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Abstract:

Designing spaces that are able to balance illuioinaglare and solar gains over a year is a reallage, yet
a problem faced every day by building designers.a$eist them, a full year, climate-based daylightin
simulation method, called Lightsolve, was develgpeabviding guided search based on the variation of
daylight performance over the year by combininggeral performance visualization with spatial rerinigs.
This paper focuses on the user's perspective fohtsolve. After a summary of its foundational cqtse it
discusses the results of several pilot and moradbuser studies conducted in educational cont&gs core
element of the paper, the method and results afrigimal, design-oriented user study on Lightsadvekpert
system are discussed. It was conducted to detetmowenell its decision-making algorithm would wosken
independent human interactions were included.ratestrated that the expert system is generallyesstal as

a performance-driven design tool respectful ofrtbe-deterministic nature of the design proces#,@ed as a
method for educating designers to improve daylighperformance.
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1 Introduction

Daylighting design is both highly relevant to cotfi edge societal issues such as energy
conservation, sustainability and health, and higieysitive to careful planning and control [1-4].
Its benefits, however, can only be effective if @& carefully accounts for our visual needs and
comfort criteria. The main challenge resides inrgenciliation of the many factors influencing
how daylight and sunlight each interact with theltbenvironment and in the great variations
they show in intensity and distribution dependimgacation, weather and time.

Today, simulation tools have become the dominamhfof design support [5-6] but due to the
large number of parameters involved and the needidtailed, climate-based analyses to be
realistic about daylighting potential [7-8], evding annual daylighting performance of a

schematic building project interactively and contanmesively remains challenging.

In fact, daylighting is a field where strictly deéid numerical boundaries do not apply: there is a
vast range of parameters and values that are rdldea“good” daylighting, which makes
absolute performance targets of questionable retmvarhis is probably one of the reasons why
very few papers have tried to address the probledagighting optimization [9-11] except for
simplified guidance derived from knowledge-basestays [12-14].

The simulation platform and associated expert systensidered in the present paper differs
from these previous efforts in that it allows a goehensive understanding of daylighting and
offers user interactivity regarding design choicBaylighting performance is evaluated as a
function of daily and seasonal variations againstuser’s own performance objectives and to his
or her chosen areas of interest. Details aboutaghyisoach have been published in earlier papers

[14-17] and will only be briefly summarized in sect 2.

With any new method, it is critical to determinghe intended audience finds it more useful than
existing methods. After an overview of the maimponents of Lightsolve as a whole in section
2, this paper will present the results of a sedksiser studies conducted with designers and
students. Two preliminary user surveys, presentedgection 3, were given to both test the

usefulness and intuitive nature of Lightsolve’s pemal approach, and to judge how intuitive



temporal data was to the inexperienced architecta Rater stage of tool development, a three-
phase user study specifically addressing the desigport potential of Lightsolve — combining

design by hand and use of analysis tools — wasigiwvigh a dedicated focus on its expert system.

Several important results were expected from ttudys The first is an assessment of the ability
of the expert system to find designs with improdeglighting performance when a human user
is allowed to interact with it in an independentywdhe second is an evaluation of the expert
system process as a method for improving a desgnetuition about daylighting and
influencing him or her to consider design elemevtigch result in good daylighting performance.
The third focuses on user satisfaction and thepaanee of the expert system by designers. More
specifically, the three-phased study was desigodrblp answer the following questions:

» Can the expert system still improve the perforoganf a design when independent human
interaction is included into the process?

 Can the process of working with the expert syspesitively influence a designer's final design,
if the final design is one designed strictly by tfesigner and not generated by the expert system?
» Can the process of working with the expert syspeavide a designer with increased intuition
about daylighting for a specific design problem?nda educate a designer about general
daylighting concepts?

« If there is a benefit to using the expert systeesign process, is this benefit greater to
participants who have had little to no experienoeking with daylighting or to participants who
have had more substantial experience?

» Do the participants accept the expert system @essgyn tool? Would they use it for an actual
design project?

The adopted approach, its originality and resuksdéscussed in section 4.

2 Lightsolve’s overall concept
The general approach for Lightsolve is to informllvee@lanced daylight design during early
design stages through an interactive visualizadéioth a pro-active, guided improvement of full-

year time-varied daylighting performance [15].



The metrics used in Lightsolve differ from moststxig daylighting simulation programs in two
ways: they are goal-based and they place emphagtseovariation of daylight performance over
the day and the year by use of temporal maps & Figure 1b).

In the Lightsolve framework, we use that repredemao show how closely the users’ current
design fulfills their own (or standard-based) visaamfort, solar gain and light distribution
goals, on an annual time-varied basis that accoontsveather conditions. An intuitive color
scale (Figure 1a) indicates how closely the goadgw@et over the year [17]: yellow indicates that
the goals were met for this sensor (or that sad@msgare neither excessive nor insufficient), red
indicates that values were too high, and bluettie&t were too low. The three Lightsolve metrics
express the performance of eaattire area of interest (big or small, defined by therusather

than on a point per point basis.
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Figure 1: Reading Lightsolve Temporal Maps — a)dCdcale b) Correlation of time/day with
performance (color) and c) with lighting distribati (renderings).

Year-representative series of renderings (Fig fexéso produced and associated to a given time
of day/year and weather condition (the dominant emg). In the Lightsolve interface (Figure
2a), these renderings (right + 2b) are interagyivBéplayed together with sky type occurrence
(2a upper left) as one moves a cursor over the desthpnap (middle). They are combined with
the goal-based visualizations of annual performgte@poral maps) for illumination (based on
desired illuminance ranges), glare (based on degj@e tolerances) and solar gains (based on
probable heating/cooling needs). Their foundatiand detailed mathematical implementation
can be found in [17] and are briefly summarizedbel
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Figure 2: Lightsolve analysis interface — a) Tineeted display of performance interactively
linked to renderings of the space b) Annual Imagg Ighowing all renderings over time.

2.1 Full year, time-varied analysis

To allow for climate-specific outputs, illuminanead glare values are calculated for each sensor
plane patch and for each of four CIE-ASRC sky ty[d&y, ranging from overcast to clear. A
climate-based representative value is then cakilas a weighted average from each sky type
based on their respective occurrence during thag period. To make whole-year calculations
more efficient, the year is split into 56 perio@8] and climate-based data are calculated for each
of them as far as the diffuse component of dayliglsbncerned.

Les parametres requis sont manquants ou erronés.

Figure 3: Condensing annual data. Museum case sti)dysed to compare the 56 time period
reduction method with sun overlay b) against Day@hadow casting mode) c).

The comparisons between temporal maps produceg tisendata reduction method and those
produced using detailed illuminance data extradtedh the program Daysim at 5 minute

intervals showed a strong visual and numericaletation [20], illustrated in the example shown
on Figure 3. A separate calculation for zero-boudicect sunlight is performed for 1200 sun

positions (80 times of year and 15 times of day) masults are combined to the first (diffuse) set
[21].

2.2 Rendering and calculation engine
The overall intent of Lightsolve being to informsiign in an exploratory way, there was a need

for a quick calculation engine that could produoc¢ghtmumerical results (at the basis of temporal



maps) and renderings over a whole year so thatartieity could be maintained. A hybrid
global illumination method was developed for thisrgmse at the Rensselaer Polytechnic
Institute, called the LightSolve Viewer or LSV [22{ relies on patch-based radiosity for the sky
and uses indirect illumination and shadow volumes pixel-based shadows for direct
illumination by the sun. This rendering system watidated through a set of qualitative and
quantitative comparisons with Radiance and a pdiference of less than 10% was found
between LSV and Radiance for a variety of differetgénes, camera positions, and daylighting
conditions [22].

2.3 Goal-based metrics

Unlike most daylighting analysis tools, the threetmes that were developed for Lightsolve and
are represented as colored temporal maps emphhsizane-variation of light over its detailed
spatial distribution. They are also explicitly gdelsed: performance objectives in daylighting
can indeed vary greatly depending on the type ats@nd the intentions of the designer. A set
of three metrics, whose underlying principles dhesirated in Figure 4, were developed to
display goal-based performance information for aruefined area of interest on a single
temporal map and to offer a comprehensive andtimuiway to represent annual daylight
performance of a design proposal; details can bedan [17]. A color scale - consistent amongst

the three metrics - indicates how closely the gastsmet over the year.

a) lllumination

The illumination metric, called Acceptable lllumitae Extent (AIE), represents the percent of an
area of interest (represented by a sensor plartargpla grid of sensor patches) that stays within
a user-defined illuminance goal range i.e., in mssethe amount of space which stays within
acceptable limits from the standpoint of illuminarabjectives. At any given moment in time, it
assigns full credit to sensor patches that areinvitnge, and partial credit (on a linear scale) to
portions out of range but within a user-definedffeud interval, as illustrated in Fig. 4a [17].
Because this metric condenses the spatial disivibutf illuminance (over the full sensor area)
into a single value (expressed in percent are&),vriation of that percent over time can be

displayed on a temporal map, as in the example showig. 1b.



b) Glare perception

Similarly, a single number representative of ovegldre perception within an area of interest is
introduced as Glare Avoidance Extent (GAE) and éasethe Daylight Glare Probability (DGP)
metric [23]. The derived GAE metric used in Lightsoindicates the proportion of the glare
zone or glare sensor area that falls above the ghaeshold considered non-acceptable by the
user. It can therefore represent the glare rislkafparticular location and a particular viewpoint
over the year (small unique glare sensor with @ismal facing that direction) but can just as well
indicate the overall glare risks for a space argge of viewing locations (e.g. for all the student
in a classroom). Because this glare analysis isanmually and often for multiple viewpoints, it
required more efficient methods for computing glahat were developed for that purpose [17]
and are schematically illustrated in Figure 4belies on threshold values suggested by the DGP

author for glare tolerance [24].

c) Solar gains

Finally, a new solar gains metric called Solar Heearcity/Surplus (SHS) is used to convey the
urgency of either allowing more direct solar garragoiding it, based on revisited balance point
calculations [17] (see Fig 4c). While dynamic enyeepalyses should ultimately be used in
determining energy loads, balance point can besafilindicator in the earliest stages of design.
The recently released 16 DOE Benchmark Commeraidtlidgs [25] was used to validate this

approach. Within the Lightsolve environment, thelaBdHeat Scarcity and Surplus metric

requires additional input about the thermal prapsrof the envelope and building type and
occupancy but is able to provide a good approxmnatif how much of a liability or benefit the

daylight-associated solar gains are for the propaesigns.

> credit per sensor

—_ Set Point Tem
AlE total # sensors P
BP Temp - No SHG
Credit } '} 'l ! Heating
" Partial "  Desired Range - ' Degree Hrs ) |
100% Credit [Etcecma ]

Outdoor Air Degree

Buffer i

Temp

OD/B
(a) Metric Value (ex. llluminance)

() Day

Figure 4: Lightsolve Metrics — (a) Acceptable llltmance Extent (AIE) credit system (b) Glare
Avoidance Extent (GAE) derived from DGP and basedwmndow luminance and radiosity
model (c) Solar Heat Surplus/Scarcity (SHS) basedomling/heating daily totals.



Although the non-spatial aspect of solar heat gaimally makes it more difficult to analyze along

side illuminance or glare, the value of resortindime-variant graphics was made evident from
its ability to provide a basis of comparison sa g@ar heat gain information can be comparable
with location-based data.

2.4 Expert system

Expert systems [26] offer a powerful way to introdyperformance-driven decision support into
the design process. The development of the Lighgs@xpert system, its implementation
including a user interface (Figure 5), and a bpefformance assessment have been published in
[16].

The expert system consists of two major componemtslaylighting knowledge-base which
contains information regarding the effects of aiatgr of design conditions on resultant
daylighting performance [14], and a fuzzy rule-lwhdecision-making logic [27] that is used to
determine those design changes most likely to irgperformance for a given design [16]. As
in Lightsolve’s analysis mode, the user is allou@dreate a 3d model of his/her own design and
to input project-specific performance goals fountinance and glare within the space. A user
interface has been developed which displays thecuperformance of the design and the list of
suggested design changes to the user, who is thdadgtowards improved performance like by
this “virtual daylighting consultant”. The objecativs to increase annual performance for all areas
of interest and all (possibly conflicting) perfornc@ objectives through the most suitable
sequence of decisions — and compromises. By invglihe designer and utilizing his or her
knowledge as well as the intelligence built-in thel, the process is made more efficient while
the exploration space is expanded.
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Figure 5: Lightsolve Expert System (Virtual Cotant) — (a) Guided search interface and (b)
Iteration process.

3. Preliminary user studies

The proposed goal-based framework has by now bppled in different contexts, including
research projects in Italy and Belgium [28-29], afassroom settings at MIT, UC Berkeley and
EPFL in Switzerland where architecture and buildieghnology students were encouraged to
use Lightsolve for their design projects.

Two pilot user surveys were conducted at MIT earhyin Lightsolve’s development effort, in
parallel with gathering class student feedbackughoquestionnaires. The questionnaires focused
mainly on Lightsolve’s functionality and usabililgsues and did not lead to unexpected findings:
the users mainly praised its visual and temporpt@xh and complained about its installation,
modeling restrictions and lack of robustness. Gitleat these issues resulted mostly from the
early development stage at which the tool was deatel are thus of little scientific interest for
this paper, this section will focus on the two p8arveys conducted in better controlled contexts.
The aim of these two initial surveys was to test tisefulness of Lightsolve’s time-based
approach (including how intuitive the temporal maps), and see how comfortable the architects

were when interacting with this early version o #oftware.

3.1 Potential for design support



A first survey was given in January 2009 to a smalnber of workshop participants. Held at
MIT, the 3-day workshop taught participants to b&¢h Lightsolve and Ecotect [30] — with
exports to Radiance and Daysim through a workflowilar to [7]. Participants were assigned a
daylight design problem to address using both fightsolve program and the Ecotect-Radiance-
Daysim sequence (as a control), which was seleatethe most advanced set of daylighting
analysis tools available at the time.

The survey given at the end of the workshop focusedsoftware usability as well as data
presentation, although only the latter is relevarthis paper. An initial ambition was also to test
whether participants created more successful soisitusing Lightsolve’s analysis format than
with existing software but time was too short fbe tparticipants to go through enough design
iterations of their project to enable such condnsito be drawn; this perspective is the specific
focus of the study described in section 4.

Of the 13 people who took the Lightsolve user syr@were students or practicing architects, 3
were lighting specialists and one was an engindene were the authors’ own students or
immediate colleagues. When asked how intuitive gadgram set was, they gave Ecotect an
average of 2.86 out of 5, and Lightsolve an averdd®e55 out of 5. When asked which program
was more useful in early stage design, 10 of 13eHaghtsolve, but when asked which was
quicker to use, 8 of 13 chose Ecotect. This masetzeen influenced by Lightsolve’s limited
functionalities and usability at the time of tharly prototype and drove the need for a follow-up

study.

3.2 Potential for data visualization

As a further exploration, another survey about gaésentation was given which did not depend
on learning or using Lightsolve. This stand-alonevey was conducted in May 2009 with 58

MIT architecture students enrolled in master’s leweilding technology classes; none of the

students were the authors’ own students or reseatdagues. Through queries about software
experience, and familiarity with a number of dalgtigg terms, participants were shown to have
little daylighting experience in general.

Before the survey, a very brief introduction to Wmane illuminance, temporal maps and

Daylight Autonomy (i.e. the percent of occupied fowver the year where a minimum

illuminance threshold is met by daylighting alor#]) was given by the survey administrator.



The survey was administered during class (unpaia)strictly timed instructions and survey
phasing; participants used their personal compubetake it.

The survey focused on the comparison between spatth temporal daylighing performance
outputs to judge how intuitive temporal data wagh® inexperienced architect. Given a basic
model of two classrooms with windows facing eitiB&utheast or Northwest and a set of pre-
defined daylighting goals, participants were aste@ssess how well the model had achieved
these goals for two design iterations and two typesisual displays (four scenarios total):
results were either displayed in spatial formats@eolor illuminance and Daylight Autonomy
plots, used as a control, cf. Fig 6b) or as tenlparaps (Fig. 6a) displaying Acceptable
llluminance Extent calculated over each classroomoskplane (cf. section 2.3a).

Paraphrasing, the six questions asked about eaplaged scenario were:

1) did the scenario meet the goals during occupads?

2) if not, what was the biggest problem?

3) when do problems occur?

4) where in the room do problems occur?

5) how confident are you in your analysis?

6) what other information do you want?

Four follow-up questions were also asked:

Q1) which of the two data types was the most iiverft

Q2) which of the two data types was the quickesinalyze?

Q3) which of the two data types was the most iiverft

Q4) did you take weather into account?

Participants were given 3 minutes to answer questabout the first scenario and 2 minutes 15
seconds to answer the same questions for eacle dhtée following scenarios. The restrictive
time limits forced participants to rely on intuti@nd put a special emphasis on the speed of the

analysis. The tallied responses to all scenaridd@iow-up questions are given in Figure 7.
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Fig 6: Typical presentation format used to compavailable temporal (a) and spatial (b) data.

3.3 Findings from preliminary studies

The consistency in responses to the temporal daetpecially questions 2 and 3 regarding what
the problem was and when it happened — show tmapdeal maps are both readable to the
untrained eye and quick, intuitive methods for igmmg comprehensive daylighting data. Also,
several participants commented on the “at-a-glamaglre of temporal data and the intuitive
nature of the “goal-range” color scheme, althougbtlaer comment unfavorably mistook the
temporal maps as a collection of average illumiean®8oth surveys, interestingly, revealed the
architects’ attachment to spatial graphics. Renderiand illuminance maps were the most
requested pieces of “extra information” in ques#gmnd a surprising number of people revealed
— through comments and confidence levels — an radpidiith in traditional single-moment
illuminance graphs. The spatial data was also ideresd more complete, as the discrete
illuminance graphs gave an illusion of temporabiniation. This can also be seen in the fact that
nearly no one considered the spatial data “not gimanformation” to answer the time-dependent
question 3 (and the answers were highly incondistetlhh each other), but the vast majority
recognized there was not enough information in mapmaps to answer the spatial-dependant
question 4. Finally, for the improved model, papants decided that the biggest problem was
“too much light” when given spatial data, and eithe problem or “not enough light” when
given temporal data. This is most likely because rhuch attention was paid to the clear-skies
illuminance data over the climate-specific Daylighitonomy, while the temporal maps took
Boston weather (which is reasonably often overdast) account. The majority of participants
admitted that they did not take weather into actedren using spatial data.



1) Are goals met during occupied hours? 2) If not, what is the biggest problem? 3) When do problems occur?
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Figure 7: Survey results: Scenario A is the origimodel spatial data, B is the improved model
temporal data, C is the improved model spatial datad D is the original model temporal data.

In summary, these two pilot surveys were successfproving the usability and usefulness of
temporal daylighting data. They were however, uctgive regarding the improvement of an
architect's understanding of daylighting performanghen combined with spatial data. This
requires a different type of user study, focusedteradded value during a design process: an

approach was developed for this purpose, presamtsettion 4.

4 Assessment of the expert system: an iterative ussudy



A major goal of the Lightsolve project was to deyehln intuitive tool and a performance-driven
design process which could be used by designemspimve daylighting performance in the early
design stages.

The tool was evaluated against high performing berack designs generated with a genetic
algorithm [11] and tested for varying levels of thesic constraints. The results of these studies
indicated that the expert system was successfuldihg designs with improved performance for
a variety of initial geometries and daylighting feemance goals [16] when automatically
accepted in the absence of user interaction. Yeduse the expert system was developed to be a
user-interactive tool, a critical part of this resgh remained to assess it when used by human

designers.

To evaluate the performance of the expert systeenwhcorporated into the design process, a
user study was conducted during which designer® vasked to interact with the system and
solve a daylighting design problem as a three ptepess: first, using their own intuition, next,
using the expert system, and finally, again ushgrtown intuition. This format was designed to
determine whether the use of the expert systemabigsto improve the daylighting performance

of each participant’s second and final designs wdmmpared to his or her initial design.

4.1 Methodology

The aim of this user study was to identify the tations of the expert system, without
necessarily extracting a statistical behavior ef shmple population. For such usability tests, a
limited number of participants is typically requdre in general 5 to 8 [32-33].

a) Profile of Participants

Twelve participants were ultimately included instistudy (about half male and half female), all

MIT architecture students and/or practicing arcligdetween 20 and 40 years old (about half at
PhD level, the other half at Master’s level, plue aesign faculty member) recruited through a

posting on the general MIT architecture email |Rarticipation was compensated at a rate of



$15/h for the 2 hours of the study, and all sessipare conducted in the same, windowless room
at MIT. Because the goal of the study was to evaltize expert system for use by designers,
only those with at least one prior degree in aedtitre and with at least one year of experience
working for an architectural design or architectwa@nsulting firm were allowed to participate.
The median work experience in a design firm was y&8rs (minimum 1 year, maximum 8
years). Of the twelve participants, four had praslg completed a bachelor’'s level degree in
architecture and eight had completed a masterd l@éegree in architecture. Additionally, most
participants were in the process of completingcaseé or third degree in architecture or a related
field at the time of the study.

The participants were also selected so as to repres variety of backgrounds in daylighting.
They were asked to rate their experience level arkimg with daylighting using one of 4
categories: experienced, intermediate, novice,amenThe group was fairly evenly split, with
four (self-ranked) experienced daylighters, threermediates, and five novices; two participants
were master’s students of the same research gotipeaauthors’ (i.e. focusing on daylighting),
though working on topics unrelated to Lightsolveo Iparticipant chose “no daylighting

experience”.

b) Study Procedure

The user study was conducted as a series of lgghents, which included three design sessions

and two questionnaires. The total amount of timedu®r each participant was approximately

two hours. The design problem will be describedetail in the next section. The same design

problem was solved by each participant three tirfiet: by hand, then using the expert system,

and finally by hand again. During all sessionstipgnants were allowed access to pencils, blank

paper, a calculator, and a stereographic sun calimgeam for Boston, MA.

The sessions of the study were organized as follows

* Introductory Questionnaire (basic information osiga and daylighting background)

» General Tutorial (including task description anttbexplanation on daylighting metrics)

» Design Session #1 (design problem to complete log fiom an initial massing model and
daylighting performance goals)

» Design Session #2 (same design problem using balgxpert system)

» Design Session #3 (final version of design)



» Final Questionnaire (satisfaction with the finakm, experience of using the expert system,
use the tool in a real design context), providefiiiihn the appendix.
The completion of questionnaires and the drawirigs fand” were all done on paper; design
session #2 was conducted on the computer madelblaibr the survey.
In Design Session #1, the participant was asketksign two fagades on the massing model and
attempt to meet the daylighting performance goslwell as satisfy him- or herself as a designer.
An example of a previous facade design was proyiddohg with the performance of that
example design (Figure 8a). During this desigsisesthe participant was asked to sketch his or
her design by hand and to draw the final desiga tamplate sheet.
In Design Session #2, the participant began withghme example model and was allowed to
choose to accept or decline design changes sudgbstehe expert system, to choose the
magnitude of the design change, and to returndwipus design iterations. The participant was
also allowed to explore designs which resultedeardased performance if desired. During this
session, the participant was not allowed to chahgelesign by hand or in SketchUp.
In Design Session #3, the participant was told thigtdesign would be considered “final”. He or
she could revisit either or both of the designsdpoed during the first two sessions or
completely start over.
The purpose of the three design session formatavdstermine if the process of using the expert
system was able to positively influence each paditt's final design. To create an initial design
during the first design session, participants deligrimarily on their own intuition and
understanding of daylighting. Participants were totd how well these initial designs performed
based on the daylighting goals. During the sec@&sdisn, participants all worked with the same
starting design, which in many cases was quitedifit from their own initial design. During this
session, however, participants were able to viewpgrformance of the model after they applied
various changes to it.
One hypothesis of this study was that if partictpaohose design changes that resulted in
improved performance during the expert system ges#iiey might elect to apply some of those
design changes to their designs during the thisdisa. A corollary of this hypothesis was that if
participants made these design changes to theirinival designs, the performance of those
designs should improve. This improved performanoald indicate that participants were able to

learn something about working with daylighting Ising the expert system, and that the process



of using the expert system, even for a seemingiyelated design but for the same space
characteristics and goals, could influence paticip to incorporate certain design elements into

their own designs.

c) Design Problem
The participants were asked to work through a cotes design for the facade of a school
library wing in Boston, MA which should use natulight instead of artificial light as much as
possible. This design problem was developed tofbmedium level difficulty so that designers
who were experienced with daylighting concepts dareate a very good solution using only
their intuition. The problem was meant to be chmjlag for those designers who were not
experienced with daylighting, but not so difficalt to discourage them.
Participants were informed that they were takingrothe project from a colleague who had
already started working on the design. They weggiired to keep the original massing model
that their colleague had designed (footprint, \mellghts, and interior walls). However, they were
allowed to change the fagade elements as necetsanget the daylighting goals. They were
allowed to choose the size and placement of winddvestypes of glass used, and the types, size,
and placement of shading devices. The two facaud®swere considered were those oriented
towards South and East.
The library space has three main areas: a doulddthmain study area, which should receive
abundant light; a smaller study area that overldbksmain study area, which should receive an
adequate amount of light; a rare book room, in Wwhight must be carefully controlled. In each
area, an illuminance sensor plane was modeled i plane height. The original design and the
location of sensors within the space are showngnrg 8. Participants were told that, based on
the client’'s description of the space, their firadhdecided that the specific daylighting goals
they should work towards were:
e Main Study Space: min 500 lux is desired, down@0 Hix is acceptable; no max.
e Small Study Space: min 200 lux is desired, dowr® tlux is acceptable; max 800 lux is
desired, up to 1000 lux is acceptable.

* Rare Book Room: no min; max 200 lux is desiredtas00 lux is acceptable.



Figure 8. Library massing model with (a) South aBdst example facades and (b) three
considered areas

Participants were told that if the illuminance & entire area of a sensor plane falls within the
desired range during all daylit times of the yehe performance of that sensor would be 100%.
Participants were also provided the average pegoos of each sensor in the example design:
e Main Study Space: 80%

* Small Study Space: 65%

* Rare Book Room: 70%

* Average of All Spaces: 72%

Finally, the participants were informed that theerd had requested a certain aesthetic which
must be maintained. The following design rules wgven:

* Windows must be rectangular or square.

* Glass may be transparent or translucent.

* Glass may not be tinted with color.

» Shading devices must be opaque, and must be \teatibarizontal.

» Both vertical and horizontal shading devices mayded on the same window.

* No advanced systems, such as light-redirectinggponsive systems, may be used.



» Itis up to the designer to determine if a unifdagade aesthetic should be maintained.

» The design should achieve the daylighting goalsadsal satisfy the designer.

d) Procedure for Modeling Designs

For this study, it was necessary to determine #rdopmance of models from all three design

sessions, including those which the participantagleted by hand.

Following each participant's study session, thén@ast constructed SketchUp models of the

participant's initial and final designs and caltedathe performance on all sensor planes using
the LightSolve Viewer (LSV), that was specificalijeveloped as an interactive daylight

rendering engine [22].

The dimensions and locations of windows and shadiygces on each facade were modeled
based on the template sheet drawings. An exampiplé¢e sheet and the corresponding

SketchUp model are shown in Figures 9 and 10, otispéy.

FACADE DESIGN TEMPLATE - ELEVATIONS
Please draw windows and shading devices on each elevation. Please draw shading devices on each plan view.
Please label each window with a letter.
Scale !:“h ft

East Facade Elevation

Bl TR

East Facade Plan View (For Shading Devices)

Figure .9 Example template sheet with facades drawn

For glazing types, participants were allowed tocghene option in each of two categories,

“View” and “Amount of Light Let In” as described losv:

* View: transparent (all specular transmittance)yshacent/frosty (equal specular and diffuse
transmittance), opalescent (diffuse only).

* Amount of Light Let In: most (e.g. single-glazeeéat, 1 = 80%), intermediate (e.g. double-

glazed low-e1 = 60%), least (e.g. neutral tint= 40%).



If a participant selected “translucent/frosty” dinttermediate” for instance, the glazing would be

modeled as 30% specular transmissivity and 30%skftransmissivity.

Figure 10. SketchUp model based on facade drawings

4.2 Results

a) Performance of Designs

To determine how closely each design model achi¢hedprescribed goals during each of the
three design sessions, daylighting performance esisnated as follows: performance was
calculated as th@ercentageof the totalarea of each sensor plane (where illuminance was
calculated based on LSV renderings) fallwghin the desired goal range, averaged over the
whole year (single value). A design which met alblg would be one for which this average
value would equal 100% though the authors wereaht# to create a design solution that would
reach this theoretical limit (98% was the maximuenfgrmance achieved).

Performances for designs produced during eacheothiree design sessions are shown for all
twelve participants in Figure 11. Throughout thedgt each participant also had access to an
example design and its performance; for referetiwe,performance of this example design is
indicated in Figure 11 as a dashed line. The redqdve been ordered from least successful to
most successful in terms of average whole-yearopadnce across all three illuminance goals
for the first design session. A t-test has beelieg to the dataset for indicative purposes only,
given the small population size: it revealed thatperformance outcomes of Session 1 seemed to
be statistically different from the outcomes of tb@ession 2 (p=0.03) or Session 3 (p=0.05)

whereas outcomes of Sessions 2 and 3 were ndattistaty different (p=0.17).
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Figure 11. Performance of all produced designs feple design performance shown as dashed
line)

During the first session, participants were askedamplete the design problem by hand, using
only their intuition. The mean performance of thnelve designs produced during the first
session was 73.9%, which is close to the performarfcthe example design shown to each
participant (71.9%). Six participants produced gesithat performed at least 10% above the
example, three participants produced designs tdibqmed similarly to the example, and three
participants produced designs that performed wedtils the example.

During the second design session, participants wsked to use the expert system for a fixed
amount of time, starting with the example modehvétperformance of 71.9%. In general, most
participants were able to make four design iteratiduring the allotted time (one participant was
able to make five iterations and one was only ablemake three iterations). The mean
performance of the designs produced during thisisesvas 87.6%, and the performances of all
twelve final designs were higher than that of tlkameple model, which indicates that every
participant was able to improve the performancthefstarting model by using the expert system.
Additionally, eleven out of twelve designs were noyed by 10% or more; the design which saw
the smallest improvement was created by the ppaintiwho was only able to complete three
design iterations during the session.

The result that every participant was able to fantbetter performing design than the starting
model in session #2 is important because it dematest that the expert system can improve the
performance of designs even when the participantque sets of design choices were introduced
into the process. Although participants only hadhart amount of time to interact with the
system, and although participants were not spatlifyidold to choose design changes which

improved performance, the expert system was alfiadaggood solutions nevertheless.



It is also interesting to note that each participaade a unique set of design decisions and that
while the final performances of some models wemglar, no two participants ended up with the
same final design. One result that is evident ffogure 14 below is that the set of performances
of the designs found by the expert system was moiferm than those designed strictly by the
participants during the first session. Using th@esk system, those participants who struggled
during the first session were able to find desigrisch performed similarly to the designs
generated by those who were successful in the dession. Additionally, 9 out of 12 of the
second session designs outperformed the desigatedrby the same participant during the first
session.

During the final design session, participants wesked to revisit the same problem for a third
time and to draw their final design by hand, ageimg only their intuition. Participants were not
restricted and were allowed to draw inspirationnfreither or both of the first two design
sessions. They could also completely start ovetedired. It was the hope of the authors that
during the final session participants would combineir initial design with elements from the
expert system design to create a better perforfimadydesign.

The mean performance of the final twelve designs 829%, which was 9.0% higher than the
mean performance of the initial set of designs.difnally, nine out of twelve designers were
able to produce final designs which performed tmaes or better than their initial designs. This
improvement was particularly evident for those gesrs who had the least performing designs
from the first session. These results are intergdtecause participants completed both the first
and third sessions by hand, with no performancelfaek. During the second session,
participants did not work with their own initial sign, but instead with an example design that
may have had little in common aesthetically witkitrown initial design. This result indicates
that the process of using the expert system, evdnavgeneric example instead of their own
design, was able to improve the intuition of sonfetlee designers about ways in which
performance could be increased.

As far as the comparison of results between ppdits with varying levels of daylighting
expertise goes, one initial hypothesis was thatiggants with little to no previous daylighting
experience would benefit more from the processsafgithe expert system than participants who
had more substantial previous experience workinip waylighting. The results of this study

instead indicate that those who benefited the rfrost the process of using the expert system



were those who produced the least successful lidi¢isigns, and that these participants did not
necessarily consider themselves inexperienced ekimgpwith daylighting.

Based on the performance of their initial desigihg participants can be divided into three
general groups: Group A consists of three partrdgpavhose initial designs performed worse
(more than 20% lower) than the example design, @mwonsists of three participants whose
initial designs performed about the same as thenpbka(within 3.5%), and Group C consists of
six participants whose initial designs performettdyethan the example by 10% or higher. The

performances of each of the three groups are siowigure 12.

100%

75%

25%

0% e
Group A Group B Group C

[T Session 1 Mean [ Session 2 Mean Il Session 3 Mean - - - - Original Design Performance

Figure 12 Mean performance for groups A, B, and C

Figure 12 shows clearly that the greatest benkita using the expert system occurred for those
in Group A, the participants whose initial desigresformed the least successfully. These results
are intuitive as there was more room for improvemiérparticipants began with a lower
performing design than if they began with a highfqpening design. However, these results also
demonstrate that the expert system allowed thogeipants who produced the weakest initial
designs to ultimately produce designs whose pedaoa approached those developed by the
more successful designers. While the differenceéan performance between Groups A and C
was close to 40% for the initial designs, the psscef using the expert system reduced this
difference to only 10% for the final designs.

Additionally, the results show that the mean pemiance of the Group A final designs was about
the same as the mean performance of the Group tBlidiesigns, and likewise, the mean
performance of the Group B final designs was altoeitsame as the mean performance of the

Group C initial designs. Such results indicate thatprocess of working with the expert system



between the first and third design sessions effelgtiallowed participants in the lower two

groups to “move up” one group.

It is interesting to note that Groups A and B eadnmsisted of one self-rated novice, one
intermediate and one experienced daylighter. Gr@upconsisted of three novices, one
intermediate, and 2 experienced daylighters. Fr glrticular study, the self-rated experience

level of each participant had little to no corredatwith his/her initial design’ performance.

b) Qualitative Results

In addition to quantitative results based on despgmformance, the user study produced
qualitative results, based primarily on the pap@eits' responses on the final questionnaire
(provided in the appendix) and observed behavigoasficipants during the study. This section
includes these qualitative results as well as ef lamalysis of the influence of the expert system
on the aesthetics of each participant's final desig

To assess how the expert system might influencegmeshe first 2 questions on the final
questionnaire asked the participants how theydetiut their final design as compared to their
first design, when they considered performance aesthetics. These two questions were
designed to help determine how the process of ubm@xpert system during the second design
session influenced each participant's final desidgre participants’ responses to these questions
are shown in Figure 13a. Each participant was atd@d directly if the process of using the
expert system influenced his or her final desiggyfe 13b).

From Figure 13b, one can note that eleven out efttfelve participants felt that they were at
least somewhat influenced by the process of udiagekpert system, and that four participants
were greatly influenced. Figure 13a indicates thlmageneral, the participants felt that their final
designs performed better or the same as theialirésigns, but that the aesthetics of their final
designs were the same or worse than their iniBalghs. These responses indicate that in many
cases, the expert system may have influenced thignes to sacrifice aesthetics in some way
for performance, despite the fact that they wele tluring each design session that they were

supposed to try to meet the daylighting goals arghtisfy themselves as a designer.



When compared to my initial design, my final design is...

B
O Aesthetics
W Performance

Number of Participant Replies

f, i

a Much better Somewhat  About the same  Somewhat Much worse
better worse
Did using the expert system influence your final design?
8
> 6
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w
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2 2
b
0 -

Greatly Somewhat Not at all

Figure 13 Participants responses about final desiggarding aesthetics (a) and design impact

(b)

A visual examination of the designs produced bypidicipants over the course of the study also
makes apparent the influence of the expert systemh® final designs. In many cases, the final
design is aesthetically derivative of both the ipgrént’s initial design and the design produced
during the expert system session. Two exampledasetsch designs are shown in Figure 14. In
both sets, the participant combined elements frasnoh her original with elements from the

expert system design to create a final design.

Participant C

Session 1 Design Session 2 Design Session 3 Design

Participant D

Session 1 Design Session 2 Design Session 3 Design

Figure 14 Two sets of designs from all three s@ssio



In terms of educational value, it was shown usingmitative data (see above) that the process of
using the expert system helped many of the paantgpimprove their designs, particularly those
whose initial design did not perform successfugrticipants were also asked two questions on
the final questionnaire about the educational valuesing the expert system: first, whether they
thought that they learned something new which kelfeem approach the specific design
problem, and second, whether they thought that ldeayned something new about daylighting in
general. The responses to these questions are shdwgure 15.

The majority of participants responded that theyrled a “small amount” about both the specific
design problem and about daylighting in genergdpsitive result. That they learned a “small”
rather than a “large” amount may be partially dodaving only a limited amount of time (40
min) to work with the tool, or to not having offer@ more moderate option (like “fair amount”
e.g.). It is interesting to note that although tparticipants claimed that they did not learn
anything new about the design problem by usingetkgert system, these 2 participants were
those who saw the highest improvement between thiial and final designs (30.2% and
34.4%).

Did you learn something new?

Number of Participant Replies

. O [.

Large amount Small amount No

O About the specific design problem B About daylighting in general ‘

Figure 15 Participants responses on educationaleal

In terms of assessing how the expert system camsbd to support design, participants were
asked two questions on the final questionnairestp Hetermine whether they were satisfied with
the expert system as a design tool: first, whethey would consider using the expert system
again for a studio project, and second, whether wauld consider using the expert system again
for a professional design project. The participargsponses to these questions are shown in

Figure 16.



For both studio and professional projects, abouottiwrds of the participants responded that they
would consider using the expert system. Given thmétdd amount of time and control that
participants had in using the expert system duttegstudy, this is a positive result. There were
no participants who responded that they would ‘fdtfiy not” use the tool for a future project,
and only two participants replied that they wouptdbably not” use the tool for a professional
project. In general, the responses to these guesti@icated mostly positive reception of the

expert system.

Would you use the expert system again?
4

3 -

Number of Participant Replies
N

Definitely Probably Undecided Probably Not  Definitely Not

O Studio Project W Professional Project ‘

Figure 16 Participants responses on using the syste

5 Conclusions

This paper discusses a new approach in dayligisiimglation named Lightsolve from the user
perspective. The main innovations are pointed adtlaought together in a holistic overview of
the project, that shows Lightsolve’s potential ascamplementary method to daylighting
performance evaluation: instead of summarizing tand emphasizing spatial light distribution,
it offers a way to evaluate broader areas in aespdath an emphasis on how this performance
varies over the seasons and time of day.

Several user studies were initially conducted teess its adequacy as a design support tool.
These pilot studies revealed that Lightsolve’s dmed color-scale and temporal maps were
both very intuitive representations of performantige main challenge is that they require users
to make performance goals explicit, an unusualaserfor designers despite the fact that the
evaluation of analysis outcomes is in essence avwne against some kind of objectives
(whether formulated or not). The studies, howeWarther confirmed that Lightsolve’'s time-

varied, comprehensive goal-based metrics had #isegmt potential for interactivity in the early



stages of design and could be powerful complemintie more traditional spatial grids and
annual summaries.

As its core focus, the paper presents an evaluatighe expert system on one hand as a user-
interactive method for performance-driven explanatand on the other hand as a design tool,
based on the results of an iterative user studyolmat proved to be very appropriate to analyze
an expert system’s impact on the design procesen@the user study, twelve designers were
asked to solve a design problem with multiple dgying goals (set for them to allow
comparisons), first using their own intuition, asetond, using the expert system. The designers
were then asked to solve the design problem a third, again using their own intuition. This
study procedure was developed to discover if theegxsystem had positively influenced the
performance and aesthetics of the final designs;oagpared to the initial designs. The study
participants were also asked to fill out a questsre that allowed them to assess their own
designs and their experience using the expertrsyste

The results of the user study were generally pasand indicate that many of the major goals of
the expert system as a user-interactive tool wee¢ @ne important result was that every
participant was able to find a design with improyeformance during his or her session with
the expert system, independently of his or her-reg¢éid daylighting expertise (which had —
surprisingly — no correlation with the actual penfiance of the proposed designs). While the [16]
paper verified that the expert system could sudckgsvork towards improved designs in the
absence of a human user (similarly to traditionmlmization like Genetic Algorithms e.g., as in
[11]), this paper demonstrated that the expertesystalgorithm is also successful when human
input is included in the process.

Another important result of the user study was thahy of the participants were positively
influenced by the process of using the expert syshMost participants also seem to have learned
something about the specific design problem, whilkbwed them to intuitively develop better
performing designs after they had interacted witheéxpert system. These results were supported
by both the data and by participant response. Al fimportant result is that the majority of the
participants responded that they would use the rexgystem again for a studio or professional
design project.

One possible limitation of the user study is therslamount of time that each participant was

able to spend designing and interacting with thpeexsystem. Because the sessions were



restricted to a maximum of two hours, the desigmaesyy not have been able to respond as
creatively as they may have been with more timembmy design situations, the designer is
allowed to assess and redesign many times beftaetiag a final design. On the other hand, the
fact that annual renderings could not be gener&edime-efficiency reasons was another
limitation imposed by this exercise, even thouglghtsolve, as a tool, actually makes their
simultaneous visualization with performance a [yor(see Fig. 2): qualitative aesthetic
considerations of course play a key role in drivoiggisions regarding daylighting in more
realistic design contexts. Therefore, some of tekalior observed during the study may not
have been indicative of how participants would haeted in a less formal and less time-
constrained environment. Additionally, the numbérparticipants involved in the study was
relatively small. Nevertheless, the study was &blerovide a glimpse at the nature of the human
design process and how human designers might régpantool such as the expert system.

An unexpected outcome of the study was that no peadicipants used the expert system in
exactly the same way, i.e. all participants madi=@dint sets of decisions. One consequence of
this behavior was that the final design found bgheparticipant was unique. This result was
somewhat surprising because the authors assumedaime of the novice users might use the
expert system as an optimization method rather #saa design tool by choosing only the first
design suggestion given at each step and by ala@epting the best performing option. Instead,
however, it was found that all participants hadrmstr opinions of their own about which design
changes to try and about how their final designugh@ok. This type of behavior supports the
idea that many designers would not readily acceggsagn solution generated by a “black box”
algorithm. Instead, the highly interactive natuféh® expert system allowed each participant to
remain actively involved in the expert system degigocess by retaining control over design
decisions. It is the belief of the authors that pagticipants’ mostly positive receptions to the

expert system were due to the interactive natutheo&xpert system tool.

The ultimate aim of a simulation platform like Ligblve is to allow a user to address and
evaluate the numerous goals and constraints ofnglex design scenario without negatively
overwhelming him or her. In the proposed approaiten that the designer is not passively
observing the production of a set of solutions isudctively involved in their generation, (s)he

has the opportunity to gain a better understandingow daylighting performance relates to



design decisions and environmental factors, and bome decisions have more pronounced

effects than others already at early design stages.

The positive feedback received during the expestesy user study encourages the authors to
pursue this development effort into a tool thatldobe used more broadly [34]. Such an
interactive platform could empower the designervat computational framework that builds
upon his or her own intuition and experience —tthe most cited factors in driving the design

process for daylighting performance [5,35] — anddoee an asset in the architect’s toolset.
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Appendix: Final Questionnaire administered for theiterative user study

1. Given the aesthetic constraints, when comparedytfirst design, | feel that my final design is...
___Much more aesthetically pleasing

___Somewhat more aesthetically pleasing

___About the same

___Somewhat less aesthetically pleasing

___Much less aesthetically pleasing

Comments:

2. Given the daylighting goals, when compared tdfinsy design, | feel that my final design performs
___Much better

___Somewhat better

___About the same

___Somewhat worse

___Much worse

Comments:

3. | feel that the process of using the expertesyst.
__ Greatly influenced my final design
___Somewhat influenced my final design

___Did not influence my final design

Comments:

4. Do you feel that by using the expert system, lgamned something new which helped you approagh th



design problem?

___Yes, | learned a large amount.
___Yes, | learned a small amount.
___No, I did not learn anything new.
Comments:

5. Do you feel that by using the expert system, lgamned something new about daylighting in gefferal
___Yes, | learned a large amount.

___Yes, | learned a small amount.

__No, I did not learn anything new.

Comments:

6. Would you consider using the expert system ftudio project? Please explain your answer.
___ Definitely

___Probably

___Undecided

___Probably not

___Definitely not

Please explain:

7. Would you consider using the expert system farodessional project? Please explain your answer.
___ Definitely

___Probably

___Undecided

___Probably not

___Definitely not

Please explain:

8. What did you like about the expert system?
9. What did you dislike about the expert system?

10. Any additional comments?
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Figure captions

Figure 1: Reading Lightsolve Temporal Maps — a)dCdcale b) Correlation of time/day with
performance (color) and c) with lighting distribati (renderings).

Figure 2: Lightsolve analysis interface — a) Tinmeeted display of performance interactively
linked to renderings of the space b) Annual Imageg Ighowing all renderings over time.

Figure 3: Condensing annual data. Museum case s#)dysed to compare the 56 time period
reduction method with sun overlay b) against Day@hadow casting mode) c).

Figure 4: Lightsolve Metrics — (a) Acceptable llltmance Extent (AIE) credit system (b) Glare
Avoidance Extent (GAE) derived from DGP and basedmindow luminance and radiosity
model (c) Solar Heat Surplus/Scarcity (SHS) basedomling/heating daily totals.

Figure 5: Lightsolve Expert System interface (\ftlConsultant) — — (a) Guided search
interface and (b) Iteration process.

Fig 6: Typical presentation format used to compavailable temporal (a) and spatial (b) data.

Figure 7: Survey results: Scenario A is the origimadel spatial data, B is the improved model
temporal data, C is the improved model spatial datad D is the original model temporal data.

Figure 8. Library massing model with (a) South aBdst example facades and (b) three
considered areas

Figure .9 Example template sheet with facades drawn
Figure 10. SketchUp model based on facade drawings

Figure 11. Performance of all produced designs fepke design performance shown as dashed
line)

Figure 12 Mean performance for groups A, B, and C

Figure 13 Participants responses about final degiggarding aesthetics (a) and design impact

(b)
Figure 14 Two sets of designs from all three s@essio
Figure 15 Participants responses on educationabeal

Figure 16 Participants responses on using the syste



