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Abstract. There is a growing need for parametric design software that
communicates buildi ng performance feedback in early a rchitectural
exploration to support decision-making. This paper examines how the
circuit of design and analysis process can be closed to provide active
and concurrent feedback between architecture and services engineer-
ing domains. It presents the structure for an openly customisable de-
sign system th at couples pa rametric modelling and e nergy analysis
software to allow designers to assess the performance of early design
iterations quickly. Finally, it discusses how user interactions with the
system foster information exchanges that facilitate the sharing of de-
sign intelligence across disciplines.
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1. Introduction

While para metric modelling is becom ing an increasingly integral part of
many computer-aided design (CAD) to ols, its p otential to pr ovide dynamic
and responsive performance analy sis, through int egration with buil ding
simulation, has long elude d the architectural dom ain. Pioneers of CAD pre-
dicted a design process that exploited the analytical powers of the machine
to enhance the creative p owers of the designer (Coons, 196 3). They p or-
trayed a system based on associative modelling, where designers refine digi-
tal concept sketches iteratively in response to feedback obtained from analy-
ses carried outby the co mputer (S utherland, 1963). However, while
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parametric modelling systems today have succeeded in establishing associa-
tive methods for defining and explorin g design constraints, few have been
developed to incorporate performance feedback into this design process.

Limitations in both tools and process pose challenges to the integration of
simulation in early design. The conversion of 3D models between design and
analysis representations is not well supported by existing data transformation
mappings, and t ypically requires expe rt translation and int  erpretation
(Augenbroe et al, 2004). Furtherm ore, most simulation tools necessitate de-
tailed information about a building’ s construction and services b efore even
an indicative analy sis can be performed ; information that may not be avail-
able at the conceptual design stage (Ellis and Mathews, 2001). These incom-
patibilities inhibit the development of an interactive information exchange
network where design and analysis processes are active simultaneously, and
serve rather to reinforce conventio nal practice wh ere one dom ain is active
and the other reactive (Nicholas and Burry, 2007). What is needed instead is
a dynamic and concurrent performance evaluation process that parallels the
characteristics and logical relationships of the design process, and perm its
smooth transitions between domain-specific representations.

While strategies for integration are often seen to r evolve around software
interoperability, design communication networks al so play a critical (y et
sometimes forgotten) role in establishing clear rel ationships between design
and performance constraints. This paper therefore exam ines not onl y how
data is exchanged, but also when and what information is shared between
disciplines. It focuses on the interaction between architectural design and en-
ergy anal ysis to dem onstrate how integration can b e achieved in dom ains
where geometry is not necessarily a common foundation.

2. Open versus closed circuits

The industry’s preoccupation with software interoperability over the last two
decades (Boddy et al, 2007) has led to  the development of ‘ope n circuit’
practices that do not sup port responsive feedback between domains. As a re-
sult, designers rely predominantly on intuition and rule-of-thumb to m ake
decisions, despite these techniques lacking the capacity to quantify the per-
formance impacts of design decisions against the complexity of project con-
straints (Bambardekar and Poerschke, 2009). Subsequently, rather than play-
ing a role of decision support in the d  esign, analy sis is used primarily to
verify and rationalise decisions already made (Hopfe and Hensen, 2009).
These open circuit processes can be seen in Figures 1 and 2, whic h illus-
trate the two most commonly adopted methods for exchanging i nformation
between domains. Both are based on a strategy of data model interoperation
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and rely on programs sharing inf ormation at the level of the pro duct model
(Citherlet et al, 2001). Model exchange achieves this via a neutral file ex-
change format that serves as a generic common representation, while model
sharing invol ves a single data management sy stem that contains the entire
building description from which domain-specific applications can extract re-
quired information (Citherlet et al, 2001). In both cases, design and anal ysis
models are developed separately , whic h often result s in data red undancies
and inconsistencies betw een repres entations (Schlueter and Thesseling,
2009). Additionally, neith er scenario can support th e rapid and interactive
transformations required to generate responsive performance feedback.

Design
Application

Analysis
Application

Analysis
Result

Analysis
Model

independent independent independent
models applications results

Figure 1. Data model interoperation: model exchange.

Design
Application

Central
Model

Analysis
Application

Analysis
Result

integrated independent independent
model applications results

Figure 2. Data model interoperation: model sharing.

What is needed instead is a closed circuit approach that allows informa-
tion to be dynamically exchanged in a feedback loop throu ghout design ex-
ploration (Janssen et al, 2002). A data and process model cooperation ap-
proach is currently emer ging as an alternative st rategy for information
exchange that enables this feedback . In this scenari o, programs are effec-
tively coupled by providing the facility to link to other applications at run
time (Hensen, 2004). As illustrated in Figure 3, one program  controls the
evaluation process and invokes other applications as required, automatically
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generating necessary analysis models and performing simulations (Hensen,
2004). As a result, information is able to be cooperatively exchanged during
the design process in a manner that is readily customisable. This research
finds the cooperative approach to be vital to the developm ent of perform -
ance-oriented design tools for early design.

ITERATIVE LOOP
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Results
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Application
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' Engineof
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A
_____ |
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Figure 3. Data and process model cooperation.

3. Energy-oriented design in practice

Despite the proliferation of energy simulation tools in the last decade, fe w
connect to the actual analysis needs of the designer . The majority that at-
tempt integration, such as IES Virtual Environm ent and Trace 700, ty pically
implement model exchange or m odel sharing strategies to achieve inform a-
tion transfer with BIM (Building In  formation Modelling) soft ware, in a
manner that is not customisable, and are more suited to the late stages of the
design process. Those applications that do target earl y design often engage a
program coupling approach, usually in combination with ‘push/pull’ m odel-
ling techniques, however, pose their ow n obstructions to integrati on. Many,
such as Autodesk’ s Project Vasari, e mploy simplified simulation tools that
engineers reg ard as too u nreliable for use in sy stems de sign, and subse-
quently inhibit collaboration between disciplines. Others, like the OpenStu-
dio plug-in for Google’s SketchUp, use validated sim ulation tools, but are
incomplete in a collaboration sense as the coupling link deals only with the
translation o f geom etry between progr ams, and not m aterial properties,
building systems, or occupation. Additionally, none of these tools implement
parametric modelling capabilities to explore design constraints.
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Recent res earch from Sta nford has de monstrated that when a program
coupling m ethodology is co mbined with parametric geo metry definition, a
greater number of design iterations and improved performance outcomes re-
sult (Flager et al, 2009). Further building on thisr esearch is Arup’s Des-
ignLink (Arup, 201 0). This domain-independent platform uses customised
plug-ins to ¢ ouple parametric modelling and perfor mance analysis applica-
tions, subsequently gener ating trade-o ff evaluations of constraints (Holzer
and Downing, 2010). At present however, there is a predominantly structural
flavour to th e analy sis so ftware that h as been linked to the platform , and a
focus on the translation of geo metry between do mains. This res earch there-
fore seeks to build on this existing knowledge by examining how representa-
tional frameworks can extend be yond a geometric understanding of a buil d-
ing to include the association of behavioural attributes.

4. Parameters and representation

To ensure a common understanding acro ss do mains, a unified conceptual
framework that identifies and redefines key performance parameters as de-
sign-related criteria must be established. From recent investigations into en-
ergy analysis undertaken by the primary author, seven groups of p arameters
have been identified as n ecessary in constructing an early energy m odel
(Toth et al, 2010). These are as follows:

Thermal Zones (used as the geometric construct rather than rooms);
Glazing and Skylights;

External Shading;

Construction Types;

Internal Gains for Occupancy, Equipment and Lighting;

HVAC Systems; and

7. Weather and Environment.

AR e

Rather than following the existing trend of hi gh resolution BIM da ta struc-
tures, a si mplified representation schema that connects these seven parame-
ters must be developed to achieve a greater degree of integration with the

analytical domain and a level of detail suitable to earl y design. Energy simu-
lation require s building ge ometry to be expressed as a serie s of zones de-

fined by closed sets of planar surfac es, to which performance attributes are
attached (Dong et al, 2007). This surfa ce-based representation is considered
suitable for conceptual design when arch itectural considerations ar e limited
to basic form and spatial organisation. Since parametric design environments
do not recognise the const ructs of ‘zone’ and ‘surface’, new repr esentations
must be created to ensure semantic compatibility. Each ‘surface’ is based on
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the geometry of a pol ygon, with the addition of a ‘construction t ype’ prop-
erty to allocate conductance values. A ‘zone’ adopts a solid geometry to rep-
resent its vol ume, and req uires the prope rties of ‘activity’ and ‘HVAC sys-
tem’ to determine internal gains and equipment loads respectively.

To avoid overcomplicating input requirements, the designer must be able
to si mply ta g the geom etry withi nt he model to indicate the required
attributes, and have these tags translated to the relevant num  erical values
when the analy sis procedure is invoked. The sy stem must therefore be able
to populate the simulation model automatically with detailed building sche-
dules, therm al conducti vity pro perties, and s ystems profiles. Thi s requires
the development of detailed support  databases containing values derived
from guidelines and regulations that are well accepted within industry (Mor-
bitzer et al, 2001). These databases enable a system to be developed that al-
lows design representatio ns to be tran sformed into analy tical models and
evaluated through simulation, without the need for expert interpretation and
translation.

5. Proposed design system

This research proposes an energy-oriented design s ystem that couples Gen-
erativeComponents (GC) and EnergyPlus (EP) to create a decision support
tool for early design. The structure for this system (which is currently under
development) is illustrated in Figure 4.
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Figure 4. Proposed energy-oriented design system.
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This system does not seek to provide exact estimations of operational energy
consumption, but rather to offer a reliable means of co mparing early design
options. By ensuring that a high level of consistency is m aintained in the
structuring of the analy tical models, d esigners will be able to d irectly ob-
serve the impacts of their decisions by comparing the performance of differ-
ent design alt ernatives. The openly customisable design environment estab-
lishes a dynamic and cooperative performance evaluation process by linking
the modelling application to the analys is procedure through a se rver-based
specification database. Evaluation occurs in close to real ti me, with results
being pushed to a web app lication that displays design options and perform-
ance outcomes side-by-side.

The system consists of four key components, which are discussed in the
following subsections.

5.1. CUSTOM PLUG-IN FOR PARAMETRIC SOFTWARE

Additional features must be embedded inside GC to ensure that design mod-
els contain g eometric and behavioural data suitable for energy analysis, as
discussed in the previous section. As well as gener ating simple planar sur-
faces, these features are d esigned to ac commodate quite com plex geometry
through approximations using surface faceting techniques. When the energy
simulation procedure is invoked from  within the modelling soft ware, the
plug-in then sends a query to the data base to retrie ve the releva nt attribute
data for each propert y tag, as well as additional information concerning
weather and building scheduling. This information, along with the geometric
data from the model, is then forwarded to EP to be analysed.

5.2. PERFORMANCE SPECIFICATION DATABASE

A Graphical User Interface (GUI) is u sed for popula ting, viewing and edit-
ing the performance  specification database, which contains the non-
geometric data required for energy simulation. This separates the numerical
representation of data from the design model, allowing designers to focus on
the manipulation of form and space. The database is hosted on a web server,
but can also run as stand-alone. Users can work in connected or disconnected
modes, depending on the availability of internet connection. In addition to
this, the simulation process can also be invoked from within the database, so
that building attributes can be further refined once a design is selected.

5.3. SERVER-SIDE ENERGY ANALYSIS

EP perfor ms analy sis on a text-bas ed representati on of the building data
known as an Input Data File (IDF), which is autom atically created when the



8 B.TOTH, F. SALIM, R. DROGEMULLER, J. FRAZER AND J. BURRY

simulation procedure is invoked. Anal ysis results are generated as CSV and

HTML files, so that they can be displayed directly in the results interface. At
the same time, the geometry from the parametric model is stored in the data-
base for on-demand visualisation of the three-dimensional data. This ensures
that a snapshot of the design is captu red for every simulation performed, to
facilitate the tracking of design options and their performance outcomes.

5.4. WEB APPLICATION FOR RESULTS VISUALISATION

As well as displaying the results of the energy analysis, this web application
is embedded with a Java applet that displays the stored geometry, so that de-
sign options and performance outcomes can be viewed side-by -side. Simpli-
fied simulation results are also returned to GC to provide the designer direct
access to the performance outcomes within the design environment.

6. Circuits of use

This system aims to cre ate an integrated and interactive design process that
facilitates the sharing of design intellig ence across disciplines, so thatt he
impacts of design decisions on performance can be clearly understood. It ne-
cessitates that common objectives be established upfront so that systems and
scheduling appropriate for the spaces of the project can be defined, which
creates opportunity for discussion and collaboration between disciplines. Ar-
chitects and engineers are then able to work concurrently within the sy stem,
as illustrated in the use case diagram in Figure 5.

Architect Engineer

Parametric Model Specification Database
creates creates

1) Surfaces 1) Construction Types
ﬁ 2) Zones 2) Activities

3) Shading 3) HVAC Systems

4) Simulation Constraints 4) Schedules

5) Site & Surrounds 5) Weather Data

invokes o , invokes
Energy y G

l

4 reviews
\|
feedback L feedback

Figure 5. User interaction with the proposed design system.

reviews
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As can be seen, the different disciplines are able to work in parallel, with
the architects undertaking the modelling of different design options, using
input from the database that is manipulated and refined by the e ngineers to
ensure accuracy in results. This integrates the ty pically separate tasks of de-
sign and specification to produce a holistic representation of the building,
while mimicking the workflows of ea ch discipline. Energy analysis can be
invoked from either the modelling or database interfaces, to ensure that both
disciplines are able to investigate bu ilding alternatives. With the outcomes
being published to a common web application, team members are able to re-
view the options simultaneously and make decisions collaboratively.

Typically, one of the primary downfalls of simplified energy analysis ap-
plications is that the default si mulation data is largely hidden from the user,
and often does not reflect the specifics of a project. In response to this, the
ability for the user to custo mise the design environment is a key characteris-
tic of the proposed system. As well as having the freedom to define the non-
geometric bu ilding attribu tes through the perform ance specification data-
base, users are able to extend the act ual coupling link as required to include
further capabilities such as code-checking. The sy stem is also scalable and
accommodates various usage scenarios, fro m a single user working on a lo-
cal co mputer to m ultiple users accessing the database, server, and results,
and can swap between modes of operation at any stage in the design process.

7. Conclusions

While parametric modelling tools have undoubtedly been successful in es-
tablishing m ethods for the rapid genera tion and flex ible exploration of de-
sign alternatives, few exte nd to address performance considerations in early
design. This paper presents the framework for a performance-orie nted para-
metric modelling tool t hat will address this need to facilitate an integrated
design process that is collaborative, iterative, customisable and scalable.

By linking analysis appli cations to param etric design software, and si-
multaneously reducing the complexity of simulation inputs to suit early de-
sign enquiries, new decision-supp ort tools can be developed that enable de-
signers to a ssess the pe rformance o f design alternatives quickly  and
iteratively. It is anticipated that the establishment of flexible and concurrent
design and analy sis environments, such as the one presented in this paper,
will open up a dialogue between architects and engineers and strengthen de-
sign co mmunication networks. This wi 11 support the development of more
integrated design practices that f acilitate a shared understanding and knowl-
edge between disciplines, which is of as great a benefit to the design process
as the performance evaluation capabilities that the system provides.
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