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Abstract:

While cheaper mass-customisation technologies are becoming available, architectural
design strives for ever more complex and less regular forms. The increasing costs
associated with this tendency are difficult to control. Key factors contributing to this cost
increase are non-uniform building components. Focusing on space frame construction,
this paper examines the possibility of creating apparently irregular structures from
relatively small sets of identical parts. Starting with an examination of the cost
implications of irregular truss construction, a case study of the Beijing National Swim
Center’s space frame system and the conflicting natures of bottom-up and top-down
generative logic in this context is presented. The paper concludes with the description of
the development of a truss system that incorporates various design variables that increase
visual irregularity. Learning from the past, this new system draws its basic logic from
classic space frame principles but applies present-day computational logic to achieve
new aesthetic effects and structural possibilities.

1

INTRODUCTION: IRREGULARITY AND ITS COST

For building simple brick houses, the basic brick can be prefabricated identically in
large numbers and used in as many brick houses as one likes. This is highly
economical since neither do the bricks within one building require variation of any
kind nor is there any variation necessary between individual houses. Contemporary
landmark architecture continues to move away from this economic ideal towards
increasing numbers of building elements that are unique both to the individual
project as well as within that particular project. Due to a number of variables, the
cost involved in the use of non-uniform building components can be difficult to
calculate in advance. For instance the prototypical character of new landmark
projects requires costly research and development efforts and learning from trial and
error. Size, granularity and variation of non-uniform building components introduce
complexities that affect costs in planning, manufacturing, transport, tracking and
assembly (and potentially in building maintenance). Throughout the planning,
manufacturing and construction timeline, cost penalties are likely to increase
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exponentially as a project evolves from ideas and models towards full-scale
materials and processes involving skilled labour. It is therefore advisable to resolve
and to simplify complex issues in early planning stages in such a way that later
stages become less complicated. Different strategies exist to achieve this while
allowing apparent or actual irregularity in granular form. A bottom-up generative
logic can be applied. One advantage is that great variation in possible outcomes can
be achieved to inform the planning process. One disadvantage is that top-down
requirements (typically dictated by cost issues and often requiring compromises in
form) are difficult to achieve. Alternatively, top-down logic can be applied by
defining essential and universal components by means of rationalisation. This
strategy is exemplified by the above example of brick buildings and can also be seen
in the regular space frames originally developed by Alexander Graham Bell and
made popular by Buckminster Fuller as his octet truss (Chilton 2000) structures. An
example of this type of structure is Biosphere II building in the desert of Arizona.
This approach makes it easy to approximate form at a given level of granularity and
allows straight-forward industrial mass manufacturing of building components. It
will however present a difficult obstacle in achieving visual irregularity in
appearance. This paper explores an integration of the described bottom-up and topdown compositional approaches in order to harness the benefits of both. For the sake
of completeness, three further strategies should also be mentioned here. Of course, it
is always possible to rationalise a non-uniform design to the extent that it becomes
uniform enough to allow economical manufacturing. While not truly a solution to
the challenge of irregularity, this is nevertheless an option that can still yield
interesting outcomes that push the envelope of architectural possibilities. An
example of this strategy is the Beijing National Swim Centre by PTW Architects
which will be examined in the following section. Alternatively, it is also possible to
decide to afford irregularity and to pay for the cost of non-uniform building
components. This was the case in the design of the roof structure for the extension of
the British Museum by Foster Architects (Barker 2001), which is comprised of
almost 5000 individually-made beam units and some 1,500 individual node units.
Introducing complexity in the later construction work, this strategy involves more
cost than that involved in custom-manufacturing components (see above). Finally, it
is also possible to handle or to process granular material in its assembled form in
such a fashion that it must physically follow uniformity-breaking rules of some kind.
A good example of this strategy is the bending of flat glass panels in the case of the
InteractiveCorp Headquarters in Manhattan by Gehry Partners (Lubell 2003). This
strategy involves additional cost in geometric planning early in the design process as
well as cost implication in the manufacturing and construction phases. It must also
be noted that exploiting material elasticity as in the InteractiveCorp building requires
a rigid primary structure, which itself must conform to the irregular geometry
achieved by the façade. Amongst equal structural members, such as those found
inside a typical space frame, elastic deformation would result in cumulative overall
deformations that are rather difficult to control. In general it must be noted that
irregular structures are highly challenging at the planning, manufacturing and
construction phases (and often in building maintenance as well). In the field of space
frame design this is corroborated by the small number of irregular space frames that
have actually been built. Amongst the numerous case studies examined in Chilton’s
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discussion of Space Grid Structures (Chilton 2000), only two can be described as
irregular. Figure 1 shows a building extension at the Technical University in Lyngby
by Tony Robbin and Erik Reitzel (left) and the Atlanta Pavilion by Scogin Elam and
Bray (right) (Chilton 2000).

Figure 1 Irregular Truss Structures, reproduced from (Chilton 2000)
The Lyngby project proved to be too expensive to construct at full scale and was
therefore built as an indoor sculpture. The Atlanta Pavilion remains unbuilt. A
successful and built design for an irregular space frame is the structure of the atrium
at Melbourne’s Federation Square (Lab Architecture Studio). This project however
not only appears highly irregular, it is indeed comprised of individually different
components and has been designed manually without an automated generative
procedure. It is not the aim of this paper to determine or to deem achievable a
measure for apparent irregularity. As a casual measure, this study simply addresses
the question: How much does understanding the composition of one part of a
structure allow statements about other, unknown parts of the same structure?
Interesting measures of irregularity tend to gravitate towards the “edge of chaos”
somewhere half-way between regular structures and chaotic structures. Even
irregular structures such as that of Federation Square’s atrium are not surprisingly
chaotic (there are no dramatic changes in density, topological irregularities such as
beams penetrating faces do not exist, etc). When knowledge about one part of a
structure allows precise predictions about other parts, the structure is clearly regular.
If no predictions are possible, the structure is rather chaotic and probably not what
contemporary architecture is aiming for. If statistical predictions are possible, the
structures are visually irregular and lie within the scope of this investigation. The
MERO M12 exhibit system can serve as a benchmark reference. Allowing some
“biomorphic” double-curved surfaces, this commercially available system uses 10
different beam lengths and 12 different node units.
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THE BEIJING SWIMMING CENTRE

The “Water Cube” for the National Swim Centre, which is currently under
construction for the 2008 Olympic Games was designed to resemble a transparent
box filled with water bubbles (or, more precisely, with a dry foam). The irregular
composition of bubbles envisioned for the design competition proved too
3
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complicated and too expensive to build. The ingenious solution developed by Arup
Engineers uses a regular structure that to some extent appears to be irregular (Bosse
2004). Regularity is achieved by close-packing identical polyhedra. Figure 2 shows
three such compound structures. The left shows rhombic dodecahedra, an alternative
representation of close-packed spheres, upon which Fuller’s octet truss is also based.

Figure 2 Regular Truss Structures
The middle image shows the so-called Kelvin conjecture, a packing of truncated
octahedra proposed 1887 by Lord Kelvin as the most efficient minimal surface
circumscribing a space-filling arrangement of polyhedra with equal volume (Bosse
2004). In 1993, Weiare and Phelan proposed a structure with 0.3% more efficiency.
This structure is comprised of two different types of polyhedra, one of which is not
fully symmetrical and repeated throughout the structure at different rotations. The
structure shown on the right of Figure 2 corresponds to the structure used in the
Beijing project, it is however not quite the actual Weiare-Phelan structure as is
frequently reported. The Weiare-Phelan structure is the basis for this geometry,
which is subsequently “evolved” into a more tension-efficient derivation with
single-curved edges – a system that would be more difficult to construct physically.
In the case of the Beijing project, this geometry has been rotated before “cropping”
it into its box shape. Therefore, while the truss structure shows no variation in
bubble density, the box surface shows some variance in cell sizes and therefore in
density (Figure 3).

Figure 3 Grid surface of the “Water Cube”
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BOTTOM-UP: VORONOI-BASED FOAMS

A straight-forward approach to computer-generating irregular grids is offered by
Voronoi diagrams, for which a set of random points on a plane (or in 3D within a
volume) is circumscribed by a network of edges (or faces) so as to maximise the
area (or space) of cells around each individual point. The regularity of the initial
“seed” points’ distribution can be controlled to produce more or less variation in
resulting cell sizes. Figure 4 shows a two-dimensional (left) and a three-dimensional
(right) result. The 2D example demonstrates the problem of undefined edge
conditions. Some vertices of the edge mesh are undefined (or: “at infinity”), leaving
edge cells open. In the case of the 3D example, the edge faces have been subjected
to further manipulation in the form of “pulling” of numerous peripheral vertex
points onto the desired cube surface.

Figure 4 Two- and Three-Dimensional Voronoi Diagrams
The author has undertaken an experiment to determine the possibility of generating
irregular foam structures, resembling dry foam (similar to the initial design for the
“Water Cube”). The ambition was to minimise surface tension around vertex points
in Voronoi structures so as to reduce the number of contained node units to the
single one found in dry foam – the so-called caltrop configuration of 4 edges
meeting at angles of about 109.5° in space. The most suitable tool available for
purposes of this kind is Surface Evolver (Brakke 2004). As illustrated in Figure 5, it
allows transforming Voronoi structures into dry foam with its typical node angles.

Figure 5 Surface “Evolution” of a 3D Voronoi Structure
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Being useful in reducing the number of node units within a given foam structure,
more work is required to determine its possibilities in also minimising the number of
contained truss units. Controlling the number of nodes in peripheral areas of a foam
also remains a difficult task using this method. An additional challenge is posed by
the fact that Voronoi diagrams can only be generated for convex shapes. Hollow
spaces and concave surfaces (as those produced by interior architectural spaces) are
simply filled with large cells. This requires a separate treatment of individual, nonconcave elements of forms such as individual straight walls as well as some way to
co-ordinate vertex points where those elements are subsequently re-joined.
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TOP-DOWN: DERIVATION OF THE OCTET-TRUSS

A useful top-down design process for apparently irregular space frames with a
limited number of components can start from the following two suppositions. First,
the classic octet truss space frame is a good starting point since it provides a useful
system for filling space in a structurally sound way with a minimum number of
components. It is necessary, however, to somehow modify the system to appear
irregular while minimising the number of required parts and therefore the implied
cost consequence. Secondly, it is useful to separate the space-filling system into
partitions, which can be broken down fractally into self-similar sub-partitions. In an
ideal case, smaller units would have to be rotated at individually different angles to
produce a larger unit. This results in a multiplication of visual angles. In 2D this
effect can be observed in the fractal decomposition of the pinwheel pattern found on
the façade of Federation Square. Figure 6 shows the relationship between closepacked spheres and rhombic dodecahedra (Frazer 1995, Fischer et al. 2004).

Figure 6 Close-Packed Rhombic Dodecahedra and Spheres

Figure 7 Decomposition of Dodecahedra into Self-Similar Rhombic Pyramids
Figure 7 shows how the rhombic dodecahedron can be broken into 12 sub-cells. The
12 faces of the dodecahedron are the bottom faces of 12 rhombic pyramids whose
top vertices meet at the centre point of the dodecahedron. The rhombic pyramid can
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be broken down fractally into self-similar cells at a volume ratio of 1:8. Sub-units
are combined at different rotation angles.

5

INTEGRATING BOTTOM-UP AND TOP-DOWN

In order to make this system useful for achieving irregularity in bottom-up generated
structures, it is necessary to identify choices and parameters within the system that
provide some controls for this purpose. One possible starting point (not pursued
here) is evoked by the fact that, after one level of fractal decomposition, two
adjacent pyramids of two dodecahedra produce a rotated dodecahedron at a smaller
scale (see left of Figure 8). The remaining three illustrations in Figure 8 show how
fractal resolution provides a design parameter and how it can be spatially modulated
to produce varying densities for visual or structural purposes for example. Figure 9
shows that the dodecahedron’s centre point can be moved in order to achieve greater
visual variety. This will dramatically increase the number of required beam lengths
and node angles.

Figure 8 Decomposition and Variation in (Local) Density

Figure 9 Search Space for Alternative Midpoints
However, exhaustive searching reveals various interesting local minima in the
number of beam lengths. The author’s experiments have shown that results of this
kind of analysis can depend greatly on the degree of mathematical precision applied.
Generous rounding naturally produces smaller numbers of beam lengths. Truss
systems in which beams are connected to nodes driving treaded bolts out of the
beam end into the nodes provide an elegant means to allow small numbers of beam
lengths by compensating for low generative precision. The dodecahedral unit with
off-centre mid-point allows up to 8 different orientations within close packing, but at
the cost of a steeply increasing number of nodes. The frame of the original
7
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dodecahedral structure itself adds to the number of beams and at the same time
emphasizes visual periodicity. Figure 10 shows the structure with shifted centre
(left), with variable fractal resolution (centre) and with dodecahedral edges removed.

Figure 10 Variable Density, Moved Midpoint, Removal of Dodecahedral Frame
While counting required beam lengths in irregular space frame systems is a straightforward task, the counting of required node types is more challenging. Relationships
between angles must be compared and matched, and sub- and supersets of matches
must be identified. A similar problem is known in spacecraft engineering. In order to
continuously correct the rotation of the co-ordinate systems of on-board navigation
instruments, a camera captures a view of the celestial sphere and compares it to
stored maps of star configurations (see Figure 11). Techniques used in this field
suggest that there is little alternative to the obvious and tedious approach of
exhausting and comparing possible combinations of all possible rotations.

Figure 11 Pattern Matching Between Sets of Points on Spheres
Of the number of different beam lengths that are identified for a particular instance
of an irregular space frame, some are small and insignificant enough to be omitted
altogether in order to further reduce the number of necessary component groups. A
space frame which uses only 1 of 8 possible rotations of a shifted dodecahedron
midpoint and a single level of fractal decomposition, and omits two small sets of
beam lengths is composed of 176 beams of 9 lengths per dodecahedron. A structure
that follows a similar logic with two levels of fractal decomposition is composed of
1380 beams of 18 (two omitted) lengths per dodecahedron. The structure shown in
figure 12 has a fractal depth of 2. The density at the higher fractal scale is
determined by the “beam-lengths-economy” of respective neighbours leading to a
high degree of irregularity at about 251 beams of 11 (8 omitted) beam lengths per
dodecahedron. At one level of fractal decomposition a maximum of 50 different
nodes is required (not taking into account possibly identical ones), the peripheral
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ones being shared according to the dodecahedral close packing. At two levels of
fractal decomposition this number grows to a maximum of 354.

Figure 12 Close-up of a Space Frame Based on the Described Procedure
There are three distinct design tasks involved in generating apparently irregular
structures: the design of a space-filling frame topology with variable parameters
suitable for achieving variation, the design of related generative procedures and
software, and the architectural design into which the structure is integrated. The
latter task, which has remained ignored in this paper, must take into account two
issues. Firstly, the degree of irregularity perceived in the shown structure changes
with the observer’s viewpoint. (Perspective distortion tends to increase perceived
irregularity in space frames.) Some observation angles reveal the lattice of regular
vertex locations at which dodecahedra meet. This can be addressed by rotating
“revealing” view angles away from typical viewing perspectives. Secondly, the facecentred cubic close packing of dodecahedra produces “jagged” surfaces, which can
be treated in different ways in order to approximate flat or curved surfaces. One
strategy is to crop larger structures into desired shapes. Another one is to devise
additional, gap-filling modules, possibly from beam lengths that are part of the
system in use.

6

CONCLUSION

An observer’s ability to make only statistical statements when predicting the
composition of an unknown part of a structure on the basis of a known part is
proposed as a preliminary qualifying criterion for apparent irregularity. The
presented procedure allows the generation of space frame structures of different
degrees of visual irregularity, based on small numbers of pre-fabricated building
components. This was achieved by breaking down a classic and highly regular
space-filling structure in a new way that, when integrated with bottom-up generative
procedures, provides a number of geometric controls for producing visual
9
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irregularity as well as for modulating structural density. It was established that the
presented procedure does not fully accomplish but approximates the proposed
criterion for apparent irregularity while limiting the number of required
prefabricated building components. More work is necessary to transfer the findings
to structures other than space frames and to possibly identify further possibilities for
increasing apparent irregularity and reducing required component types. To fully
utilize computer aid not only to generate possible structures but also to automate
their evaluation, a node-counting facility is required.
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