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A B S T R A C T

Indoor multi-functional sports arenas are a complex building type. Integration of the (multi-) functional space
and of the large-span structure of the roof mainly determines the overall geometry of the building, and is one of
the most challenging phases of the design. Several interdisciplinary numeric assessments and numerous solutions
with diverse geometries (rather than just several specific types) should be considered to make informed design
decisions.

To support the design exploration in the early design stage for multi-functional arenas, this paper proposes a
design process that is composed of a flexible parametric model, a framework of interdisciplinary assessment
criteria, and multi-objective optimization (MOO) with post-process tools. The parametric model is defined based
on the basic spatial composition of arenas and is flexible to provide a broader design space, including diverse
solutions with three frequently-used structural types. The framework of assessment criteria includes indicators of
viewing quality for spectators, acoustics, and structures, which can evaluate the design in different aspects.
Based on certain assessment criteria, the MOO can be used to search for good designs in the broader space, and
the post-process tools facilitate the designer to analyse the results. Two typical arenas (the Barclay Centre and
the O2 Arena) are selected as real case studies to demonstrate the proposed process and assess the capacity.
Results of the case studies validate the efficacy of the process and the necessity of the broader design space to
include diverse solutions with multiple structural types.

1. Introduction

In design practice, the importance of integrating functional space
and structure is emphasized by architects and engineers. In fact, these
two aspects are usually interrelated and their integration mainly defines
the overall geometry of the building. This integration is especially
crucial for the conceptual design of indoor sports arenas (Fig. 1A). For
an indoor arena, the functional space is usually multi-functional (that
needs to cater to different activities) and requires a long-span roof
structure. The outline of the multi-functional space defines the
boundary and the span of the long-span structure, which impact the
structural performance (Fig. 1B). At the same time, the geometry of the
structure impacts not only the structural performance but also the
functions of the multi-functional space (Fig. 1C and D).

To achieve this integration during the early design stage, several
architectural and structural aspects and their interrelations should be

considered to generate good design solutions. With the rapid develop-
ment of digital and information technologies, computational design is
widely used to support architectural conceptual design. In computa-
tional design, computational tools, methods, and techniques are used to
enable designers to encode the design requirements and rules into al-
gorithms that generate alternative designs for buildings [1]. Compu-
tational design is also considered as a study of how programmable
computers can be integrated into the process of design by developing
computer algorithms [2].

Nowadays, several computational processes are commonly used
during the design process, including design optimization. Among sev-
eral possible approaches, a framework named performative computa-
tional architecture is proposed [1]. This framework consists of form
generation based on parametric modelling, performance evaluation
based on numeric assessments and simulations, and multi-objective
optimization (MOO). These three components are iterated in order to
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generate and assess a large number of design alternatives. Similar ap-
proaches are used by several designers and researchers to support in-
tegrated design [3,4]. In such a process, parametric modelling allows
the association of elements of the building and generate numerous
design alternatives while guaranteeing predefined geometric relations.
Different aspects (e.g. structure, HVAC, energy, acoustics, daylighting)
of the design alternatives can be evaluated by simulations. Among the
design alternatives included in the optimization process, the ones which
perform better can be found according to specific assessment criteria
related to the design requirements.

In this general approach, this process shows remarkable potential to
support the design of sports arenas. However, the workflow should be
customized based on the specificities of sports arenas. In fact, though
various aspects have been combined into architectural conceptual de-
signs based on design optimization, little attention has been paid to the
integration of the multi-functional space and long-span structure of
sports arenas.

Hence, this paper proposes a novel design process based on para-
metric modelling, numeric assessment criteria and multi-objective op-
timization. It aims at integrating the multi-functional space and long-
span roof structure for the early design stage of sports arenas, with
emphasis on the diversity of design alternatives and the variety of the
numeric assessments.

The proposed process focuses on the early design stage of sports
arenas. In this stage, a design exploration of geometries based on both
architectural and engineering aspects is crucial for selecting overall
geometries of the building [4]. Designers can select the aspects of in-
terest to formulate numeric assessment criteria and use optimization to
guide the exploration (Fig. 2A). Integrating these aspects in design
exploration aims at finding suitable design solutions for the following
design stage. It does not mean the specific designs for these aspects can
be replaced. Indeed, when some solutions have been selected based on
the design exploration, all the aspects related to the overall design re-
quirements should be deeply considered in the following design stage(s)
to define a final design concept (Fig. 2B).

Specifically, for a design exploration, the diversity of design alter-
natives is crucial. Traditional parametric modelling approaches usually
focus on a specific type of solution in each design. As a result, although
there can be numerous solutions in the design space, they may be

similar in geometry (the upper path in Fig. 2A). However, in practice,
designers usually prefer to study diverse design geometries [2]. More-
over, different types of geometries may perform differently in various
aspects. Therefore, a broader design space including diverse types of
geometries, rather than a design space with one or two types of geo-
metries, is crucial for design explorations (the bottom path in Fig. 2A).
Within this context, Harding proposed a meta-parametric design tool
(‘Embryo’) allowing designers to explore geometries with different
topologies [2]. For indoor sports arenas, although the topology of the
multi-functional spaces is fixed (a pitch surrounded by a seating bowl
with a roof cap), the typology can be varied. The seating bowl can be
round, rectangle, polygon, oval, or irregular form, and the geometry of
the roof can be a surface of plane, zero Gaussian (e.g. vault), positive
Gaussian (e.g. dome), negative Gaussian (e.g. saddle) or free-form.
Therefore, with a fixed topology, it is necessary to provide a broader
design space, including various types of possible geometries for the
design exploration of sports arenas, which is emphasized by the pro-
posed design process.

The variety of numeric assessments is also crucial for the optimi-
zation-based exploration. In design practice, there are many numeric
indicators can be used to assess the multi-functionality and structure of
arenas. The assessment criteria related to different indicators can lead
to different results for the optimization. To adapt to various design
conditions in practice, it is necessary to provide a framework of as-
sessments including various indicators, rather than a fixed set of cri-
teria.

2. Background and related works

2.1. Integration of the multifunctional space and long-span structure in
sports arena design

The multi-functional space, which is the core space of sports arenas,
usually serves for various sports competitions, stage performances (e.g.
concerts, dramas), exhibitions, and daily sports for the public, etc. Such
space, which is usually called the ‘bowl’ by designers, is composed of a
pitch and seating tiers (stands), and the long-span roof can be seen as its
cap. (Fig. 1A)

The pitch is the bottom of the bowl and its dimensions determine

Fig. 1. The composition of a sports arena.
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which activities can be accommodated according to the spatial re-
quirements (Table 1). It also determines the inner outline of the seating
tiers which are set around the pitch. The arrangement and dimensions
of seating tiers are designed according to design codes. This paper fo-
cuses on the European code (EN 13200) for spectator facilities [5],
which regulates a series of sizes for seating tiers (e.g. the sizes of the
seats and rows, the number of seats between gangways, the width of a
gangway, and the riser of each row).

Therefore, based on the design codes, two design variables mainly
determine the overall shape of the ‘bowl’: the inner outline determined
by the pitch (Fig. 3A and B) and the outer outline (Fig. 3C). It means

that for most arena designs, one of the most import design tasks of the
‘bowl’ is defining the pitch dimensions and the outline of the multi-
functional space. Furthermore, the geometry of the ‘bowl’ determines
the accommodation of different activities, spectators’ viewing quality
for different events, and acoustics. These aspects are related to the basic
functions of the multi-functional space of a sports arena.

Some previous work has used parametric modelling to generate
multi-functional spaces. Hudson formulated a reusable parametric
model for the grandstand of an outdoor stadium [6]. Similarly, Sun
et al. formulated a flexible model for the one-side grandstand of sta-
diums by using shape grammar in parametric modelling software [7].

Fig. 2. The diagram of the overall design process (the various colourful shapes in the boxes represent different types of design).

Table 1
Pitch dimensions for different activities [10,11].

Activities Area of court/stage/exhibition booth Length ×width
× height (m)

Overall Area Length ×width × height (m)

Sport event Ice hockey 61×26×6 65×36×6
Gymnastics Artistic 60× 34×10 68×42×10
Handball 40× 20×12 50×28×12
Basketball 28× 15×9 32.1× 21.1× 9
Football (five-a-side) 50× 35×7.5 56×41×7.5
Volleyball 18× 9×12.5 31×22×12.5
Tennis (indoor) 36.57× 18.29×12 49.37× 25.61×12
Gymnastics Rhythmic 13× 13×12 21×21×12
Trampoline 28× 12×12 36×20×12
Wrestling 8×8×3.5 14×14×3.5
Judo 8×8×3.5 14×14×3.5
Taekwondo 8×8×3.5 14×14×3.5
Badminton 13.4×6.1×12 17.4× 10.1× 12
Table Tennis 14× 7×5 14×8×5
Short track speed skating 61× 26×6 65×36×6
Figure skating 61× 26×6 65×36×6

Stage performance concert Defined by developers
drama
Assembly/speech

Exhibition Booth:3× 3×3 Calculated based on the number and arrangement of the
boothwidth of aisle: 3

Daily sports for the public 4 (badminton) courtsa 13.4×6.1×12 33×18×12
6 (badminton) courtsa 33×27×12
8 (badminton) courtsa 37×33×12
9 (badminton) courtsa 51×27×12
12 (badminton) courtsa 54×33×12

a According to ‘Sports Halls: Sizes and Layouts’ provided by SportsEngland [10], the pitch of daily sports for the public is defined based on a module of a
badminton court.
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This model allows designers to define the geometry of the grandstand
by changing the outline. Additionally, the engineering firm Arup pro-
posed StaG (Stadium Generator) which is a parametric model of the
seating bowl for stadiums [8,9]. However, these models did not con-
sider roof structures.

The long-span roof structure can be considered as the ‘cap’ of the
‘bowl’. The outline of the ‘bowl’ mainly determines the boundary of the
long-span structure, which defines its span and supports and influences
its geometry. The structural geometry influences not only the structural
performance but also the indoor functions. For one thing, the roof
structure cannot invade the clear space of the pitch or interrupt the
sightlines of spectators. For another, the geometry of the roof also de-
termines the indoor volume, which is crucial for acoustics.

Some previous work has combined the multi-functional space and
structure. Miller formulated a parametric model to generate design al-
ternatives of the seating bowl and combined them with a specific roof
structure for stadiums [12]. Hudson et al. proposed a parametric design
process for Aviva Stadium, which integrates the envelope geometry,
structure, and cladding in a parametric model, according to an existing
design concept [13,14]. Holzer proposed a similar model for stadium
designs [15]. Although these models combine the seating bowl and
structure, they are fixed for specific designs rather than flexible models
which contain diverse types of design alternatives.

Some previous work has focused on performance. For the assess-
ment of the multi-functional space, the viewing quality of spectators
and the room acoustics (for stage-performance) are emphasized by re-
searchers. To assess the views of spectators, Xiong et al. used viewing
distance, sightline obstruction ratio, horizontal/planar viewing angle,
vertical viewing angle, torsion angle, and the field of vision as the in-
dicators [16]. Hudson et al. proposed ‘A-values’ to indicate spectator’s
vision field [17]. For the room acoustics, reverberation time (RT60),
initial time delay gap (ITDG), brilliance, warmth, etc. are important
indicators for the assessment [18]. For the assessment of long-span
structures, structural self-weight (mass), strain energy, structural mass/
self-weight, and embodied energy are used by researchers. Von Buelow
used structural self-weight (mass) as one of the objectives to optimize a
water tower, a truss road bridge, and a geodesic dome, respectively
[19]. Cui et al. considered architectural factors during the structural
optimizations of discrete frame structures for a dome roof and used
strain energy to evaluate structures [20]. Brown et al. used embodied
energy to evaluate long-span structures [21]. The value of embodied
energy is obtained by multiplying the structural mass/self-weight by a
coefficient provided by Hammond [22]. Nevertheless, there is a lack of
comprehensive assessment criteria which can be used to simultaneously

evaluate the aspects of multi-functional space and long-span structure.

2.2. Design optimization

As a design process which is widely used to support integrated and
performance-driven designs, design optimization can be composed of
several methods. The one considered in this paper is composed of
parametric modelling, building performance simulations/analyses, and
a searching algorithm.

Parametric modelling is defined as a process of formulating a geo-
metrical representation of a design with parametrized components and
attributes [23]. In the process, designers develop a parametric model
which is based on relationships between objects controlled by para-
meters [6,2]. By changing the values of the parameters, the model can
be changed to generate numerous design alternatives. Such design al-
ternatives constitute a design space.

Performance simulation is used to imitate, to some extent, real-
world conditions for design alternatives and to obtain the values of
related indicators. For example, finite element analysis (FEA) is used to
simulate different loads for structures, and calculate the indicators,
such as mass/self-weight, strain energy, stress, strain, displacement,
etc. These indicators are then formulated into design objectives and
constraints for optimization, according to the assessment criteria for-
mulated by designers.

To find well-performing solutions in a design space containing nu-
merous design alternatives, optimization with a certain searching al-
gorithm can be used [24]. During optimization, with the design con-
straints g(X) and h(X), the value of the objective function f(X) is
minimized or maximized using a search algorithm to systematically
select proper sets of variables X, which can be expressed by mathematic
formulae [25]:

XMin f. ( ) (1)

=X
g X
h

subject to
( ) 0
( ) 0

where X=[x1, x2 … xi … xn] (n is the number of the variables of each
solution)

In real-world building design problems, there are usually several
conflicting objectives, and multi-objective optimization (MOO) is ne-
cessary [26,27]. To solve the problem of the conflict among different
objectives, the concept of Pareto optimality is an option, which pro-
vides a set of Pareto solutions that are not dominated by each other
[24].

Fig. 3. The seating bowl defined by the out-
lines of the pitch and the multi-functional
space (A: the outline of the pitch; B: the foun-
dation of the seating bowl generated based on
the pitch and the regulations in design codes
[5] ; C: seating bowl defined by the outline of
the multi-functional space; D: some examples
of the seating bowls generated by different
outlines of the multi-functional space).
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For most complex engineering projects, the relationships between
variables and design objectives are complex and implicit. In other
words, there is a complex relationship between the inputs and outputs,
which is a black box for the optimizer. As a result, stochastic optimi-
zation is used, in which a search algorithm is used to find satisfactory
alternatives by iterations. Heuristic algorithms (such as genetic algo-
rithm, simulated annealing algorithm, particle swarm, Tabu search,
etc.) are widely used for the stochastic optimization in building design.
Among them, the genetic algorithm is the most frequently-used, ac-
cording to the statistics from Evins [28] and Nguyen et al. [24].

These kinds of design optimizations have been applied to the ar-
chitectural conceptual design of complex buildings in many research
works. Among the many possible examples, Keough and Benjamin op-
timized a pavilion according to structural performance and the con-
sumption of material [29]. Turrin et al. used design optimization for a
large roof based on the consideration of climate and daylighting com-
fort [30]. Shi et al. optimized a complex roof surface and a box building
with the consideration of solar radiation and energy consumption [31].
Lin et al. used design optimization for complex buildings to deal with
spatial programme compliance, energy consumption and cost [32].
Mueller et al. used design optimization for the lateral and gravity
structural system of an airport terminal according to structural per-
formance and design preference [33]. Brown et al. optimized the geo-
metry of roof structure and envelope for long-span buildings to reduce
the embodied energy and operation energy, and to study their inter-
relationships [21].

Specifically, for the design optimization applied for sports building,
Holzer et al. studied how the process including parametric modelling,
structural analysis, and optimization assists architects and engineers to
perform a conceptual design of a stadium roof [15]. Yang et al. pro-
posed a series of approaches for the design explorations and optimi-
zations of sports halls, which focus on the aspects of daylighting, en-
ergy, and structure [34–36]. Turrin et al. proposed several methods of
design exploration and optimization for sports buildings, which focus
on structure, daylighting, ventilation, and energy [37]. Although these
works have provided various methods for the design optimization of
sports arenas to integrate different aspects, little attention is paid to
integrations of the multi-functional space and structure for indoor
arenas.

2.3. Diverse typology of design alternatives

For conceptual design, the diversity of design alternatives is crucial.
Harding observed that designers prefer to formulate various, quite
different design concepts during the early phase of conceptual design
[2]. Brown et al. pointed out that there are various architectural forms
and responding building shapes and structural systems that could be
optimized for performance, and it is important to develop methodolo-
gies to produce design examples that are applicable to a wide range of
building geometries [21].

To ensure the diversity of designs in design optimization, two as-
pects are crucial: the diversity of the design alternatives (generated by
parametric model) in design space [2] and the diversity of the solutions
that are selected (from the alternatives) by optimization [33,38,39].

The diversity of the design alternatives in design space mainly de-
pends on the flexibility of the parametric model [2]. Shea et al. stated
that designers should model a conceptual structure leading to variation
[40]. Harding proposed a meta-parametric modelling method based on
genetic programming [2]. This method allows dynamic generations of
parametric definitions, which leads to a flexibility in the topology and
typology of the parametric model. Brown et al. considered three dif-
ferent design concepts in multi-objective optimization [21]. In con-
sequence, the results are diverse in geometry, and the relationships
between geometry and performance were deeply studied.

For sports arenas, the building topology is fixed (a bowl shape with
a cap). To ensure the diversity of the alternatives, the parametric model

should be flexible to generate bowls and caps with diverse shapes.
Furthermore, since different types of structures are usually matched to
different spans and geometries [41,42], it is necessary to consider
multiple structural types to ensure a good match with the diverse
geometries.

Based on the diversity of design alternatives, the diversity of the
final solutions selected by optimization can be enhanced by some op-
erations of the searching algorithm in optimization. Von Buelow pro-
posed a genetic algorithm-based platform for performative exploration,
called ‘ParaGen’, in which designers can interactively control the se-
lection and breeding steps in each generation of the genetic algorithm,
according to criteria that are not included in the fitness function (e.g.
aesthetics and other soft requirements) [19,38]. One of the aims of this
method is to provide multiple solutions during the exploration. Simi-
larly, Mueller et al. provided an interactive optimization for designers
to explore a design space of structures by addressing qualitative design
goals and constraints for human designers [33]. Based on this inter-
active evolutionary algorithm, designers can explore diverse solutions
by increasing the mutation rate during iterations. Nonetheless, these
operations may lead to reductions in performance [33]. Harding pro-
posed a design method “Biomorpher”, which combines parametric
modelling with an interactive clustering-orientated genetic algorithm,
to allow designers to select designs according to motivations besides
performance criteria in each generation of the evolution [39].

2.4. Limitations and further requirements

Based on the analyses of the precedents, the state of the art shows
some limitations that hinder the integration of multi-functional space
and structure in the design of sports arenas. First, there is a lack of
design optimization process specifically customized for the integration
of the multi-functional space and long-span structure in sports arena
designs. In addition, there is also a lack of comprehensive assessment
criteria on the aspects of multi-functional space and long-span structure
for sports arenas. Furthermore, in most of the design optimization
processes for architectural conceptual design, each parametric model
includes parametric variations of only one specific geometric typology,
which limits the diversity of design alternatives in the design space and
hinders the exploration of various possibilities in early design stages.

To overcome these limitations, a specific design process is proposed
for sports arena designs. Such a process facilitates designers to integrate
the multi-functional space and long-span structure, to provide diverse
types of design alternatives, and to select the solutions according to the
requirements of multi-functionality (in this paper it includes the aspects
of accommodation of different activities, spectators’ view, and acous-
tics) and structure.

3. Proposed design process

The workflow of the proposed process is illustrated in Fig. 4. First, a
flexible and versatile parametric model for sports arenas is proposed,
based on Rhino [43] and Grasshopper [44] (Fig. 4A). This model in-
tegrates the multi-functional space and long span structure and includes
diverse types of geometries for sports arenas. Besides, considering that
different structural types prefer certain geometries [41], three types of
frequently-used long-span structures (grid-shell, space-frame, and truss-
beam) are applied in the model, to ensure the diversity of the roof
geometries. The detail of the model is elaborated in the sub-Section 3.1.

Then, a framework of assessment criteria is proposed to evaluate
solutions based on specific performance (Fig. 4C). This framework
combines indicators of the basic aspects of multi-functionality (ac-
commodation of activities, views of spectators, acoustics) and structure.
The related values of the indicators for each design alternative are
obtained by simulation tools (Fig. 4B). The details of the assessment
criteria and simulations are elaborated in the sub-Section 3.2. Multi-
objective optimization (MOO), which is performed by the optimization
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toolbox of MATLAB [45] with NSGA-II [46] as the search algorithm
(since this ongoing project will use other toolboxes in MATLAB in the
following steps), is used to search satisfactory solutions within design
space according to the criteria (Fig. 4D). Finally, a set of post-process
approaches are used to visualize the results (Fig. 4E). A 3D coordinate
chart of the objectives of all the Pareto solutions and the geometries of
some key Pareto solutions are provided to visualize the optimization
results (Fig. 4E-1). Based on the history of the iterations stored during
the optimization, the solutions weeded out during the optimization can
be also selected to demonstrate and compare with the Pareto solutions
(Fig. 4E-2). Furthermore, designers can classify the Pareto solutions
according to their geometries (Fig. 4E-3) to explore and select final
solutions according to some soft requirements (e.g. aesthetics). If the
number of the Pareto solutions is too large, a hierarchical cluster ana-
lysis can be used to automatically group them according to their geo-
metric typology (Fig. 4E-4) The detail of the optimization and the
hierarchical clustering are elaborated in the sub-Section 3.3.

3.1. A versatile parametric model for sport arenas

According to the previous analysis of the interrelationships between
the multi-functional space and long-span roof structure of arenas, the
proposed parametric model is defined in four steps. Table 2 illustrates
the process and lists related parameters. It is worth noting that even
though this model includes most formal types of sports arenas, some
special types (e.g. arena with discrete roof which is composed of several
surfaces) are not yet included. For the long-span structure, this model
only focuses on three frequently-used lattice steel structures (grid-shell,
space-frame, and truss-beam) with a quadrilateral topological pattern.

Step 1 deals with the pitch and the foundation of the seating bowl
(Table 2, step 1). The dimension of the pitch can be determined ac-
cording to the activities which are planned to be held in the arena
(Table 1). In this step, designers should select a principal activity to
define the focal point for spectators’ sightlines and generate the seating
tiers. Sections of tiers and the rows for each section should also be
defined. In this paper, a method, which uses one or several specific
‘values of V’ to calculate the riser of each row (C), is used to generate

the foundation of the seating bowl. Fig. 5 illustrates the calculation, and
the riser of each row (C) can be calculated based on the formula pro-
vided by the design code EN 13200 [5]:

= + ×C V a B
D

# (2)

where C is the riser of the row, V is the vertical distance from eyes of
a spectator to the top of the head (see V in Step 1, Table 2), a is the
difference between the height of eyes and the height of focal point P
(the nearest point of focus along the line of sight), B is the distance from
one spectator to the spectator behind (which equals the ‘Depth-SR’ in
Step 1, Table 2), D is the horizontal distance between the spectator’s
eyes situated and the focal point P.

In step 2, a variable building outline is formulated to trim the
foundation of the seating bowl and generate the final bowl (Table 2,
step 2). The outline is defined by eight control points and the curve type
(polyline or curve). The control points are defined by the lengths along
the X and Y axes, the asymmetric ratios in x- and y-axis, and the corner
positions. Thus, diverse multi-functional spaces can be generated
(Fig. 3). The number of fixed seats for the seating bowl should be ex-
amined in this step. The height of the last row of seating bowl is related
to the lengths along the axes and the shape of the foundation bowl,
which should be constrained according to design requirements in
practice. In fact, the height can be varied in a large range for different
sizes of the buildings. For the Philippine Arena (50,000 fixed seats),
which is the largest indoor arena in the world, the height for the last
row is around 60m [47].

Based on the seating bowl, step 3 formulates the roof by quad-
rilateral grids (Table 2, step 3). First, the structural boundary is gen-
erated by eight control points related to those in step 2. The initial
positions of the points are on the seating bowl boundary (the blue dash
curve in the first chart of step 3 in Table 2), then the points (except the
highest ones) are allowed to move to any position between the original
position and its highest position (with the same height as the highest
control point). This method allows the structural boundary to vary
between the seating bowl outline and the flat structural boundary (the
orange dash curve in step3 of Table 2). Sequentially, based on the

Fig. 4. The workflow of the proposed design process.
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structural boundary, a single-layer grid is formulated according to
several parameters: the headroom of the central point in the pitch, the
curve degrees in x and y directions, and the spacing of the grid (the

spacing can be varied according to the structural type). Based on this
grid, an upper layer grid is formulated by adding structural depths in
the centre and on the boundary, respectively. The two depths are

Table 2
Process and parameters of the proposed parametric model.

* regulated by design code EN 13200 [5].
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independent, therefore, the relationships between them can be varied
(linearly or non-linearly). Additionally, the grid can be curves or
polylines in x and y directions, respectively, which are controlled by
two parameters (Cuv-X-roof and Cuv-Y-roof). Various roof geometries
can be generated based on this step.

Step 4 generates three different structural types, based on the grids
(Table 2, step 4 and Fig. 6A and B). This paper does not deal with the
structural topology optimizations but uses specific topological pattern.
For grid-shell (GS), a quadrilateral pattern is used, the bottom-layer
grid (Fig. 6A) can be directly used as the axes of the elements (bars). For
space frame (SF) and truss beam (TB), a two-layers of grids are neces-
sary. Based on the original grid (the red one in Fig. 6A and B), an upper
grid (the blue one in Fig. 6B) is generated according to two parameters,
SturDpth-ctr (structural depth in the centre of the roof) and StruDpth-
bdr (structural depth on the boundary of the roof). For space frame, the
upper grid and the bottom (original) grid are directly used as the axes of

the upper and bottom chords, additional vertical and diagonal webs are
added between them (Fig. 6C). For truss-beam (TB), both the x- and y-
axis can be the span direction of the beams, which are considered as
two sub types for TB. The cross-section of each truss beam is an inverted
triangle (Fig. 6D), which is composed of two upper chords (generated
by offsetting the upper grid lines) and one bottom chord (directly
generated by the bottom grid lines). Additional webs are set between
the chords. For all the structural types, steel (S235, S275, or S335) is
used as the material, and hollow circles are selected as the sectional
shape for the elements. Designers should assign the ranges of the dia-
meter and thickness of the section.

Based on the proposed parametric model, a broader design space
with diverse geometries for sports arenas can be generated, which in-
cludes not only some conventional geometries (examples are proposed
in Fig. 7A) but also some special ones (examples are proposed in
Fig. 7B). It can also be used to mimic the geometries of real arenas with

Fig. 5. The diagram of the riser calculation [5].

Fig. 6. The generation of the roof structure.
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different shapes and sizes (examples are proposed in Fig. 7C). The
feasibility of the geometries can be guaranteed by setting the ranges of
variables (e.g. the size of the building, the height of the roof) and the

constraints of some indicators (e.g. the number of fixed seats, the
maximum viewing distance of spectators, the maximum deflection
viewing angle of spectators).

Fig. 7. Some examples within the design space generated by the proposed parametric models (the sources of the pictures in part C [48–57]).
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3.2. Assessment criteria and simulations

As mentioned in the sub-Section 2.4, the accommodation of activ-
ities, spectator’s view and acoustics are considered as the basic func-
tions of the multi-functional space of a sports arena in this paper. The
assessment criteria are formulated based on these aspects and the long-
span structure.

The accommodation of various activities, in design practice, is
usually set by developers and designers before conceptual design ac-
cording to the dimensions of these activities (Table 1).

3.2.1. Viewing quality of spectators
This paper focused on five indicators for the viewing quality of

spectators:

• VDavr p: the average viewing distance for the principal activity of the
arena;
• VDmax e: the maximum viewing distance of different activities;
• OR: the sightline obstructed ratio;
• RMHVA: the ratio of the seats used for stage performance;
• RSP HVA: the ratio of the seats with premium horizontal viewing
angle for stage performance.

The viewing distance (VD) of a spectator for a specific activity is the
distance between the spectator’s eyes to the farthest point of the activity
area (left, Fig. 8). The average and the maximum values (VDavr and
VDmax) of VD can be minimized (as design objectives) or limited into
certain ranges (as design constraints), to enhance the viewing quality or
ensure an acceptable view for each spectator. The European code for
spectator facility (EN 13200) regulates the thresholds of viewing dis-
tances for different activities [5]. It is worth noting that, the viewing
distance varies according to different activities, since they have dif-
ferent focal points. In practice, designers and developers usually select
important and frequently-held activities as the principal activities and
the others as secondary activities [10]. Then, the indicators related to
the principal activities can be minimized or maximized to enhance the
related viewing quality, and the indicators of the secondary activities
are set as constraints to ensure acceptable viewing quality.

The sightline obstruction ratio (OR) of a spectator is defined as the
ratio between the number of obstructed sampling points (the sampling
points on the pitch but obstructed by other spectators) and the number
of total sampling points on the pitch (Fig. 8, right) [16]. In practice, the
obstruction is usually avoided by setting a proper C-value to calculate
the riser for each row (see Fig. 5 and formula 1) and to generate the
seating bowl. However, the focal point for the riser calculation is re-
lated to the selected principal activity, if the court size of the principal
activity is much smaller than the pitch, the area inside the pitch but
outside the principle court may not be seen by the spectators. In this
case, OR can be used to assess the visibility of the area outside the
principle court but inside the pitch [16]. For other cases, a proper

selection of the focal point and C-values can guarantee the activities are
visible for spectators.

It is worth noting that all the seats around the pitch can be used for
sports events, while only a subset of them can be used for stage per-
formance. The subset is defined by a horizontal viewing angle (HVA)
and its reference points (RPHVA) (Fig. 9, left), is used to defined the
accepted seats for stage performance. These parameters can be set by
designers according to specific requirements of performance. In design
practice, it usually requires as many seats as possible to be used for
different activities. To assess the fulfillment of this requirement, this
paper proposes the ratio of multi-functional seats (RMHVA) as the in-
dicator. RM equals the number of the accepted fixed seats for stage
performance divided by the number of all the fixed seats. It can be also
maximized as a design objective or limited in a specific range as a
constraint. Furthermore, based on the accepted horizontal viewing
angle mentioned above, a smaller angle, premium horizontal viewing
angle (P-HVA) is proposed (Fig. 9, right). The PHVA is used to define
the premium seats for the stage, which have better view for stage
performance. The ratio (RSP-HVA) between the numbers of these pre-
mium seats and the total seats can be used as another indicator to assess
the seating bowl for stage-performance.

3.2.2. Acoustics
For acoustics, among the mentioned indicators, this paper focuses

on reverberation time (RT60), since it is related to the configuration of
the indoor space which is mainly defined during conceptual design. The
requirements on other indicators can be satisfied in professional
acoustic design. RT60, which is defined as the time for a sound to drop
60 dB below its original sound level, can be calculated by the Sabine
Formula [58]:

=
+

RT VL
A m VL

0.161
460 (3)

=A S aj j (4)

VL is the effective volume of the reverberation space; A is the total
absorption within the room; m is the average absorption coefficient of
the air; Sj is the area of the jth inner surface of the room; aj is the ab-
sorption coefficient of the jth inner surface (see Table 3). According to
the Sabine Formula, RT60 can be obtained by measuring the volume and
surface area in the parametric model. According to the activities em-
phasized in the design, the RT60 should be calculated based on all the
related octave band frequencies, respectively, and the average value is
used to assess the design. For example, for sports events, the middle
frequencies around 1k Hz are emphasized, while for concerts, all the
frequencies from 125Hz to 4 kHz should be considered.

Different activities require different reverberation times (Fig. 10),
and it is difficult to meet the different requirements at the same time
[58]. For example, the crowd sound made by spectators is important for
the atmosphere of sports events, and a larger value of RT60 is preferred.

Fig. 8. Measurement of viewing distance (left) and obstruction ratio (right) [16].
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While for the sports competitions, the reverberation time at middle
frequencies (around 1 kHz) for an occupied sports venue is required to
be between 1.5 and 2.0 s [60,10]. Furthermore, for multi-functional
arenas, besides sports events, stage performances (e.g. pop concert) are
also important activities which have more strict requirements on re-
verberation time and should be given priority. Some movable or fold-
able ceilings are used in theatres and opera houses to meet different
requirements, but in sports arenas, such a ceiling is seldom used, since it
may influence the functions of other facilities under the roof. Hence, for
acoustics, this paper mainly focuses on the requirements of stage per-
formances which require the RT value for specific ranges (Fig. 10).

It is worth noting that without any professional acoustic operation
during the early design stage, the reverberation times for most of the
design alternatives are usually larger than the required value. Hence,
based on stage performances which are considered important for multi-
functional arenas, a certain value of RT in Fig. 10 can be selected as a
target value to get close to. Alternatively, a range of RT can be set as a
design constraint.

3.2.3. Structural performance
For long-span roof structures, as mentioned, the structural mass

(SM) and strain energy (SE) are used as indicators [19–21,33,38]. The
structural mass (SM) is not directly related to the cost. However, re-
ducing structural mass can save material for structure and reduce the
embodied energy which meets the requirements of sustainability [21].
The strain energy of a structure refers to the energy stored within a
deformed structure which is bearing loads. To minimize the strain en-
ergy means enhancing the structural stiffness [20]. Besides, according
to various design codes, to ensure the serviceability of a structure, a
series of mechanical indicators should be considered. With the Eur-
opean code EN 1990 [62] and EN 1993-1-1 [63] as examples, the de-
sign values of normal stress for each element ( ED) should be smaller
than the allowable stress ( RD) and the deflection of the overall structure
should not be larger than the 1/250 of the span (Dutch national annex
of EN-1993-1-1:2005). The values of these two indictors can be also

minimized in the design process to enhance structural performance.
The structural analysis is performed by Karamba 3d [64], a struc-

tural analysis plug-in for Rhino-Grasshopper. The structural elements
generated by the proposed parametric model are transformed into
structural members that can be identified by Karamba 3d, and the
material, supports, cross-sectional size, and loads conditions can be
assigned by designers.

The setting of the structural analysis in Karamba is listed in Table 4.
Specifically, the loads for the structural simulation in this paper include
a fixed dead load (except the structural self-weight) of 7 kN/m2 and live
load (snow and wind) of 3 kN/m2. According to design codes, the snow
and wind loads for a roof should be calculated based on the slope angle
of the roof. However, for a complex free-form roof, the slope varies in
different parts, and the roof geometry also varies during the optimiza-
tion. Therefore, a complex load model is needed to define the wind and
snow loads entirely according to design codes. Alternatively, con-
sidering the level of analysis typically used in architectural conceptual
design, these loads can be simplified into fully and asymmetric vertical
loads for the roof, [21,47]. The lateral load is usually resisted by other
structural systems (e.g. vertical elements, shear wall, bracing frames)
which are undefined in this design stage and will be defined in the
following steps by considering the annex rooms around the multi-
functional space.

Although this load model is simplified with the consideration of the
level of analysis typically used in architectural conceptual design to
search for suitable overall forms, further structural analysis will be
performed in the following design stages (Fig. 4). It is worth noting that
the load model (Table 4) used in this paper is just one example. De-
signers are encouraged to use their own load values, loads cases, and
load model.

For the structural cross-section, hollow circles are used in this paper.
Designers should provide the ranges of the diameter and thickness of
hollow circle section. Based on the ranges, proper sizes can be selected
by the cross-section optimization embedded in Karamba 3d, which can
use less material while satisfying the requirements on the elemental

Fig. 9. Defining accepted seats and premium seats for stage performance based on HVA (Horizontal Viewing Angle).

Table 3
Absorption Coefficient for different areas of sports arenas (selected from Bork, 2005) [59].

Area Material Absorption Coefficient
Octave band frequency in Hz

125 250 500 1k 2k 4k 8k

Pitch floor Rubber on concrete 0.02 0.03 0.03 0.03 0.03 0.02 –
Seating tiers floor Audience floor, 2 layers, 0.09 0.06 0.05 0.05 0.05 0.04 –

33mm on sleepers over concrete
Walls Fabric-covered panel, 6 pcf rockwool core 0.21 0.66 1.0 1.0 0.97 0.98 0.98
Spectator area Audience area, 1 person / m2 0.16 0.29 0.55 0.80 0.92 0.90 –
Ceiling Metal panel ceiling, backed by 20mm Sillan acoustic tiles, panel width 85mm, panel spacing 15mm, cavity

35 cm
0.59 0.80 0.82 0.65 0.27 0.23 –
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stress and strain and the vertical deflection of the whole structure ac-
cording to the European code EN 1993-1-1 [63]. More detail can be
found in the manual of Karamba 3D [65].

According to the analyses above, a proposed framework of assess-
ment criteria for arenas is concluded in Table 5. Designers can for-
mulate specific assessment criteria by selecting different indicators as
design objectives and constraints, according to specific design re-
quirements.

3.3. Optimization and post processing

3.3.1. Multi-objective optimization
To start the MOO, design variables (which can be changed during

optimization) with related ranges, should be defined based on the
parameters in Table 2. Additionally, specific assessment criteria should
be formulated as design objectives and constraints, by selecting in-
dicators in Table 5. The ‘gamultiobj’ function in the optimization
toolbox of MATLAB [45] is used to undertake the optimization based on
NSGA II [46] as the searching algorithm.

For the diversity of the solutions selected by MOO, an adaptive
mutation function is used to define the mutation rate during optimi-
zation. By this function, solutions obtaining high scores of fitness
functions are given lower mutation rate while the solutions with lower
scores are given higher mutation rates [66]. This is performed by the
‘mutationadaptfeasible’ function of multi-objective optimization
toolbox in MATLAB [45].

3.3.2. Hierarchical clustering
Manual classification can be used by designers to group a small

number of Pareto solutions according to their geometries (E3 in Fig. 4).
If there are too many solutions, clustering analysis can be used to fulfil
the task automatically (E4 in Fig. 4).

Clustering analysis (clustering) groups objects into different clusters
according to their specific features, and objects in the same cluster are
considered to be similar in these features [67]. Such clustering is per-
formed by calculating the distances among objects based on their input
data related to the features. A smaller distance between two objects
indicates they are more similar. For example, for a certain feature of
object a and b, which are respectively indicated by parameters vai and
vbi (for i = 1 to n, assuming there are n parameters related to the feature
for each object), the distance between object a and b for this feature can
be calculated according to Euclidean:

=
=

d a b v v( , ) ( ) #
i

n

ai bi
1

2

(5)

Other formulas, e.g. Mahalanobis distance, City block distance,
Minkowski distance, Chebychev distance, Hamming distance, can be
also used to define the distances.

Hierarchical clustering is a clustering method creating a cluster tree
or dendrogram. In the bottom level of a hierarchical upside-down tree,
each object is seen as an independent cluster, and each cluster connects
to others at the higher level to create a bigger cluster, according to the
feature distances. Finally, at the top of the tree, all the clusters are
connected together [67]. Based on the tree, the similarity between
objects in a specific feature is visualized. More details are demonstrated
in the sub-Section 4.1.

This paper uses hierarchical clustering to visualize the geometric
diversity of the Pareto solutions of optimization. Therefore, the objects
of clustering are the Pareto solutions, and the input parameters for the
distance calculation is the geometric variables of the Pareto solutions. A
feature scaling is used to pre-process the input data for the clustering, to
guarantee the accuracy [68]. The ‘clusterdata’ function of the Statistics
and Machine Learning toolbox in MATLAB [45] is used to achieve the
hierarchical clustering and formulate the dendrogram.

Fig. 10. Requirements on reverberation time of different activities (the dark bars indicate the suitable range and the light ones indicates the acceptable range)
[58,61].

Table 4
Settings for structural analysis.

Structural element The grids generated in the parametric model (see step 4 in Table 2) can be automatically transformed into the axes of the elements

Supports Assigned by designers based on the structural boundary generated in the parametric model
Cross-section Hollow circles (the ranges of the diameters and thickness are provided by designers, and proper sizes for each solution can be defined by the ‘cross-section

optimization’ in Karamba 3D)
Material S235, S275, S335
Load Dead load (except the structural self-weight): 7 kN/m2

Live load (snow, wind): 3 kN/m2

Load cases:
1. dead load (include structural self-weight)
2. dead load (include structural self-weight) + live load
3. dead load (include structural self-weight) + asymmetric live load (the asymmetric live load only act on the north, south, east, and west part of the roof,

respectively)
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4. Case studies

In this research, the case studies serve two goals: testing the capa-
city of the proposed parametric model and testing the entire design
process. Three arenas, the Barclay Centre, the O2 Arena, and the
Philippine Arena, are used for the case studies.

The Barclay Center in New York, U.S. (designed by SHoP Architects
PC), which has a symmetric seating bowl, is a typical arena mainly for
sports events (basketball games for NBA and Ice hockey games for NHL)
and sometimes for pop-music concerts. The O2 Arena in London, U.K.
(designed by Populous), which has a seating bowl being asymmetric
along the long axis of the pitch (y-axis), is mainly used for both pop-
music concerts (with an end-stage or a central stage) and sports events.
These two examples represent two of the main categories of arenas all
over the world. There is the third kind of arenas, which have seating
bowls being asymmetric along the short axes of their pitches (x-axes)
and are similar to theatres. The Philippine Arena in Bocaue, Philippine
(designed by Populous) is a representative example.

For the testing of the proposed parametric model, the capacity of the
model to approximate the geometry of the real buildings is considered.
The goal is to assess the capacity of the parametric model to cover a
wide range of typologies. To test the parametric model, all three case
studies are used. As illustrated in Part C of Figs. 7, 11, and 14, the
proposed parametric model is able to generate geometries that ap-
proximate all these three arenas, closely enough (according to the pitch
size, overall shapes of the seating bowl and the roof) for the early design
stage.

For the testing of the entire workflow of the proposed design pro-
cess, the goal is to assess the capacity of the workflow to support the

design exploration of well performing solutions belonging to different
typologies. The process is presented in the following sub-sections and
aims also at showcasing how the workflow can be used in design
practice. To test the entire workflow, the two most common categories
of arenas are selected out of the three: the Barclay Centre and the O2
Arena.

It should be noticed that the selected real arenas are used in order to
contextualize realistic backgrounds for the case studies. However, the
testing process uses design requirements that may differ from the spe-
cific requirements for which the real arenas were designed. This implies
the results of the optimizations may be quite different from the original
designs. The goal of the testing process does not relate to judgments nor
performance assessments on the real designs. The goal focuses on the
capabilities of the computational process in order to handle and satisfy
a set of given design requirements. The Pareto solutions provided by the
optimizations are just well-performing based on these selected re-
quirements.

4.1. The Barclay Centre: an arena mainly for sports events and also
sometimes for pop-music concerts

The Barclay Centre (Fig. 11, left and middle) is a typical arena
which is mainly for basketball and ice-hockey games and is also
sometimes used for pop-music concerts. The seating bowl is symmetric
in both long and short directions with 18,700 fixed seats, the plan of the
seating bowl is an approximate octagon. The long-span roof is a shallow
dome with space-frame structure. A similar solution with a space-frame
structure is also in the design space generated by the proposed para-
metric model (Fig. 11, right), which can be compared with the Pareto

Table 5
The proposed framework of assessment criteria.

Aspect Indicator Design objective Design constraint Related parameters

Accommodation of activities Types of activities held in the arena - -
Spectators’ view VDavr p: Average viewing distance for the principal activity Min VD. avr p - Court size of the principal activity for

sport event
VDmax e : The maximum viewing distance of different activities Min VD. max e VD VDmax e rec e

a Sizes of courts and stages for all the
activities

RO: The sightline obstructed ratio Min RO. RO ROrec
RU : The ratio of useful seats for stage performance Max RU. RU Rurec Location of the stage,
RSP HVA: the ratio of the seats with premium horizontal viewing
angle for stage performance;

Max RS. P HVA RS RSP HVA rec Dimension of the stage,
RPHVA: Reference point for HVA,
HVA: Horizontal viewing angle,
P-HVA: Premium horizontal viewing
angle.

Acoustics RT60: Reverberation time Min RT. 60 RT R[ ]60 Absorption coefficients for different
areas (Table 3)
Preferred ranges of RT for different
activities (Fig. 8)

Structure M : Structural mass/self-weight Mini M. M Mrec Load Case
E : Strain energy Mini E. - Structural Material

max : the maximum normal stress of elements Mini. max
x Ed

fy
M

,
a Sectional dimensions

d: Vertical deflection Min d. d span
250

a

d span
250 is regulated by euro designcode for structure design and Dutch National Annex [63].

a
x Ed

fy
M, is regulated by euro designcode for steel structure EN 1993-1-1 [63], where fy is the yield strength related to the material, and M is the Partial factors.

Fig. 11. The Barclay Centre (left and middle)
and a similar solution (right) generated by the
proposed parametric model (picture sources
[54,55]).
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solutions of the optimization.
The optimization for this example is labelled as OPT. 1. Since the

Barclay Centre is mainly for basketball and ice-hockey games, the
minimization of the maximum value of the average viewing distances
for both these two games is set as a design objective to search good
seating bowls. Considering it also need to be used for pop-concert, the
reverberation time is required to getting close to 1.3 s (the upper
boundary of the RT for amplified music, see Fig. 10). It is worth noting
that in the primitive design stage for an arena with a large volume,
without any professional design for acoustics, the RT value is usually
larger than the acceptable values. Therefore, the minimization of the
difference between the RT value and 1.3 s is set as the second design
objective. For the long-span structure, the minimization of the struc-
tural mass is set as the third design objective, aiming at reducing the
material consumption and the embodied energy [21]. The details of the
input data for the optimization are listed in Table 6. The parameters
labelled with ‘*’ in Table 6 are variables which can be changed by the
optimizer within the given ranges. The generation number for this
optimization is 80 and the population size for each generation is 150.
The result is illustrated in Fig. 12. Additionally, besides the manual
classification of the Pareto solutions according to geometry, a hier-
archical clustering is used to group the Pareto solutions automatically
(Fig. 13), which is more efficient in dealing with a large number of
solutions.

In part A of Fig. 12, the coordinate chart illustrates the values of the
Pareto solutions in the three design objectives. The solutions are re-
presented by the solid dots, and the hollow circles are the projections of
the dots on the three planes of the coordinate system. Different colours

of the dots and of the labels of the solutions indicate different structural
types: green for grid-shell, blue for space-frame, and red for truss-beam.
The left and right columns and the bottom row along the coordinate
charts illustrate some key solutions on the Pareto frontiers of obj.1 vs
obj.3, obj.2 vs obj.3, and obj.1 vs obj.2, respectively. The solutions here
are selected by the authors to study how the geometry and structural
type vary with the change of performance values, and the related
analyses are listed below. Designers can also explore other Pareto so-
lutions.

1. For the left column, from the solution 22 to 15, as the structural type
changes from space-frame to grid-shell, the structural mass gets
small, meanwhile, the boundary of the seating bowl gets larger
along the short axis of the pitch (x-axis), and the viewing distance
getting larger. As the structural mass decreases, from solution 22 to
1 with space-frame structure, the roof changes from flat to convex,
and from the solution 21 to 15, with a grid-shell structure, the roof
changes from flat to saddle.

2. For the right column, from solution 5 to 15, as the structural mass
decreases and the RT increases, the seating bowl changes from
rectangle to oval and the roof changes from saddle to concave and
saddle again. The solution 5 and 34 share the same shape, but the
solution 5 applies one-layer grid-shell structure which is much
heavier (with this roof shape) than the two-layer space-frame
structure. Meanwhile, for the solution 34, since the two-layer
structure, the structural depth increases the height of the roof and
then increases the indoor volume and the reverberation time. A si-
milar phenomenon appears between the solution 37 and 12.

Table 6
Input data of the optimization for the Barclay Centre (OPT. 1).

Objectives 1 min. Vavr-p (the maximum value of the average viewing distances of both basketball and ice-hockey)
2 min. (RT60 – 1.3s)
3 min. SM (Structural mass / self-weight)

Constraints 1 The maximum viewing distance for ice-hockey 110m
2 The maximum viewing distance for basketball 130m
3 Fix seats number: 18, 000 Seat-Num 19,000
4

The normal stress of structural elemental cross section: x Ed
fy
M

, , = 1.25M

5 Structural vertical deflection: d span
250

6 Other structural constraints (e.g. elemental buckling) according to design code EN 1993-1-1
Parameters 1 P-size Dimensions of the pitch (ice-hockey): 65m × 36m × 18m

2 SEPRI Principal activity for sports event defined by the developer: basketball and ice-hockey
3 V C-value: the vertical difference from eyes of a spectator to the top of the head: 120mm.
4 Dpth-SR Depth of a seating-row: 0.8m
5 Width-S Width of a seat: 0.5m
6 Nur-SR Number of the seats between radical or parallel passageways: ≤ 28
7 Wdth-PW Width of a passageway: 1.2m
8 Seat-Sec Number of the sections of the seating tiers: 3 sections
9 Row-Sec Number of rows for each section:

– lower tiers (without retractable seats): ≤ 12
– middle tiers: ≤ 18
– Higher tiers: depends on the boundary

10* L-X Length in X direction: 100m – 160m
11 Asy-X Asymmetry in X-axis: 0
12* L-Y Length in Y direction: 90m -120m
13 Asy-Y Asymmetry in Y-axis: 0
14* Cp-I, Cp-ii, Corner positions in 1st, 2nd, 3rd, and 4th quadrant: 0, 1, 2, 3

Cp-iii, Cp-iv
15* Cuv-BO Curve degree of the building outline: 1 (polyline) and 3 (curve)
16* H-CPi-bdr The height of the ith control point of the structural boundary: 0 to 10
17* CenH-roof headroom of the centre of the pitch: 20m - 45 m
18* Cuv-X-roof Curve degree of the grid in X axis: 1 (polyline) and 3 (curve)
19* Cuv-Y-roof Curve degree of the grid in Y axis: 1 (polyline) and 3 (curve)
20* StruDpth-ctr Structural depth in the centre (for space frame and truss beam): 2m – 6m
21* StruDpth-bdr Structural depth on the boundary (for space frame and truss beam): 0.8-3m
22* StruType Structural type: 0: GS (Grid Shell); 1: SF (space frame); 2: TBX (truss beam along x-axis); 3: TBY (truss beam along y-axis).
23* GridSize-roof Size of the grid: 1.8-2.2 m for Grid-shell

4-5m for space-frame and truss beam
24* Cross-section Circle hollow, diameter: 0.3 - 0.6m, thickness: 20 – 80 mm.
25 Structure Material S275
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3. For the bottom row, from solution 1 to 5, the seating bowl changes
from round to oval and rectangle, which increases the viewing
distance. Meanwhile, the roof changes from convex to flat, concave,
and saddle, which decreases the volume and decreases the re-
verberation time.

4. For the solutions with space-frame and truss-beam structures (re-
presented by the blue and red dots, respectively), the structural

weights are small among all the Pareto solutions. For grid-shell so-
lutions, although some obtain smaller weights, most of them are
heavy among all the Pareto solutions.

5. The solution similar to the original design is represented by the dark
dot in the coordinate chart, which is not so far from the Pareto
frontier. Its structural mass is close to the average value of those of
the Pareto solutions, while its values of viewing distance and

Fig. 12. Results of OPT.1 (solutions with grid-shell, space-frame, and truss-beam structures are labelled in green, blue, and red, respectively) (picture source [69]).
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reverberation time are around the upper boundaries of the coun-
terparts of the Pareto solutions.

In part B of Fig. 12, based on the record of the iteration history,
some solutions, which are evaluated but eliminated out during the
optimization, can be selected by designers to make a comparison with
the Pareto solutions according to their performance values. This allows
designers to explore more diverse solutions in the design space. The
selected examples also demonstrate that besides the Pareto solutions,
there are more diverse types of solutions in the design space.

In part C of Fig. 12, all the 41 Pareto solutions are classified
manually by the authors according to their judgements on the similarity
in geometry, therefore to demonstrate the diversity. Designers can also
make a classification based on their judgements. It is worth noting that
based on the manual classification, the solutions in the 3rd group are
similar to the design of London Velodrome (designed by HOK), which
further demonstrates that designers can explore quite different design
concepts by the proposed process.

The same grouping work can be also automatically done by hier-
archical clustering, especially in dealing with a larger number of solu-
tions (Fig. 13). In this example, the input data for clustering is the
variables related to geometry (the variable 10–21 in Table 6). Ac-
cording to the formula (5) in the sub-Section 3.3.2, the Euclidean dis-
tances between the solutions will be calculated to identify the simila-
rities. A dendrogram is used to visualize the clustering results. In
Fig. 13, all the Pareto solutions are listed along the horizontal axis,
similar ones (with less distance) are linked by a ‘branch’ in a small
distance (indicated by the vertical axis). Designers can select a certain
level of the distance to cut the tree and obtain a certain number of

clusters. In the example of Fig. 13, the tree is cut at the level around 1.2
and is divided into 8 branches (clusters).

4.2. The O2 Arena: an arena for both pop-music concerts and sports events

The O2 Arena (Fig. 14, left and middle) is used for both pop-music
concerts and sports events. According to the statistics of ‘Pollstar’ (a
trade industry journal), the O2 Arena was the busiest venue for concerts
all over the world in 2016 [70]. Meanwhile, the O2 Arena is also used
for various high-level sports events, including some oversea games of
NBA (basketball) and NHL (ice-hockey), tennis matches of ATP, and
some matches of 2012 summer Olympic games (basketball, artistic
gymnastics, trampoline).

With an end stage in the pitch, the rectangle seating bowl of O2
Arena is asymmetric along the long axis of the pitch (y-axis), therefore
most of the fixed seats are available for stage-performance. Although
the venue is covered by the famous Millennium Dome, it has an in-
dependent roof with space-frame structure (composed by two main
trusses and many small trusses) [71]. Therefore, in this paper, it is
considered as an independent venue without the membrane dome. A
similar solution (Fig. 14, right) in the design space can be used to
compare with the Pareto solutions of the optimization.

Since in practice, designers usually set different combinations of
design objectives according to their judgments on the design condi-
tions, and it is worth studying how the results will change based on
different optimizations for one scenario. Hence, two design optimiza-
tions with different objectives are used to guide the design exploration.
The first optimization (OPT. 2-A) is based on the same objectives with
those in the sub-Section 4.1 (OPT. 1). One additional constraint is

Fig. 13. Hierarchical clustering for the Pareto Solutions of OPT.1 (solutions with grid-shell, space-frame, and truss-beam structures are labelled in green, blue, and
red, respectively).

Fig. 14. The O2 Arena (left and middle) and a
similar solution (right) generated by the pro-
posed parametric model (picture sources
[72,73]).
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added to meet the background of the O2 Arena, which requires 85% of
the fixed seats to be available for the performance with an end-stage.
The second optimization (OPT. 2-B) aims at maximizing the RSP HVA
(the ratio of seats with premium horizontal viewing angle) for the fixed
seats in the upper tiers, to increase the number of the seats within a
good viewing range of stage-performance. It also aims at minimizing
the reverberation time which is the same as the first optimization and
minimizing the strain energy of the structure to increase the stiffness.
The inputs for these optimizations are listed in Table 7. The results of
the two optimizations are illustrated in Figs. 15 and 16, respectively.

For the part A in Fig. 15, there are some observations about the
results of the OPT.2-A.

1. For the left column, from solution 5 to 3, as the shape of the seating
bowl changes from an approximate round to a shape like a chestnut
(which is round at one end but has a cusp at the other end), and also
as the roof changes form concave to convex, the viewing distance
increases and the structural mass decreases. Solutions 5 and 7 have
similar shapes, and the viewing distances are the same, but the
space-frame structure (solution 7) is lighter than the grid-shell (so-
lution 5).

2. For the right column, from solution 40 to 3, as the reverberation
time increases and the structural mass decreases, the shape of
seating bowl varies randomly but the roof changes from concave to
convex.

3. For the bottom row, from the solution 7 to 40, the shape of the
seating bowl changes from an approximate round to a chestnut
shape, a rectangle, and a trapezoid, which increases the viewing
distance. Meanwhile, as the increase of the curvature for the con-
cave roof, the reverberation time decreases. The solution 7 and 5
share the same geometries and have the same value in viewing
distances (as mentioned in the first observation), but the solution 7
use space-frame and its roof is higher since its structural depth
which increases the indoor volume, therefore, increases the re-
verberation time.

4. Similar to the result of the OPT.1, the space-frame and truss-beam
solutions have small structural mass, among all the Pareto solutions.

For grid-shell solutions, some obtain much smaller weights while
most of them are heavy among all the Pareto solutions. Comparing
with those of the OPT.1, the Pareto solutions of the OPT.2-A have
more truss-beam solutions.

5. For the similar solution to the original design, its values related to
the three objectives are larger than most of the Pareto solutions.

For the part A in Fig. 16, some observations about the OPT.2-B are
provided by the authors, which are quite different from the counter-
parts of OPT.2-A, since the different design objectives.

1. For the left column, from the solution 1 to 4, with the decrements of
both RSP-HVA (ratio of seats with premium horizontal viewing angle)
and strain energy, the overall geometry changes from a shape like a
slope to a chestnut shape. The solutions 1 and 24 obtain a high score
in RSP-HVA since most of the seats of the upper tiers face the frontage
of the stage and with a good horizontal viewing angle (see the ob-
jective 1 for OPT.2-B in Table 7), these two solutions share similar
geometries, but the strain energy of the solution 24 with truss beam
is much less than that of the solution 1 with grid-shell structure.

2. For the right column, from the solution 18–4, as the strain energy
decreasing and the reverberation time increasing, the geometry
changes form a rectangle seating bowl with a concave roof to a
trapezoid seating bowl with a saddle roof and a chestnut shape
geometry with a convex roof (which is similar to the last two so-
lutions in the left column).

3. For the bottom row, from the solution 1–13, all the roofs are con-
cave and all the seating bowls are rectangles, but as the length of the
seating bowl along the long axis of the pitch shortening, the number
of seats in front of the stage decrease, therefore, the RSP-HVA also
decrease. This transformation also reduces the indoor volume then
decreases the reverberation time.

4. For the structural types of the Pareto solutions, there are two ob-
viously clusters of dots in the coordinate chart, which is different
from the results of the previous two optimizations. One is composed
by all green dots (solutions with grid-shell structure) and is in the
upper left of the chart, which means the grid-shell solutions have
large values in strain energy but small values in reverberation time.
The other cluster is composed by red and blue dots (solutions in
truss-beam and space-frame, respectively) and is in the bottom right
of the chart, which means these solutions have small values in strain
energy and large values in reverberation time. Moreover, the
number of truss-beam solutions increases a lot comparing to the
other two optimizations.

5. The solution similar to the original design (represented by the black
dot) is far from the Pareto frontier. Comparing with the values of the
Pareto solutions, its RSP-HVA value is on the average level, while its
values in both strain energy and reverberation are quite large.

In the OPT.2-A and OPT.2-B, some other diverse solutions are pre-
sent in the design space, but are eliminated by the optimizations. They
can be also explored and compared with the Pareto solutions based on
geometries and performance values (Figs. 15B and 16B).

The parts C of both Figs. 15 and 16 respectively illustrate the
manual classifications of the Pareto Solutions from the two optimiza-
tions (OPT. 2-A and OPT. 2-B, which have the same variables and
constraints but different objectives). Some types of geometries are se-
lected by both optimizations, but in OPT. 2-B, there are some special
types (e.g. the types I to V in part C of Fig. 16). Some of the geometries
are also similar to some real arenas. The geometries of the types V, VI,
and VII in part C of Fig. 15 are similar to the London aquatics centre
(designed by Zaha Hadid) with its temporary seating tiers. The geo-
metries of the types I, II, and III in part C of Fig. 16 are similar to the
Barcelona arena (designed by HOK). This demonstrates again, how the
proposed design process can facilitate designers to explore different
design concepts.

Table 7
Input data of the optimization for the O2 Arena (OPT.2).

OPT. 2-A Objectives 1 min. Vavr-p (the maximum value of the average
viewing distances of basketball)

2 min. (RT60 -1.3s)
3 min. SM (Structural mass / self-weight)

Constraints 1 Ratio of multi-functional seats: RU 85%
(HVA=90 degrees, end stage size: 25m×10m, the
reference points are the back corners of the stage)

2 Fix seats number: 19, 000 Seat-Num 21,000
The other constraints are the same with those of OPT.1
in Table 6

OPT. 2-B Objectives 1 max. RSP-HVA (the ratio of seats with a premium
horizontal angle, P-HVA=20 degrees) for seats in
the upper tiers

2 min. (RT60 -1.3s)
3 min. Strain energy of the roof structure

Constraints The constraints are the same with those of the Opt. 2-A.
Parameters for both OPT.

II-A and OPT. II-B
1 P-size Dimensions of the pitch: 40m

× 70m
2 SEPRI Principal activity for sports

event: basketball
3a Asy-Y Asymmetry in Y-axis: 6 to 10
4a Cp-I, Cp-ii, Corner positions in 1st, 2nd,

3rd, and 4th quadrant
Cp-iii, Cp-iv Cp-i = Cp-iv: 0 to 3;

Cp-ii= Cp-iii: 0 to 3.
Other settings of variables are the same with the
optimization I in Table 6.

a The labelled parameters are variables which can be changed by the opti-
mizer within the given ranges
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5. Discussion

The case studies demonstrate how the proposed design process can
be used in practice. In fact, besides the analyses in the case studies,
there are various ways to study the relationships among geometries,

structural types, and the selected performance by the proposed design
process.

The analyses of the results provided by the authors demonstrate the
effects of the proposed design process. Based on the analyses, some
summaries are listed below:

Fig. 15. Results of OPT. 2-A (solutions with grid-shell, space-frame, and truss-beam structures are labelled in green, blue, and red, respectively) (picture source [74]).
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Fig. 16. Results of OPT. 2-B (solutions with grid-shell, space-frame, and truss-beam structures are labelled in green, blue, and red, respectively) (picture source
[75,76]).
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1. Different design objectives, constraints, and design conditions re-
quire different geometries, therefore, providing diverse geometries
is necessary and can meet the design requirements better.

– Different objectives prefer different types of geometries during op-
timization. In all the three optimizations, the recurring observations
about the key solutions on the Pareto frontiers demonstrated that
the geometries transform to different typologies with the decre-
ments or increments of the objective values.

– With the same combination of design objectives, different settings of
constraints and variables lead to different geometries in the Pareto
solutions. OPT. 1 and OPT.2-A, share the same objectives, but the
variables and constraints are different. As a result, although some
Pareto solutions of these two optimizations are similar, there are
special geometries which only appear in one of the optimizations.

– With the same setting of constraints and variables, different design
objectives also lead to different geometries in Pareto solutions. For
the OPT. 2-A and the OPT.2-B, some Pareto solutions of these two
optimizations are similar, there are special types of geometries
which only appear in one of the optimizations.

2. Providing multiple structural types is necessary for the optimiza-
tions related to structures.

– In all the three optimizations, all of the three structural types appear
in the Pareto solutions. For each optimization, the structural per-
formance varies for different structural types of the Pareto Solutions.
For each structural type, the numbers of Pareto solutions of the three
optimizations are also different.

– With the same geometry, different structural types obtain different
values in structural performance. For the key Pareto solutions ana-
lysed in Section 4, several pairs of solutions share the same geo-
metries but with different structural types, which lead to different
values in structural performance (mass or strain energy).

3. The broader design space with diverse geometries not only provides
more types of solutions for designers to explore and to compare with
the existed design concepts (the solutions similar to the original
designs in the examples) but also enlighten designers by the design
concepts of other real arenas.

– The geometries of some Pareto solutions remind of other real arenas,
which demonstrates that by using the proposed design process, de-
signers can explore other design concepts that they may not think
about at the beginning. Some examples of the connections between
some Pareto solutions and the real arenas are provided in Section 4.
More similar connections can be performed by comparing the Pareto
solutions with more real arenas.

4. Performance-driven optimization is a reasonable and efficient way
to guide the design exploration of diverse solutions, but it confines
the exploration to the well-performing solutions and excludes other
solutions in the design space. Some methods need to be developed to
support the exploration based on geometric typology, which is also
crucial for architectural design.

– More diverse types of geometries are included in the design space,
and just a small part of them are selected by the optimizations as the
Pareto solutions. The examples displayed in part B of Fig. 7 de-
monstrate the diverse geometries in the broad design space. The
examples in part B of Figs. 12, 15, and 16, which select some so-
lutions weeded out during the optimizations, also demonstrate that
there are various geometries (in the design space) differing from the
Pareto ones.

Therefore, for the design optimizations of sports arenas, which focus
on integration of multi-functional space and long-span structure in the
early design stage, it is crucial to provide solutions with diverse geo-
metries and multiple structural types, since different design conditions
and assessment criteria require different geometries and it is necessary
to explore various possibilities at the early design stage. Furthermore,
because it is difficult to predict the considerations of designers in
practice, the proposed framework of assessment criteria with different
indicators, rather than a set of specific criteria, is necessary.

6. Conclusion

This paper proposes a design process for the early design stage of
sports arenas, integrating the multi-functional space and long-span
structure, with emphasis on the diversity of alternatives for the design
exploration guided by performance-based multi-objective optimization
according to various indicators. The proposed process is for the archi-
tectural design exploration during the early design stage to define
proper overall geometries for the following design stages. Designers can
select the aspects of interest to guide the exploration, but specific and
professional designs for these aspects cannot be replaced and should be
done based on the solutions defined by this design process.

However, there are still some limitations. First, the structural types
included in the parametric model are limited and more frequently-used
types need to be considered. Second, the topological pattern of the
structures is fixed in the model, more patterns or even topology opti-
mization can be added. Third, the load model of the structural simu-
lations can be improved to adapt to more complex conditions. Fourth,
comparing with the manual classification of the Pareto solutions ac-
cording to geometry, the results of hierarchical clustering are not ac-
curate enough, which may be related to the complexity relationships
between the input parameters. Fifth, there are more diverse solutions in
the design space but are weeded out by optimization. However, it does
not mean they are unworthy for the design. Methods which can facil-
itate designers to explore the design space based on not only perfor-
mance but also geometric typology is necessary, and clustering is a
potential one.

Based on these limitations, future work will focus on two aspects.
First, adding the types and topological patterns of structure for the
parametric model and improving the load model. Second, study how to
use clustering to facilitate designers to explore the design space ac-
cording to geometry, and how to improve the clustering results ac-
cording to designers’ judgements on similarity.
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