languages is the richness to form sentences, even sentences that haveno intuitive meaning. The language should be such that it allows for an elegant description forthe information need of a user. This does not imply the exclusion of unelegant descriptions,independently of subjective ideas of elegance!Object type namingA �rst requirement is to verbalise the mathematical concepts of PSM via some set N of names.Object types are referenced by a unique name: ONm : O � N , which is speci�ed in the schema21
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Figure 11: Part of an information structure regarding American presidents22



upon their introduction. The (partial) function Obj : N � O is the left-inverse of ONm, andrelates object type names to their corresponding object type:8x2O [Obj(ONm(x)) = x]In order to improve readability, x rather than Obj(x) will be written. From the context it will beclear whether x is used as an information descriptor, or as a shorthand for Obj(x).Predicator namingPredicators may have assigned a so-called predicator name via the (partial) function: PNm : P �N . Predicator names should be unique for predicators belonging to the same fact type. This,however, is not required for predicators of di�erent fact types. The operator : : N � N � Pretrieves the predicator that is associated with a given name within a fact type (if any):8p2P [ONm(Fact(p)):PNm(p) = p]For unique predicator names, the fact type name quali�cation may be omitted for readability.Finally, object type names and predicator names should be di�erent.Role namingIn binary versions of NIAM ([42]), special names are introduced for predicators, to form readablesentences over the information structure. These names, referred to as role names, are thosenames that occur in NIAM schemata close to roles. They are recorded by the (partial) function:RNm : P � N . In �gure 11 role names are added to all predicators of binary fact types that arenot a bridge type. Role names correspond to special connections (in the form of path expressions)through (binary) fact types. Such special connections are termed connectors in this paper. Asan example, the sentence Hobby of President speci�es all hobbies of presidents, while the sentenceHobby of President having-as-spouse Politician speci�es all hobbies of presidents with a spouseinvolved in politics. In NIAM terminology, such sentences are called deep structure sentences.They form the basis of the NIAM modelling technique, and act as a natural language intermediatebetween application domain expert and system analyst. Such sentences can be interpreted uniquelyas path expressions if each valid combination Object-Name Role-Name Object-Name has a uniqueinterpretation in the information structure, and has no ambiguity with respect to its co-role (itsco-predicator). This is called the Role Identi�cation Rule (see [42]). A combination nx np ny isvalid if there exists a predicator p such that:ONm(Base(p)) � nxRNm(p) = npand a predicator q 2 Fact(p), with q 6= p, such that:ONm(Base(q)) � nyThe combination of nx np ny has a unique interpretation in the information structure, if predicatorp is unique. The combination of nx np ny is unambiguous with respect to its co-role if predicatorq is also unique. The latter condition is automatically ful�lled if only binary fact types areallowed, and if the predicators of binary fact types have unique role names. In the non-binary casehowever, this latter condition is not ful�lled generally. Furthermore, the requirement of uniquenessof interpretation of role names within a fact type is sometimes felt to be too limiting (for examplein the case of homogeneous symmetric binary relations it is natural that both role names are thesame). This leads to a di�erent interpretation of combinations nx np ny. For this purpose, thePath function will be introduced. 23



As a simple example of this new interpretation, consider the (ternary) election relation in �gure 11.To �nd all persons contesting in an election, it would be preferable to formulate Person contesting-in Election. The name contesting-in then is used to denote the path expression p1 �p2 . Anotherexample is Nr-of-votes of Person. In this statement, name of is to be interpreted, in the context ofNr-of-votes and Person as path expression p3 �p2 .The administration of namesThis leads to a generalisation of role names to a partial naming function Path : O�O�N � PEthat assigns, in a given context, a path expression to a name. The notation Path(x; y; n)# is usedto indicate that Path(x; y; n) is de�ned for object types x, y and name n. The name n then canbe used as a denotation for a path connecting x to y. In this case, name n is quali�ed as a de�nedname.The function Path will be �lled with a number of prede�ned names, and may be extended by theuser of a LISA-D interpreter. In the sequel all prede�ned names, or keywords, are introduced.As a notational convention, keywords are written in capitals. For a start, the name function Pathcontains the following:1. Names of (explicit) object types are de�ned names. The name ONm(x) of object type xstands for path expression x: Path(x; x;ONm(x)) = xFor implicit object types (such as fact type 2x) no names are assumed. Rather, specialkeywords are introduced to handle the manipulation of such object types.2. Predicator names are de�ned names. If p is a predicator having a predicator name, then thepredicator name PNm(p) describes a path from the base of p to its corresponding fact type:Path(Base(p); Fact(p);PNm(p)) = p3. Connector names are de�ned names. If predicator p of binary fact type f = fp; qg hasassociated a connector name, then this name is interpreted as in RIDL:Path(Base(p);Base(q);RNm(p)) = p � q provided f is not a homogeneous fact type with ambiguous role names (i.e. f consists ofpredicators p; q such that Base(p) = Base(q), and also RNm(p) = RNm(q)). In that case thename receives its interpretation from both roles:Path(Base(p);Base(q);RNm(p)) = p � q [ q �p 4. Denotations for label values are de�ned names. This makes it possible to use such denotationsas regular information descriptors. The denotation CNm(c) of constant c refers to the pathexpression c, describing a path from SortOf(c) to SortOf(c):Path(SortOf(c); SortOf(c);CNm(c)) = cThe functions CNm and SortOf are introduced in the next section.4.2 Integrating the concrete domainsIn section 2.2 the link between an information structure and concrete domains has been described.In this section, this link is described in terms of schema integration. This results in a uniformapproach both to the actual information structure, and the underlying domains. The resulting24



information structure is, however, not a proper information structure, as there may be populationproblems: some concrete domain may have an in�nite size, while populations can only be �nite.Suppose D = hD;F i is the underlying concrete domain structure, coupled to the informationstructure by the function Dom : L ! D. To make it possible to use the functions and relationsfrom F (such as < and +), the structure D will be incorporated in the information structure. Thissection describes the procedure.The concrete structure D is prede�ned as a PSM-schema. The integration then is performed byconsidering the coupling function Dom specifying subtype relations as follows:x Spec d, Dom(x) = dThese subtype relations do not require subtype de�ning rules.Example 4.1 In �gure 12 these (new) specialisation relations are shown for the schema in �gure10. ����Commu-nity rr����(C-name)r ����Streetr rr����(S-name)r ����Addressr r����(H-nr)r?6?6 �- ?6 �- ?6p1p2 p5p6 p9p10p3 p4 p7 p8f1 f3 f5f2 f4����u ����u����(String) ����(Natno)HHHHHj ������ ?Figure 12: Associating concrete domains to label typesBesides its structure, the population of the concrete structure is also prede�ned, and may notbe subject to change. For example, the domain Natno is populated with the set of all naturalnumbers, and the relation < on the domain Natno is populated with the set of all tuples with �rstcomponent smaller than the second component.Appropriate names for the object types and predicators in the concrete structure are assumed asdescribed in the previous section. On top of that, names (denotations) for concrete values are alsoassumed. However, as all concrete domains are considered mutually disjoint, each concrete valuebelongs to precisely one domain. Let SortOf be the function that returns the name of this domainfor any concrete value: SortOf(c) = d, c 2 dIn order to e�ectively use the functions and relations from F , they are considered as (concrete)fact types. A signature convention is assumed for each concrete fact type. This convention is acomplete ordering of the predicators in any fact type (see function Ident in section 2.3), with therestriction that for functions the predicator corresponding to the result of the function, is �rstin this ordering. For example, the signature convention for the operator + could be: result+,�rst-argument+, second-argument+. The addition 5 + 3 then is represented in the population of25



fact type + by the tuple h8; 5; 3i = �result+ : 8; �rst-argument+ : 5; second-argument+ : 3	. Forrelations, special naming conventions can be introduced, for example:Path(Natno;Natno; <) = �rst-argument< � second-argument< 4.3 Syntax and Semantics of Information DescriptorsAs in natural languages, LISA-D has a very liberal syntax, especially for information descriptors.Some information descriptors are very speci�c, some are very general, others may not even makesense. Rather than excluding senseless information descriptors syntactically, the semantic inter-pretation will yield a void meaning for such constructs. Static semantics checks can easily detectsuch aws in information descriptors.LISA-D is built around a number of syntactical categories. In this section the category Informa-tion Descriptor is introduced. In later sections predicates, updates and queries will follow. Theunderlying elementary syntactical categories are: Var for simple variables and N for names. Thenaming conventions for instances of these syntactical categories are as follows: for InformationDescriptor: P , P 0, P1, P2, O, Q, for Var: v, for N : n.The semantics of the syntactic category Information Descriptor is speci�ed by the valuation func-tion D : Information Descriptor � ENV ! PE that maps information descriptors on pathexpressions. This valuation function is de�ned inductively on the structure of information de-scriptors. With each syntactic construct for the syntactic category Information Descriptor arecurrence rule is associated. ENV : Var ! PE denotes the environment containing the currentvalues of variables from the syntactical category Var. In a later section, the assignment of valuesto variables is discussed.Atomic Information DescriptorsThe foundation of information descriptors in LISA-D is formed by the de�ned names of N , asintroduced in the previous section. The meaning of a name is obtained as the sum of all possibleinterpretations as recorded by the Path-function. Variables form another elementary constructfor information descriptors, as they are used to store intermediate results. The meaning of theelementary constructs is summarised by:D [[n]] (e) = [Path (x;y;n)#Path (x; y; n)D [[v]] (e) = � e(v) if e(v) is de�ned?PE otherwiseSome examples of atomic information descriptors are constant denotations (for example `RooseveltF.D.'), names for object types (Year), and role names (born-in). Note that the information descrip-tor born-in corresponds to two connectors (for simplicity, it is assumed that in the PresidentialDatabase the same names are chosen for predicator names and role names; normally these nameswill be chosen di�erently) and two predicator names:D [[born-in]] (e) = Birthyear.born-in[ Birthyear.born-in � being-birthyear-of [ Birthstate.born-in[ Birthstate.born-in � being-birthstate-of 26



Concatenation of Information DescriptorsAtomic information descriptors by themselves are rather limited. For instance, the atomic informa-tion descriptor born-in has a very general meaning. More fruitful information descriptors emergeby making combinations. The most fundamental way is concatenation of information descriptors:D [[P1 P2]] (e) = D [[P1]] (e) �D [[P2]] (e)A crucial e�ect of the concatenation operator is that it �lters out the apparent intention of theuser. Both information descriptors P1 and P2 may be very ambiguous, if they are used in thecontext of each other, much of the ambiguity will disappear. The strongest case is when bothinformation descriptors have no meaning in each others context, i.e. when there is no connectionfrom the one to the other. If there is no connection between information descriptors, concatenationwill result in an information descriptor with a void meaning:D [[born-in Hobby]] (e) = D [[born-in]] (e) �Hobby= ?PENote that it can be statically decided (i.e. without the need for evaluation) whether a connectionexists between two information descriptors. This is expressed by the �rst �lter property:Theorem 4.1 (First Filter Property) Suppose n1 and n2 are names, then:D [[n1 n2]] (e) = [z1�z2 Path(x; z1; n1) �Path(z2; y; n2)Proof: Suppose z1 6� z2, then in each population Pop of information structure � (i.e. IsPop(�;Pop))z1 and z2 have no values in common (axiom P1): Pop(z1) \ Pop(z2) = ?. As a result, thereis no contribution from Path(x; z1; n1) �Path(z2; y; n2) to the result of n1 n2 for any x and y.2As a next example, the information descriptor born-in State is composed by the concatenation oftwo atomic information descriptors.D [[born-in State]] (e) = D [[born-in]] (e) �State= Birthstate.born-in �being-birthstate-of � StateAs this path expression is homogeneous (see section 3), it follows that the information descriptorborn-in State has the same meaning as President born-in State. The next example concatenatestwo atomic information descriptors, that both correspond to an object type:D [[President Person]] (e) = President �Person= PresidentSometimes, parts of an information descriptors will be added just to make the expression readableby a human being. Semantically, there does not have to be a di�erence, as is stated in the second�lter property:Theorem 4.2 (Second Filter Property) Suppose n1 and n2 are names of object types X1 andX2 respectively, then: X1 SpecX2 _X2 GenX1 ) n1 n2 � n127



Proof: Suppose n1 and n2 are names of object types X1 = Obj(n1) and X2 = Obj(n2), suchthat X1 SpecX2 _X2 GenX1, then in each population Pop of information structure � (i.e.IsPop(�;Pop)): Pop(n1) � Pop(n2). As a result, D [[n1 n2]] (e) = D [[n1]] (e) in each environmente.2In case of objecti�cation, the predicator name can be fruitfully employed to form uent sentences.For example, suppose PNm(p4) = in instead of the name presented in �gure 11. Then the infor-mation descriptor President in Marriage resulting-in Nr-of-children translates to a path expressionconnecting presidents with the corresponding number of children:D [[President in Marriage resulting-in Nr-of-children]] (e)= President � in �Marriage � resulting-in � resulting-from �Nr-of-childrenKeywords as Information DescriptorUntil now only de�ned names are introduced for constants, object types and predicators. Thisnaming serves as a verbalisation of the abstract information structure. In this section the keywordsare introduced. An important purpose of keywords is to serve as an abstraction mechanism forhandling implicit fact types. The keywords are summarized in �gure 13.����E ����(L)-WITH�IS-NAME-OF ����A ����B-OF�INVOLVED-IN����A'&$%B- IN� CONTAINING ����A ����B'& $%C�COMPRISING �PART-OF����I @B '&$%-INDICES�AT-POSITION 2B ����A B�ELEMENTS-HAVING�SEQUENCES-OCCURRING-INFigure 13: Keywords28



Keywords for bridge types.For relating object types to label types, the keywords WITH and IS-NAME-OF can be used. Thekeyword WITH relates object types via bridge types to label types, the keyword IS-NAME-OF is itsinverse:for all b 2 B:( Path(Base(abstr(b));Base(concr(b));WITH) = abstr(b) � concr(b) Path(Base(concr(b));Base(abstr(b)); IS-NAME-OF) = concr(b) � abstr(b) This signi�cantly reduces the need to have role names for predicators from bridge types. Thekeywords are particularly relevant when entity types are directly identi�able by single label types,which is the case for the entity types in �gure 11, since in such cases bridge types are not visualised.Example: President WITH Person-name `Roosevelt F.D.' denotes the president with name `RooseveltF.D.'. Part-name IS-NAME-OF Party having-as-member President WITH Person-name `Roosevelt F.D.'results in the name of all parties which have president Roosevelt registered as a member.Keywords for predicator referencing.The keywords OF and INVOLVED-IN are intended to facilitate the manipulation of objecti�edfact types. They are also useful as shorthands for predicator names. The keyword OF representsall relations between fact type instances and their constituent object type instances, the keywordINVOLVED-IN is its inverse:for all x 2 O and f 2 F :( Path(x; f; INVOLVED-IN) = Sq2f;Base(q)=x qPath(f; x;OF) = Sq2f;Base(q)=x q The union operator in this de�nition is required to deal with fact types that contain predicatorswith identical bases.Example: The information descriptor President INVOLVED-IN Marriage relates all married presi-dents to their respective marriages, while the information descriptor Marriage OF President relatesall marriages to the presidents involved.The combination of these keywords can be used to to unite all connections via fact types betweentwo given object types. The information descriptor Administration INVOLVED-IN OF Person, forexample, relates administrations to persons that were either president or vice-president of thoseadministrations. The keyword ASSOCIATED-WITH serves as an abbreviation of this combinationof keywords allowing for the formulation: Administration ASSOCIATED-WITH Person.Keywords for power types.The keywords IN and CONTAINING verbalise the implicit relation between a power type and its un-derlying element type. The keyword IN relates an element type with its associated power type(s),the keyword CONTAINING is its inverse:for all x 2 G:( Path(Elt(x); x; IN) = 2ex �2px Path(x; Elt(x);CONTAINING) = 2px �2ex Example: Ships can be related to the convoy in which they sail (see �gure 3) via the informationdescriptor Ship IN Convoy. The information descriptor Convoy CONTAINING Ship relates convoysto their constituent ships.Keywords for sequence types. 29



The implicit fact types for sequence types capture the indexing relations for sequences. Thekeyword SEQUENCES is a generic name for predicators 2sx. Consequently, it relates sequencesto the sequence membership relations (instances from 2x) in which they occur. The keywordOCCURRING-IN, does the reverse, it relates sequence membership relations to the involved se-quences: for all x 2 S:( Path(x;2x; SEQUENCES) = 2sxPath(2x; x;OCCURRING-IN) = 2sx The keyword ELEMENTS is a generic name for predicators 2ex. Consequently, it relates elements tothe sequence membership relations in which they occur. The keyword HAVING, does the reverse,it relates sequence membership relations to the involved elements:for all x 2 S :( Path(Elt(x);2x; ELEMENTS) = 2exPath(2x; Elt(x);HAVING) = 2ex The keyword INDICES relates indices to the associated sequence membership relations, while thekeyword AT-POSITION does the reverse:for all x 2 S:( Path(I;2x; INDICES) = @ix �@sx Path(2x; I;AT-POSITION) = @sx �@ix Example: Consider the schema of �gure 4. The freight cars that are part of the train with T-code 'NE 99' are described by: Freight-car ELEMENTS OCCURRING-IN Freight-car-sequence of TrainWITH T-code 'NE 99' . The trains containing freight car 'A702' are found by: Train has Freight-car-sequence SEQUENCES HAVING Freight-car WITH C-Code 'A702' . The head freight cars of alltrains are found by: Freight-car ELEMENTS AT-POSITION 1.Keywords for composition types.The keywords COMPRISING and PART-OF deal with the relations between instances of schematypes and instances of their constituent object types. The keyword COMPRISING relates instancesof schema types to instances of object types of their decomposition, the keyword PART-OF doesthe reverse: for all x 2 C; x�y:( Path(x; y;COMPRISING) = 2cx;y �2dx;y Path(y; x;PART-OF) = 2dx;y �2cx;y Example: Consider �gure 5. The information descriptor Output PART-OF Activity-graph resultsin the output relations occurring in activity graphs. The information descriptor Activity-graphCOMPRISING Output results in the activity graphs which contain at least one output relation.Logical connectors and set operatorsThe LISA-D logical connectors AND-ALSO, OR-ELSE and BUT-NOT have a meaning very similar tothat of their logical counterparts. The LISA-D set operators INTERSECTION, UNION and MINUScorrespond to the well-known set operators intersection, union, and di�erence. The logical con-nectors ignore the values in the second component of the information descriptors involved, theset operators do not. The NOT operator is based on the active complement as de�ned for pathexpressions. D [[P AND-ALSOP 0]] (e) = f D [[P ]] (e)\f D [[P 0]] (e)D [[P INTERSECTIONP 0]] (e) = D [[P ]] (e)\D [[P 0]] (e)D [[P OR-ELSEP 0]] (e) = f D [[P ]] (e)[f D [[P 0]] (e)30



D [[P UNIONP 0]] (e) = D [[P ]] (e)[D [[P 0]] (e)D [[P BUT-NOTP 0]] (e) = f D [[P ]] (e)�f D [[P 0]] (e)D [[P MINUSP 0]] (e) = D [[P ]] (e)�D [[P 0]] (e)D [[NOTP ]] (e) = :D [[P ]] (e)To �nd the presidents that were born in California and served four years one can formulate:President(born-in State WITH State-name 'California' AND-ALSO serving Nr-of-years WITH Nr 4).Remark 4.1 The use of constructions such as Year WITH Year-nr and Year-nr IS-NAME-OF Yearcan be simpli�ed by the introduction of special names:Path(Nr-of-years;Nr;Nr-of-years) = p � q Path(Nr;Nr-of-years;Nr-of-years) = q �p if p and q are the predicators in this bridge type. This would allow the following construction:President(born-in State WITH State-name 'California' AND-ALSO serving Nr-of-years 4). For all bridgetypes in the Presidential Database this extension of the Path-function is assumed in the remainderof this paper.Predicator inversionPredicator names are introduced as information descriptors that correspond to a path expressionconsisting of that predicator. The inverse path is obtained via the following construction. Let nbe the name of a predicator, then:D [[n :]] (e) = [PNm(p)=n p Binary operatorsIn section 4.2 the introduction of binary relational operators was discussed. In this section binaryoperators are introduced as information descriptors, resulting in information descriptors as 45 +20, or 45 + Year being-birthyear-of. The general format of such an expression is P1 n P2 where nis the name of any concrete binary operator (i.e., ternary fact type). The interpretation of thisconstruct is as follows: P1 n P2 � n0 (n AND-ALSO n1 : P1) n2 : P2where n0; n1; n2 is the signature convention of the operator with name n.Transitive closureThe information descriptor ANY-REPETITION-OFP describes the transitive closure of informationdescriptor P , and is de�ned as follows:D [[ANY-REPETITION-OFP ]] (e) = (D [[P ]] (e))+As an example, consider the construction of formulas as described in example 2.5. Suppose Vis an information descriptor describing some set of variables. All formulas that contain vari-ables from V , but are not variables themselves, are obtained by the following information de-scriptor: Formula ANY-REPETITION-OF (having-left-arg UNION having-right-arg) V . The expression31



ANY-REPETITION-OF (having-left-arg UNION having-right-arg) connects formulas to all their sub-formulas. By concatenating V , the restriction to variables from V is realised. The informationdescriptor Formula has no e�ect and is only added to improve readability.As another example of the use of the transitive closure consider �gure 5. According to this schema,activities may have a decomposition, consisting of substates and subactivities. Subactivities mayhave a decomposition as well. The relation between activities, and their corresponding subactivi-ties, subsubactivities, etc., is captured by the following expression: ANY-REPETITION-OF (Activitybeing-decomposed-into Activity-graph COMPRISING Activity). This information descriptor relatesactivities to the activities occurring in their direct or indirect decompositions.CorrelationIn order to �nd the presidents who where inaugurated at an age younger than 45 years, i.e.inaugurated at least once within 45 years of their birth year, a convenient formulation is: Presidentbeing-president-of Administration inaugurated-in Year � 45 + Year being-birthyear-of THAT PresidentThis is called a correlation expression. A correlation expression cannot be formulated using theprimitives introduced so far. The formal semantics of correlation expressions is de�ned as:D [[P THATO]] (e) = D [[P O]] (e)\D [[O]] (e)Usually, the second information descriptor involved (i.e. O) is the name of a object type.Type coercionsIn LISA-D there exist some explicit forms of object type coercion. These can be divided into twogroups:1. Conversion of the population of an information descriptor to a single value. This value canagain be used as an information descriptor.2. Conversion of the population of an information descriptor to a population of a di�erent type.These coercions are discussed successively. Coercions that lead to a single value of some label typetypically perform some computation.1. The function NUMBER-OF counts the number of elements (including duplicates!) occurringin an information descriptor.D [[NUMBER-OFP ]] (e) = Cnt(D [[P ]] (e))The number of presidents that were born in Virginia is given by: NUMBER-OF Presidentborn-in State 'Virginia'.2. The function SUM adds the elements occurring in the �rst component of an informationdescriptor (including duplicates). This function is only applicable if addition is de�ned forthe elements in the �rst component of the involved information descriptor.D [[SUMP ]] (e) = Sum(D [[P ]] (e))The total number of children of presidents is found by: SUM Nr IS-NAME-OF Nr-of-childrenresulting-from Marriage. 32



3. The functions MIN and MAX calculate the minimal and the maximal element occurring inthe �rst component of an information descriptor. These functions require the existence ofan ordering on the elements occurring in the �rst component of the involved informationdescriptor. D [[MINP ]] (e) = Min(D [[P ]] (e))D [[MAXP ]] (e) = Max(D [[P ]] (e))The highest age of death of a president is found by: MAX Nr OF Age being-age-at-death-ofPresident.For the second type of coercion the following operators are available:1. Multiple occurrences are �ltered from the result of an information descriptor by the use ofthe DISTINCT operator: D [[DISTINCTP ]] (e) = ds(D [[P ]] (e))An example of the application of this operator is DISTINCT State being-birthstate-of Presidentas some states are birthstate of more than one president.2. The elements in an information descriptor P can be grouped into sets, according to a certaingrouping criterion Q, using the LISA-D group operator:D [[GROUP P BY Q]] (e) = '(D [[P ]] (e); D [[Q]] (e))The information descriptor GROUP President BY President having-as Hobby groups presi-dents sharing a hobby.3. The coercion from sets to elements from these sets is achieved by the UNITE operator.Naturally, it is required that the elements in the �rst component of the involved informationdescriptor are sets themselves.D [[UNITEP ]] (e) = �(D [[P ]] (e))For example, the information descriptor UNITE Convoy yields all ships sailing in any convoy.4. The elements in an information descriptor P can be ordered, according to an ordering cri-terion Q, using the LISA-D sort operator:D [[SORT P BY Q]] (e) =  (D [[P ]] (e); D [[Q]] (e))The information descriptor SORT President dying-at Age BY Age < Age orders presidentson their age of death.Generators are operators required for the formulation of special types of constraints.D [[P PAIRED-WITHP 0]] (e) = D [[P ]] (e) �D [[P 0]] (e)D [[ALL-SUBSETS-OFP ]] (e) = }(D [[P ]] (e))As an example, the information descriptor President PAIRED-WITH State pairs all presidents withall states, and ALL-SUBSETS-OF Ship yields all possible sets of ships (see �gure 3). Obviously, allconvoys are part of this information descriptor.33



4.4 AssignmentsA convenient mechanism to reduce the complexity of expressions is the assignment of subexpres-sions to variables. The format of an assignment is:LET v BEPThe e�ect of such an assignment is a change of the environment. A special operator � is introducedto record such changes. For environment e, e0 = e�fx cg, denotes the same environment as eexcept for variable x: e0(x) = c.The semantics of assignments is given by the valuation functionA : Assignment � ENV ! ENVwhich is de�ned as: A [[LETv BEP ]] (e) = e�fv  D [[P ]] (e)gThe meaning of an assignment A in the context of an information descriptor is:D [[A;P ]] (e) = D [[P ]] (A [[A]] (e))The following assignment may serve as an illustration:LET Old-Presidents BE President dying-at Age > 904.5 DenotationsIn this section, constructions are introduced that facilitate the denotation of object instances usedin information descriptors considerably. For this purpose, structured constants are introduced viathe syntactical category Constant Denotation, with the following abstract syntax:c constantsv variablesd1; : : : ; dk denotation of entities[d1; : : : ; dk] denotation of facts[q1 = d1; : : : ; qk = dk] alternative denotation of factsfd1 : : : ; dkg denotation of power type instanceshd1; : : : ; dki denotation of sequence type instanceswhere c is a Constant name, v 2 Var , dj is a Constant Denotation and qi 2 ran(PNm).Values of a label type named L can be used in information descriptors as follows:D [[L : c]] (e) = D [[L c]] (e)The expression Person-name:'Eisenhower D D', for example, is a valid information descriptor.Consider �gure 10. To denote a concrete address, while only using the constructs that have beenintroduced so far, one would have to write:Address(in Street(in CommunityWITHC-name 'New York'AND-ALSOWITH S-name 'Fifth Avenue') AND-ALSOWITH H-nr 17)where it is assumed that RNm(p8) = RNm(p4) = in.34



Obviously, one would prefer to write:Address: 'New York', 'Fifth Avenue', 17This is an example of an entity denotation. The formal de�nition of entity denotations uses thefunctions Ident and Copred introduced in section 2.3. If E is the name of an entity type, then:D [[E : d1; : : : ; dk]] (e) = Obj(E) � k\i=1 f (Copred(pi) � pi �D [[Bi : di]] (e))where pi = Ident(Obj(E))[i] and Bi = ONm(Base(pi)).The function Ident has been extended to fact types in section 2.3. This extension allows for thedenotation of fact type instances as sequences of values. The ordering as de�ned in the functionIdent can then be used to determine which value corresponds to which base. An instance of a facttype named F can therefore be denoted as a structured constant of the form [d1; : : : ; dk]. Theformal interpretation is given by:D [[F : [d1; : : : ; dk]]] (e) = Obj(F ) � k\i=1 f (pi �D [[Ni : di]] (e))where pi = Ident(Obj(F ))[i] and Ni = ONm(Base(pi)).For example, president Eisenhower was president during administration 49. The correspondinginstance of fact type Admin-pers can be denoted as:Admin-pers : [49, 'Eisenhower D D']if Ident(Obj(Admin-pers)) = hAdmin-pers.headed-by;Admin-pers.being-president-ofiThe names of the predicators of a fact type can also be used in the denotation of its instances. Inthis case, fact type instances of a fact type named F are denoted as structured constants of theform [q1 = d1; : : : ; qk = dk], where q1; : : : ; qk are the names of the predicators of F . The formalinterpretation is:D [[F : [q1 = d1; : : : ; qk = dk]]] (e) = Obj(F ) � k\i=1 f (F:qi �D [[Ni : di]] (e))where Ni = ONm(Base(F:qi)).The fact type instance of the previous example can be denoted as:Admin-pers : [headed-by = 49; being-president-of = 'Eisenhower D D']Evidently, the advantage of this new type of denotation is that the assignments in the functionIdent need not be known. However, this example demonstrates that denotations of this new formcan be far less elegant.The denotation of an instance of a power type consists of a set of denotations of its elements:D [[G : fd1; : : : ; dkg]] (e) = Obj(G) ��D [[X : d1]] (e); : : : ; D [[X : dk]] (e)�where X = ONm(Elt(Obj(G))).For example, a convoy (see �gure 3) consisting of ships 'S101' and 'S102' (instances of label typeS-code) can be denoted as: Convoy : f'101','102'g35



The denotation of instances of a sequence type consists of a sequence of denotations of its elements:D [[S : hd1; : : : ; dki]] (e) = Obj(S) ��D [[X : d1]] (e); : : : ; D [[X : dk]] (e)�where X = ONm(Elt(Obj(S))).A freight car sequence (see �gure 4) consisting of freight cars 'FC96' and 'FC99' (instances of labeltype FC-code), respectively, can be denoted as:Freight-car-sequence : h'FC96','FC99'i4.6 PredicatesIn this section the extension of LISA-D with the syntactic category Predicate is discussed. Infor-mation descriptors form the basis for this new category. The names C1; C2 are used to denote apredicate. The semantics of predicates is de�ned by the function P : Predicate� POP� ENV !Bool. The basis for LISA-D predicates is the test whether an information desciptor has an emptyresult. From this basic predicate new predicates can be formed in the usual way, using logicalconnectives and quanti�cation:P[[P ]] (Pop; e) = �[[D [[P ]] (e)]] (Pop) 6= ?P[[C1ANDC2]] (Pop; e) = P[[C1]] (Pop; e) ^P[[C2]] (Pop; e)P[[C1ORC2]] (Pop; e) = P[[C1]] (Pop; e) _P[[C2]] (Pop; e)P[[NOC]] (Pop; e) = :P[[C]] (Pop; e)P[[FOR-EACH x IN P HOLDS C]] (Pop; e) = 8y2Rn[[D[[P ]] (e)]] (Pop) �P[[C]] (Pop; e��x ��y�		)�The construction �x ��y�		 is motivated, as each multiset is allowed as path expression. Newconstructs may be derived as usual, for example:FOR-SOME x IN P HOLDS C � NOFOR-EACH x IN P HOLDS NOCAs an example of the use of predicates, we consider the situation that some federal law forbidspresidents to be younger than 20 years. This can be formulated as follows: NO President being-president-of Administration inaugurated-in Year < 20 + Year being-birthyear-of THAT President.A more complex example in the context of activity graphs (see �gure 5) is the rule that forbidsrecursive decomposition of activities (e.g. an activity containing itself as subactivity, either directlyor indirectly). The relation between an activity and its subactivities (at any depth) was discussedin the previous section. This leads to the following predicate: NO Activity ANY-REPETITION-OF(Activity being-decomposed-into Activity-graph COMPRISING Activity) THAT Activity .4.7 UpdatesIn this section the LISA-D constructs for updating populations are introduced. For a properintroduction, a partial ordering v on populations of an information structure is useful.De�nition 4.1 Let I be an information structure and let Pop and Pop0 be populations of I(IsPop(I;Pop) and IsPop(I;Pop0)), then PopvPop0 if and only if:8x2O [Pop(x) � Pop0(x)]36



Clearly v is a reexive partial ordering. The above de�nition makes it possible to speak ofminimal(or maximal) populations with respect to an other population and a condition.In this section, the syntactic category Update statement is introduced. The semantics of LISA-Dupdate statements is given by the function U : Update statement � POP� ENV ! POP, whichoperates on a population in some environment and yields an (updated) population. In LISA-Dupdate statements either add or delete object instances to populations.Adding instances to a population is performed by the add statement, with the format ADDP ,where P is any information descriptor. The meaning of this statement is to enforce a minimalextension of the current population, that populates P , i.e. a minimal extension Pop0 of the currentpopulation Pop, such that information descriptor P has no empty result in the extended populationPop0. Formally, this meaning is expressed by: U[[ADD P ]] (Pop; e) is a minimal population Pop0such that:1. IsPop(I;Pop0),2. PopvPop0 and3. �[[D [[P ]] (e)]] (Pop0) 6= ?As an example, the following statement adds the address stated in the beginning of section 4.5 tothe current population: ADDAddress: 'New York' 'Fifth Avenue' 17If this address is not yet available in the current population, then some (arbitrary) abstract instanceis added to the population of entity type Address. This abstract intance is connected (directly orindirectly) to the labels 'New York', 'Fifth Avenue' and 17. Note that if any of these label valuesis not present in the current population, then this label value is also added. This example showswhy it is necessary to speak of a minimal population instead of the minimal polation: any abstractinstance may be added, as long as the requirements are ful�lled.It is a good convention to use object denotations as objective for the add statement. However,the de�nition of the add statement makes it possible to formulate such things asADDPresidentThis statement adds an arbitrary president if and only if there are no presidents in the populationat hand. An other example is: ADDPresident having-as HobbyThis statement assigns an arbitrary hobby to an arbitrary president if and only if such a relationis not available in the current population. Besides, it may lead to the creation of a president, andthe creation of a hobby.Instances can be deleted from a population by the delete statement, with the format DELETEP ,where P is any information descriptor. The meaning of this statement is to enforce a minimalreduction of the current population, that unpopulates P , i.e., a maximal part Pop0 of the currentpopulation Pop, such that information descriptor P has an empty result in the reduced populationPop0. Formally, this meaning is expressed by: U[[DELETE P ]] (Pop; e) is a maximal population Pop0such that:1. IsPop(I;Pop0),2. Pop0vPop and 37



3. �[[D [[P ]] (e)]] (Pop0) = ?As an example, the statement DELETE President will result in a population, in which the objecttype President has an empty population. The statement DELETE President having-as Hobby willempty the population of the fact type that relates presidents to their hobbies.It should be noted that the population resulting from an update statement may not ful�l all con-straints. To avoid constraint violations, transactions are introduced. A transaction is a sequenceof update statements, enclosed between START-TRANSACTION and END-TRANSACTION. The con-straints then serve as invariant relations (i.e., pre- and post-conditions) for these transactions.4.8 QueriesBasically, queries in LISA-D are formulated using information descriptors. However, an extralanguage facility (the syntactic category Query) is required to formulate a query yielding multipleaspects of some object type. For example one may be interested in the hobbies, the age of deathof, and the birth year of presidents from Texas. This is formulated as:LIST Hobby of, Age being-age-of-death-of, Year being-birth-year-of, President born-in State: 'Texas'This query will result in a Hobby, Age, Year triple for each president resulting from Presidentborn-in State: 'Texas'. The example shows the general format of a query: LISTP1; : : : ;Pn;P.However, one is not interested in the abstract entities representing Hobby, Age and Year, butin a proper denotation in terms of label values. Such a proper denotation is called the nameof the entity value. Weak identi�cation is a property, which guarantees a name for each objectinstantiation. The identi�cation rules from section 2.3 provide a naming convention for all objecttypes. In section 4.5 it is shown how the identi�cation rules are speci�ed within LISA-D. Fromthis speci�cation a naming convention Nm : O ! PE for object types is derived as follows:Nm(X) =8>>>>>>>>><>>>>>>>>>: X if X is a label type�(X;Nm(Elt(X))) if X is a power typeor a sequence type�(X;SX �Y Nm(Y )) if X is a composition type�Nm(X1) �P1 ; : : : ;Nm(Xk) �Pk � if X is an object type, identi�edas X(P1 X1; : : : ; Pk Xk)These standard names form a substitution mechanism to transform instances of abstract entitiesinto concrete label values. The e�ect of the LIST-statement is to properly list these values.The semantics of the syntactic category Query is speci�ed by the valuation function L : Query�ENV ! PE that maps queries on path expressions.L[[LISTP1; : : : ; Pn; P ]] (e) = [StdNames �D [[P1]] (e); : : : ; StdNames � D [[Pn]] (e) j D [[P ]] (e)]where StdNames denotes all standard naming convention: StdNames = SX2O Nm(X). The �lteringmechanism will �lter out all proper names in the context of its associated path expression.5 Conclusions and Further ResearchIn this paper the conceptual language LISA-D based on the data modelling technique PSM, hasbeen introduced. In LISA-D constraints, queries and updates can be expressed in a way closely38



following the naming in the conceptual schema. This makes LISA-D statements (generally) easyto read and interpret intuitively. The formal foundation of LISA-D makes it possible to implementthe language and formally proof properties. In [19], LISA-D and Task-Structures ([20]) have beenintegrated, resulting in HYDRA.Further research is necessary to establish the expressive power of LISA-D and to provide thelanguage with a more powerful typing mechanism to support static semantic checks. Research isbeing performed in the development of a version of LISA-D supporting the (on line) evolution ofinformation systems ([12], [34], [11]) based on EVORM, an extention of PSM supporting evolution([33]). Furthermore, research is conducted providing a better disclosure of the information stored inthe information system ([6]), by means of an approach based on strati�ed hypermedia architecture([5]). Currently a prototype implementation of LISA-D is being developed.6 AcknowledgementsThis work has been partially supported by:1. SERC (Software Engineering Research Centre), within the context of the SOCRATES project.2. The Foundation for Computer Science in the Netherlands (SION) with �nancial supportfrom the Netherlands Organization for Scienti�c Research (NWO), The Netherlands.Special thanks go to Ernst Lippe, for many very useful ideas, and possibilities for further research.
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Appendix: Legend of graphical symbolsThis appendix contains an overview of the symbols for object types, generalisations and speciali-sations, and graphical constraints used in this paper.���� object type����(x) label type xrole���� predicator����x����y y power type of x����x y y sequence typeof x����x6����y y is generalisation of x����y6����x y is specialisation of x

�- uniqueness constraintover a single fact type�
�	u uniqueness constraintover several fact types�
�	� total role or cover constraint�
 �	n::m occurrence frequency constraintor cardinality constraint�
�	� exclusion constraint�
�	2 membership constraint�
�	� subset constraint�
�	= equality constraint�
�	fx1::xkg enumeration constraint
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