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ABSTRACT: A demand-oriented requirement framework for the assessment of building performance 
on basis of computational simulation has been developed elsewhere (Schwede 2003). It acknowledged 
the operation phase domains “energy efficiency” and “comfort”, the sequential steps in the design 
process and current research in design science. In this paper a concept for an “interactive digital 
building site” (simulation tool) is developed on its basis. 
The concept employs the notion of a constructive language to conceive a model, which is universally 

useful and context independent. Following the previous requirement framework this model is 
developed to represent physical phenomena and processes in a three dimensional, highly integrated 
and dynamic manner. The constructive language consists of a set of basic spatial elements, rules of 
topology and rules of validity. It defines a self-contained digital model to predict and to investigate the 
physical behaviour of the design object and its environment under operational conditions to support a 
performance centred design approach. 
The paper summarizes the requirement framework before the concept is introduced and its structure 
and features are explained. At the end of the paper the current stage of model development and 

prototype implementation is reported. 
 
Conference theme: Computers and architecture 
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INTRODUCTION 
 
Architectural design aims to develop a structure which 
will satisfy certain objectives throughout its operation. 

The behaviour of the designed structure is the result of a 
highly integrated system consisting of the structure itself, 
the technical appliances and the occupants (Figure 1) 
within the greater context of its natural and built 
environment. 
 

Figure 1: Interaction in the design object: physical 

processes, technical equipment and occupants 
 
It has always been one of the fundamental problems of 
engineering to anticipate realistic conditions (boundary 
conditions, control schemes, usage patterns, etc.) under 
which the designed object will be operated throughout its 
lifetime. Additionally the complexity of the system 
increases with the increase of technical possibility, the 
increase of the occupants’ demands and also the 

growing understanding of single aspects of the system 

itself. The answer has been, to decompose the system 
into more understandable segments and to introduce 
domains to distribute the tasks in the design process 

under the designers and engineers in the design team. 
Although we acknowledge that decomposition was 
necessary to develop the knowledge and the techniques 
we apply today and that it is and will be necessary to 
develop designs in today’s architectural practice, we also 
have to acknowledge that decomposition created a 
structured view, which does not represent the physical 
world we design for. 

Today we recognize that the integration of various 
phenomena in our world determines the performance of 
the structures we design. This is obvious and broadly 
accepted for the assessment of “energy efficiency” and 
“comfort” performance. Nevertheless the complex 
assessment of the integrated design problems is not 
supported by the reasoning capabilities of the human 
designer. One possible strategy, which is applied in 

engineering and design to undertake a more integrated 
assessment, is to build a physical model and to test its 
behaviour under real conditions (mock-up, climate 
chamber, see Figure 2 c). Another possible way is to 
design as satisfactorily as possible and to adjust the 
system’s parameters later, when the design object is 
built (POE, measurements, see Figure 2 a, b). Both 
strategies are expensive, inflexible and time consuming. 

Digital technology today enables us to represent the 
physical world more realistically than was possible in the 
past. It is the objective of this research to create a 
computational model, in which design can be assessed 
holistically before the structure is built to achieve an 
energy efficient and comfortable architectural result. 
Therefore a computational model to represent the 
physical behaviour of the design object and its 
environment in a three-dimensional, highly integrated 
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and dynamic manner will be developed. The research 
reported here concentrates on the physical processes 
(dashed lined box, Figure 1) as a first step towards a 
more holistic model to support performance centred 

architectural design. 
 

a   

b  c  

a, b: http://www.dantecdynamics.de 
c: http://www.civil.auc.dk/i6/klima/laborato.html 

Figure 2: Strategies for the evaluation of design 
 

1. REQUIREMENT FRAMEWORK 
 

1.1. Dimensions of the framework 
At the beginning of the research a demand-oriented 
requirement framework for the assessment of building 
performance, in the areas of comfort quality and energy 
efficiency on basis of computational simulation, was 
developed (Schwede 2003). This framework addressed 
the capabilities a simulation tool needs to have to be 
accepted as a supportive aid in the human design 
process and to direct the considerations of the design 

team towards a “better” architectural design outcome in 
this sense. The framework gives advice on how the 
model has to be structured internally and how it has to 
be integrated into the human design process. The main 
points of this framework are summarized in the following 
sections. 
 
1.2. Functions of simulation 

In general computational simulation provides us with a 
low-cost, low-risk and time-efficient environment to 
model, to generate and to compute mathematical, 
numeric and graphic representations of design problems. 
The differentiation between the specific functions that 
computational simulation can provide in the design 
process gives information about how a simulation model 
for one or more of these functions must be designed.  

The framework differentiates five functions: learning, 
prediction, investigation, communication and education. 
• learning try-and-retry mechanism to find cause-

and-impact patterns, discussing the 

design object’s performance with the 
simulation tool 

• prediction sizing of building parts and components 
for representative design cases 

• investigation impact of alteration of the design 
conditions to identify improvement 
potentials and dangers for controlled 
operation 

• communication aid to display and explain the design 
objects behaviour to participants from 
different domains in the design team 

• education demonstration of the impact of faulty 
construction, variation in operation and 
behaviour to contractors, site personal 
and occupants 

 

1.3. Design process and design assessment 
The application of the simulation is located in the 
analysis activity (Figure 3 a, b) in the circle of design 
(FSB representation scheme, Gero 1990). In the 
conventional design process the intended function (F) of 
the design object is associated with an expected 
behaviour (Be) and transformed into a structure 
representation (S). The proposed structure is expected 

to be suitable to provide the intended function. Analysis 
is the determination of the structure’s actual behaviour 
(Bs). Evaluation is the comparison between the 
structure’s expected behaviour (Be) and the actual 
behaviour (Bs). 
 

a  b  
Be set of expected behaviour

Bs set of actual behaviour

F set of functions

S structure

P performance

D design description

M simulation model  
a. and representation of the design process (Gero 1990) 

Figure 3: Change of the design process under 
application of digital augmented design representations, 

a. structure centred design process, b. performance 

centred design process 
 
While applications of digital technology could support the 
human designer in various further activities in the design 
process (evaluation, structure generation), computational 
simulation - to define this term – will simply provide a 
powerful means to translate a description of the 
designed structure into a statement about its actual 

behaviour or performance (Figure 3 b). This is a powerful 
enhancement of the process as the aspects, which are to 
be considered in the translation are too complex to be 
processed by the human designer in a way which 
represents the physical world as holistically as 
necessary. In this sense the application of computational 
simulation could move from a structure centred design 
towards a performance centred design (acknowledging 
the holistic nature of the physical world). 
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1.4. Design process and sequence 
Early decisions in the design process have a major 
impact on the later performance of the design object. 
The earlier computational simulation techniques are 

applied, the more beneficial is the achievement of 
formulated objectives. Guidelines for the achievement of 
energy efficient building design found in the literature 
(e.g. BREEAM 1989) and have been analysed to identify 
the steps in which computational simulation could be 
supportive: 
• inception motivation and formulation of more 

integrated demand and objective 

statements 
• feasibility investigation of micro climatic 

conditions, potential usage of the 
environment 

• outline proposal 
and scheme design 

investigation of the impact of 
geometry, material and orientation,  
control strategies / dynamic behaviour 

• detailed design assessment of life cycle aspects, 

maintenance, economic aspects 
• production 
information 

determination of acceptable changes, 
trade-offs (environmental / economic) 

• operation on the 
site 

briefing on efficiency measures, 
education of the site personnel 

Further it has to be acknowledged that design does not 
progress at the same rate for all parts of the design 
object, so that a simulation model should be able to 

process a structure description in which different stages 
are represented in parallel for different areas of the 
design object. 
 
1.5. Model content – physical model 
The content of the physical model was conceived after a 
literature survey of the prevailing comfort assessment 
models in the structure of an assessment method 
developed for the assessment of buildings in use 

(Vischer 1989, 1996). The necessary parameters to 
support energy efficient designs were determined from 
the IPMV protocol (IPMVP 2001), which was developed 
as a monitoring guideline for existing buildings. The 
physical phenomena, which were identified as necessary 
for the assessment of comfort and energy efficiency, are 
listed in table 1 in the section “concept”. It was found that 
that simulation of the phenomena has to be highly 

integrated, three-dimensional and dynamic. 
 
1.6. Universal applicability and result translation 
The various design representations aim to describe the 
design object which is to be built in the physical world as 
a structure of material in space. Although the various 
domains use different concepts to describe the design 
object in forms suitable for their specific task, they all 

describe the same physical object. Mapping between the 
various domain specific object-oriented design 
representations is a major and unsolved issue in today’s 
design computing research.  
In this research the physical behaviour of a designed 
structure was identified as a function of the material in 
space and the environment. Physics is not an object-
oriented science yet physical laws are valid universally 

throughout the domains, so that a tool to investigate the 
physical behaviour of design objects, on the level of 
physics, is – in its core – not concerned with the problem 
of translation between the domain representations. A 
simulation can be processed when information about 
material in space and some meta-data (activities, 
perceptions and control schemes) are available. 
It was shown in a survey (see section 1.5.) and a 
subsequent analysis of the prevailing assessment 

models that comfort and energy efficiency can be 
assessed when a rather small set of physical processes 
is simulated. Further physical parameters, which are 
used to describe and to evaluate the design object’s 

performance in various domains, are direct derivates of 
this common core model. If the core model is calculated 
three dimensionally and dynamically, the evaluation 
models can translate the results in a domain specific 
formulation understandable by the human designer. The 
structure of evaluation models is shown in figure 5 in the 
section “application”. 
 

2. CONCEPT 
 

2.1. Constructive language 
The simulation tool development applies the concepts of 
a constructive language to meet the requirements listed 
in previous sections. A constructive language – to define 
this term – is able to be used to synthesise objects and 
circumstances, which are different from the objects and 
circumstances analysed to conceive the language. It is 
defined by a set of basic elements, which follow rules of 

topology and rules of validity to generate the indented 
meaning in the prevailing context. 
The simulation model is designed in this way to ensure 
that its applicability is not predefined by its structure. It is 
developed so that the various questions about the 
physical behaviour of the design object can be answered 
using it as a basis. The constructive language is defined 
by the following components: 

• basic elements - congeneric cells with a physically self-
contained behaviour map 

• rules of topology - geometrically self-contained design 
volume 
- congeneric conjunctions 

• rules of validity - demand-oriented validity range 
• context - evaluation models 
 

2.2. Geometrically self-contained design volume 
The geometrically self-contained design volume defines 
the spatial boundaries in which the design takes place. 
The volume inside these boundaries is defined spatially 
and materially and is the subject of the simulation. The 
relations between objects within the design volume are 
defined geometrically and can be determined 
automatically within the tool implementation. Influences, 
which have their origin outside the design volume, are 

modelled as boundary conditions at the design volume’s 
borders.  

 

2.3. Congeneric cells and physically self-contained 
behaviour map 

The design volume is dismembered into a structured 
system of congeneric cells, which are the basic elements 
of the constructive language. These elements are 
defined by their position in the system, by their physical 
state and by a self-contained behaviour map, which is 
associated with the cell’s material. The behaviour map is 
formulated as a system of equations to determine the set 
of physical properties in dependency from the cell’s 

physical states. The equations are mathematical 
representations of well-known physical laws. 
Together with the congeneric conjunctions, which 
represent the interaction between the cells, the 
physically self-contained behaviour map and the cell’s 
physical state form the engine to simulate the dynamic 
physical behaviour of the cell. The physical behaviour of 
the designed system is the combined picture of the 

autonomous cells’ behaviour. 
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2.4. Congeneric conjunctions 
The congeneric conjunctions represent the physical 
interactions between the cells and the cell surfaces (see 
Figure 4). The concept differentiates between near and 

remote conjunctions. Near conjunctions connect spatially 
adjacent cells and represent conduction and flow 
processes. Remote conjunctions connect the cell 
surfaces and the surfaces of the design volume 
(boundary conditions), which are in view contact but 
separated by transmitting material (eg. air), to model 
radiation, light and acoustic processes. 
The conjunctions are formulated as sets of congeneric 

mathematical equations to represent the well-known 
physical laws in a structure, which can be used to 
simulate various physical processes with (as far as 
possible) a general algorithm. The physical phenomena, 
which are represented by the model, are assembled in 
Table 1. 
 

conduction,

transport, flow,

etc. conjunctions

radiation, light,

acoustic, etc.

conjunctions

 

 
Figure 4: Concept of congeneric cells and conjunctions, 

near- and remote conjunctions 
 

2.5. Demand-oriented validity range 
The validity of the model is limited to a range of physical 
states, which is appropriate to represent the physical 
behaviour of the design object and its environment in the 
architectural domain. This validity range gives advice on 
the application of the tool implementation, but it also 
simplifies the development of the physical model. 
Processes, which are outside this range but influence the 

investigated system (e.g. light sources, burners), must 
be modelled as activities. 
 
 

2.6 Evaluation models 
The context in which the constructive language is applied 
is defined by the design problem at the current stage of 
the design process. The information the cell carries 

about the various aspects of its physical state (thermal 
energy, moisture content, etc.) and the resulting 
statement about the entire system’s behaviour can be 
evaluated to provide the required answer. An evaluation 
model is a mathematical formulation (equation) to 
translate the information provided by the simulation 
model, into a domain and task specific form 
understandable by the designer. 

 

3. APPLICATION 
 
3.1. Application in the design process 
At the beginning of the design process a geometrically 
and physically self-contained design volume, filled with 
air, is defined. The boundary conditions (eg. weather) 
and the natural and built environment are modelled to 
represent the situation at the building site before the 
design object is built. Initial investigations can be 

conducted by running the simulation engine, to learn 
about the physical conditions (micro climate, potential 
use of natural energy sources) at the site. Starting the 
actual design process the designer introduces the first 
design proposal into the self-contained design volume by 
replacing initial volumes with designed volumes 
possessing specified material properties. In the first 
steps the introduced geometries will be only rough and 

sketch-like representations of the design object. In later 
steps the representation of the design object will be 
refined, as a result of being conceived through the circle 
of design activities, analysis, evaluation and 
reformulation. 
The simulation model supports the design activity 
“analysis” (see Figures 3 and 5). The dynamic core 
model translates the geometry, material and meta-data 

information (structure), which is specified by the human 
designer, into information about its dynamic behaviour. 
The physical evaluation models and the domain 
evaluation models present this information in a domain 
specific form, which can be understood by the human 
designer. Figure 5 shows the application of the self-
contained model in the design process. 
 

 

Table 1: Physical phenomena, activities 

 mass kinetic 
energy 

thermal 
energy 

light sound moisture 
content 

CO2 content OS content 

surface   emission 
transmission/ 
absorption 

reflection 
generation 

emission 
transmission/ 
absorption 

reflection 
generation 

emission 
transmission/ 
absorption 

reflection 
generation 

   

solid   transmission/ 
absorption 
conduction 

storage 
generation 

transmission/ 
absorption 

transmission/ 
absorption 

conduction 
diffusion 
storage 

generation 

  

air flow/ 

conservation 

flow/ 

conservation 
dissipation 

transmission 

conduction 
storage 
generation 

convection 

transmission transmission/ 

absorption 

diffusion 

storage 
generation 
convection 

diffusion 

storage 
generation 
convection 

diffusion 

storage 
generation 
convection 

water flow/ 
conservation 

flow/ 
conservation 

dissipation 

transmission/ 
absorption 

conduction 
storage 
generation 

convection 

transmission/ 
absorption 

transmission/ 
absorption 

endless 
storage 

generation 
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Analysis.

(CC Simulation Model).

Design

Information

(Human Design)

Geometry Material

Design Information

(Augmented Content)
Physical Evaluation Model

Evaluation A Reformulation

Evaluation X Reformulation

... ...

Meta-Data

Interpretation  A

...

Interpretation X

Domain Evaluation Model A DEM X...

Dynamic Core Model

Initial Geometrical and Physical self-contained Design Volume (CC Simulation Model)

 
 
Figure 5: Application of the self-contained model in the 

design process 
 

3.2. Core and evaluation models 
The structure of the core and evaluation models is 
universally applicable, so that the model can be 
customized according to the needs of the particular 
design team. While the core models represent physics, 
the evaluation models translate the results of the core 
models into a more understandable, for the human 
designer, form. Figure 6 shows the mapping between the 

physical world and the digital model. Following the notion 
that we want to use the simulation model to assess the 
design object’s performance as if the object has been 
already built, the core model represents the physical 
properties and states, while the evaluation models 
represent measurements and analysis by the human 
investigator in the physical world. 
 

temperature,

relative humidity

yearly energy demand,

overall comfort,

mold growth probability

material, costs, weight,

static: density, capacity

Digital World

Dynamic Core Model

DCM

Physical Evaluation Model

PEM

Domain Evaluation Model

DEM

Physical World

Physical States

Measurement and

Simple Analysis

Abstract and

Sophisticated Analysis

Static Core Model

SCM
Physical Properties

energy content,

moisture content

Figure 6: Mapping between the physical and the digital 
world, core and evaluation models 

 

4. PROTOTYPE 
 
4.1. Geometrical model generation 
The amount of information the user has to provide to 
investigate the physical behaviour of the designed 
structure is reduced by the structure of the model and 

the applied principles of geometrical and physical self-
containedness. In the ideal case the simulation 
environment provides an extensive material database, in 
which the material datasets can be identified by the 
material name, in a form familiar to the designer. The 
design volume is defined together with its boundary 
conditions (eg. weather) at the beginning, preceding the 
actual design.  

At design time the designer specifies the geometry and 
assigns material names to the designed volumes. Initial 
physical states are assigned automatically by typical 
material specific values. Additional active capabilities can 
be associated with the volumes to model the impact of 
technical systems or occupants (see Table 1 
generation). Datapoints can be introduced, such as 
measuring devices in existing buildings, to read out 

information from the model for the evaluation or to 
provide input for the control of activities (heat sources, 
light control, etc.). 
The developed prototype provides a simple tool for the 

generation of three dimensional geometric model 
descriptions, in which material names, activity names 
and datapoint names can be assigned. The simple 
structure of the geometrical model allows it to be 
generated from any design representation, which 
provides information about three-dimensional geometry 
and one further item of information (eg. material, colour 
or layer) to represent material and active and perceptive 

capabilities. So far no translator of this kind has 
previously been implemented within the prototype. 
Further modules for the model generation were 
implemented to input the material data and to model 
activities. 
 
4.2. Cell generator 
The self-contained design volume, which contains the 

designed structure, is translated into a structured grid of 
cells and the cells are equipped with surfaces (see 
Figure 7). The material properties and the active and 
perceptive capabilities are assigned to the cell volumes 
and the surface properties; the surface activities and the 
surface perceptions are assigned to the cell surfaces. In 
a second step near and remote conjunctions are 
established (see Figure 7 b, c) and calculations (cell 

volumes, view factors, etc.) are conducted to prepare the 
model for the later dynamic simulation. 
 

a  
Design

Volume

Congeneric

Cells

Translation

 

b   

c   
 
Figure 7: Generation of the cell model out of the object 

model, a. principle diagram, b. cell model, c. surface 
model 

 

4.3. Core and evaluation models 
The described structure of the core and evaluation 
models is represented in an equation-based evaluation 
model module. The mathematical formulation of the 
evaluation models (etc. comfort model) can be 
assembled in the form of an equation using constants, 
model values, core parameters and previously generated 
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evaluation models as inputs (see Figure 8 a). 
Additionally a colour scale for the graphical display (see 
Figure 8 b) of the evaluation model is defined. 
At the current stage the equation parser can only 

process very basic mathematical operations, at a later 
stage more sophisticated operations (average, running 
mean, etc.) will be implemented. 
 

 
a 

 
b. 

Figure 8: Screenshots (a) modelling and (b) display of 
the evaluation models 

4.4. Simulation engine 
Besides the information on how to display the graphical 
representation on the screen the simulation engine 
demands only information about which period shall be 
simulated and displayed; all other parameters (boundary 
conditions, evaluation models, etc.) are defined before 

hand. 
The calculation of the physical processes follows the 
concept described in section 2 of this paper. It is based 
on an extensive but self-contained catalogue of physical 
equations, representing the physical processes and 
phenomena listed in table 1, in a similar structure. The 
calculation algorithm was tested for simpler cases and is 
currently under development for the calculation of highly 

integrated and dynamic behaviour of a structure. It will 
be refined and tested in the later steps of the research. 
Additional to the three-dimensional graphic display (see 
Figure 8 b) a number-based table display, for numerical 
evaluation, and an output device to a file in the form of a 
value list will be implemented to ensure the integration of 

the tool into the world of widely used office application 
(spread sheet and diagram programs). 
 

CONCLUSION 
 

Although the full functionality and the proposed 
integration of physical processes has not been achieved 
in the prototype so far, it has been shown that the 
approach is applicable and worth being developed 
further. Due to computational constraints (using only one 
computer) the application of the prototype will remain 
constrained to very simple design cases. In principle a 
congeneric cell simulation model can be scaled using 
parallel computer architectures, as soon as the 

formulation for one constructive element, namely a 
‘congeneric cell’, and the self-contained design volume – 
both of which form the constructive language – has been 
conceived. Then we can augment the geometry and 
material description with information about the structure’s 
physical behaviour and we can move from a structure 
centred towards a performance centred design 
assessment. 
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