Chapter 5

The View Mapping Language (VML)

All the work described in the previous section tackles the problem of mapping between schemasto
some extent, but none of the approaches described provide the full range of abilities described in
Section 4.1.3 as being required for a general inter-schema mapping language. In this section the
View Mapping Language (VML) is presented. VML overcomes many of the problemsidentified in
the languages canvassed in Chapter 4. VML isahigh-level, declarative, and bidirectional language
suitable for the description of correspondences between two arbitrary schemas of adomain. VML
dispenses with all notions of target and source schemas in the mapping definition. As far as
practicable, a VML definition treats both schemas as equal partners in a mapping. VML also
removes many distinctions between entities and attributes, to allow mappings between entities and
attributes to be specified in the same way that attribute to attribute mappings are specified.

Throughout this section examples are used to illustrate each construct in the VML language. These
examples are drawn from the large mapping example described in Section 1.6 and are fully
specified in Appendix E. However, to complement the examples in Section 4.2, the VML
specification for the example shown in Table 4.5 can be seenin Table 5.1. All of the components
of thisformalism are fully described later in this section, but, a brief description of the mapping in
Table 5.1 is as follows. The example shows separate inter_class definitions for each type of class
to be mapped between, along with invariants specifying the conditions under which the mapping
holds. This combination of classes and invariants must be unique for every inter_class definition,
and will be checked by any mapping implementation. Equivalences specify the mappings to be
undertaken, all with implicit type conversion and implicit object type mapping (i.e., for related and
relating). All inter_class definitions can be used in both directions depending upon where data
resides that requires mapping. Initialisers specify initial values of attributes when they are created
by the application of a mapping.
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i nter_cl ass([ conponent _rel ati onshi p], [support_connector],
i nvari ant s(
qual ity = 'support_connection'
)
equi val ences(
id = identified_by,
related = rel ated,
relating = relating
),
initialisers(
type_of = 'un_known'
)
).

i nter_cl ass([conponent _rel ati onshi p], [el ement_connector],
i nvari ant s(
quality = 'el enent _connection'
)
equi val ences(
id = identified_by,
related = rel at ed,
relating = relating
),
initialisers(
type_of = 'un_known'
)
).
Table 5.1 VML mapping for example problem

In a VML environment it is assumed that all mappings are between two schemas. When it is
necessary to map information between several schemas and a single schema each mapping is
specified independently so that the mapping implementation can manage updates to and from each
model independently.

At the top level, considering the complete mapping between schemas, the work from database
views gives two possibilities for the types of mappings which can exist. These are read-only views
and read-write views. This carries over to schema mappings as well: a mapping can operate in one
direction, giving aread-only view; or in both directions giving read-write views.

A VML mapping consists of an introductory specification of the schemas to be mapped between,
and then a set of correspondences between entities and attributes to describe how the mapping isto
be achieved (see Table 5.2). The syntax of VML issimilar in style to that of Prolog and Snart, the
implementation languages of thisthesis, but it could easily be rewritten to resemble the syntactic
style of EXPRESS or other modelling languages without affecting the semantics of the language.

mapping = inter_view def { inter_class_def } .

Table5.2 Top level definition of aVML mapping
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5.1 Mapping between schemas

A VML mapping definition commences with an inter_view definition, which specifies the two
schemas between which a mapping is to be described, the type of view represented by the schemas
in this mapping, and the completeness of mapping that is required (see Table 5.3).

inter_viewdef ="'inter_view' model id "'," nodel _type ',' nodel _id ',' nodel _type ',"
map_type ') ..
nodel _id = sinple_id [ '"{" version'}"' ] .
nodel _type = 'integrated ' |
'read_only ' |
'read_wite '
version = integer _literal |
real literal |
atomliteral |
string_literal .
map_type = 'conplete' |
"partial’ .

For exanpl e:
inter_view(idn{0.09}, integrated, planentry, read_wite, conplete).
Table 5.3 Definition of an inter_view specification

The model_ids specify the names and optional version numbers of the schemas which are being
mapped between in this mapping. The first model _id specified is treated as the left-hand side
schema and the second as the right-hand side schema. The side of the schema s used to determine
which entities and attributes are being referenced in a mapping. If an entity appears on the left-hand
side of a specification then, by default, it belongs to the first schema specified in the inter_view
(though this can be explicitly over-written, as described | ater).

The optional version number (e.g., idm{0.09} in Table 5.3) associated with a schema enables a
mapping to be specified to a specific version of a schema. The use of version numbers also allows
a mapping to be specified between different versions of the same schema, supporting schema
evolution.

The model_type indicates the role that a schema instance plays in this mapping. As the reason for a

mapping between models varies depending upon the model being connected, the model _type

allows the specification of different roles for amodel dependent upon the connection being made.

There are three allowable values for model_type:

read_only: specifies that data can be mapped from that model to the other model, but not vice-
versa. Specifying a read_only role does not restrict the data in either model from being
modified, it just affects amodel’s ability to pass changes through to its connected model.
The model_type for both models can not be set to read _only.

read write: specifiesthat data can be mapped to this model aswell as mapped out of it. Where both
models are depicted as read _write there is no synchronisation when propagating changes
between the models.



integrated: has almost the same meaning as a read_write model. The exception isthat all changes
waiting to be passed on from the integrated model must be accepted before a change is
mapped to thismodel. The need for thislevel of synchronisation is discussed in Chapter 2.
Only one of the two model types can be integrated to avoid deadlock situations.

The three model _types cover all the connections that may be required between models. A
read_only model isfor the situation where it is necessary to provide information to a participant but
not necessary for them to modify the model it is being passed from. The read write and integrated
model types are for mappings where changes from the connected model can be accepted. With the
integrated model type it is possible to ensure the consistency of data in a connected model before
allowing modifications to be made by it. Individual models can play different roles in different
mapping specifications which can lead to interesting chains of connections. For example, a model
which hasaread_only connection to one model could have an integrated connection to another set
of models. Thistype of connection could be used to provide a barrier between a central model and
a set of users who wish to experiment with aspects of the data as well as share their modifications
with each other (see Figure 5.1).

DT Model [ User

DT Model |—— User

Intermediate

- B
IDM read_only | Model .
; DT Model pP—— User

read write] DT Model |———— User

other models
Figure 5.1 A treeof inter_view mappings

The map_type indicates how complete the movement of data needs to be between the two models.

The two alowable values for map_type are:

complete: all objects of the entities described in the mapping must be mapped to the datastore for
the other model. This is used for models representing the same type of objects (e.g., a
whole building) and where a mapping only makes sense if everything can be moved
across. That is, the derived model isinconsistent if it is not possible to map all objects of
types mentioned in the mapping specification.

partial: is used where one schema describes a much smaller domain than the other (e.g., aroom
schema versus a building schema) and where it is not necessary to map all the information
across to the other model (e.g., only asingle room is required to be mapped rather than all
the roomsin the building).
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5.2 Mapping between classes

Following the inter_view definition is a set of inter_class definitions which describe the
relationships between entities in the two schemas. An inter_class definition details: the entities
from both schemas that take part in the mapping; an optional set of conditions which must hold to
use the mapping; the actual relationship between data in the two entities; and, optionally, initial
values for attributes when an object is created (see Table 5.4). Table 5.4 also shows an example
inter_class specification. This example describes the mapping between idm_space face objectsin
one schema and v3d_polygon objects in another schema under the condition that the type of face
of the idm_space face is equivalent to the value opening. Where this is the case there are two
functional mappings specified in the equivalences section to map the object identifier and shape
between representations. There are also initial values specified for attributes of the v3d_polygon
object which provide default reflection and colour information.

inter_class_def = "'inter_class(' class_list '," class_list [ '," inherits ]
[ '," invariants_def ] [ '," equivalences_def ] [ '," initialisers_def ] ')."
class_list ='['" [ class_key name { ',' class_key name } ] ']' .
class_key_nanme = 'group(' class_name ')' | class_nane .
inherits = "inherits(' inherit_list ")’
invariants_def = 'invariants(' invariant_expr { or_op invariant_expr } ')' .
equi val ences_def = 'equival ences(' equivalent { ',' equivalent } ")' .
initialisers_def = 'initialisers(' initialiser { '," initialiser } ")' .

For exanpl e:
i nter_class([idmspace_face],[v3d_pol ygon],
i nvari ant s(
type_of _face = 'opening'
)
equi val ences(
map_i d_t o_nun{i dm space_face, object _id),
map_pol ar_rect _to_pol ygon(m n=>x, mn=>y, nax=>X, max=>y, pl ane=>axis,
pl ane=>of fset, points[1], points[2], points[3], points[4])
)
initialisers(
diffuse reflection = 0.1,

colour=>r = 0,
colour=>g = 0,
colour=>b = 0

)

).
Table5.4 Definition of an inter_class specification

5.2.1 Entity names and keys

The two class lists in an inter_class definition specify the entities which are involved in the
mapping being specified. As detailed in the inter_view definition, the first class list refers, by
default, to entities from the first schema and the second to the second schema. The union of the
two lists of entity names provides the key for this mapping. There can be any number of mappings
with the same key. However, each specification must be distinguishable from the others by the
conditions specified in the invariants specification. In the example shown in Table 5.4 the key is
[idm_space face, v3d polygon] and though there are several inter_class definitions between these
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two classes (see Appendix E) they are all uniquely identified by their invariants, in this case
type of face = 'opening '.

In some mappings it is necessary, and in many other mappings very convenient, to be able to
describe a mapping to temporary entities, e.g., where two mappings can reuse a partial mapping in
their transformations. To be able to distinguish mappings to temporary entities from those which
create real objectsin a particular view we denote temporary entities by names prefixed either with
an underscore symbol, e.g., _templ, temp2, or with a capital letter, e.g., Templ, Temp2 (see
Table 5.5 for the syntax of allowable class names). Temporary entities provide a mechanism to
specify entities which do not exist in the schemas of the two systems that are being mapped
between.

In Table 5.4 the class list is defined as consisting of one or more class_key names. Having more
than one class specified in a class list allows the mapper to associate objects from a model when
the objects previoudy had no association. A class list with multiple class key names denotes that
when constructing an instance of this mapping, an object from each class in the class listis
required. This provides a way of associating objects of classes which may not be directly
accessible from objects of thefirst class defined in the list, creating an effect similar toajoinina
relational database system. The manner in which objects are associated is dependent upon the
invariants specified in the mapping. Where no invariants are specified, the number of mappings
that would be performed is equal to the cross-product of all objects for each of the named classes.
Where invariants are specified, the number of mappings is restricted by application of the
invariants to the cross-product of all objects of all named classes. The following small example
helpsillustrate how this works. The example shows five objects, two of class a and three of class
b. Both classes have an attribute called type, and the value of type is shown for all five objects.
Two inter_class definitions are shown. The first has no invariants specified, and as can be seen
from the set of object pairs, displayed after the inter_class, this forces a complete cross-product of
objects from both classes. The second inter_class has an invariant requiring the type attribute of
objects of class a and b to be equivalent. This reduces the object grouping down to three sets of
object pairs, rather than the six for the full cross-product.

Object ID Class Object.type
ol a 1
02 a 2
03 b 1
o4 b 1
05 b 2

inter_class([a, b], [C], .....).
[[01, 03], [01, 04], [01, 05], [02, 03], [02, 04], [02, 05]]

inter_class([a, b], [c], invariants(a.type = b.type), .....).
[[01, 03], [01, 04], [02, 05]]
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The group() specifier al'so suppresses creation of the full cross-product. It allows a collection of
objects of the named class to be grouped together for the purposes of the mapping. This is
commonly used to group multiple objects of a single class into a collection that is not explicitly
supported in the original schema, and then to map the collection to a schema which requires this
grouping. Without invariants, group() selects al objects of the named class; with invariants, the
objects of the class are restricted by application of the invariants to each individual object being
grouped. To illustrate how group() works consider the small example above with modified
inter_class definitions as below. Thefirst inter_class shows that all objects of class b are grouped
with objects of class a in a set rather than a cross-product. The second inter_class shows that the
objects in the grouped set can be restricted through the use of invariants.
inter_class([a, group(b)], [c], .....).
[[01, [03, 04, 05]], [02, [03, 04, 05]]]
inter_class([a, group(b)], [c], invariants(a.type = b.type), .....).
[[01, [03, 04]], [02, [05]]]

In an inter_class specification, one of the class_lists can be left empty. This allows the
specification of initial conditions that must be established when a mapping between modelsis
initiated. In most systems this would be to allow the creation of an object with initial valueswhen a
model is created (e.g., the controller of a design tool, or entities which have no representation in
the schema being mapped from).

Table 5.5 shows the definition of a class name. While the default reading of a mapping is that the
order of schemasintheinter_view definition isthe order of classesin an inter_class definition the
ordering can be overridden through the specification of the model _id in the class name. This
allows classes from a schema to be specified in either side of an inter_class, and also allows for
mappings between classes of a schema and temporary entities to be defined (or between temporary
entities and temporary entities) in any order the mapping specifier desires.

class_nane = [ nmodel _id ':" ] class_id |
variable id .
nodel _id = sinple_id [ '"{" version'}"' ] .
class_id = sinple_id .
variable_id = upper_case { sinple_id _char } |
' (letter | digit ) { sinple_id_char } .

For exanpl e:

i dm space_f ace

i dn{ 0. 09} : bui | di ng

_tenp

Table 5.5 Definition of aclass name

5.2.2 Inheritance of inter_class definitions

The specification of inherited inter_class definitions allows inter_class specifications to closely
model the structures that are found in object-oriented schemas. Where there are correspondences
between the parent classes of a set of child classes it is more efficient and more maintainable to
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specify inherited correspondences between the parent classes than to re-specify the mappings for
each child class. The type of mapping where this feature will be most commonly utilised isin
version mapping for object-oriented schemas. The specification of an inherited mapping, as shown
in Table 5.6, utilises the key of a mapping to determine which mappings to inherit. Where the
mapping specified has multiple definitions for that key (i.e., with different invariant
specifications), then the combined mapping will be expanded into a set of mappings encompassing
all combinations of invariants from the inherited inter _class definitions.

inherits = "inherits(" inherit_list ")’
inherit_list = inherit_map { ',"' inherit_map } .
inherit_map = "inter_class(' class_list '," class_list ")’

For exanpl e:
i nherits(inter_class([person],[person]))
Table 5.6 Definition of inheritance

5.2.3 Invariant specification

Invariants are an optional part of an inter_class definition, and describe the conditions under which
it is possible to use a particular inter_class definition. For example, defining an invariant
invariants(building.type = ‘commercial’) in an inter_class definition would denote that it was only
possible to use this inter_class definition for buildings which are commercia buildings, and
presumably there would be other inter_class definitions which would specify what to do with other
types of buildings. Thus, invariants are selection criteria to use when deciding which inter_class
definition to apply to any given object. Each individual invariant expression can only reference
objects and attributes from a single schema in the mapping. Invariants are therefore broken into
two sets, those which apply to classesin one schema and those which apply to classesin the other.
When deciding if an inter_class definition isto be used, al invariants which apply to the schema
being mapped from must evaluate to true on the objects being tested.

invariants_def = 'invariants(' invariant_expr { or_op invariant_expr } ')' .
i nvariant _expr = invariant_sinple_expr { and_op invariant_sinple_expr } .
invariant_sinple_expr ="' (' invariant_expr { or_op invariant_expr } ")' |

expression rel _op expression |

predicate |

function |

net hod |

"group(' attribute_nanme { ',' attribute_nane } ')' .

For exanpl e:
i nvari ant s(
type_of _face \= 'opening',
pe_face. of fset = pf_pl ane_obj ect . of f set,
map_orientati on_axi s(pe_face. orientation, pf_plane_object.axis),
cont ai ned_i n_f ace(pe_face, pe_openi ng)

)
Table 5.7 Déefinition of invariants

The invariants also create constraints on the objects that are mapped, which in some cases can be
used to fill in values in an object, or in others to create constraints on an object. In the example
above it can be seen that when an object is mapped back onto the building with invariant
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building.type = 'commercial’ then the value of type can be automatically set to ‘commercial’
without having to use an equivalence definition to specify this.

Invariants can be thought of as boolean expressions which must equate to true to allow the
mapping to proceed. Invariants (the syntax of which is shown in Table 5.7) can be composed of
functions, predicates or object method calls which succeed or fail, or expressions containing
relational operators (e.g., =, >=, <). Sets of invariant conditions can be joined together through
the use of and operators ', or or operators';". VML offers one special function to be used with
grouped classesin an inter_class definition. The group() function can only be used with a grouped
class (see Section 5.2.1). It can only be used on an attribute of a grouped class which has afinite
domain (usually an enumerated type) and is used to collate all objects of the named class whose
value for the named attribute is identical. For example, specifying inter_class([ group(building)],
[aggregation_of type], invariants(group(building.type)), ...) would ensure that a separate
mapping would be performed for each type of building in the first model, pooling values into a
single object in the model of the second schema for every different value of type found in the
model of the first schema.

The examplein Table 5.7 provides a complex set of invariants which must be satisfied to allow a
particular inter_class specification to be used. In this specification the type_of face attribute must
contain the value 'opening’, and the offset object referenced by pe face and pf_plane_object must
be the same, also the functions map_orientation_axis() and contained_in_face() must evaluate to
true with the supplied parameters.

initialisers_def = "'initialisers(' initialiser { '," initialiser } ')' .
initialiser = expression '=" expression |

predicate |

net hod .

For exanpl e:
initialisers(
i dm space_face.face_property = 'idmspace_face',
idmmaterial _face.face_property = 'idmnaterial _face',
idmmaterial _face. material =>type_of _material = 'idmw ndow naterial',
idnmaterial _face. material =>type_of _wi ndow = 'idmsingle',
idmmaterial_face. material =>w ndow subtype = 'clear',
f e_openi ng@r eat e(i dm space_f ace. pl ane, idm space_face. pl ane, 'space', 0, O,
i dm space_face.mn=>x, 0 - idmspace_face. nin=>y,
i dm space_face. max=>x, 0 - idmspace_face. nax=>y,
idm material _face. materi al =>w ndow_subt ype)

)
Table 5.8 Definition of initialisers

5.2.4 Initialiser specification

The optional initialiser section allows the definition of initial values for attributes of objects created
in an inter_class specification. For models that are object-oriented, the initialiser section also
provides alocation to specify the create method parameters for objects that may be created during
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the mapping. The initialiser section (the syntax of which is defined in Table 5.8) usually comprises
mainly assignment statements specifying values for attributes, though predicates and procedures
can aso be specified.

Any entity attribute, or referenced attribute, of any class specified in the class lists of the
inter_class specification can beinitialised in theinitialiser section. Initialisers will only be applied
to newly created objects (i.e., not to an existing object which is associated through an invariant
specification) and may cause the creation of other objects (e.g., attribute assignment through
pointer chains).

5.2.5 Equivalence specification

The equivalence section comprises the bulk of most inter_class definitions as it specifies the
correspondences between the attributes of entities defined in the class lists of the inter_class. It is
this section which contains all the equations, functions, and procedures which will need to be
solved or executed to map between models of the schemas in the mapping. The declarative nature
of VML is most evident in this section as equivalences are used to define mappings between
attributes. The ordering of expressions is unimportant as their solution is dependent only on the
state of the model being mapped from. The syntax of the equivalence section is shown in Table
5.9.

equi val ences_def = 'equival ences(' equivalent { ',' equivalent } ")' .
equi val ent = expression '=" expression |

"map_to_fron(' predicate ',' predicate ')' |

"bijection(' bijection_expr ',' bijection_expr ')' |

predicate .

For exanpl e:
equi val ences(
bij ection(idmspace face[].type_of _face \= "opening', walls[]),
bi j ection(idmspace_face[].type_of _face = 'opening , openings[]),
idmnaterial _face = naterial s,
i dm braci ng_face = bracing,
i dm pl ane. nane = nane,
i dm pl ane@i ew pl ane = fe_applicati on@reate_view _, idmplane. nane)

)
Table 5.9 Definition of equivalences

5.2.6 Mapping eguations

The style of equations that can be used to define the mapping between classes was devel oped to
meet the mapping types identified in Section 4.1.3. The major abilities of the VML language are
described below. For the full syntax of the language refer to Appendix A.

5.2.6.1 Attribute initialisation or constant value specification
A constant value can be assigned to an attribute by equating the value with the named attribute as
shown in the examples below.

type _of face = 'opening'
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diffuse reflection=0.1

gloss factor = 90.0
This type of equation can appear in invariants, equivalences and initialisers and has slightly
different semanticsin each. When specified in an initialiser these equations provide the initia value
for an attribute which may be modified by other equations in the equivalences section. When
specified in an invariant or equivalence they specify a constant vaue. If the value is specified in the
invariant it is used either to determine which mapping to apply to the class the attribute bel ongs to,
or to initialise an attribute for a newly created object. If the value is specified in an equivalence, it
specifies a value for the attribute which may not be modified (i.e., it will always be reset to the
specified value). This specification corresponds to the Attr->Attr mapping of cardinality O:1.

5.2.6.2 Equality
Direct equality between two attributes of asimpletype (e.g., REAL, INTEGER, BOOLEAN), or
named types, can be specified by equating one attribute with the other attribute as shown in the
examples below.

name = planename

axis=axis

offset = offset
This type of equation can appear in invariants, equivalences and initialisers and has slightly
different semanticsin each. When specified in an initialiser these equations provide the initia value
for an attribute which may be modified by other equations in the equivalences section. If the
equality is specified in the invariant it specifies attributes of entities on the same side of a schema,
the values of which must match for the inter_class to be used to perform the mapping. If the
equality is specified in an equivalence then it denotes that the attributes of the respective entities
must hold the same value. This specification corresponds to the Attr->Attr mapping of cardinality
1:1.

5.2.6.3 Pointer equality
Equality between pointers to objects of entitiesin the schemasis specified in the same manner as
for equality between attributes of simple types, e.q.:

plane = fe_face window
This type of equation can appear in invariants, equivalences and initialisers and has slightly
different semantics in each. When specified in an initialiser these equations provide the initia
object reference for an attribute which may be modified by other equations in the equivalences
section. If the equality is specified in the invariant, then it will be specifying reference attributes of
entities on the same side of a schema whose object references must match for the inter_classto be
used to perform the mapping. If the equality is specified in an equivalence, then it denotes that each
attribute has the object identifier of the object that was created from the inter_class definition
between the entities of the two objects. This specification corresponds to the Attr->Attr mapping of
cardinality 1:1.
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5.2.6.4 Simple equations
Equations can also be used to define relationships between various attributes, as shown in the
examples below. The range of algebraic and transcendental functions available is the set of
functions supported by LPA Prolog.

min=>y =0 - y0

r* sin(theta) =y_coord

r = sgrt(x_coord * x_coord +y_coord * y_coord)
This type of equation can appear in invariants, equivalences and initialisers and has dlightly
different semantics in each. When specified in an initialiser, these equations provide the initial
calculated value for an attribute, which may be modified by other equations in the equivalences
section. If the equation is specified in the invariant, then it specifies attributes of entities on the
same side of a schema, the calculated value of which must match for the inter_class to be used to
perform the mapping. If the equality is specified in an equivalence, then it denotes that the
attributes of the respective entities must hold the value determined by the re-arrangement of the
equation to solve for each particular attribute. This specification corresponds to the Attr->Attr
mapping of cardinalities 0:1, 1:1, 1:C, C:1, C:B. Where there are more than two attributes in an
equation (i.e., cardinalities 1.C, C:1, C:B) it is assumed the implemented mapping system will re-
arrange equations to solve for unknown values, or arrange sets of equations to ensure that values
calculable in other equations can be used to solve more complex equations, the method for
achieving thisin an implementation of VML is described in Chapter 9.

5.2.6.5 Pointer references
Following pointer chains to reference attributes of the referenced object is possible with the =>
operator in VML, as shown below. Pointer chains can be followed to any depth and provide a
method for collapsing, or expanding, reference structures in a schema.

apex1=>x = apex2=>x
Pointer references have the same semantics wherever they are used. When solving equations
which contain pointer references, it is sometimes necessary to create objects of the referenced type
to have afull reference for solving the equation. For example, in the equation above, if apex1 had
no value it would be necessary to create an object of type point, the reference to which would
become the value of apex1, so the attribute x could be set to the value of apex2=>x.

5.2.6.6 Functions
Functionsin VML are the built-in functions of LPA Prolog, which are predicates which either fail
or succeed along with the specia functions exists/1 and var/1 which are used to determine whether
an attribute has a value specified or if it has not been assigned to (see the examples below).
member(fe_face material, fe_face window.materials)
exists(end_point=>z)
var(end_point=>2)
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Functions are used in the invariants section of an inter_class definition to determine whether to use
the particular inter_class with the objects currently under consideration.

5.2.6.7 Aggregation functions
In contrast to the functions described above, aggregation functions are not invocable in both
directions, or re-writable as most equations are. The set of aggregation functions (sum, maximum,
minimum, average, count) provide summary details of lists of values or objects, as shown in the
examples below.

sum(wall.windows=>(height * width)) = glazing_area

maximum(panes=>(offset=>y + height)) - minimum(panes=>offset=>y) = height
Aggregation functions can not be solved in both directions (e.g., for the first example, knowing
the glazing_area does not allow the calculation of height and width of all the windows in awall).
Instead, when performing a mapping to an equation with an aggregation function, the calculated
value from one side of the equation is used to specify a constraint on the values of the schemathe
mapping is being applied to. For instance, in the first example above, if the glazing_areais known,
then the sum of height * width for all windows in the wall will be constrained to the value of
glazing_area. Aggregation functions can be used in any part of an inter_class definition. The
implementation of these constraints is assumed to be handled by the implemented mapping system,
Chapter 10 details how this was achieved for one VML implementation.

5.2.6.8 List and array references
Individual elements of alist or an array may be referenced through the indexing operator. The
examples below show equations which reference elements of a list and an element of a 3-
dimensional array.

axeq2] =v_ref

exists(axeq 2]=>direction_ratiog 3])

vector[2, 2, 3] =iz
List and array references can be used in any part of aninter_class definition.

5.2.6.9 List and array iteration

A mapping between lists or arrays of the same dimensions and bounds can be specified through
the iterator operator. This operator provides a short-cut notation for the specification of for-loops
over the contents of lists and arrays, as long as the relationship can be specified in an equation.
Mappings between lists and arrays which do not meet these conditions must be specified with
predicates, procedures or methods. The example below shows a mapping between alist of strings
(classified_by) and alist of object references (material) which has an attribute, name, of type
string. The result of a mapping between these two attributes will be that the first item in the
classified by listisidentical to the value of name of the first object reference in material, and so on
for the number of items in classified by, or in material, depending upon which direction the
mapping is being run.
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classified_by[] = material[].name

Iterators can appear in invariants, equivalences and initialisers and have dightly different semantics
in each. When specified in an initialiser, an iterator provides the initial calculated values for an
attribute of list, set, bag, or array type (within the specified bounds of the aggregate type), which
may be modified by other equations in the equivalences section. If the equation is specified in the
invariant then it specifies a condition which must hold for every value in the aggregate attribute
referenced for the inter_class to be used to perform the mapping. If the equality is specified in an
equivalence, it denotes that each element of the iterated attributes of the respective entities must
hold the value determined by the re-arrangement of the equation to solve for each particular
attribute. This specification corresponds to Attr->Attr mapping of cardinalities 1:1, 1:C, C:1, C:B.
It can also denote Attr->Entity mapping of cardinalities 1:C, C:B, 1:N, or Entity-Attr mapping of
cardinalities C:1, C:B, N:1, or Entity->Entity mapping of cardinality 1:1.

5.2.6.10 Conditional list and array iteration
VML provides bijections to extend the flexibility of the iterator operator. Bijections allow the
specification of conditions to be checked on each element of an aggregate attribute, or grouped set
of objects (formed by a group() specification in aclasslist), before a mapping can take place. The
examples below show the bijection between lists of object references where the mapping is
conditional on the classtype of each object in the list. In the example below the right hand schema
entity has attributes: spaces, which is a collection object containing a list of references to space
objects; roofs, which is a collection object containing alist of references to roof objects; and faces,
which is alist of references to face objects, which specify face geometry. Entity idm_building
from the left hand schema has attributes. spaces, which is alist of references to abstract spaces
including roofs and spaces; and face_views, which is a list of references to different views
associated with faces and which can include geometry-oriented views, materials-oriented views,
and bracing-oriented views. There is thus a partial overlap between the sets of objects referenced
by the attributes involved in each of the two classes. The first bijection specifies that only
idm_building spaces which are really living spaces (i.e., their type is idm_space) should be
mapped to the spaces=>Ili<t, though all spacesin spaces=>list can be mapped to the idm_building
spaces aggregate attribute. The second bijection specifies the same conditions, except thistime for
roof objects, and the third bijection performs a similar mapping for geometric faces. The @
operator specifies amethod call in the example bijections, in this case to the meta-method class()
which returns the class of the referenced object. The first bijection therefore iterates through all
objects in the spaces list, extracting those whose classis of typeidm_space.
bijection(idm_building.spaces[] @class('idm_space'), spaces=>list[]),
bijection(idm_building.spaces] @class(‘idm_roof*), roofs=>list[]),
bijection(idm_building.face viewdg]@class('idm_space face'), faceq])
Bijections may only appear in the equivalences section of an inter_class definition. Bijections can
be run in both directions and are taken to mean: iterate over all elementsin the specified attribute or
group of objects, but perform a mapping only for those elements which match the conditions
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which are specified. Conditions can be in the form of method calls (as in the example above),
predicate calls, or conditional equations. As multiple bijections can be specified over a single
attribute (e.g., idm_building.spaces[] in the examples above), the result of the conditional
evaluation and the equation solving are unioned with values from the other bijections on thelist or
array being mapped to. In the example above this means that in mapping from the right-hand side
to the left-hand side the idm_building.spaceq[] will contain the union of spaces and roofs from the
right-hand side schema list attributes being mapped from. This specification corresponds to Attr-
>Attr mapping of cardinalities 1:1, 1.C, C:1, C:B. It can also denote Attr->Entity mapping of
cardinalities 1.C, C:B, 1:N, or Entity-Attr mapping of cardinalities C:1, C:B, N:1, or Entity-
>Entity mapping of cardindlities1:1, 1.C, C:1, C:B, N:M.

5.2.6.11 Functions
User defined functions extend the set of built-in functions of VML. User defined functions are
broken into two categories: those which reference attributes from a single schema; and those which
reference attributes from both schemas (examples of the latter are shown below, as detailed in
Appendix E).

list_splitter(vals, temp_schedule.splitvals)

map_polar_rect_to_polygon(min=>x, min=>y, max=>x, max=>y, plane=>axis,

plane=>offset, pointg[ 1], pointg 2], points3], points[4])

User defined functions which reference attributes from one schema are used in the invariants and
initialisers sections of the inter_class definition. User defined functions which reference attributes
from both schemas must be invocable with the attributes from either side instantiated (i.e., able to
run in either direction). When used, these functions are called with the values from the schemathe
mapping is coming from, and the results are used to instantiate the attributes of the schema the
mapping is being applied to. A function is not invoked unless al function attributes of the schema
the mapping is coming from have values. In general, functions may not manipulate objects (e.g.,
create new objects, delete objects, reference object attributes, call object methods), but allow
structures to be manipulated and values to be computed. Functions correspond to the Attr->Attr
mapping of cardindlity 0:1, 1:1, 1.C, C:1, C:B.

5.2.6.12 Procedures

Where a mapping can not be specified bidirectionally using equations or functions, it is necessary
to describe the mapping procedurally. In VML the map_to_from predicate is used to denote two
procedures which perform a mapping. In a map_to_from definition there is a procedure for
mapping in each direction (if the mapping is one-way, i.e., read_only, then one of the procedures
is not necessary and may be replaced with the function true). Dependent upon the direction in
which a mapping is applied, the appropriate procedure will be invoked to perform its mapping.
Procedures assume full control over how to perform a mapping, and as such may create objects,
reference attributes, delete objects, etc. An example of the use of procedures is shown below.
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map_to_from( map_3D _rect_to_polar(x, y, z, x1, y1, z1, min, max, plane),
map_polar_to 3D_rect(min, max, plane, pe_wall))

Where map_3D _rect_to_polar() and map_polar_to 3D_rect() are Prolog predicates that map from
a 3D rectangular representation (given by two pointsin 3D space) to a polar representation, or vice
versa. As procedures may need to manipulate objects in the stores they may require information
about the current status of the mappingsin the system and the store managers handling the objects
in the system. To alow thisinformation to be accessed in a procedure, a special parameter may be
passed to the procedure. This parameter $mapping_system$ is replaced with the object ID of the
mapping system controller when a procedure is invoked. The three most utilised services offered
by the mapping system are: return of the type of mapping being handled (currently just transaction-
based or interactive); return of which pass through the mappings is being executed (for
implemented systems where multiple passes are made during the mapping); and return of the object
ID of an object that was created in a mapping based on another object 1D (see describing pointer
equality above). As procedures have full control over what they do in the system, they can perform
mappings between any combination of Attr and Entity in the system, and can describe mappings
between any cardinality of these Attr and Entity maps.

5.2.6.13 Method invocation

As VML isdesigned to work with OO environments as well as in interactive environments, it is
necessary to handle OO method invocation. Methods are specified as an optional class or attribute
definition, followed by the @ symbol and the name of the method, with parametersiif they exist.
Method handling in VML covers two cases. for classes which have creation methods with
parameters, theinitial parameters of the create call can be specified in the initialisers section of an
inter_class; in amapping where method invocation in one model can trigger amethod invocation in
the model being mapped to, the parameters of the methods to call can be specified. The examples
below illustrate both these cases. The first example shows a case where whenever the view_plane
method of an idm_plane object is called then the create_view method of the corresponding
fe_application object in the mapped model should be called, or vice versa. The second example
defines the parameters required in a create call for objects of type fe face window.

idm_plane@view_plane = fe_application@create view(_, idm_plane.name)
fe face window@create(idm_building, idm_plane.name, idm_plane.axis, 0, '+, [])

Method parameters which return values not required for the mapping can be specified witha_ to
indicate that the parameter should be ignored (asin create view above). Methods are called if all
parameters from the side being mapped from are known. This needs to be kept in mind when
create methods are specified, as all the parameters from the side being mapped from must be
guaranteed to be bound at the time that the object creation takes place. This also means that object
references in a create method must be resolvable through pointer equality at the time of the object
creation. For example, in the create method above idm_building will be replaced with the object 1D
created from the inter_class mapping for idm_building. The level of support for mapping of
methods will be dependant upon the approach taken for the implementation, as methods can have
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side-effects which are only valid if methods and data are mapped in a strict sequence.

5.2.6.14 Type conversion

Simple type conversions are implicit in amapping definition. Casting of results of equationsis not
required in VML, asthisisimplicitly defined by the type of the attributes specified in the equation.
Pointer equivalence handles the type conversion of object references, aswell as lists and arrays of
object references. Procedures are expected to correctly cast results calculated in the procedure
when setting the value of an attribute. Mappings of attributes which have complex types are
expected to explicitly define the type conversion as part of the mapping specification.

5.2.6.15 Unit conversion

Unit conversion is not supported implicitly in the VML language. Any unit conversion which must
be performed between attributes must be modelled explicitly. While it would have been possible to
assume an implicit unit conversion in a mapping there would have been some practical difficulties
in the implementation. One difficulty is that implementing a system to determine the final unit of a
complex equation is no simple task. Another problem is that predicate, procedure and method
definitions provide no meta-information on the units of their outputs, so it would be impossible to
check that the result of a predicate, procedure or method was in the correct units.

5.2.6.16 Temporary attributes
Temporary, or local, attributes can be defined in aVML mapping. These attributes have the same
syntactic definition as a temporary entity, i.e., names prefixed either with an underscore symbol,
e.g., templ, temp2, or with a capital letter, e.g., Templ, Temp2. Temporary attributes allow
the specification of partial computations which may be used in further equations. To this extent
temporary attributes can reduce the complexity of an equation definition and can be used to
improve calculation performance in an implemented mapping system (as demonstrated in the
example below).

WallTheta=tan_1(y_offset / x_offset),

WallDist = sgrt(x_offset * x_offset +y_offset * y_offset),

wall_x =WallDist * cog(WallTheta + azimuth),

wall_y =WallDist * sin(WallTheta + azimuth)

5.3 A Graphical Notation for VML

To satisfy the modelling notation requirements of Section 4.1.3, and to complement the textual
notation of VML described in Sections 5.1 and 5.2, a graphical notation (VML-G) was devel oped.
The graphical notation describes a subset of the full VML language and is aimed at high-level
views of the mapping specification.
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As agraphical language provides fast reading and comprehension of the textual equivalent, VML-
Gislikely to be of usein large integration projects where the schemas of the IDM and the design
tools can be very large requiring hundreds of inter_class specifications to detail afull mapping. To
manage a mapping specification of this size, the developers of integrated design systems will
require many diagrams showing parts of a mapping, from high-level design views during the
initial specification phase (which can identify entities which must be mapped between), through to
more detailed descriptions of the mapping between attributes heading towards the implementation
stage. Graphical specifications will also provide some benefit where single entities have a large
number of attributes. In these cases the modeller may wish to consider subsets of the entities
attributes when specifying a mapping, requiring multiple views of the mapping between entities.

5.3.1 Graphical icons of VML-G

In VML-G thereis asingle graphical icon type representing an inter_class definition (see middle
icon in Figure 5.2). This icon has three sections corresponding to the three sections in an
inter_class definition. These three sections allow invariants, equivalences and initialisers to be
grouped into localised areas in the icon and provide avisua separation of these distinct functions.
The other icon type defined in VML-G denotes an entity taking part in the mapping with the
inter_class (see the left and right hand iconsin Figure 5.2).

S Planes Interllass ===
- —invariants — ~ -
| idm_plane I —— pf_plane_object ]
name =3 = &= planename
axis = = = axis
offset =3 = = offset
@view_plane =3 = = L [@select
—inditialisers —

I
Figure 5.2 Graphical mapping specification in VPE

A graphical view of a mapping between entities from two schemas is specified by drawing an
inter_classicon with icons for the entities on either side of it. By convention we put entity icons
from the left hand schema on the left of the inter_classicon and the others on the right. Thisis not
strictly necessary as the schema an entity belongs to can usually be ascertained quite ssimply. Entity
icons specify the name of the entity represented (with optional schema and version information)
and can list any attribute and method (prefixed with a‘* @’) names defined in the entity (see Figure
5.2 for an example of direct attribute and method mappings). When there are multiple entities from
a single schema participating in a mapping, the vertical order of the icons defines the ordering in
the classlist of theinter_class definition (Figure 5.3 shows the VML-G for such a mapping along
with the textual equivalent). An entity which is to be grouped in the class list of the mapping
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specification is drawn with a double line around the outside (like a stack of entities), al'so shown in
Figure 5.3.

In Figure 5.2 we see that the icon for an inter_class definition consists of three parts. At thetopis
the invariants section which specifies conditions which must hold for this mapping to take place.
Below that is the equival ences section which contains all mappings between attributes and entities.
At the bottom is the initialisers section which holds the definition of initial valuesfor attributes.
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Figure 5.3 Complex VML-G specification with textual equivalent
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Each individual equation, function, or procedure is given asingle row in the inter_classicon. At
each end of the row is abox to which the attributes and entities involved in the particular equation,
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function, or procedure are connected. In the middle of the row there can be one of four symbols

which are used to define the type of mapping being defined between attributes and entities. The

four symbols are:

= denotes that thereis a direct equivalence between the attribute (or entity) in one schema and
the attribute (or entity) in the other. These one-to-one mappings are distinguished as a
special case as they occur frequently in mapping specifications.

egn  denotes that the attributes or entities in one schema are related to attributes or entitiesin the
other schema through an equation that is not a one-to-one equivalence.

func  denotesthat the attributes or entities wired together in this row are mapped through the use
of afunctiona mapping specification.

proc  denotesthat procedura codeis required to map between the specified attributes or entities.
In the textual notation this has to be specified with different procedures to map in each
direction.

5.4 Appraisal of VML

VML and VML-G define notations which are capable of modelling al known types of mappings
between two schemas. They provide the ability to describe high-level views between entities in
schemas, through to low level detailed views of mapping equations. They are supported by an
environment (described in Chapter 6) which provides for multi-view graphical and textual
specification, along with a global consistency mechanism. Mapping checkers and a generic
mapping definition (also described in Chapter 6) provide a means to describe the required
mappings between schemas for any implementation paradigm. In the remainder of this section, we
review how these new notations meet the requirements laid out in Section 4.1, and what further
work remains.

VML satisfies the requirements of Sections4.1.1 and 4.1.2 in the following manner:

Structural mapping types. the class lists of an inter_class definition, along with invariant
specifications, provide the means of describing any of the cardinalities of object to object
mappings that can occur. Equivalence specifications provide a means of describing attribute
to attribute mappings. In most cases, relationships between attributes and objects can aso
be defined in the equivalences section. The creation of objects during mapping initialisation
(corresponding to 0:1 mappings) can be handled through an inter_class with one class
defined in one class list and none in the other. Other types of new object or attribute
creations are able to be specified through the initialisers section of the inter_class definition.
VML has no explicit notion of object deletion or attribute value removal, therefore 1.0
mappings are not possible to encode explicitly. However, instead of explicit deletion, a
notion of constrained creation is utilised. For example, if there is a condition under which
an attribute should have no value then this would be specified in an invariant condition and
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the following mapping would not map a value across.

Semantic mapping types: the majority of these conflicts can be resolved through explicit definition
of mappings between attributes in schemas. For example, homonym and synonym
conflicts from Table 4.3 can be resolved by specifying a mapping between the correct
attributes. However, the recognition of these conflicts is the responsibility of the mapper
and is not detected in the VPE support environment. The same is true for most of the
schema and data conflicts of Table 4.4. Equivalences and initialisers provide the
mechanism for resolving the conflicts; their recognition is the responsibility of the mapper.
Structural conflicts of Table 4.3 are resolved through specification of classes in the class
lists and the invariants which tie together objects of these classes only under specified
conditions.

An appraisal of VML with regard to the more mapping-specific requirements of Section 4.1.3,

yields the following:

Language level: the use of VML-G allows rapid and concise specification of which entities and
attributes are related, without having to provide exact details of the connections. The
declarative style of the VML notation allows for simple specification of exact relationships
between entities and attributes, without having to detail specific methods to implement the
relationships, and without having to rewrite the relationships to solve for all referenced
attributes. In VML there is an underlying assumption that the mapping system will
determine how to perform the mapping, and rearrange equations as required. However, it
is recognised that a declarative approach can only be used for a certain set of
correspondences, and in some cases a procedural specification will be necessary. VML
provides for this as well. Some of the surveyed languages provide a more concise notation
than VML for specia cases (e.g., a Transformr ‘ COPY’ to copy between identical objects
during aversion update). VML, however, provides a consistent level of specification for
any type of mapping.

L anguage notation and modelling environment: VML is supported by a graphical notation (VML-
G) to allow high-level views of mappings, aswell as VML’ s lower level implementation
views. The VPE environment demonstrates some of the power that can be gained from a
multi-view graphical and textual specification environment with consistency maintained
between all views. For example, select portions of a mapping can be described in different
views, and entity icons can be expanded and contracted to show as much or aslittle of the
entity interface as required.

Language style: the declarative style of VML ensuresthat it is easily trandated into implementation
environments of many paradigms. For example, translating VML into a procedural, batch
operated mapping system would be possible by transforming VML mappings (re-arranged
to solve for the required attributes) to procedural statements. This approach has been
explored at BRANZ (Price 1995) to tie together several in-house design and analysis tools.
As an example of the other implementation paradigm extreme, an interpreted on-line
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implementation of VML mappingsisillustrated in Chapter 10.

Bidirectional: all VML mappings are implicitly bidirectional, though this can be overridden in the
inter_view definition. Any VML mapping is specified with the understanding that the
implementation system will use the mapping specification, re-arranged as necessary to
solve mappings, dependent on the direction in which data is mapped.

Conditional mapping: the invariants section of a VML mapping makes explicit the conditions under
which a particular mapping can be utilised. These conditions are specified independently of
the mapping definition.

Aggregation: functions to perform aggregation are included in the VML language. It is assumed
that the implemented mapping system will determine which aggregate equations can be
solved in both directions, and handle the consistency problems of those that can not.

Relationship handling: VML provides an operator to navigate the various structures found in
different schemas. Through this operator, the compression of complex structures and the
telescoping of simple structures can be defined.

Initialisers: the initialisers section of a VML mapping allows for the specification of initial values
for entities and attributes, as well as specifying parameters for the creation of objectsin an
object-oriented environment. VML also allows the specification of an inter_class mapping
with only one entity in one of the class lists as a way of defining objects which must be
created at the start of a mapping process.

Unit handling: VML provides no implicit mapping for attributes of different units. Any unit
conversions required between attributes must be identified by the mapper, and the
conversion detailed as part of the mapping. This decision was made as a result of the
difficulty of determining the resultant unit of the re-arrangement of any arbitrary equation,
and the lack of unit information in the specification of functions, procedures and methods
which can have serious flow-on effects (e.g., if a method returns a result used in a later
calculation).

Type handling: ssimple type conversionisimplicit in VML, so an implementation mapping system
is required to implement type conversion for all simple types (e.g., float to integer). For
simple types, the required conversion can be ascertained from the schema definition.
Conversion of complex types must be detailed as part of the mapping.

VML provides the fundamental mapping representational requirement for schemas that need to
shareinformation with an IDM in an integrated design system. However, there are some aspects of
the VML language which require further work:

Mapping language requirements: the list of mapping types around which the mapping language
analysis is based is not known to be complete. The semantic mapping types are drawn
from a dightly different domain and the mapping language requirements are drawn mainly
from experience with mappings over the course of this project. For example, the
requirement for bijections did not become clear until the large mapping problem illustrated
in Appendix E was attempted. Early work on this thesis attempted to determine mapping
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types from analysis and classification of known mapping problems based around the types
specified in Section 4.1. However, further analysis of combinations of these types to
determine high-level mapping types foundered in the combinatorial explosion of low-level

combinations to be analysed. There appears to be no definitive classification of

requirements in a mapping and further work looking at requirements would provide a
sounder basis to compare mapping languages and evaluate their descriptive ability.

Greater control specification in mappings. the level of control specification in VML istoo general.
Theinter_view specification is the only place where the level of mapping between schemas
is defined. In the case where there is a partial mapping between the schemas thereis no
methodology available to determine how to calculate which part of which schema should be
mapped. The underlying assumption is that a selection tool will be invoked at the start of
the mapping, in order to select the subset of the model which will be mapped. It should be
possible to specify the constraints on partial mappings in amore forma manner. Thereis
also no control on individual inter_class specifications, so one-way mappings can not be
explicitly defined on an inter_class by inter_class basis. However, thisis not a problem for
design tools (e.g., an IDM mapping to the output values of a design tool), as the project
specification of Chapter 7 defines the input and output subschemas for all design toolsin
terms of the IDM’s schema

Greater micro-level control in an inter_class definition: Though the invariants section provides the
conditions under which a mapping may take place, there are mappings which are amost
identical, but which require separate inter _class definitions because a single equation or
method call needs to be different. The main example of this problem iswith create methods
for objects, in these calls, where all parameters must be instantiated, it is necessary to
supply a default value if an attribute is uninstantiated. However, with VML this requires
two separate inter _class definitions, one which checks that the attribute is instantiated, and
the other which checks that it isn’t. Simple conditional wrappers around equations would
provide a solution to most of these problems.

Generic function and procedure definition: though the majority of aVML specification is generic,
and able to be mapped to almost any language paradigm, function and procedure
definitions are not. Currently, functions and procedures are defined in Prolog and Snart, as
these are the underlying languages in which the existing mapping implementation is
written. Itisunlikely that atotally generic procedure and function definition language could
be defined, but work on the Neutral Model Format (Sahlin et al. 1995) and the Java
language (Gosling and McGilton 1995) would suggest that some degree of generality could
be supported.

Unit converter: VML makes the assumption that there is no equation re-arranger available that can
calculate the fina unit of any arbitrarily re-arranged equation. Thisis mainly due to the lack
of unit information available from function, method and procedure definitions, which may
calculate values for attributes used in later equations. Providing a notation for the
specification of unitson all parameters of functions, methods and procedures, and hence to
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the design of aunit calculator for arbitrary equations, would prove an interesting challenge.

Explicit specification of type conversion: it would be useful to be able to define a mapping between
complex types. This type mapping could be assumed to be used automatically, in the same
way that simple types are assumed to be automatically converted. This functionality is
available in mapping languages such as EXPRESS-M, and syntactic changes to VML to
support the definition of type mappings would be trivial.

Method mapping: the VML specification of method invocation is limited to one-to-one
correspondences. There is currently no way of specifying combinations of method
invocations due to their temporal nature. For example, the set of method calls required to
invoke a method call in the mapped to schema could be spread over several transactions.
While data values are constant over multiple transactions, methods are only seen at the time
that they occur. A more sophisticated conditional language specification would be required
to fully model methods allowing combinations of several method calls to be required to
invoke a mapping and also to enable mappings based on the parameters used when
invoking the method. This would also impact on the type of system required to handle
mappings between schemas as the whole history of the use of the particular schemawould
have to be available to be scrutinised.

In summary, this chapter introduces VML, a language that can be used to describe bidirectional
mappings between two schemas. The language is shown to provide the functionality to meet the
requirements for a mapping language. An environment which supports the specification of VML
mappings is described in Chapter 6. The specification of mappings is the penultimate step in the
specification of an integrated design system for a particular project. The final step isto model the
project specification, which utilises the schemas for design functions from Chapter 3, and assumes
that there is a mapping between the schemas for each design function and the IDM for the
integrated design system. Chapter 7 introduces aformalism for project specification which details
the flow of control between design functions to build upon the mappings to the IDM specified in
this chapter.
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