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Reasoning on architectural knowledge representation, especially
when studying architectural transformations, relies upon the
definition of the modeling operations, their structured imple-
mentation, and the input of the user. Manipulating a given trans-
formation is a cognitive process based on the possibilities of
interaction defined by the system'’s designer. The user needs to
know and understand the meaning of the available operations in
order to use them; that is where semantics come in. Semantics are
a fundamental element in artificial intelligence' and its study
leads to a variety of theoretical approaches, representation for-
malisms, and practical applications. The emergence and expan-
sion of the World Wide Web, made it necessary to add to these
another interactive component: the 3D data exchange standards
across the net.

The scene-graph is a widely used data structure; it is the un-
derlying core of the four main 3D data exchange standards on
the Web: Open Inventor, VRML, Java3D, and X3D. VRML was
chosen for the design studio applications because it is widely
supported in 3D graphic modeling software, it implies a rela-
tively low learning curve for the students, and, as we will see
later, it supports knowledge representation.

Our general objective was to enhance the representation
threshold of the VRML, by mapping some of its functional prop-
erties to the interactive operations applied by a user on a 3D rep-
resentation. For that purpose, and in the first part of this article,
we introduce the scene-graph and a set of semantic relations ac-
cording to the technical specifications of the VRML 2.0. We then
define a hierarchy for those relations within the context of the
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Fig. 1. An example of a scene-graph.

VRML syntax and its elementary semantics. The construction of
the hierarchy and the modeling of our VRML system both stem
from a systemic approach to knowledge representation. In the
second part, we consider a practical application of that hierarchy
and represent an example of transformation taken from the site
of our design studio project. A set of architectural transforma-
tions with a common pattern were encountered in the historical
neighbourhood, transformations such as adding an upper floor,
extending the main elevation sideways, joining two buildings,
changing the shape of the trussed roof, etc.’

In the design studio, we intended to represent two trans-
formed consecutive states of the selected buildings, both de-
scribed by a number of geometric and topological parameters
such as height, width, length, position, and orientation. To that
effect, it was necessary to extract useful information from the
available resources to formulate a transformation hypothesis and
visualize it using VRML. Using one building as an example, we
will describe the available documents (text and graphics), the
steps in the mining of information, and how the semantic hierar-
chy could enhance the representation of the targeted architectur-
al know-how. We will conclude with a discussion of the results
and a reflection on some of the lessons that were drawn from the
project. Finally, we will outline some future perspectives relative
to the application of such representation in the design studio.

The Scene-Graph

The scene-graph is a data structure used to represent, visualize,
and manipulate information about our world. It is a system of
nodes and arcs that can be described according to its structure
and functions. In the design studio, we decided to work with the
VRML scene-graph version. Although the above-mentioned
standards have much in common, we will exclusively refer to the
concepts of VRML in the present discussion.

A VRML scene-graph contains information about the graph-
ical description of the scene such as appearance and geometry of
the objects, lighting and viewing conditions, possible user inter-
action, and generation of events." When the scene-graph is con-
sidered from a structural point of view, it is seen as a set of
relations defining the syntax of the programming code, which
expressions are allowed and which are not, where they fit in the
structure, and how their sequences must be arranged.” Each
graph has one root node and arranges the description of the
scene in a branching layout of nodes, representing the objects,
and arcs, representing the relations among them (fig. 1). That lay-
out is a basic semantic terminology to define the types of possi-
ble directional relations among the nodes: the parent node and
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the child node. All the nodes can have a certain number of par-
ents and children with the exception of the root node (it cannot
have a parent) and the leaf nodes (nodes that do not have chil-
dren). Each branch starts from the root and covers a path of
nodes and arcs leading to a leaf node; it contains the complete in-
formation to describe the leaf node in terms of shape, appear-
ance, and behaviour. Consequently, the predefined properties of
the nodes influence the graphical modeling of the observed ob-
jects (naming the objects, grouping them) and provide the stu-
dents with a common base to analyze the architectural elements
and understand their complexity and varying details.

The apparently rigid top-down hierarchy is “flexibilized” by
a layer of Routes. Routes are nodes that constitute a network link-
ing the components of the nodes; they can be compared to a web
of wires connecting command centres and supporting the flow of
information among them. We consider the Routes network as a
functional representation of the scene-graph. Thus, the larger in-
teraction among the components that is supported by the func-
tional aspect of the Routes, overcomes the apparent rigidity of the
sequential arrangement of the nodes. Moreover, both the func-
tional properties and the relational hierarchy of the scene-graph
complete its definition as a “system.” That definition induces the
dimension of emergence within the representation and, as we
will discuss later, that dimension in turn supports the validation
of the architectural transformation hypothesis.

Another systemic dimension of our approach is the possi-
bility to include the subjectivity of the observer, i.e. the student,
in the representation formalism. During the modeling phase of
the studio, the students used a comprehensive index of architec-
tural details’ to identify the elements to be modeled within the
context of the project and to name them accordingly. They ana-
lyzed the collected architectural information (from site visits,
texts, photographs, and drawings), identified the constituent
parts, and decided which were relevant to the representation or
were not, hence the subjectivity. In the context of knowledge rep-
resentation, that selection process is considered to be a part of the
conceptualization of the target knowledge and to subsequently
create the universe of discourse, i.e. “the set of objects about
which knowledge is being expressed.”

Within the scene-graph, that procedure is actually an ab-
straction operation supported by the modularity of the nodes.
We consider the representation of the subjective contributions of
each team of students as a restitution of the architectural and
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Fig. 2. A semantic hierarchy.
(adapted from Storey 1983)

historical contexts that affected the state of the neighbourhood;

restitution used to enhance the theoretical input in the design

studio, as Mitchell described.”
In a given context, the set of objects to which we refer, and about
which we can express comments, is the universe of discourse. In
discourse about a building the universe invariably includes the
parts of the building to which we choose to give attention. Different
people may decompose a building into parts in different ways and
so include different collections of parts in the universe of discourse.

The Semantic Relations

The support of the scene-graph to a given representation is im-
plemented, in effect, within the nodes of the VRML. These nodes
can contain graphical and spatial attributes as well as others
more abstract such as geometric constraints, parent-child rela-
tions, etc. The positional organization of the nodes in the graph
is managed by a set of specialized nodes. Their role is to define
relations among the other nodes and constrain the behaviour of
the graph. In the field of knowledge representation, such rela-
tions are chosen from a large set of meaningful descriptions of
the interaction pertaining to the objects observed.* They are re-
ferred to as semantic relations and used to model constraints, in-
heritance, operation propagation, or specialized query
capabilities.” Basically, semantic relations formalize meaning and
structure of the represented knowledge by using abstractions
such as inclusion, aggregation, association, possession, attach-
ment, and attribution."

Besides, we define the term “semantic relations” within the
context of artificial intelligence and in relation to coding algo-
rithms. We understand it as the outcome and effect of the appli-
cation of algorithms and procedures."

While selecting our relations, we relied on strict differences
among the nodes; differences that exclusively map each node to
a functional outcome. For instance, more than one type of spe-
cialized nodes offer the possibility to organize nodes in a group;
yet we have chosen the most basic type (Group) that does noth-
ing except define an element-set relation and maintain this strict
membership among the children nodes. Finally, because from the
onset of the studio, the work of each team of students was
viewed as an abstraction input, a summary of the group’s analy-
sis, into the others’, and supported by the uniformity of the syn-
tax of the scene-graph, it was possible for the representation to
contain the set of potential interpretations of the observed neigh-
bourhood, thus contributing to the semantics definition of the
model."”
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Fig. 3. Inheritance mechanisms.

Fig. 4. The Transform node
containing spatial

operators: translation

definition
S |
e I
U|Moabe 1] !
1
inheritance = !
1 [ north_wail | | south wall |
- J height 3m height 3m
length 7m length 5m
width 0.5m width 0.3m

and rotation.

@®

the properties needed to visualize the architectural trans-

Def-Use mechanism

Proto-ExternProto mechanism

formation. Those properties were mainly related to the ap-

We have identified four VRML categories of semantic rela-
tions to represent processes of architectural transformations:
inheritance, decomposition, grouping, and selection. Essentially,
our manipulation of architectural objects can be situated within
the general semantic category of inclusion as described in fig-
ure 2, drawn from Storey.” Although that hierarchy was com-
piled from various disciplines such as computer science,
linguistics, logic and cognitive psychology, it truly supports our
description of architectural transformations and shows how the
chosen relations fit into that structure (gray-shaded in fig. 2). We
use it to represent the controlled flow of transformations down
the graph, the stable interaction among the elements of the scene,
and a set of explicit and permanent constraints.

In the following paragraphs we develop the definitions of
our semantic relations within the specifications of the scene-
graph and refer the reader to Storey" for the description of the
general categories.

Inheritance

Inheritance is the transmission of a set of properties from an an-
cestor to a descendant. In the VRML, it deals with (1) the propa-
gation of attributes such as position in space, dimensions,
orientation, colour, shape, and scale; and (2) the reuse of the
code. It is implemented in two ways: the basic naming mecha-
nism of DEF-USE, and the more general ones of Proto and Ex-
ternProto.

Those mechanisms differ when applying two distinct levels
of inheritance derived from object-oriented programming
(OOP): (1) in DEF-USE, the addition introduces new attributes
and behaviours to the target representation; and (2) in Proto/Ex-
ternProto, the substitution replaces the initial values of an attrib-
ute or behaviour with a new one.” Consequently, the DEF-USE
mechanism implements an imperative inheritance; the user can-
not change the properties passed down the graph, and the ob-
jects are instantiated as specified by their ancestor (fig. 3), while
the Proto/ExternProto mechanism is similar to the class-object in-
heritance mechanism in OOP and it uses substitution along with
addition to manage inheritance.

When the modeled objects were converted (in the studio)
from the original graphical format to VRML, it became tedious to
redefine general classes based on those converted properties.
The use of Proto then became necessary to recuperate the geo-
metrical information and allow the addition or substitution of

pearance of the objects (texture and colour), inherited by the
DEF-USE node and unaffected by the geometrical transforma-
tions.

Decomposition

Decomposition is the inclusion within a given node of all the in-
formation it needs to function within the scene. Although it is the
equivalent of the encapsulation property of OOP, we gave it a
different name to designate its usage within VRML, especially
because it is implemented by a defined node, Transform (fig. 4).

If an object is composed of a set of parts containing the in-
formation to be modified by the user, these have to be explicitly
declared in the code as such. The basic definition of the geome-
try of an object in VRML is the SHAPE node, but that keyword
does not allow any relation with other objects: it can only be dis-
played on the screen. The Transform node allows the user to in-
teract with the object. That node implements the notion of
encapsulation in VRML, on top of a SHAPE node, and it indi-
cates a first level of possible interaction with the basic geometri-
cal description of an object. In addition, it provides a nesting of
shape information and, consequently, supports the detailed de-
composition of an object into its parts. Transfornt is also a separa-
tor that defines the limits of the interaction of a given object with
others in the same scene and it is the only means to pass rotation,
translation, and scale transformations down the graph.

Although we have identified decomposition as a separate
relation, as noted by Stefik and Bobrow," it effectively supports
the inheritance mechanisms (fig. 3) and the abstraction of the
represented knowledge by its granularity dimension. Granulari-
ty supports the limited and the local aspects of the modifications
applied to a separated part while maintaining its relations with
the others.

Grouping

Grouping states that a number of separate objects should be
treated as one. In VRML there are a number of grouping nodes:
Transform, Switch, Inline, Billboard, Anchor, and Group. The Group
node simply concatenates the objects and allows them to be
processed as a single entity; it maintains a strict element-set rela-
tion and offers no interaction among them, i.e. the object does
not acquire additional characteristics or perform any function
within the group. Logically speaking and to some extent, it is
equivalent to the AND operator. In the hierarchy, Group always
defines a higher level of manipulation and semantically
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Fig. 5. The membership relation im-
plemented by the Group node.

expresses the imperative
requirement of a whole
in terms of parts in an
aggregation operation.

[nline is another
grouping node and it is
used to insert a VRML
file (or a set of files)-a
child file with all its
nodes and properties—into another one, a parent file (fig. 5). It
supports the construction of a main scene-graph from other sub-
graphs residing in other files. An interesting property of that
node is its scooping capacity. When defined within a child file, a
DEE-USE node cannot be accessed from the parent file. The child
file protects its components from external manipulation and the
whole inserted sub-graph is treated as a single object. Translated
into existential graphs and first-order logic, that node defines the
logical implication: the modus ponens. For instance, given two en-
tities P and Q, and P entails Q, if (and when) P is true, then Q is
necessarily true. Besides, that node establishes a relation to the
child file components. Any interaction defined in the parent file
and implemented upon the “Inline-ed” child file is semantically
equivalent to the application of the interaction to the compo-
nents in the child file (fig. 7).

Fig. 7. A Switch node selects one element from a set.

Selection

The previous relations remain static in the sense that, when they
are defined within the hierarchy and without user input, they
represent simple constraints in the graph, each according to its
context and requirements.

VRML comprises a set of interaction nodes to translate the
decision of the user into an operation on the scene. And since the
scene is represented by a graph, it is useful to have a path selec-
tion mechanism that can isolate a relevant part of the scene (we
call it a local situation) and allow the user to interact with it.

Choosing a particular path is made possible with the Switch
node. Depending on the user input (a click on a object, a simple
pointing operation, etc.), that node identifies a part of the scene,
constructs an implementation path throughout the graph reach-
ing that specific part, and implements the required actions or op-
erations (fig. 8). Combined with the Routing mechanism (see
§ 2), Switch is equivalent to a dynamic version of the logical op-
erator OR. It implements a control interface (such as if... then...)
and semantically expresses the dependency of two nodes by the
propagation of the chosen operation along the path. Various
Switch paths can be created throughout the graph adding a
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spatial representation of the exclusiveness dimension", which, in
turn, describes regions of applicability for each operation.

The circumscription of a local situation (or more) has been
used in artificial intelligence as a means to construct ontologies."
By supporting the identification of the frequent situations, i.e.
common architectural transformations, and conserving them as
explicit nodes, the scene-graph provides the students with a
practical way to enhance the abstraction of the observed infor-
mation, and, at a later phase, the restitution, within the project,
of the abstracted architectural properties of the site.

The Elaboration of the Semantic Relations

The elaboration of the semantic relations can be summarized
with two phases of the modeling process:

- The initial outset of a scene-graph: On one hand, the qualitative
description of the graph can be deduced from the topological
properties of the relations (their location in the graph and their
mutual links). On the other hand, the existent sets of transfor-
mation processes define the quantitative attributes to be manip-
ulated anytime during the interaction. In the graph, the state of
the building is described by a number of architectural elements
and the transformation of a state is viewed as any combination
of the addition, subtraction, or modification of an element. When
the qualitative and quantitative properties are mapped to a state
of the building, a series of possible design representations of the
same building are obtained, with small modifications of those
properties.

— Its subsequent modifications by the user: When the user modifies
the scene-graph, its state remains qualitatively the same until
there is a major modification of any property; then it shifts to the
next state. That phase supports the various interpretations of the
described scene and creates new emergent properties for the tar-
get nodes; the perceived effect of the interaction among the rela-
tions represents the emergence process in the graph, enhances its
abstraction capacities, and completes its systemic description,
with emergence defined as the process of “making properties
which were not explicitly represented at the outset become rep-
resented explicitly.”"

— The application of the internal control mechanisms among the nodes:
The control mechanism has to maintain an information consis-
tency of the graph to allow the bi-directional exploration of the
representation, from state 1 to state 2 and back. It is important to
note that, at a conceptual level, that exploration is not strictly cir-
cular, i.e. always coming back to the same starting point, it rather
spirals: a first step of exploration from state 1 to state 2 is coupled
with an emergence of a particular property of state 1 which,
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when returning from state 2, would be re-integrated in state 1, in-
creasing its interpretative potential.*

The Relational Hierarchy

Our semantic relations being defined, they have to be structured
into an interactive hierarchy: this is based on the definition of
generic objects with default features that can be changed during
the construction of the graph and/or the user’s interactions. For
instance, it is possible to define for each craft (masonry, roofing,
carpentry, etc.) a set of basic Proto nodes that could be instantiat-
ed into visual objects on the screen. In addition, interactivity is
defined in terms of a set of operations allowing the user to mod-
ify the scene-graph and a set of constraints controlling and prop-
agating those modifications among the nodes of the graph, i.e.
the objects in the scene.

The top level of the hierarchy contains a general abstract
Proto (fig. 8, 12); it defines the general characteristics of objects
that will eventually be instantiated, viewed, and manipulated. In
our example, it is the Proto “Wall” that encapsulates the default
properties and behaviours of all the walls that we wanted to rep-
resent and manipulate. The next level contains intermediate
Proto nodes that inherit the default properties from the previous
level and add new ones. For instance, having inherited the basic
attributes of length, width, and height from the parent Proto, the
Proto “horizontal_walls” adds to them the possibility of being
translated sideways, on a horizontal plane. At the bottom level of
that tree-like hierarchy, are instances of those Protos, i.e. physical
objects such as walls. Each one has inherited its properties from
its parent Profos and behaves accordingly (fig. 8).

Moreover, we considered that the transformation operations
were applied at two architectural levels: the floor and the
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Fig. 8. A three-level hierarchy.

elevation, and we chose to map them both to the behaviour of
the instantiated objects. That choice is made explicit by the nam-
ing protocol of the objects and the defined geometrical and visu-
al transformations. For instance, the texture of the northern
ground floor wall could be changed from wood to brick without
affecting the northern wall on the first floor, and all the walls on
the eastern elevation of the building could be eliminated from
the scene-graph without affecting the others.

An Architectural Transformation Case

The proposed relational hierarchy supports the representation of
the transformation processes that shaped the built landscape of
the Saint-Roch neighbourhood. One of the objectives of the de-
sign studio was to help the students understand the changes in
the neighbourhood and invest that knowledge in the design of a
project. Our site is an architectural example covering three as-
pects of the morphological and urban transformations that oc-
curred through the city: the infrastructure (allotment, street
patterns, etc.), the building mass (the elementary unit of the
landscape), and the elevation surface providing the visual evi-
dence of the changing identity of the urban landscape.

The case study of the building chosen constituted a chal-
lenging task of representation: (1) to integrate the information
collected from various sources in order to complete the detailed
history of the transformation hypothesis; and (2) to compensate,
by using the scene-graph, for the missing architectural informa-
tion on the demolished buildings. The available documents were
photographs taken during the construction phase of the build-
ing, after its completion, and after its transformation. A study by
Noppen™ described and documented the sequential phases of
the transformational processes of the site and provided the his-
torical background for our model (fig. 9).

The Given Hypothesis

The following hypothesis covers the three levels of urban trans-
formations as noted previously.

The building was located at 52 La Couronne Street, in the
Saint-Roch area of Quebec City (fig. 9). Two buildings from Des
Fossés Street that would later become Charest Est separated it.
Such a configuration had the effect of imposing on the buildings
to have their main elevation on La Couronne. As a direct result
of that widening, our building acquired an access to the main
street, Charest Est, and thus the transformation became in-
evitable. The building had to have its main elevation on Charest
Est, but La Couronne was still thriving and the projected trans-
formation had to take into account that second element.
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Consequently, both elevations on Charest Est and La Couronne
had to be refurbished and re-established.

The information available on the photographs and the doc-
uments had to be cross-examined in order to validate the hy-
pothesis. The intended validation did not imply an exclusive
identification of a unique solution, but rather a plausible expla-
nation of a possible architectural configuration.

The site did not contain any landmarks or architectural re-
mains of its previous state; the building was completely demol-
ished in 1994 and replaced by the Saint-Roch community park.
The hypothesis was thus addressed from two different angles.

The first was the assembly of a 2D-graphical scene of the ini-
tial state of the building. We relied on documents available from
the archives of the city of Quebec and on the study by Noppen®
to produce a composite representation of the urban landscape
and the chosen lot. The representation mapped the textual de-
scriptions of the transformed building to the sparse photo-
graphs, maps, and architectural plans and provided a visual
support to understand the sequence of the transformations as de-
scribed by the documents.

The second approach was a 3D VRML model, with the ob-
jective of having the visualization of the transformation dynam-
ical and temporally controlled by the user: the graphical display
shows a sequential replacement of the transformed architectural
elements and the user can stop and re-run the visualization at
will. Moreover, the interactive movement of the user within a
VRML model provides various viewpoints from which the trans-
formation process can be observed against the surrounding
urban environment. Consequently, one can easily grasp the qual-
itative properties of that architectural intervention and evaluate
its impact.

The Transformation Process

To implement the validation approach, we needed to visualize
the transformation process between two well-defined states of
the building. An initial one that lasted until the widening of the
main street of the neighbourhood, and a final one that lasted
until the demolition of the building. The transformation process-
es considered are the results of sequences of the construction op-
erations and can be broken down to their elementary actions
defined within a range of know-how and skills: extending,
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Fig. 10. The reconstructed site.
(Archives of the City of Guebec)

Fig. 11. Tha trans-
formed states of
the chosen build-
ing: (a) initial and
(b) transformed.
{Archives of the City of
Quebec)

moving  or
adding a wall,
filling in a
window, creating an opening in a wall, and so forth.

There are three phases in the transformation history of the
site that can be summarized as follows: (1) the construction of the
building itself as illustrated by a photograph of the construction
site (fig. 10-a); (2) after the widening of Charest Est, the total re-
furbishing of both front elevations on La Couronne and Charest
Est (fig. 10-b)*; and (3) the complete demolition of the building
in 1994. The photographs showed the addition of a fourth floor,
just under the roof, portrayed by the opening of new windows.

On the southern elevation, a large opening was made to allow
the circulation of large stocks of goods in and out of the building.

To complete the description of that process, we suppose that
the eastern and southern elevations remained structurally un-
changed and that their transformation was mainly at the textur-
al level. Other changes in the building most certainly resulted
from by the refurbishing of the north and west elevation. Never-
theless, we assume that transformation operations related to
other components, such as floors and internal walls, can be omit-
ted without affecting the integrity of our approach, and that the
modularity of the scene-graph will allow us to add those trans-
formations at a later stage.

The Transformation Graph

The scene-graph includes two states of the given architectural el-
ements in the building (fig. 11). The first one describes those ele-
ments before the widening of Des Fossés Street, and the second
one illustrates the operations carried out afterwards. To demon-
strate the case study, we chose to represent the replacement of
the western and northern elevations.

Both states were modeled using graphical software that
does not support explicit knowledge representation in its data
structure and they were then converted into VRML format in
order to represent the transformational process. The converted
files contained encapsulated information; each node described
the visual, spatial, and geometrical properties of the correspon-
ding architectural element. That resulted into the impossibility to
extract the transformation operations already embedded within
each object and we had to use both VRML files (one for each
state) in the scene-graph. The advantage of that was the ease
with which we replaced one initial state with its transformed
state by using the selection relation; the disadvantage however
was that important information had to be manually extracted
and re-coded in VRML.
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Fig. 12. A sub-graph describing
the modular prototype of a wall.

We represented the transformational process as a
network of positional relations coupled with a second
functional network to selectively link those elements and

provide the transmission of commands and control
through the system. We used the Route nodes as the main
component of the functional network to wire the nodes
of the structural network. As mentioned earlier, routing is a pow-
erful feature of VRML and, eventually, the internal manipulation
of the graph and the user’s interaction will be conveyed by those
wires.

We built a Prote node containing the description of the tar-
get walls (geometrical properties and behaviour) and placed it at
the top of our hierarchy. That Proto node served as a general class
from which we instantiated all the basic objects in our scene, i.e.
the walls. It comprised the following three elements. First, a
Switch node to allow the individual selection of the child object
among a group of objects; that node also enhanced the flexibility
of the hierarchy and controlled the inclusion of this object in it.
The second component was a Transform node to add a local co-
ordinate system and allow the spatial transformations to take
place. The third component was a SHAPE node to describe the
geometrical properties of the wall; it explicitly refers to the con-
verted VRML model as discussed in the previous paragraph. The
initial SHAPE component, describing the initial state of a given
wall, will be replaced with the transformed state of the object.
Since we were particularly interested only in geometrical trans-
formations, no appearance nodes were used to keep the file size
small and facilitate its manipulation. In addition to those nodes,
the Proto included various scripts to control the user’s interaction
and maintain the consistency of the graph.

Each of the instantiated walls could belong to two separate
groups: the floor group and the elevation group. On one hand,
when we want to visualize the phases of the construction
process, the floor groups are shown successively, starting with
the ground floor up to the roof. On the other hand, to show the
transformation of the north elevation by replacing the initial
phase with the transformed one, all the walls in the various
floors need to be selected and replaced; that is done by selecting
the north elevation group.

These two levels of interaction are complexified by adding
two other levels: the horizontal one, combining the floor groups
and the vertical one, combining the elevation groups. One use of
the latter is exemplified when we want to completely erase the
building from the scene; to do so, we select the vertical walls
group (or the horizontal one) and the graphical representation is
erased from the screen.

Fig. 13. The scene-graph of the transformed building.

The arrows pointing to the dots replace the repetitive parts
of the scene-graph that were eliminated for graphical clarity. In
the “walls_vertical” group, the arrow points to three other
groups containing the corresponding elevation walls for the
south, east, and west. These groups are similar to the one shown
in the graph (walls_elevation_north). In the “walls_first_floor”
group, the arrow points to four corresponding Proto nodes of the
first floor, similar to those of the group “walls_ground_floor.”

Discussion

The validation of the given hypothesis (i.e. the sequential trans-
formation of the building) is demonstrated by the actual repre-
sentation of the architectural transformation within the
scene-graph. It relies on two semantic (i.e. effective) properties of
that representation. The first one is mapping the exiracted de-
clarative knowledge to a graphical proof of a possible interpreta-
tion expressing the construction processes that could have been
used. The second, more abstract, deals with the integration of
that interpretation into the architectural and urban history of the
building site, and argues for the exemplarity and the re-usability
of such a representation. Moreover, the translation of the docu-
mented transformations into a set of structured abstractions (ag-
gregation, inclusion, etc.) and geometrical constraints
encapsulates the general constructional know-how used by the
craftsmen, in that particular period of time,

Despite the fact that the formalism used is a scene-graph, we
consider the informational content of the applied operations as a
conceptual 2D plane (fig. 14). It contains the sequential organi-
zation of the elements of construction processes such as the elim-
ination of a wall, addition of a window, and the stratified
existence within the graph of the transformed states: initial, in-
termediate, and final. The model shows a dynamic and hetero-
geneous stratification through time; the construction processes
are not passed uniformly from one state to another and thus be-
come, in the graph, a representation of the building’s temporal
changes. At a more abstract level, that model defines a probable
design space in which possible combination sets could be identi-
fied, selected, and integrated as design aids in the design studio.
Those heuristic operations, supported by the semantic relations,
make it possible to generate and validate plausible
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a combination

of semantic relations

Fig. 14. The conceptual model of the uni-
verse of discourse.

Interpretation spoce a plausible

fransformation process

transformed state

design space
initial state

in a set of construction sequences (elimination, replace-
ment, extension, modification, addition, etc.), represents
the range of possible know-how processes in a given craft
and a set of constraints whose combinations lead to a

interpretations of architectural transformation processes and
thus complete our representation’s universe of discourse.

In addition, the number of dimensions of both spaces actu-
ally depends on the chosen attributes of the architectural ob-
ject(s) studied: for instance, we chose to represent the
transformed states and sequences of the construction processes,
so our design space is two-dimensional; when the semantic rela-
tions are added, we get a three-dimensional interpretation space
(fig. 14).

The discussion of the heuristic dynamics of that interpreta-
tion space extends beyond the scope of this paper but it is im-
portant to note that, in this model, the scaling of both axes, i.e.
the level of detail of the represented elements, influences the re-
sulting interpretation of a given hypothesis. We could, for in-
stance, add more intermediate states between those we have
already mentioned, or more sequences of construction processes,
and then re-examine the qualitative properties of the hypothesis.
Consequently, that feedback would support the reusability of the
represented knowledge, and, as a direct result of mapping the
design space to the interpretation space, both the encapsulating
generalization and the coding of the transformation history
would facilitate the application of those blocks of code to the rep-
resentation of other buildings in the neighbourhood, which were
transformed by the widening of Des Fossés Street.

Conclusions and Perspectives

In this paper, we presented a knowledge-based representation of
an architectural transformation in an urban environment. In the
design studio, we chose a neighbourhood that shows a coherent
pattern of transformational operations and discussed a case of
operations as applied to a given building.

The framework of our model relied on the scene-graph for-
malism of VRML, widely used data-structure standards for 3D
document exchange over the Web. It comprised two basic ele-
ments: a set of semantic relations describing the collected infor-
mation, and a relational hierarchy organizing the acquired
knowledge at an abstract level and defining architectural objects
and transformation operations.

We considered the architectural transformation of the build-
ing as an amount of information that represents two consecutive
states. That informational content, structured by the scene-graph
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space of possible designs. When coupled with a semantic
hierarchy, the design space is extended into an interpretation
space consisting of sets of plausible hypotheses. Consequently,
the application of the scene-graph heuristics to the latter vali-
dates a chosen hypothesis and induces it in the conceptual phase
of the project in the design studio.

The VRML scene-graph is a powerful tool to represent ar-
chitectural knowledge and its mapping to the domain of object-
oriented programming could support the development of
educational approaches in design studios. That formalism sup-
ports the design studio by offering a computable means to
(1) represent a design space in a modular and extensible model,
(2) define its mapping to an abstract and cognitive interpretation
space, and (3) construct the required interaction tools. There is
much needed development to de done at the level of the core of
VRML to make it more design-studio-friendly and our view re-
mains dependent, in part, on the further technical development
of that language and its extension beyond the simple 3D data ex-
change format.

Furthermore, we have identified the following perspectives
for the representation of architectural transformations using the
scene-graph:

— The development of a set of VRML meta-nodes based on the
use of Proto and ExternProfo as a basis for an interactive design
system: capturing the user’s interaction, representing a con-
straint-propagation mechanism to control this interaction, and
modeling an inference mechanism to implement the resulting
transformations on the scene-graph. Particularly, this system
would include the definition of a set of user-oriented operators
to manipulate the relational hierarchy. Practically, we are inter-
ested in developing a set of standard operators that would pro-
vide efficient manipulation of the scene-graph with respect to
geometric constraint problems.

— The development of the semantic definitions: the actual set of
semantic relations that we have defined can be extended to cover
topological spatial relations such as inclusion, tangency, disjunc-
tion, containment, overlapping, and equivalence. Consequently
and as a result of the extension of the semantic axis in the inter-
pretation space and the development of the scene-graph heuris-
tics, we would enlarge our universe of discourse and therefore
enhance the qualitative representation of spatial information.
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