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Chapter 6

Three-dimensional input and
visualization
Robert Aish

6.1 Introduction
The aim of this chapter is to investigate techniques by which man-computer
interaction could be improved, specifically in the context of architectural
applications of CAD. In this application the object being designed is often an
assembly of defined components. Even if the building is not actually
fabricated from such components, it is usually conceptualized in these terms.
In a conventional graphics-based CAD system these components are usually
represented by graphical icons which are displayed on the graphics screen and
arranged by the user.
The system described here consists of three-dimensional modelling
elements which the user physically assembles to form his design. Unlike
conventional architectural models which are static (i.e. cannot be changed by
the users) and passive (i.e. cannot be read by a CAD system), this model is
both 'user generated' and 'machine readable'.
The user can create, edit and view the model by simple, natural modelling
activities and without the need to learn complex operating commands often
associated with CAD systems. In particular, the user can view the model,
altering his viewpoint and focus of attention in a completely natural way.
Conventional computer graphics within an associated CAD system are used
to represent the detailed geometry which the different three-dimensional icons
may represent. In addition, computer graphics are also used to present the
output of the performance attributes of the objects being modelled. In the
architectural application described in this chapter an energy-balance
evaluation is displayed for a building designed using the modelling device.
While this system is not intended to offer a completely free-form input
facility it can be considered to be a specialist man-machine interface of
particular relevance to architects or engineers.
In Section 6.2 we will chart the evolution of the theoretical and practical
basis for this system. Section 6.3 will describe the design of a prototype
system and the software used in the initial architectural application. Section
6.4 considers a typical operation of the system. Section 6.5 will outline future
developments including VLSI implementation and applications with 'Octree'
modellers.

6.2 Evolution of an idea
The idea of three-dimensional modelling system as a user interface to a CAD
system has evolved from a number of research concepts and practical
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developments in architecture, environmental psychology, user involvement in
design and man-computer interaction.
6.2.1 Architecture
The development of drawing systems such as perspective and orthographic
projections established a set of graphical conventions which enable architects
to communicate their intentions to clients and contractors prior to any major
commitment at the construction phase.
An essential feature of orthographic projects such as plan views is the use
of two-dimensional graphical icons to represent conventional features of
buildings such as walls, windows and doors. These symbols are used to
denote complex functional and geometric subsystems of the building without
explicitly containing all the detailed information required for construction.
Although these drawing conventions are economical to use, the problem
with a two-dimensional symbolic system is that perceptual ambiguity may
occur when multiple two-dimensional views are used to communicate more
complex three-dimensional objects.
It is acknowledged that three-dimensional graphics, such as perspective
views, can be used as an effective output system, but it is difficult to see how
users can directly generate or manipulate three-dimensional geometry via
such computer-generated views. Hence the problem of three-dimensional
input.
6.2.2 Research into three-dimensional input systems
Once the facility to display computer-generated perspectives of threedimensional objects and scenes had been developed it was natural that
researchers would focus their attention on the problem of development an
effective three-dimensional input system. For example, an important paper by
Sutherland (1974) described a system using two digitizing pens to input
three-dimensional geometric data from two orthographic views. This
approach is not really applicable in the context of architecture design since
the objective is to help the user operate in three dimensions and to avoid the
prior use of orthographic drawings. The generality of Sutherland's proposal
was that two views (orthographic or perspective) could be used to recover a
three-dimensional representation of an object. Posdamer (1982) extended this
approach using an encoded illumination system. This technique, and similar
techniques using acoustic methods, have significant advantages because they
can be applied to passive models of arbitrary shape, but are restricted to the
acquisition of a surface description of the object. The problem with
architectural applications is that model buildings have re-entrant forms. It is
also usually important for the CAD system to recover more than a surface
description of the building design.
Another approach is to use a probe to identify specific points on a surface
of a prepared model. Proprietory systems are available in which all surface
points can be identified in 6 degrees of freedom. These are used to identify
the X,Y,Z coordinates of the point and the angular definition of the vector
normal of the surface at that point.
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All these previous techniques rely on the user generating an accurate
three-dimensional object prior to the scanning process.
Some researchers have considered direct three-dimensional input which
does not involve a physical model. For example, Schmandt (1983) reported
the development and use of a stereoscopic computer graphics workstation.
This system provided a three-dimensional cursor which the user controlled
via a wand. While the system could be used for three-dimensional painting or
the placement of existing graphics icons, it was concluded that the precise
dimensional and angular control necessary for a design activity was difficult
to achieve. Also this system required special viewing arrangements which
may not be acceptable in a general user environment.
6.2.3 Environmental psychology
The final product in computer graphics is an image displayed on a colour
monitor. We may easily forget in a conference on computer-aided design that
the final product in architecture is the perception and evaluation of real
buildings by users. There is little purpose in creating either symbolic or
realistic visualizations of buildings which evoke particular responses from the
users if the resulting buildings do not also evoke similar responses.
Sorte (1975) demonstrated that different two-dimensional and threedimensional graphic, photographic and modelling techniques used to represent typical buildings may not evoke the same responses from subjects as
did the buildings in reality. In particular, he found that plan drawings were an
unsatisfactory presentation method, while simple three-dimensional models
were more effective.
One of the factors which, it is suggested, contributes to the success of
physical modelling presentation methods is the facility which such a
modelling system provides for the user to acquire an unambiguous perception
of the size and shape of exterior forms and interior spaces by allowing the
user to vary his eye and viewpoints. The user also moves around (and
possibly through) the model and is, therefore, able to achieve compatibility
between visual and positional cues which will also occur in the perception of
the real building.
Sorte's research on the evaluation of presentation methods pre-dates the
recent development in computer graphics. Much of the research in this field
has been done without any formal evaluative experiments. It is, therefore,
welcome that researchers such as Cohen and Greenberg (1985) are both
developing computer graphics and formally evaluating the comparisons
between real architectural scenes and computer graphic simulations.
6.2.4 User involvement in computing and architecture
One of the common themes which links research in man-computer interactions and research in architecture is the development of systems which
encourage closer user involvement. In fact, these two research areas overlap,
since an effective way to provide an architectural design method for lay users
is to implement the method as a self-teaching CAD system. An early example
is the PARTIAL system (Participation In Architectural
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Layout) developed at ABACUS (Aish, 1979a). This system allows users to
design buildings in plan form using two-dimensional icons representing
convenentional three-dimensional building elements. The system contained a
form of 'expert system' based on rules for appropriate architectural
configurations and these rules provided tutorial assistance to the users. An
important feature of PARTIAL was that it provided an objective engineering
evaluation of the buildings which the user generated. The system has been
used by Watts and Hurst (1982) in a number of research and practical studies.
Although the users of PARTIAL appeared to design buildings successfully
using the two-dimensional icons, one of the questions which worried the
research team was whether the lay users understood the relation between the
plan drawings and the three-dimensional object (or spaces) implied by the
plan. Did they actually appreciate the threedimensional attributes of the
building they were designing? Essentially we were expressing the same
reservations about two-dimensional drawing conventions which Sorte had
identified in his research.
In parallel with this evaluative research other design and research groups,
for example, Harbraken and Hamdi, were developing exploratory methods for
three-dimensional modelling systems. These systems involved effective
three-dimensional icons consisting of model elements representing typical
building components such as walls, partitions, doors, services, furniture, etc.
In a number of different practical and research studies potential building users
were invited to plan housing layouts using these systems (Architects' Journal,
1977; Harbraken et al., 1976). In one particular project Lawrence and Noschis
(1978, 1984) developed a full-scale modelling system. The users were
encouraged to experiment and construct a facsimile building using full-size,
but lightweight plastic building components.
One of the important factors which contributes to the success of these
methods is that the design process is in three-dimensions and is achieved by
building or by arranging icons or components, rather than by drawing.
Three-dimensional modelling systems have obvious limitations in the sense
that they cannot be used to model free-form objects. However, within the
context of architectural applications they offer significant advantages both as
a presentation method and a generative design system.
Other commercially available modelling systems developed by LEGO and
EMA are also used in such professional design tasks such as officelayout
planning, factory planning and petrochemical plant design.
6.2.5 Integration
A number of applications have shown that graphics CAD systems can be
operated by lay users to make an effective contribution to architecture. An
important advantage of CAD systems is that they can provide users with
access to tutorial, engineering and cost-evaluation procedures. This
information may help users to create design alternatives with realistic cost
and performance attributes.
The disadvantage of a limited graphic CAD system is that the users may
not completely appreciate the three-dimensional attributes of the design
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and therefore there may be a poor correlation between the evaluation of the
design as presented by the CAD system and the evaluation of the design in its
realized form.
Three-dimensional modelling systems provide a design environment which
is more realistic and therefore is likely to evoke responses which are more
similar to the responses to real buildings. The disadvantage of threedimensional models is that they are not 'machine readable' and therefore the
user cannot directly be presented with engineering and costing evaluations of
his design.
The objective of this research is to integrate these separate approaches to
architecture, presentation methods, user involvement and man-computer
interaction. This has been achieved by the development of a threedimensional
input device in the form of architectural icons which can be used as an
interface peripheral to a CAD system (Aish, 1979b).

6.3 System design
The prototype three-dimensional modelling system is described in Figures 6.1
and 6.2. The essential components of this system are:
(1) Physical modelling elements, each containing an element processor;
(2) A scanning system contained within a baseboard on which the model is
built; and
(3) A host computer implementing a CAD system with evaluation software
and graphical output.

Figure 6.1. Systems diagram for a three-dimensional modelling device used as an input peripheral
to a CAAD system
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Figure 6.2. The prototype system

In describing the design and operation of this system it may he useful to
consider the objectives which we wished to achieve in this project. These are:
(1) To achieve a reasonable level of functionality in terms of the complexity
of the constructs which the user could model with the system;
(2) To design an element processor which could be implemented as a single
VLSI device; and
(3) To demonstrate that topological data recovered from the model could be
effectively processed by application software in a host computer.
6.3.1 Functionality
As an initial prototype system we wanted to achieve a level of functionality
comparable with many of the existing architectural modelling systems. In
these systems the elements can be connected to a baseboard or to other
elements at a number of different locations. The relative orientation between
adjacent elements can also be varied. Fairly complex structures such as lintels
and overhangs can usually be achieved with existing modelling systems
which do not depend on a simple vertical continuity of elements. The
complexity of topology which we aimed for is appropriate to simple buildings
but is not meant to be generalized topology. We therefore limit the blocks to
simple parallelepipeds of various proportions. The connections between
blocks occured only in the Z (vertical) direction.
The essential aspect of this system is to produce a processor which can be
included in each element. This must be capable of being interrogated and of
interrogating a similar processor in other elements. The user must be
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free to arrange the elements in any configuration and the three-dimensional
array of processors must be capable of responding to this usergenerated
arrangement.
In this example the elements are arranged on a baseboard which is
essentially one large 'interrogate-only' processor. The baseboard is connected
to the CAD system. In other applications a single element could act as the
connection to the CAD system and the model need not be mounted on an
identifiable baseboard.
The key feature of the element processor was the design of the data word
which is used to communicate information from each element to the scanning
system in the baseboard. This word is used to communicate information about
the element being interrogated:
(1)
(2)
(3)
(4)

The element size (height, width, length);
A unique preset label (used by the host computer to assign properties
from the properties file);
The input location at which the element is interrogated; and
The orientation of the interrogated element with respect to the
interrogating element.

Finally, the data word contains one bit which is used as a flag to indicate
whether this element has been accessed during a particular scan cycle.
In the prototype system a 16-bit word was used which allowed elements
with eight different lengths, two widths, four heights, eight access locations
(each location has four orientations) and 16 different presettable labels. The
element processor not only transmits this data word when it is being
interrogated, it must also perform the interrogation of all elements connected
to it and transmit the data words from these other elements through to the
element which originally interrogated it.
The element processor is implemented as a synchronous digital system
using standard CMOS integrated circuits. The scanning system in the
baseboard includes a single-board computer incorporating a Motorola 6809.
The host computer is a BBC model B microcomputer.
6.3.2 Operation
The operation of the system can be summarized as follows. The assembly of
elements forms a network of element processors. The network of processors
collectively performs a tree-searching algorithm in which each processor
interrogates adjacent processors in the network. Redundant interrogation is
avoided since no processor completes the interrogation of another processor
which has already been interrogated.
This operation will be now described in more detail with reference to the
assembly of elements illustrated in Figure 6.3. The 'interrogate-only'
processor in the baseboard scans each X, Y baseboard location. If an element
(A) is detected as a location then it is interrogated. Control is passed to
Element A which scans its outputs. Element B is found at one of these outputs
and is interrogated. Control is passed to Element B. Element B scans its
outputs, finds Element C, interrogates C and passes control to Element C.
Element C scans its output, finds no elements and returns control to B. B
continues to scan its remaining outputs and finds Element
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Figure 6.3. Using the three-dimensional modelling system to describe an overhang

D. Element D is interrogated and assumes control. D scans its outputs, finds
no elements and returns control to B. There are no further outputs on B to
scan so B returns control to A. A continues to scan its outputs and finds
Element B. Element A finds that B's 'interrogate' flag is set, indicating that
Element B and all elements above B have been interrogated. A has no further
output and, therefore, returns control to the baseboard, the baseboard
continues to scan its outputs and at another output finds Element A with its
'interrogate' flag set. The baseboard continues to scan, but finds no further
elements.
After the user has changed the arrangement of the blocks, a code is
transmitted to all blocks to reset the 'interrogate' flags prior to the start of a
further scan of the model.
The data recovered by this interrogation are a series of relative positions
and orientations between the output position of the interrogating element (or
baseboard position) and the input position of the element being interrogated.
Starting from a known position on the baseboard, these data are used
progressively to generate appropriate transformation matrices with which to
derive the absolute coordinates and orientation of each element being
interrogated. For example, once the absolute position and orientation has been
found for Element A, this can be used, together with the relative position and
orientation between Element A and Element B, to find the absolute position
and orientation of Element B. The software which achieves this follows the
same tree-searching algorithm that is implemented and distributed in the
processors within each block.
Figure 6.4 illustrates an alternative assembly of elements forming a lintel
or arch, where there is no vertical continuity between the highest element (C)
and the baseboard. In this assembly Elements B and C are interrogated
through Element A, while Element D is interrogated later. hut does not in turn
interrogate B and C.
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Figure 6.4. Using the three-dimensional modelling system to describe a lintel

6.3.3 Links to architectural CAD software
The prototype system includes simplified demonstration software for visual
and thermal analysis. The visual software draws a perspective view of the
arrangement of the elements. This is used to confirm that the correct
interrogation has taken place (Figure 6.5). In future systems it is proposed to
provide facilities to enable users to apply two-dimensional tiles or texture
maps to the surfaces of the elements or to use a conventional CAD solid
modeller to define a complex three-dimensional geometry which each
element can represent.
The thermal analysis software is based on a heat loss/passive solar gain
algorithm (Aish, 1980). This can be used to indicate the energy balance
achieved by the building during an idealized annual weather cycle. In this
context each of the elements is considered to be a room or wing of a building,
and the user can assign U-values to the building fabric and percentage glazing
to each of the six surfaces of each element. The output of the thermal analysis
can be graphically presented (Milne, 1982) (Figure 6.6).

6.4 Using the system
The user can define the scale of the architectural feature that each element or
icon represents as well as the physical properties of each exterior surface of
each element. Once these data have been established the user can begin to
design his building by constructing a model of it using the elements. At any
stage he can request a visual or thermal analysis. He may then wish to
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Figure 6.5. The computer-generated perspective used to indicate that the correct interrogation
has occurred

Figure 6.6 The isoplot of the thermal performance of the building illustrated in Figure 6.5.
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change his design. This is achieved by adding, moving or removing icons. For
example, Figure 6.7 illustrates how the user has simply picked up the model
building in order to alter its orientation. He may then wish to evaluate the
energy consequences of these changes by requesting a further analysis
(Figure 6.8). The user can then balance his aesthetic judgement with his
perception of the change in performance represented by the comparative
analysis (Figure 6.9). This complete system enables the user to manipulate
typical independent architectural variables such as the compactness and
orientation of the building form and the design of the exterior facade of the
building, and to assess a resulting dependent variable such as thermal
performance.

Figure 6.7. An alternative building design

6.5 Evaluation and future developments
6.5.1 Evaluation of the prototype system
The design of this prototype system has been principally concerned with the
development of the element processor, the interrogation logic within this
processor and the inter-processor communication system. The objective was
to enable a random three-dimensional array of elements to be assembled by a
user and for the topology of this assembly to be recovered and transmitted to
a CAD system for evaluation. Although this objective has been achieved it is
acknowledged that the existing prototype system is not yet in a fully usable
form, mainly due to the physical limitations imposed by the implementation
techniques that were available when the prototype was developed. These are:
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Figure 6.8. The resulting thermal performance of the modified building illustrated in Figure 6.7

Figure 6.9. Evaluation o the change in performance of the building design between Figures
6.5 and 6.6 and Figures 6.7 and 6.8

CAAD FUTURES DIGITAL PROCEEDINGS 1986
(1)
(2)
(3)
(4)

80

The volume of the elements (dictated by the size of the processor within
each element, which was built from discrete CMOS devices);
The limited number of elements in the prototype system;
The limited variation in size and shape of the elements which it was
possible to implement; and
The limited interconnections possible between elements (dictated by the
availability of suitable electro-mechanism connectors).

6.5.2 Implementation using VLSI fabrication
The single most important requirement of an effective modelling system is
that the elements are produced at an appropriate scale. In this context it is
therefore fundamentally important that the processor within each element can
be implemented in a miniaturized form. This miniaturization objective was
identified at the start of the project, and for this reason the element processor
was designed in CMOS for future implementation as a single custom or
semi-custom VSLI circuit.
An alternative approach is to use an available single-chip microprocessor
as the element processor. The problem with this solution is that there are few
processors available which have the combination of a limited processing
power and a high number of I/O channels required for this application.
In considering future implementations of the element processor it may well
be appropriate to increase the functionality of the system to allow for a higher
number of connection points per element and more orientations per
connection point. Essentially, the design problem is a topological modelling
system where each node of the network is a processor. The connectivity of
each node is obviously of critical importance, and effectively limits the
complexity of the topology which the user can construct with the system. It
may be important to provide some nodes with a higher degree of connectivity
than can currently be achieved with the existing processor. Therefore these
nodes may need to contain a processor with more complex I/O facilities or,
alternatively, multiple processors. We are currently evaluating possible
architectures for a multi-processor communication system using computer
simulation techniques. The overall objective is to produce a standard element
processor or family of processors which can be embedded in a number of
different physical modelling systems.
In the present system the element processor is of minimal computational
power sufficient only for the interrogation process. In this system the
computations required to perform the engineering evaluations are carried out
in an external CAD system based in a general-purpose computer. One
important possibility is to consider the network of element processors as a
distributed computer system, in which each element processor performs
specific aspects of the application software tasks in parallel. For example,
Barker and Harrod (1980) described a parallel processing system in which
each processor modelled the energy flow associated with a specific room of a
building. The data exchange between processors was used to model energy
transfers between adjacent rooms in the building. An application of this type
is one possible way of exploiting any additional computational power
available within the network of element processors.
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6.5.3 Alternative physical modelling systems
At the same time as implementing the prototype element processor, a physical
modelling system has been developed in order to explore the type of threedimensional architectural icons which may be used to package the VLSI
implementation of element processor. This three-dimensional icon system is
illustrated in Figures 6.10-6.12. It is envisaged that other application groups
would be able to design and implement different three-dimensional icon
systems with which to package the standard element processor chip. The
geometric design of these alternative icons would correspond to the symbolic
conventions used in these application areas. These applications would be, for
example, in engineering, molecular modelling, educational psychology, etc.
The potential of this system will only be realized when a miniaturized VLSI
implementation has been achieved and packaged within suitable threedimensional icons. The development of the element processor and the
architectural modelling system are two separate paths to this integrated
solution. This integration is currently in hand, but it is recognized that
effective user trials will be difficult to achieve until this integration is
complete.

Figure 6.10. Three-dimensional architectural icons-modelling system
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Figure 6.11. Three-dimensional architectural icons

6.5.4 Hierarchical cellular modelling
At a general level it is suggested that there is a substantial overlap between
the three-dimensional modelling system described in this chapter and the cell
decomposition and occupancy techniques presented by Meagher (1982).
In its present form the three-dimensional modelling system can be
considered as a hardware implementation of an object elements (obels)
system which only has a single level of elements. The user assembles the
elements which occupy the space representing the object which he wishes to
describe to the CAD system.
This original scheme can be extended. First, elements of different sizes can
be added to the system so that a hierarchical modelling procedure can he
adopted in which each element can be represented by eight 'child'
subelements. Second, each element in the three-dimensional modelling
system has a user-operated micro switch on one of its surfaces which enables
the user to select an identification code for the element. This code is then used
to assign properties to that element from the properties file. In an octree
implementation of the three-dimensional modelling system part of this label
could be set by the user to indicate whether the element was full' or whether
the element only 'partially' intersects the object being described. The
possibility also exists to use this switch to indicate that an element which is
physically present in the model is, in fact, 'empty'. Third, where an element is
'partially' full then the users can define the form of this element using child'
elements.

CAAD FUTURES DIGITAL PROCEEDINGS 1986

83

An alternative approach to a hierarchical decomposition application is to
use the modelling system in a hierarchical assembly process. In this process
the user may employ a conventional solid modeller to define the detail
geometry of the primary or 'base' elements in the hierarchy. He then uses
these primary elements to model a particular subassembly. This assembly of
primary elements together with the physical properties of the individual
primary elements are then assigned to a single secondary element which may
be at different scale to the primary elements. The user then moves to another
part of the baseboard and uses these secondary elements to define a further
assembly. By continuing this process of assembly, assignment and rescaling,
a limited set of elements can be used as an effective input device for complex
objects. For example, in an architectural application the primary elements
may be detailed components forming a wall and the secondary elements may
be a collection of walls forming a room. The tertiary elements may be a
collection of rooms forming a building.

6.6 Conclusions
The search for effective three-dimensional input systems is unlikely to be
satisfied by general-purpose hardware solutions. Instead discipline specific
devices are likely to be developed which attempt to address separate types of
three-dimensional input requirements. The prototype system described here
represents one such approach. It offers substantial potential advantage in
terms of each man-computer interaction, but only within a defined range of
applications. These applications are essentially those where the object or
system being modelled is, or is conceptualized as, an assembly of
three-dimensional elements, and where the arrangement of the elements is of
primary importance to the user. Within these constraints a 'user-generated
machine-readable' modelling system may make a significant contribution to
man-computer interaction.
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