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ABSTRACT: During building design there is a growing need to reduce energy usage whilst maintaining the comfort of
the occupants. The latter is referred to as ‘thermal comfort’ and can be measured by the extent that the internal tem-
perature of the building does not exceed a specified comfort level. Traditionally these two measures of building per-
formance are seen as a trade off. Moreover, energy efficient building design is a complex process involving a large
number of design variables each of which differentially affect both energy usage and thermal comfort. There is a vast
search space to be traversed to find an optimal set of potentially good designs. This coupled with computationally ex-
pensive building performance simulation software leads to a problem which is potentially intractable. In the past the
authors have used the Interactive Visualisation Clustered Genetic Algorithms (IVCGA) to address some of the com-
plexities of multi-disciplinary building design problems. The aim of this paper is to apply the IVCGA to allow the build-
ing designer (physicist) to: Firstly discover a set of potential design solutions which meet the design objectives of mini-
mal energy usage and maximal thermal comfort individually; Secondly discover a set of potential design solutions
which are common to all objectives (mutually inclusive region); Thirdly present a means to understand the impact that
particular design variables have upon each objective.
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1 INTRODUCTION rithmic procedure and aids the designer to freely explore
the design search space in a creative way. Unlike analysis
While there are many definitions of design and the pur-  tools it is not intended to yield one single solution, but
pose of each stage which makes up the whole design rather to supply the designer with stimulating, plausible
process, in essence design is a co-ordinated human activ-  directions (Bentley and Corn 2002). This enables the de-
ity. Simon (1969) defined design as a problem solving signer to widely explore design requirements and corre-
process and an activity of searching the solution space for ~ sponding solution spaces, evaluate merits of computer
a solution that satisfies client requirements and it is fit for ~ generated solutions by considering non-quantifiable non-
purpose. It was Smithers (1993) who questioned the va-  encoded criteria in order to drive the search to a designer
lidity of this approach. Smithers argued that search im-  preferred direction.
plies a well defined problem from which a solution can be
generated: At the early stages of the design process (i.e.
conceptual stage) the design requirements (i.e. the ‘prob-
lem’) are often ill-defined and the process should be A number of systems described in the literature are appli-
viewed as one of exploration rather searching the solution  cable to visualisation and manipulation of engineering
space. This issue is also eloquently advanced by the work  design data. Robert Spence from Imperial College has
of Gero (1993), Maher et al (1995) and Maher (2000) used extensive experience of human computer interaction
who point the way to which conceptual design is both an  in engineering design to develop the Influence Explorer
exploration of the design requirements and the potential (Tweedie et al 1996) and the Prosection matrix (Spence —
solutions to those requirements. “The Acquisition of Insight”). The Influence Explorer is

One of the key ideas underpinning this paper is the notion desi.gned. to help in .the decision making process during
of 'design as exploration'. Hence, the focus is on explor- ~ engineering design; input parameters and output perform-
ing the design space where interest in the inter- AaNCe measures are shown in parallel displays, the colour
relationships between design variables and / or objectives of the solutions changes during interaction so that the user
is primary. To achieve this exploration two interrelated ~ Can assess which solutions are within specified tolerances.
aspects of visualisation techniques and human involve-  Visualisation of alternative coordinate systems has been
ment play a key role. By combining these two aspects an  extensively researched and implemented by Andeas Buja,
interactive user interface and human-driven search proc- Diane Cook and Deborah Swayne at AT&T Labs
ess is developed which goes beyond the predefined algo-  (Swayne et al 1998 & 2001). After a number of design

1.1 Design space visualisation
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changes GGobi (Swayne et al 2001) was developed which
presents data in a variety of ways using window cloning
and supported by brushing (Becker & Cleveland 1987).
The data can also be viewed in different coordinate sys-
tems using the projection pursuit technique (Friedman and
Tukey 1974). Gilbert et al also use principal component
analysis to visualise biological data in Space Explorer
(Gilbert et al 2000) using the first principal components to
visualise the ‘natural’ clusters in the data. The systems
described above use static and pre-classified data whereas
the IVCGA described in this paper allows arbitrary data
to be clustered in alternative coordinate systems, refine-
ment of clustering by the user is also possible.

1.2 The interactive visualisation clustering genetic algo-
rithm

Most architectural and engineering design problems are
multidisciplinary, multivariate and multi objectives so
visualising and understanding interaction between design
variable would lead to better understanding of the search
and solution spaces as well as understanding of the design
issues. The main aim of engineering design is to provide a
number of design alternatives (Dym 1994) and check the
suitability and robustness of the design by evaluating
neighbouring solutions (Phadke 1989). In this study the
Genetic algorithm, GA, (see Goldberg, 1989, for over-
view) was chosen as it is capable of widely searching the
design space in order to generate design solution by ran-
dom sampling method that attempts to converge on good
design solutions. Because of the GA’s optimisation strat-
egy, it is capable of returning a number of local optima
(or clusters) that are good candidates as robust design
alternatives.

Packham and Denham (2003) argue that the clusters
should be presented to the engineer in terms of the origi-
nal design variables or a coordinate system that can be
easily related to the original variables. This approach en-
ables the user to get a solid understanding of the search
and solution spaces. It is also necessary to check that the
regions of the search space indicated by the clusters are
robust (not sensitive to changes in variables). Therefore a
novel clustering algorithm based on kernel density esti-
mation (Silverman 1986) was used in the Interactive
Visualisation Clustering Genetic Algorithm system
(IVCGA) by Packham (2003) which identifies high per-
forming clusters in terms of a given coordinate system.
The IVCGA as a whole combines the diverse research
areas of engineering design, multivariate visualisation and
evolutionary computing. It was developed as a combina-
tion of these research areas as a means to improve under-
standing and wider exploration of the solution space in
modern engineering design activity. The overall goal was
to create an interactive visualisation system that generates
data and provides analysis of the data by indicating re-
gions of the search space that are worth investigating
(Packham & Denham 2003).

An important feature of the IVCGA is that it allows the
user to interact with the data and search process, and us-
ing domain knowledge the user is able to choose a num-
ber of possible actions, i.e. to choose the next action such
as to perform a more detailed search inside a region or try
to find other high performing regions.
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While IVCGA is discussed in more detail in Packham
(2003) and Rafiq et al (2005), however some of the fea-
tures of the system can be summarised as:
1.Fast Exploration of the search space using an auto-
matic clustering procedure that identifies clusters of
good solution both in variable or objective space. Col-
our is used to highlight important clusters, enhancing
perceptual understanding of the data.
2.An easy to use interface that allows direct manipula-
tion of the data and views. Various high dimensional
visualization techniques are supplied to enable under-
standing of the data from different viewpoints and
combination of parameters.
3.Extensive interaction is supported allowing the gen-
eration of further data with the GA inside or outside
regions identified by the user or clustering algorithm.
The definition of clusters can be modified by the user
or even created manually, ensuring complete freedom
of search and human-led exploration of the search
space.

The majority of these techniques discussed in the design
space visualisation section are incorporated as interactive
visualisation tools with the IVCGA and are used in this

paper.

1.3 Discovering inter-relationship between parameters
and objectives

In order to demonstrate the capabilities of the [IVCGA, the
technique is applied to a relevant problem in building
engineering: The analysis of robustness and adaptability
of domestic houses towards climate change scenarios.
Obviously, such an analysis requires a deep insight into
the interrelationships between different building design
parameters, environmental conditions, and thermal per-
formance. A typical single two storey terrace house in the
UK is used to investigate the effect of four essential de-
sign parameters (building orientation, floor insulation,
wall insulation and attic insulation) on the objectives of
energy consumption and thermal comfort (criteria for
energy consumption and thermal comfort are presented in
the methodology section)

In the context of this building engineering problem, the
aims of this paper are to allow the building designer
(physicist) using the IVCGA to: Firstly discover a set of
potential design solutions which meet the design objec-
tives of minimal energy usage and maximal thermal com-
fort individually; Secondly discover a set of potential de-
sign solutions which are common to all objectives (mutu-
ally inclusive region); Thirdly present a means to under-
stand the impact that particular design variables have
upon each objective. This latter aim achieves an enhanced
understanding of the inter-relationship between design
parameters and objectives, thus potentially discovering
less important parameters which play minimal role in
energy usage or thermal comfort.

Taken together these three aims allow an exploration of
differing design requirements: By providing designers
with an enhanced understating of the differential effects
of the design parameters and coupling this with domain
knowledge, the designer is helped to find compromise
design alternatives which partially satisfy minimum en-
ergy consumption and maximum thermal comfort.



An interesting aspect of this research is that these three
facets are achieved through post-processing and maximal
use of information already generated during the individual
runs of the GA search for each objectives separately thus
reducing computational expense.

These four design parameters (i.e. orientation, floor insu-
lation, wall insulation and attic insulation) are used as
their effect upon building performance are relatively well
understood, and provide a means to confirm the results of
this study. For example building orientation is directly
linked to solar access, and insulation layer thickness is
directly linked to transmission losses.

As these parameters are generally fixed at construction
time' it is thus instructive to understand the impact these
parameters have upon the objectives before design or
construction details are firmed. Moreover, given the lon-
gevity of a typical building and the current world-wide
attention on climate change, where the consensus of opin-
ion being that of a warmer climate in the UK, it would be
informative to see how the design parameter-objective
interaction generalises if the building was in a warmer
climate. To this end, objective performance is assessed
under two typical western European climatic conditions:
That of Birmingham (UK) and Rome (representing poten-
tial future UK climate).

2 BUILDING THERMAL MODELLING

The building used in this paper is a three bedroom ter-
raced dwelling. This is the most common type of housing
in the United Kingdom (approximately one third of all
houses are terraced; and approximately half of all houses
have three bedrooms). The dwelling is assumed to have a
floor size of 84 m?, and modelled as a three zone building:
With one zone for each of ground floor, first floor and
attic. The ground floor and first floor are heated; the attic
is not. None of the zones contains an active cooling sys-
tem. Fagade lay-outs have been based on a range of exist-
ing dwellings in England. A wireframe image dwelling is
shown in Figure 1, below.

Figure 1. Wire frame model of dwelling used in simulation.

A model of this building is developed based on common
construction practice, materials and dimensions for the

' Admittedly insulation can be added after construction, but
except for attic insulation this can be a costly and inconven-
ient process.

United Kingdom (e.g. insulated cavity wall, double glaz-
ing, wooden internal floors, insulated attic, and slate roof
on felt membrane). Of the wide range of building parame-
ters four have been chosen for this study:

- The orientation (rotation) of the building. With 0 de-
grees representing North-South facing (as shown in
Figure 1). Rotation is performed in a clockwise direc-
tion.

- Three parameters relating to insulation: Ground floor
insulation; wall insulation; and attic insulation (also
known as loft insulation).

The ranges of these four parameters are shown in Table 1,
below.

Table 1. Building uncertainty parameters and their investigated
range.

Name Description
X1 Building orientation

Range
0 to 90 [degrees]

Insulation levels

X2a Floor 0.02 - 0.100 [m]
X2b Wall 0.05 - 0.120 [m]
X2c Attic 0.03 - 0.150 [m]

For this study three objectives (termed here Performance
Indicators, PI) are used:

- PI1: Indicates the energy use of the dwelling as meas-
ured in GJ/year. Note that PI1 relates to required end-
use heating energy only, and does not take into ac-
count: The type or the efficiency of the heating sys-
tem; any energy conversion or transport factors.

- PI2 and PI3 : Are the thermal comfort of the ground
floor (P12), and the first floor (PI3). Thermal comfort
is measured by the number of hours per year that the
mean air temperature in the respective zone exceeds a
threshold value of 25°C. This threshold value is in
common use (i.e. Hacker et al, 2005). A lower PI2 and
PI3 value indicates better thermal comfort, with values
below 100 hours per annum being considered accept-
able (DeWit, 2001).

Assessment of the three objectives was performed using
EnergyPlus version 1.2.3. Other than the four design vari-
ables, all other design parameters remained fixed with
values taken from ASHRAE (2005) Handbook of Funda-
mentals, chapters 25 and 38 and the CIBSE (1988) De-
sign Data Guide, Appendix 2. For other calculation pa-
rameters (i.e.. time step) the default settings of Energy-
Plus have been used. For a fuller discussion of the model
used see DeWilde et al (2006)

3 RESULTS

For all cases presented in this section, clustering was done
in objective space and three clusters identified using Ker-
nel Density Estimation. Initial inspection of the effect of
building orientation (rotation) upon energy usage (PI1)
would tend to suggest two possible ranges of rotation as-
sociated with low energy those shown as areas A and B in
Figure 2. However when one of the thermal comfort ob-
jectives (PI2) are considered, it is clear that only lower
values of rotation provide good thermal comfort also,
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with a marked increase as rotation increases”. This exam-
ple demonstrates the significance of a trade-off between
energy consumption and thermal comfort when deciding
on building orientation. Area A represents the presence of
windows in the North and South faces of the building
while in Area B these windows are in East and West faces
of the building. During the summer time (when days are
longer) the latter will result in more heat entering the
building, which adversely affect the thermal comfort.
These results meet the first two aims of the paper:

- Firstly discover a set of potential design solutions
which meet the design objectives of minimal energy
usage and maximal thermal comfort individually. The
areas A and B represent solutions of minimal energy
usage, where as area A represents maximal thermal
comfort.

- Secondly discover a set of potential design solutions
which are common to all objectives (mutually inclu-
sive region). In this case only area A represents a re-
gion which is common to both objectives.

rotation

(a) Rotation vs. PI1 (b) Rotation vs. P12

Figure 2. Showing relationship between rotation of building and
(a) energy usage, PIl; and (b) ground floor thermal comfort,
PI2.

When floor insulation is considered, results shown in
Figure 3(a) indicate no apparent relationship between
floor insulation and PI1. This indicates that omitting floor
insulation will not greatly affect the energy consumption.
This is partly caused by the physical model used within
EnergyPlus, where the soil temperature is kept at a con-
stant level throughout the year. In contrast Figure 3(b)
demonstrates a that a lower value of floor insulation is
associated with a marginally better value of thermal com-
fort for solutions in area A, but that more marked in-
creases are achieved in area B. This leads to the conclu-
sion that omitting floor insulation improves thermal com-
fort. This is caused by the accessibility of the thermal
mass in the ground slab, which dampens overheating
peaks in the summer. Note that a different built-up of
floor layers will show a different behaviour.

Looking at the effect of varying levels of wall insulation
it can be seen that higher levels of wall insulation are as-
sociated with lower levels of energy usage, Figure 4(a),
whereas wall insulation has a very marginal impact on
thermal comfort (Figure 4 (b)). In this case the insulation
is positioned in a cavity wall. As the inner wall provides
thermal mass and dampening to the indoor climate, a
change in insulation thickness here does not show any
impact on thermal comfort. However, it now has a sig-
nificant impact on energy use, impacting the transmission
to the outside air.

2 Similar results are found for PI3, but are omitted for brevity
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Figure 3. Showing relationship between levels of floor insula-
tion: and (a) energy usage, PI1; and (b) ground floor thermal
comfort, PI.
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Figure 4. Showing relationship between levels of wall insulation
and: (a) energy usage, PI1; and (b) ground floor thermal com-
fort, PI2.

Investigating the relationship between the objectives of
energy usage, PI1, and thermal comfort, P12 (see Figure
5) indicates that at lower energy values (less than ap-
proximately 2.14x10' GJ y-1) there is also a significant
number of correspondingly good thermal comfort levels.
Above this 2.14x10'" value, the thermal comfort is far
more variable. To understand this more, when Figure 5 is
compared with Figure 2 it can be seen that the dramatic
increase of PI2 values (those shown by diamonds and
squares) are due to the increased rotation of the building.
From these initial exploratory results, three general heu-
ristics can be made:
1.Lower rotational values are associated with lower en-
ergy usage and better thermal comfort, Figure 2 (a)
and (b)
2.Floor insulation levels play no apparent role in energy
usage, and have only slight impact on thermal com-
fort: with lower floor insulation bringing better ther-
mal comfort, Figure 3 (a) and (b)
3.Increased wall insulation dramatically reduces energy
use, but has no impact on thermal comfort, Figure 4
(a) and (b).
These results meet the third objective, namely: Present a
means to understand the impact that particular design
variables have upon each objective.

These observations are made with the dwelling assumed
to be located in a typical current UK climate range (Bir-
mingham). With the current world-wide attention for cli-
mate change and with the scientific consensus predicting
a warmer climate in the UK, it would be informative to
see how the performance of the dwelling and the extent to
which the heuristics developed above are influenced by a
warmer climate. To this end a second performance analy-
sis of the dwelling was undertaken, but this time assum-



ing the dwelling is being operated within a Rome type
climate.

PI2

21 SAEI

PI1 S mm

Figure 5. Showing relationship between energy usage, PI1 and
ground floor thermal comfort, PI12.

Reference to Figure 6 shows a similar patterning of the
effect of rotation of building to energy usage (Figure 6 a)
and thermal comfort (Figure 6 b) to that found in Figure
2. Again it is evident that two areas of low energy usage,
A and B are present. There are, however, some marked
differences in performance across the two climates:

- Firstly the magnitude of the performance indicators
with energy usage for Rome being a factor of 10 less
than for Birmingham (i.e. Some 10" GJ yr-1 for Bir-
mingham versus 10° GJ yr-1 for Rome). Also the level
of thermal comfort has dropped dramatically for
Rome when compared to Birmingham (i.e. Ranges of
1,800 to 3,300 hours above 25°C for Rome and 0
t0300 hours for Birmingham). It should also be noted
that the best values of thermal comfort for Rome
(circa 1,800 hours) are way in excess of the 20 hours
recommended.

- Secondly, the better minimal energy usage for Rome
is now to be found at higher rotational values (Figure
6 a, area B). In contrast this was found to be at lower
rotation for Birmingham (Figure 2 a, area A).

Original Variables Original Variables

40
rotation

(a) Rotation vs. PI1

40 60 80
rotation

(b) Rotation vs. P12

Figure 6. Using Rome climate the graphs show the relationship
between rotation of building and (a) energy usage, PI1; and (b)
ground floor thermal comfort, PI12.
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When the effect of floor insulation is considered, again
there is no apparent relationship between energy usage
and levels of floor insulation, Figure 7 (a). However the
marginal improvement in thermal comfort with lower
floor insulation levels found earlier, see Figure 3 (b), has
been replaced with quite a dramatic improvement, Figure
7 (b). This again is contributed to better access of thermal
mass contained within the floor (P12).
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Figure 7. Using Rome climate the graphs show the relationship
between levels of floor insulation: and (a) energy usage, PI1;
and (b) ground floor thermal comfort, PI2.

4 DISCUSSION / CONCLUSION

Interactive visualisation clustering genetic algorithms
(IVCGA) have the advantage that they can work on the
existing data, or can use the GA to explore the search
space to generate a population of design solutions. The
IVCGA has proved to be efficient in rapidly identifying
clusters of good design solutions. It uses colour to distin-
guish between clusters of good and unsuitable design so-
lutions, using user defined objectives. Users’ interaction
with the system and using their expert domain knowledge
enable them to quickly assess the merits of solutions for
the intended design requirements. In this paper an exam-
ple of thermal performance of a three bedroom terraced
dwelling is presented.

Using IVCGG it was possible to discover sets of design
solution which are satisfy both for minimal energy con-
sumption and for maximal thermal comfort. It was possi-
ble to clarify to the designer that clusters of design alter-
natives within a solution space, which may appear desir-
able for one objective could have a detrimental effect on
other objectives, which may not adequately satisfy the
overall design requirements.

A bi-product of using interactive visualisation tools such
as [IVCGA was the discovery of new knowledge and in-
creasing designers’ confidence on their existing knowl-
edge. This new knowledge could be interrelationship be-
tween design parameters or understanding the impact of
particular design variable on the various objectives and on
the suitability of overall design. For example by using
IVCGA it became clear that wall insulations has a dra-
matic effect on the energy consumption but less effect on
the thermal comfort. Similarly floor insulation had no
significant impact neither on energy consumption nor on
thermal comfort. These observations enable the designer
to develop a set of heuristics particular to the specific
problem at hand, and to interpret these using their own
extensive domain knowledge. Furthermore the IVCGA



allows the designer to test the generalisation of these heu-
ristics across different scenarios (i.e. Birmingham climate
vs. Rome climate), and to assess the overall impact that
particular design variables may have across scenarios.

It is the discovery problem specific heuristics which pro-
vide a better understanding of the design requirements,
and may be instrumental in a reformulation of these re-
quirements, thus allowing the notion of ‘design as explo-
ration’ to be realised.

5 CONCLUSIONS

Systems such as the IVCGA help exploration of design
spaces, aiding understanding and interpretation of results.
However, they do not eliminate the need for domain
knowledge and expertise, rather they compliment and add
to it. As an example, understanding the impact of floor
insulation levels on thermal comfort is only possible if
one has detailed knowledge of the sequence of material
layers in the underlying EnergyPlus model. The knowl-
edge discovery and visualisation techniques presented in
this paper are not intended to contribute to automated
design rather they support informed design decision mak-
ing enabling the designer to more effectively explore the
design space.

REFERENCES

ASHRAE, (2005). Handbook of Fundamentals. Atlanta: Ameri-
can Society of Heating, Refrigerating and Air-Conditioning
Engineers.

Becker, R.A. and Cleveland W.S. (1987). “Brushing Scatter-
plots.” Technometrics Vol. 29, No. 2, pp. 127-142.

Bentley, P.J., and Corn B.W. (2002). Creative Evolutionary
Systems: Morgan Kaufman;

CIBSE, (1988). Design Data Guide. London: The Chartered
Institution of Building Services Engineers.

DeWilde, P., Beck, M. and Rafiq, Y (2006) “Uncertainties in
Predicting the Impact of Climate Change on Thermal Per-
formance of Domestic Buildings in the UK.” Proc. of 7" Int.
Conf. on System Simulation in Buildings, Leige Belgium.

DeWit, S., (2001). Uncertainty in predictions of thermal comfort
in buildings. Thesis (PhD). Delft University of Technology,
Faculty of Civil Engineering, Delft, the Netherlands, page
33.

Dym, C.L. (1994). Engineering Design: A Synthesis of Views.
Cambridge University Press.

Friedman, J.H. and Tukey, J.W. (1974) “A Projection Pursuit
Algorithm for Exploratory Data Analsysis”, IEEE Transac-
tions on Computers, Vol. C-23, No.9.

642

Goldberg, D.E. (1989) Genetic Algorithms in Search, Optimiza-
tion & Machine Learning, Addison-Wesley Publishing
Company.

Gero, J.S. (1993) “Towards a Model of Exploration in Com-
puter-Aided Design.” In Gero, J.S, and Tyugu, N. (Eds).
Formal Design Methods for Computer Aided Design. North-
Holland, Amsterdam.

Gilbert, D.R., Schroeder, M., and van Helden, J. (2000) “Inter-
active Visualization and Exploration of Relationships Be-
tween Biological Objects”, Trends in Biotechnology, Vol.
18, No. 12, pp. 487-494.

Maher, M.L. (2000). “A Model of Co-evolutionary Design.”
Engineering with Computers;16:195-208.

Mabher, M.L., Poon J., and Boulanger, S. (1995) “Formalising
Design Exploration as Co-Evolution: A combined gene ap-
proach. “ Preprints of the Second W\IPIF WG5.2 Workshop
on Formal Design Methods for CAD.

Packham, 1.S.J. (2003). An Interactive Visualisation System for
Engineering Design using Evolutionary Computing. PhD
thesis. University of Plymouth., Plymouth, UK.

Packham, 1.S.J., and Denham, S.L. (2003) “Visualisation Meth-
ods for Supporting the Exploration of High Dimensional
Problem Spaces in Engineering Design.” IEEE International
Conference on Coordinated & Multiple Views in Explora-
tory Visualization (CMV2003), London, UK.

Packham 1.S.J., Rafig M.Y., Borthwick M.F. and Denham S.L.
(2004). “Interactive Visualisation for Decision Support and
Evaluation of Robustness using Evolutionary Computing”,
10th EG-ICE international Workshop, Weimar, Germany.

Phadke, M.S. (1989). Quality Engineering using Robust Design.
Prentice-Hall International.

Rafiq, Y., Beck, M., Packham, I and Denham S., (2005) “Evolu-
tionary Computation and Visualisation as Decision Support
tools for Conceptual Building Design.” (Invited paper) In
Topping, B. H. V (Ed) Innovation In Civil and Structural
Engineering Computing, chapter 3, pp 49-74, Saxe-Coburg
Publications.

Simon, H.A. (1969). The Sciences of the Artificial MIT Press.

Silverman, B. W. (1986). Density Estimation for Statistics and
Data Analysis. Chapman and Hall.

Smithers, T. (1993). “Exploration in design: Discussion.” In
Gero, J.S. and Tyugu, N. (Eds). Formal Design Methods for
Computer Aided Design. North-Holland, Amsterdam.

Spence, R. “The Acquisition of Insight”. [online], (visited
21/02/07)
http://www.idemployee.id.tue.nl/g.w.m.rauterberg/lectureno
tes/JFS-lecture/Bob-Spence-Insights.pdf

Swayne, D.F., Cook, D. and Buja, A. (1998). “XGobi: Interac-
tive Dynamic Data Visualization in the X Window System”,
Journal of Computational and Graphical Statistics, Vol. 7,
No. 1, pp. 113-130.

Swayne, D.F., Cook, D., Buja, A., and Lang D.T. (2001).
“GGobi Manual.” [online] Available at:
http://www.ggobi.org/docs/manual.pdf. (visited 21/02/07)

Tweedie L., Spence R., Dawkes, H., and Su, H. (1996) “The
Influence Explorer - a Tool for Design.” Video Proceedings
of CHI’96, ACM. (available at
http://www1.acm.org/sigs/sigchi/chi96/proceed-
ings/videos.htm )




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


