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ABSTRACT

The paper documents an ongoing study in the use of
Building Performance Simulation (BPS) as a source
of feedback in the early stages of architectural design.
Taking advantage of the specific affordances provided
by parametric scripting for design, fine-grained data
about design evolution is gathered from a group of ar-
chitecture students. Through the use of computational
tools for data analysis, the aim is to gain understand-
ing into patterns of scripting in conjunction with BPS.
By visualizing design activity for particular users, it is
possible to recognize patterns of interaction between
iterative cycles of parametric modification and sim-
ulation. It is expected that the method described in
this paper will in the future allow to achieve a detailed
understanding of how users learn from and respond
to simulation results in a parametric design process.
The paper describes the approach, presents a sequence
of data visualizations, and discusses the outcomes ex-
pected from the research.

INTRODUCTION

In performance-based design, the digital model allows
iterative evaluation of design decisions based on sim-
ulation (Oxman, 2008). As many current CAD soft-
ware packages allow direct interaction with BPS tools
such as Radiance, EnergyPlus and Ecotect, designers
have started to use simulations in their design pro-
cess, a development that raises questions about their
expertise to assess the relevance of the obtained results
(Ibarra and Reinhart, 2009; Reinhart et al., 2012). Us-
ing parametric design, factors that impact performance
can be selectively explored by observing the influence
of modifications on simulation results. In previous
work it has been argued that parametric scripting —
in which form is constructed with text-based instruc-
tions — presents further advantages when considering
energy performance due to the complexity of simula-
tion input as well as result analysis (Nembrini et al.,
2011). Such a scripting approach for design is gaining
more and more adoption from architectural designers
(Burry, 2011), which is accompanied by developments
of corresponding BPS interfaces (Jakubiec and Rein-
hart, 2011).

The goal of this study is to analyze in detail the design
process followed by a group of architecture students in
order to assess the potential of parametric techniques
as a means for designers to test, adjust and better un-
derstand the results received from simulation engines.
In the first phase of analysis, a series of visual repre-
sentations of the data are produced as a means of iden-
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tifying users that present an interesting record of inter-
action between simulation results and adjustments to
the digital model. It is these visualization results that
are presented in this paper.

The research bases itself on the hypothesis that a script
constitutes in itself a rationalization of the design steps
required to build an architectural representation, in-
cluding the added characterization data needed to run
BPS simulations such as material properties, usage
schedules, etc. Reading the script one can identify pat-
terns that correspond to the designers’ own model rep-
resentation.

There have been few systematic studies of BPS tool
usage by designers (Hopfe et al., 2005; Attia et al.,
2009). These are mostly qualitative, based on inter-
views/questionnaires of designers. Although several
studies have discussed the impact of using thermal
or daylighting simulation in design teaching (Ibarra
and Reinhart, 2009; Reinhart et al., 2012), none of
these studies were based on a detailed recording of
the designers’ interaction with the design tools them-
selves. Many studies on the use of BPS on design ac-
tually focus on the differences/relevance of the BPS
tools themselves for a particular design task, such as
in Crawley et al. (2008) or the more recent (Attia and
Herde, 2011).

Our paper describes an initial phase in the analysis of a
usage dataset, using data visualization as a tool for se-
lecting an analyzing a single user which best recorded
a process of interaction between adjustments to the
parametric model and feedback from simulation. Fur-
ther work will apply the method developed to a wider
user group through this process’ automation.

METHODS
Tools

The tools used in the present research are all open-
source or software made freely available on the web.
The simulation engine is the EnergyPlus software pro-
vided by the US Department of Energy which requires
textual input, an advantage for developing interfaces
to it. Its extensive modeling capabilities are believed
to be important to follow the development of the de-
sign and its corresponding increase in complexity and
precision. The second tool is the Processing.org soft-
ware which is firstly a very simple to use software In-
tegrated Development Environment (IDE) as well as a
widely-used scripting language aimed at a design audi-
ence. We have made extensive use of ANAR+, a con-
tributed library for Processing that provides function-
ality for producing associative parametric geometry
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Figure 1: Example design and analysis produced by the students (Vinh Nhy Ly) for the final assignment, in which
they were asked to design a parametric shading system adapting to different orientations (left). Example script
within the Processing IDE, focused at EnergyPlus related functions (right).

through scripting (LaBelle et al., 2010). This library
also provides an extensive set of functions that inter-
face with EnergyPlus, allowing geometrical elements
to be supplemented with simulation data to automat-
ically produce EnergyPlus input files, launch simula-
tion runs and analyze results (Nembrini et al., 2011).
The script thus constitutes a complete description of
the building model, including geometry and simula-
tion parameters (Fig. 1, right).

A file is referred to in Processing as a ’sketch’, reflect-
ing the emphasis on a visual, design metaphor for the
computational design process. This visual interface
is used in the ANAR+ library as a means of view-
ing 3D geometry, adjusting user-defined parameters,
running simulations and visualizing simulation results.
Nonetheless, the sketch itself is a text file, and users
have to become accustomed to defining geometry and
parameters related to simulation using a purely text-
based approach.

In order to record usage data, the ANAR+ library was
modified to log the following details on a server each
time a script is run within the Processing IDE:

e the user ID and time stamp,
e the name of the script being run,

e interactions with the GUI such as simulation
runs or parameter modifications through sliders.

e the current state of the script’s code.

Comparing the development of the script with BPS
simulation run requests enables the reconstruction of
the development process of each user’s design process
at a very fine-grained level.

Taking advantage of the text-based nature of the data
recorded, source code version control software was
used to store the usage history. With such a database
it becomes possible in a second step to reconstruct the

history of each user, especially the triggering of simu-
lation runs. This approach allows us to easily identify
any modifications to previously recorded scripts.

Teaching context

The context for our study is a year-long course in com-
putational design which was offered in the 2011-2012
academic year as a required component of the MSc in
at the ——— School of Architecture. We
provided basic instruction for the students to script us-
ing Processing. The target audience of the course were
architecture master students enrolled in a sustainable
design program — interested yet non-expert users who
agreed to participate in the usage data recording. All
students in the computational design course had a pro-
fessional degree in architecture or a related design dis-
cipline, and all had been exposed to concepts of BPS
in a required course on this topic.
The data described in this paper was collected dur-
ing the second semester of the computational design
course and the following summer, when some students
used Processing/ANAR+ in their dissertations. During
these two semesters students learned to use parametric
scripting as a tool for generating architectural geome-
try and running EnergyPlus simulations as a means of
testing the implications of their design decisions on
thermal performance. By the beginning of the data
collection period students were familiar with the ba-
sic principles of parametric scripting and had an intro-
duction to the use of feedback from BPS tools in the
architectural design process. All students gave their
written approval to the data collection, which has been
conducted and stored according to appropriate ethical
procedures concerning research on human subjects.
The semester was organized as follows: an initial re-
vision of parametric design principles ending with an
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Figure 2: Individual sketches involving simulation runs are depicted according to the time span between their first
and last run against the number of log events. The number of simulation runs (> 10) is superimposed. To note is a
linear relationship between longevity in time and log events, with scripts with most simulation runs concentrating
on the top right. One exception is the sketch with 51 simulation runs which combines a short time span and a
large amount of log events. In a later stage of this research we will be interested in understanding the explanation

behind exceptions such as this.

assignment; a workshop to introduce the use of sim-
ulation with an assignment exploring the influence of
volume, orientation and window/wall ratio on perfor-
mance; and a final assignment. The brief for the final
assignment was to design a parametric shading system
able to smooth out inside environmental conditions ac-
cording to differing orientations. Example results pro-
duced by the students for the final assignment is illus-
trated in Fig. 1.

EXPERIMENT
Data

During the semester-long data recording, 49460 events
were logged with 12509 individual script compila-
tions, involving 297 different scripts. Among these
different scripts, 121 contained EnergyPlus simulation
functions and users triggered 1330 simulation runs.
The data is thus of substantial volume and we made
use of specific visualizations to gain initial insight in
the usage patterns that have been captured.

The observations of this study are based on data
recording user interactions with their code and with
the Processing/ANAR+ GUI interface. Unlike a sys-
tem in which users are required to perform an action in
order to maintain a record of stages in the development
of their code, the system implemented allows users the
freedom to work individually while data capture hap-
pens automatically and invisibly, without interrupting
their work. Version control software is used for data
analysis, as a tool for comparing each script to its pre-
vious versions and to scripts by other authors. It is then
possible using this version control repository to extract

information such as the number of lines changed with
each modification of the design script and information
about joint authorship.

The dataset has a few shortcomings. Firstly, the log-
ging happens only if the code compiles which is only a
subset of all the compilation attempts. This prevents us
from understanding the extent to which users have dif-
ficulties in producing a working script. Finding a com-
pilation error can sometimes be cumbersome and cap-
turing this dimension of usage is important. Recording
such information involved a modification of the Pro-
cessing IDE, which was judged to be too much of an
involvement at this stage of the research.

Another shortcoming of the dataset is the fact that no
output generated from the running of EnergyPlus sim-
ulations was recorded in order to reduce the load on the
logging server. This prevented us from discriminating
between successful and unsuccessful EnergyPlus runs.
It is planned in future iterations of this project to col-
lect at least EnergyPlus error logs and to compare this
information with the interactions of the users with the
parametric model.

Nevertheless, the data gathered still provides a detailed
insight into the unfolding of the semester, allowing us
to illustrate differing usage patterns between the users
as well as underlining the importance of examples in
teaching designers to script.

Analysis

The stage of data analysis presented here focuses on
the use of data visualization to identify individual us-
age that suggest an interesting relation between de-
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sign modifications and simulation runs. It was ini-
tially our expectation that sketches which combined a
high frequency of simulation runs with a large number
of code modifications and GUI interactions would be
most likely to reveal links between simulation feed-
back and design development. We were also inter-
ested in understanding the number of unique users per
sketch — copying of code by multiple users was taken
as an indication of overall usefulness and thus as an
indicator of the value of a given sketch for the users.
The time span over which a given sketch remained in
active use was also interesting to us as an indication of
the continued utility of a given block of code through
multiple different design contexts.

This visual data analysis proceeded in two different
stages using the individual sketch as the unit of in-
vestigation: firstly considering the whole dataset and
looking at the evolution of sketches over time (Fig. 2
and 3); and secondly looking at patterns in the use of
sketches by individual users (Fig. 4 to 6). Finally, the
analysis of a singled out user exploit version control
software to track code re-use in new projects (Fig. 7).

Currently at an early stage in the analysis, focus has
been put on patterns in the use of examples provided
to the students as a basis for learning coding concepts,
as well as on patterns of simulation usage in relation
to script modifications.

The first step in our analysis focuses on visualizing
the number of simulation runs in relation to the total
activity recorded for a given script. Basing itself on
the script’s name, the occurrence of each script in time
is related to the number of logging events, concentrat-
ing only on scripts that include BPS functions. These
are plotted using the time difference between their first
and last occurrence in the log against the number of log
events concerning that specific script, displayed with
logarithmic scales (Fig. 2). The visualization distin-
guishes between scripts initiated by the students and
scripts provided by the module instructors in order to
identify temporary patterns in the use of code over the
course of the semester. The total number of simulation
runs per script is also displayed. This graph demon-
strates the fundamental difference between provided
examples, which understandably have the greatest du-
ration over time; and user-defined scripts which are
more abundant and have a more even distribution in
terms of time-span. Not surprisingly, scripts with the
greatest duration also tend to have the highest level of
activity in terms of simulations and total log events.

A similar view is provided in Fig. 3, which plots the
number of unique users for a given sketch against the
total number of simulation runs. Distinct usage pat-
terns for user-initiated scripts and given examples are
made clear: there is a split between scripts with larger
numbers of users (examples) and scripts with 1, 2 or 3
users which are exclusively user-generated.

Our intention in producing such visualizations was to
single out individual sketches that represent interest-

ing approaches to parametric design in relation to sim-
ulation. However, as users tend to rename scripts to
safeguard early variants as will be seen in the second
step of the analysis, this visualization approach of fo-
cusing on the individual scripts as the unit of analysis
falls short in capturing the actual design process taking
place. As an example, sketches with the most simula-
tion runs actually correspond to the rapid production
of output for the final assignment presentation rather
than illustrating the user’s design process.
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Figure 3: Simulation runs compared with number of
users. A clear distinction is made between examples
and user scripts. It is interesting that the greatest con-
centration of scripts with the highest number of simu-
lation runs is in the category of sole-authored scripts.
The single script displaying more than 120 simulation
runs is an outlier bearing a generic name provided by
the Processing IDE.

In a second stage of visualization we focused on the
individual user as a unit of analysis. Concentrating on
individual users it becomes possible to visualize differ-
ing patterns, both for the usage of examples as for the
relationship between simulation runs and code modifi-
cations. Fig. 4 represents usage patterns of three dif-
ferent users, illustrating the difference between user-
defined sketches, provided examples, examples in-
cluding simulation functions, and simulation runs. In
these graphs the unique ID assigned to each individual
script is in the Y-axis, so horizontal lines of activity
correspond to a particular script being run repeatedly
by the user (scripts must be run to visualize the geo-
metric relationships described in code). The concen-
tric circles surrounding specific script runs indicate the
number of lines changed compared to the previous run
of that script.

Students tend to rely on examples to learn techniques
early in the semester and come back to them when
engaged in the design phase. Most examples involv-
ing simulation were introduced in a workshop in late
March (shown as a vertical line on Fig. 4). Straight
vertical stacks of activity indicate users working with
multiple scripts open simultaneously or opening mul-
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tiple scripts in rapid succession, while horizontal lines
indicate activity within a single script over time.

For users 7 and 12 in Fig. 4, there appears to be a
progressive increase over the semester in the num-
ber of lines changed, as one might expect as the stu-
dent gains familiarity and confidence with coding. For
other users (03 in Fig. 4) the writing of original code is
more evenly distributed during the semester. The use
of example scripts provided by the course instructors
to illustrate key coding concepts was most intensive
at the beginning of the semester. All three users went
through a period of intensively using example scripts
prior to the first assignment deadline, and all returned
to the example scripts in the three weeks preceding the
final assignment.

The 7-day period preceding the final assignment is fo-
cused on in Fig. 5. The return to provided examples
can be seen across all users, with particular reliance on
the examples that include the use of simulation; this re-
turn is particularly striking for users 03 and 07. Some
choose to modify directly the example script, renam-
ing the script in a second stage (note the code modifi-
cation on the example in user 07 in Fig. 5). The run-
ning of example scripts parallels the development of
the users’ own code, and use of example scripts often
corresponds with periods of frequent simulation runs
using the user scripts. For each user there is one or
two example scripts that they repeatedly return to dur-
ing the process of developing their own scripts.

Finally, selected time lapse are closely scrutinized to
illustrate differing patterns in simulation and variants
usage (Fig. 6). In the development of their own scripts
users 07 and 12 follow a mostly linear process, focus-
ing on the same one or two scripts in the last hours
before the assignment deadline. User 03 runs a num-
ber of different scripts during the last day before the
deadline, most likely variants on the same script which
have been given different names. Distinctive patterns
of simulation usage can be observed as some users re-
peatedly check their design’s consistency against sim-
ulation (users 03 and 07 in Fig. 6) while others alter-
nate between periods of geometric definition and sim-
ulation runs (user 12).

Taking advantage of the data collected, the 24 hours
preceding the final assignment are closely analyzed
to unveil the relationship between code modifications
and simulation runs. Fig. 7 schematically represents
this analysis for user 03, corresponding to the period
represented in Fig. 6 (top): each rectangle represents
a unique version of each script while arrows between
them indicate amounts of simulation being run and
modifications to the scripts — categorized as modi-
fications on geometry, on simulation definitions, and
other changes to the script’s code. Additional dashed
arrows indicate on which previous script the new script
is based. During this period of time 92 simulation runs
were triggered by the user.
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Figure 4: Time line of the Spring 2012 Workshop for
users 03 (top), 07 (middle), and 12 (bottom) over ap-
prox. 16 weeks. Differentiation is made between run-
ning examples scripts, examples scripts including sim-
ulation functions, user’s own scripts and the trigger-
ing of simulation runs. Empty circles of variable sizes
outline the amount of script modifications.
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Figure 7: Detailed analysis of user 03’s work during the 24 hours preceding final assignment, with each rectangle
representing a unique version of a script. Several measures are depicted such as the amount of simulation runs
between versions (black arrows), the amount of modifications between versions (blue, green, and red arrows). The

dashed arrows indicate the script at the origin of a given script.

Following the time, the dashed arrows make clear that
the user does not follow a linear path. Instead, after
developing a new script, he may fall back on the pre-
vious one, sometimes calling out a few examples, even
starting again from older work.

Looking at the sequence of simulation runs, it is clear
that they tend to happen in bursts rarely accompanied
with significant modifications. Thorough work on the
scripts tend to precede or follow intensive simulation
requests. The lower right hand side of fig. 7 presents
an interesting example in which geometry modifica-
tions are incrementally run for visual feedback and
then tested through simulation, leading to further ge-
ometric refinement. Then the user engages in a new
version with significant modifications which will be
eventually thoroughly tested through numerous simu-
lation runs.

DISCUSSION AND FURTHER WORK

One of the most important findings from the data is the
importance of the provided examples in the process of
designing through scripts. When engaged in the design
phase, a majority of users periodically went back to
examples, probably to understand/copy the code used
to produce a certain functionality. Moreover, all con-
tributions to the final assignment can be traced back
to some provided example, sometimes even presenting
quite a limited share of user-written code. This further
confirms the importance of examples in the scripting
approach. Code examples play a particularly impor-
tant role in the computational design process as an em-
bodiment of knowledge: both as know-how that eluci-
dates the steps required to accomplish a complex task,
and as a form of precedent or design example (Ior-
danova and Tidafi, 2007). This implies importance of
carefully crafted examples that accompany the learn-
ing process, providing sound references as well as in-
troducing advanced topics and allowing the student to
read through and identify specific parts to be modi-

fied/worked upon.

An important weakness of the results presented is in-
herent in the data gathered, resulting from the rela-
tive simplicity of the task asked to the students. The
final assignment brief posed to the students focused
on shading, orientation and window/wall ratio; the in-
terplay with thermal mass, insulation, internal gains,
etc was not considered for the most part by the stu-
dents. Further work will consider more systemic prob-
lems, possibly using the presented method to the com-
petition settings between participants as described in
(Reinhart et al., 2012). Such an improvement would
further allow us to compare performance achievements
in relation with simulation usage, as current perfor-
mance results are not convincing enough. The fact that
the user base is a captive audience is another weak-
ness: in real design practice the question is open to
use or not simulation, whereas students had to use it
within the course.

The strength of the visualizations presented in this pa-
per has been in providing a graphic representation of
differing approaches to parametric design with simula-
tion feedback. Using the visualizations of activity for
a particular user, we have been able to recognize sev-
eral distinct patterns of interaction between iterative
cycles of parametric modification and simulation. In a
future stage of the research, we will continue to exam-
ine this dataset and data collected in other classes and
workshops with the goal of achieving through the data
analysis a detailed understanding of how users learn
from and respond to simulation results in a parametric
design process.

If we are to extract more fine-grained information
about the design process, we will have to dedicate
more attention to the scripts themselves and the story
they tell about the design process. The analysis pre-
sented here has mainly focused on time-based quanti-
tative information, acquired through the help of soft-
ware computational tools. Time has been missing to
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explore in depth the individual scripts themselves to
uncover semantic information in relationship with the
use of BPS. Some initial work in this direction has
unveiled very rich information which requires a for-
malized approach. Further work is planned which
will employ the Function-Behaviour-Structure (FBS)
ontology on the recorded scripts, monitoring the pro-
cess of creativity using a comparative technique (Gero
and Kannengiesser, 2004; Pourmohamadi et al., 2011).
The final aim will be to define automatic schemes to
extract specific usage affordances on the whole dataset
and produce dedicated measures inherent to the FBS
ontology, such as Markov transition values or sliding
window entropy which have been proposed as an es-
timate of design creativity. Such analysis would ac-
tually provide a measure of the appropriation of the
tools by the designers according to their preliminary
skill, and express to which extent the BPS tools actu-
ally influence the design process.

CONCLUSION

This paper documents an ongoing study of simulation
in the early stages of the scripting-based parametric
design process. The goal of this study has been to an-
alyze in detail the design process followed by students
in order to assess the potential of parametric tech-
niques as a means for designers to test, adjust and bet-
ter understand the results received from simulation en-
gines. Through an initial analysis of an unprecedented
usage dataset, the work represents to our knowledge
the first study of its kind on a design scripting frame-
work in conjunction with BPS. Despite needing fur-
ther work, the research already reveals a number of
distinct design processes in relation with BPS usage.
By outlining pitfalls and advantages of using scripting
in this context, it is our expectation that this method
will allow us to formulate specific guidelines required
to integrate these tools in early stage design. Further
work will concentrate on formulating more demand-
ing tasks to students to induce greater need of BPS re-
sults interpretation and feedback in the design process.
The approach presented here is believed to be of sig-
nificant importance for the general aim to provide de-
signers with explorative tools to consider sustainable
construction in a systematic and informed manner.
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