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Abstract

To make building design decisions with confidenceuyltidisciplinary Architecture,
Engineering, and Constructidgaamsneedto sydematically definealternativesanalyze
tradeoffs, and communicatationale However formal design spaceonstruction and
explorationmethodsarenot typically taughtin schoolsor used inpractice Academia and
industry must discover togethehow bestto adopt and applyhesemethodsin AEC
contexts The Design Space Constructigeroject is a multidisciplinary community of
industry, research and teaching organizawund a platform of curricud, tools,
challenges, casstudies and data for understandingnd improving design space
construction and exploratiomethods This paperdescribescollaborative tool and
curricula developmentan industry challenge resulting student project responseand
datafrom a graduate coursa Building Information Modelig.

1 Introduction: The need to develop, test, and teach design space
construction methods

The eavironmental, social, and ecomic impacts of built environmengse becoming
clear and measurablePedagogy andoractice must prioritize methods that enable
systemic thinking and performanceassessment.In order © confidently solve
performancebaseddesign problemsdesign teamsaeed toconstruct and explordesign
spaces. Desig&paces are models that heéams systematically generatkternatives
analyzetheir lifecycle impacts,and make and communicate a decidiGtevenger et al,
2012) AEC designproblemsarewicked, thusskilled and multidisciplinarydesign teams
need to be able fteratively constructand exploralesign spaces

However, the AEC industry T which includesstudents,faculty, researchersslients,
designers, engineenrsuyilders, suppliers, managees)d others$ lacks a formal language

and proceduraiigor to constructand explore design spacés order to leveragehe clear
communication,design automatignand knowledge reuse thtte formality ofdesign
spacesafford, the industry needs t@imaginethe way it approaches design problems.
We need new toolgurriculg case studies and data that inform us how to best construct
and exploralesign spaces on each project.

This papercomes froman ongoing holistic effort to develop a community of practice
and researcliocused orthe continuous improvement of design spaoastruction and
exploration methodg=irst, the Design Space ConstructigpSC) projectis introduced
Next, we presentthe tools and curriculum developedfor a Building Information
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Modeling BIM) classof 14 students$o teachthe students théasics of how to construct
and explore dsign spacesWe then introduce an industry dsign challenge, student
projects and dataollected Finally wediscusghe ongoing DSC project and next steps.

2 Design Space Construction

Todayodés tool s, processes designrsphcesVe naed oul a do
change the tools we build, theawwe teach students, the way we design and learn from

our processes anbuildings. The development and implementation of new processes
practicerequiresa collaborative, ethnographaction research approach (Hartmann gt al

2009. Adopting emerging @sign spaceonstruction anagxploration methods requires
multidisciplinary industry expertise, performanbased design software, curricula,

research and studentdo engagean iterativeproject of constructing, exploring, and
improvingthe methods

The Design Space Construction Projefdund athttp://DesignSpaceConstruction.org) is
a community of researeminded professionals and practicénded researchers who are
interested in advancing the understanding, development, and applicatiesigrfi space
construction methodsThis project aspires to ke Vertically integratedi involving
undergradatesthrough postocs, andinterns througtprincipals Horizontallyintegrated
connectingAEC and other disciplinedResearchnformedi researchers develgndtest
new method®n real and challenging problems; Praciidermedi based irreal world
project data and toqlshdustry providng those problems and domain expertise in solving
them; andterativei involving continuousknowledge building and testingqresghat is
generational and exponential in impdegure 1 diagraman overview othe project.

Students Projects

Professionals Objectives

Challenges

Figure 1. DSCis a community improving design space exploration methods.

The DSCprojectseeks tantegrate these concepts and actors intaterativeprocess of
constructingobjectives, tools, currical design challenges, projects, and datanprove

our knowledge abowvhich tools and curricula work best on which challenges, and why.
The diagram suggests that different actors fazughe refinemendf different aspects of

a design knowledgeystem In reality, people do nalwaysfit neatly into oneswim-lane

and can participate arnidke leadership ithe curation ofall information
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This paper describes ase study implementation aDSC curriculum taught to students
in a BIM course in the Masterand Ph.D.of Architecture pogram at a major US
university The paper describes the curriculum developed, itlieistry challenge
proposedthe student projects, and the resulting data.

3 Curricula & Tools

The curriculum andworkflow, conceivedusinga BIM authoring tooli Autodesk Revit
and a visual programming platform Dynamq guidel students throughiour steps to
constructand report dasicdesign space.

Parametric Building Form i The first stepgives students a sample fitwntaining a
parametridBuilding Generatoas a template, arehowsthemhow tocreate a parametric

mode| propagate variationsand get simple metricsTwo simple metrics (building

volume and floor area) are calculat&dudentuse this template improve the model to

generate more complex geometri€sgure 2illustrates thdDynamographs t udent 6 S U s e ¢
to generag, analyz, and documerttuilding forms in Revit

Building Parameters Design Generator

Design Option #

Student Name &
Results

ot b on ol
&

Figure 2. Dynamo (top left) andstudentgenerated buildings in Revit (right, below).

Building Analysisi The nextstepadds two metrics (Annual Energy aRtbor Areg.
The energy analysisses a linear regression model that is generatespfmificweather
data anduilding propertiesincludingbuilding geometrychamcteristics such as building
floor area, wall area, and window area along with some additional compauedetry
related factorso predictbuilding annual energy use (Rahmani Asl, et2016).Students
explorel parameters tachievetotal floor areaof 100,000 sf (or as close as possible) and
minimal Annual Energy Use&-loor Area andVindow Areadetermined/iew Factor.

Decision Making- This next stepcombineshe previousomponentsvith the Dynamé s
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Optimo (Rahmani Asl et aJ 2015) packageto optimizethe building performance dn
write the values t@ data sheet for visualizatio@ptimo uses Genetic AlgorithfGA)
for optimization.Students were taught tlogtimization workflow as an iterative process
Ther prograns generatd multiple buildings, evalate them, soedthem by performance
metrics (.e. floor area and energy use), and prodlitee next generations of buildings
using GAOGs cr oss oV e rFigugen3dillustnates ddwitsdentsrame t hod s .
Optimo to automatically optimize the conceptualilding designfor the buildingfloor

area and energy objectivgwen in the Building Analysisask Thehorizontal axisshows

the deviation from floor area (calculated as tHesolute value of actual floor area
subtracting target floor arez 100,000 §. The vertical axis shows trenergyuse The

graph shows students solutions that optimize energy use for progressively smaller
building footprints, one of several optimizations the students are able to run.

Optimal Solutions

Figure 3. Design optimization graph (lower) 50 options overlaid on one another
(middle); and floor areaand energy performance of that population(upper right).

Data Gathering - This final stepteachesstudents to write building parameters and
measured performance metrics into a shared databaseach alternativehé Dynamo
component automatically collects the student name, building volume, floor area, annual
energy use, and view factor metrics amdites this information intoa Google
spreadsheet, using the Raindrops pack®tkef, 2016), which is in turn visualized in a
parallel coordinate plot on the DSC webgltép://designspaceconstruction.gr@ssee

in Figure 4 The analysis is discussed further in section 5.
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Figure 4. Parallel coordinates plotwith student generated design and performance.

4  Challenge

Figure 5 shows a challenge Project Goals &
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Figure 5: Industry challenge
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5 Projects

Studentswere asked to adapbe components taught ithe curriculum toaddressthe
more realistic context provided by industiallenge Students needed to identify and
create new building parametelige number of floors, and constras like the site
boundary modify and utilize the parametric Building Generatnd modify anddefine
fitness functionancluding minimal energy use, floor area, and a view facRiudents
producedhe design spaces and dasshown inFigure 68, anduploaded the results to
the DSC website.
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Figure 6. Left: Student project responses Right: One design space showing
relationship betweennumber of floors and energy use.

6 Data

The DSC site collects workflows and resultsto inform development and seleatioof

design space constructiéools andcurriculum For examplefigure 7 demonstrates that,
when working with the DSC curriculunstudens working with Optimoachieved better
design performancehan with manual explorationswvith only 5 to 20 GA generiains of
computing (by homework requirements), more than half of the students who submitted
valid results achieved better (less) Annual Energy Use for the best floor area they made
(as closer to 100,000 sf as possible) with Optimo than with their own manual
explorations Such evidence can be used ddvise studentsand industryabout the
advantages of design optimizatjoand thecomparisonmethodology can help choose
which optimizaiton methods work best fdifferent designchallengesFigure 8 shows

the paralel coordiantes plodf all student designgnablingidentification of the design
parameters that lead to the best design, and the design system that discovered those
parameters.
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Figure 7. Students (#1, 3, 5, 6, 8, and 10) usi@ptimo achieved beter (less) Annual
Energy Use than manual exploration alone.
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Figure 8. Student responses to challenge showing winning designs

Conclusions

This paper presented a case study implementation of the Design Space Construction
projecti a community of practiiners and researchers interested in advancing the
development and deployment of design space construction exqmoration
methodologies. The paper demonstrated how the DSC project can work in the context of
a graduate course Building Information Modelig in Architecture presenting prototype
curricula, tools, challenges, projects, and dataud8ntslearned thaguantifiable design
performance can benproved andoptimized using the methods introduced in the class
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Students were alsaformedthat desigmjuality also includegmportantnon-quantifiable
designmetrics such as aesthetics,litwal and social factors, etc., which are easily
computed using optimization algorithmEae optimization component is one part of the
BIM course, which introduceBIM principles, methods and applications in the building
lifecycle with a focus on the design proceBsior to optimization, e topics include
geometry and material modelingarametricmodeling databasesvisual programming,

and design performance sufation and visualizatianThe optimization component was
added into the curriculum in Spring 2016he DSC community learned how to
formulate, test, and improve the curriculum and tools through the collaborative and
iterative effort.

Going forward,we apire to domore significant experimesinvolving design projes

with more performanceobjectives such as daylighfunctional spacecost, and egress

We will explore the inclusion of qualitative metrics, such as aesthetics using human
judges during thevaluation process. We will also explore the inclusion of prelsased
metrics that measure how well a DSC method generates a wide range of alternatives or
encourages broad stakeholder participation. We will be developicgrenonset of
performanceobjectives that assure common measurement criteria across prejedta

set of conclusions about which DSC methods to use for different types of challenge
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