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Abstract: In response to sustainable development goals, the architectural industry aims to decrease
the high proportion of emissions and energy use in the construction sector. Therefore, the design
method of building performance optimization (BPO) has been advocated in recent studies as a method
for accomplishing high-performance building design. However, BPO remains difficult to implement
in practice due to the lack of a definite process and supporting tools for architects/designers in the
early design process. The purpose of this paper is to propose a BPO framework and integrated
design decision support (DDS) interface to provide a visual and science-based analysis and assist
designers working with high-performance building façade designs. The framework and DDS tool
are then tested by designers through a practice design of the headquarters façade. All the designers
started and implemented the facade optimization design in a short training session, although they
reported that the developed support tools still needed to be improved in terms of also integrating
optimization tools. The characteristics of the user interface help considerably with comparing and
making decisions in optimal solutions. The results emphasize the importance of developing design
support tools for practical adoption from practical designers’ perspectives.

Keywords: building performance optimization; design decision support; user interface; daylight
simulation; view analysis; glare analysis

1. Introduction

In recent years, climate change and the energy crisis have become one of the biggest
challenges for mankind and have also begun to force fundamental changes in the human
lifestyle. In 2015, the United Nations issued the 2030 Agenda for Sustainable Development,
including 17 Sustainable Development Goals (SDGs), as a universal call to action to end
poverty and protect the planet [1]. SDGs cover the three major aspects of economic growth,
social progress, and environmental protection; based on this, various corporate depart-
ments began attaching importance to their social corporate responsibilities and responding
to these SDGs. In line with this, the Sustainable Development Goal Business Index (SDGBI)
was published by the Association for Supporting SDGs of the United Nations (ASD) and en-
couraged enterprises to create concrete strategies for achieving the SDGs [2,3]. According to
the United Nations Environment Programme (UNEP) report, the construction industry has
the greatest potential and significant cost-effectiveness with regard to reducing emissions;
however, the construction sector still accounts for a significant 39% of total energy-related
CO2 emissions and 36% of final energy use [4]. Due to the extremely important impact, it
has on the environment and human sustainability, the field of architectural design must
assume its social responsibility to achieve sustainable design solutions that integrate energy
efficiency, comfort, and health. We believe that designers actively face these challenges
when designing future buildings.

With the development of parametric modeling, modern building facades have more
possibilities for complex geometric shapes and forms. These facade designs not only
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represent the appearance of the office or public building but also significantly affect energy
usage, daylight environment, internal vision, and even occupants’ health throughout the
entire building [5–9]. The integrated analysis of building performance simulation (BPS)
through parametric software can quantify the physical environment, structure, system
equipment, etc. of the building. Designers can conduct environmental assessments and
make decisions based on the results. According to the statistics of Directory of Energy
Software Tools for Buildings (BESTD) in 2010, there are more than 350 building energy
simulation tools. BPS is used to accurately calculate a hypothetical or existing building’s
performance, such as energy, daylight, acoustics, Heating, Ventilation, Air Conditioning
(HVAC) systems, indoor air quality, costs, etc. Regarding the design process and BPS,
Morbitzer (2003) proposed issues at various stages in the design process, as well as problems
that designers may have in Table 1 [10].

Table 1. Problems of performing BPS in the design stages [10].

Design Stages Design Aspects Model Creation Performance
Prediction Analysis

Program of
Requirements/Outline

orientation,
heavy/light

buildings, space
usage,

heat recovery
systems, etc.

typical users
identified (architects)
find it difficult to use
advanced building

simulation

performance
prediction difficult for

architects

Preliminary/Scheme
design

glazing area/type,
air change rate,

lighting strategy

does not cause major
difficulties to

simulation expert but
time consuming

important to have
in-depth

understanding of
reasons behind

building performance

Final/Detailed
design

Different
heating/cooling

systems;
different

heating/cooling
control strategies;

different ventilation
strategies

more challenging
than scheme design,

but possible for
simulation expert

depending on
simulation study

ranges from easy to
complex, tedious and

time consuming

Recently, with the advancement of computing tools, many researchers have studied
building performance optimization (BPO) and have been committed to enhancing the form
and performance of buildings by using environmental simulation tools and optimization
algorithms. For example, Gadelhak (2019) developed a simplified framework and design
support tools to aid designers in the multidimensional optimization of building facades,
where environmental performance measures are enhanced by incrementally improving
façade design using multi-objective optimizations [9]. Ouf et al. (2019) used genetic algo-
rithms to optimize ten façade-related design parameters of a private office building facing
south. The annual energy consumption was used as the objective function, and the latest
technology of the standard user model and the random user model were used to set up the
simulation [11]. Pilechiha et al. (2020) proposed an approach for quantifying Quality of
View in office buildings, balancing energy performance and daylighting, thus enabling an
optimization framework for office window design [12]. Ochoa et al. (2012) discussed the
obvious contradiction of window size between low energy consumption and visual comfort
and then adopted an optimization method to determine the window size to obtain a solution
that meets both energy and visual requirements [13]. Vanhoutteghem et al. (2015) evaluated
the impact of window design variables on thermal performance, comfort, and daylighting
and found window solutions suitable for various room sizes [14]. Fang et al. (2019) dis-
cussed simple building geometry and the size and configuration of windows and skylights
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in order to achieve multiple target designs for energy and daylighting performance [15].
Yi (2019) proposed a method for integrating the two different properties of quality and
quantity into a measurable goal. The proposed method provides a building facade that
meets daylighting performance and, most importantly, allows for the consideration of
users’ aesthetic feelings and the matching of their design preferences [16]. Chen et al. (2017)
took the cooling system as a design variable in the early design stage and discussed it with
the building geometry and structure of the building envelope. The results show that the
process can provide recommendations for design in the early stages [17]. Zhang et al. (2020)
selected parameters related to spatial form and building envelope for optimization and
take the cooling and heating load as the optimization object. Turn out that this method can
effectively reduce the energy consumption of residential buildings [18].

BPO can significantly improve building performance [19]. Despite the great potential
for high-performance building design, as well as that most of the previous tools and
pictures have been found helpful in previous studies, BPO is still largely a research tool
and is very challenging to use in design practice [19,20]. The main obstacles include a lack
of an appropriate process, such resources such as time and expertise, and requirements
for clearly defined issues (e.g., constraints, objective function, and finite list of design
options) [21]. As Touloupaki (2017) mentioned that efforts need to be made to improve
time feasibility, gains in performance, and cost for the whole process to be meaningful
enough to justify the effort involved. Getting started with BPO in the design process is
not easy for inexperienced users or designers [22]. Lin et al. (2021) also indicated that
methods, algorithms, and tools to support the BPO process in the early design stage are
still lacking [19]. If the shift can be made to better and easier-to-use software tools for BPS,
design processes will get more efficient as well as the product of these processes [23,24].
Furthermore, the results of optimization are not easy to analyze; in particular, when
multiple goals are targeted, it becomes more difficult to analyze and understand the trade-
offs between multiple goals [21]. However, Evins (2013) pointed out that there is clear
growth in the popularity of optimization for sustainable building design, and of multi-
objective optimization in particular [25]. Therefore, developing simplified early design
decision support tools (DDS) is vital to assist designers in realizing BPO and helping them
with alternative selection and visualization. Since the 1980s, with the evolution of computer
technology, many researchers have begun to study multi-purpose optimization. Through
various optimization algorithms, find the optimal solution to the Pareto Front in a limited
time. For example, MOGA, SPEA, PAES, VEGA, NSGA-II, etc., among which NSGA-II [26]
and SPEA-II [27] are more common methods in the architectural study. Both algorithms
apply nondominated sorting to search for Pareto optimal solutions among all solutions.
Eliminating similar schemes on Pareto Front to make solutions more evenly distributed
on Pareto Front [28]. There have been many studies on building facade or space design
based on parametric design and optimization, and the results all show that optimization
can effectively carry out complex architectural design. The studies in Table 2 showed up
the simulation-based workflow helps to make generative modeling informed by powerful
simulation engines more accessible to ordinary designers working on regular projects
and schedules.

The main objective of this manuscript is to develop a BPO framework for high-
performance facade design based on multiple objectives to help designers evaluate com-
prehensive environmental performance and optimize building exterior walls in the early
design stage. The proposed framework is also integrated with a design decision support
tool (UI: User Interface) to enable designers to effectively implement BPO and make pro-
gram decisions using the tool. Then, several designers were given simple education and
training and asked to use the tool to optimize the design of the parametric facade of a
corporate headquarters. few collected feedback and suggestions from participants to verify
the effectiveness of the BPO framework and the supporting tools.
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Table 2. Research on the combination of parametric design and optimization.

Reference Evaluation Object Software Conclusion

[29] Daylighting,
Energy

• Modeling and parametric interface:
Rhino-Grasshopper

• Simulation: DIVA,
• Optimization: Octopus (SPEA-II, HypE)

• The PPOF is capable of generating
design solutions that outperform an
ASHRAE 90.1-compliant reference
building of equal floor area.

[30] Daylighting,
Energy

• Modeling and parametric interface:
Rhino-Grasshopper

• Simulation: Energy plus, Diva Python
• Optimization: NSGA-II

• While the proposed optimization is
useful for supporting the design of
envelope and cooling system, prior
knowledge of cooling systems is
required for its application in the design
process.

[16] Daylighting,

• Modeling and parametric interface:
Rhino-Grasshopper

• Simulation: Not mentioned
• Optimization: NSGA-II

• Proposes a design process that can
satisfy two different types of building
performance, that is, the qualitative and
quantitative performances of the
building.

[31] Energy,
Thermal comfort

• Modeling and parametric interface: Not
mentioned

• Simulation: Energy plus
• Optimization: modeFRONTIER
• (NSGA-II/MOPSO/MOSA/ES)

• The best design solution was obtained
by NSGA-II.

• The BPO technique works effectively
for complex building design problems
by integrating with ANN modeling and
choosing an appropriate optimization
algorithm.

[32] Energy,
Thermal comfort

• Modeling and parametric interface:
Revit, Dynamo

• Simulation: Machine learning
• Optimization: Optimo (NSGA-II)

• The GLSSVM-NSGAII model is very
efficient for multi-objective
optimization in reducing building
energy consumption and enhancing
interior thermal comfort.

[33] Daylighting,
Energy

• Modeling and parametric interface:
Rhino-Grasshopper

• Simulation: Diva for Rhino
• Optimization: Not mentioned

• Rotational motion could perform well
around the year as evinced by
daylighting simulations as they helped
block all the sunrays all the time.

• Providing a toolkit for designers to
apply and evaluate kinetic motions for
effective daylight control in the early
design stage.

[34] Daylighting,
Energy

• Modeling and parametric interface:
Rhino-Grasshopper

• Simulation: Radiance, EnergyPlus
• Optimization: Galapagos

• The evolutionary algorithms are slow,
especially when complicated set-ups
requiring a long time to solve a single
iteration come into play.

• Proposes the use of a single metric, SED,
as a benchmark to evaluate the dual
performance (daylighting plus energy)
of PS used in office buildings.

[35]
Thermal comfort,
Visual comfort,
Energy

• Modeling and parametric interface:
Rhino-Grasshopper

• Simulation: Radiance, EnergyPlus
• Optimization: Python-Geatpy,

TensorFlow (NSGA-II)

• The goal of reducing building energy
demand and improving indoor comfort
can be achieved by optimizing building
design.

• After optimization, compared to the
reference solutions, the objectives of the
integrated solutions in the three cases
have been improved by 24.6%, 18.7%
and 14.2% on average.
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Table 2. Cont.

Reference Evaluation Object Software Conclusion

[36]
Daylighting,
Visual comfort,
Energy

• Modeling and parametric interface:
Rhino-Grasshopper

• Simulation: Ladtbug, EnergyPlus
• Optimization: Python (NSGA-II)

• Both the design and operational
systems of such facades should be
evaluated by building performance
simulations at design stages.

[37]
Daylighting,
Visual comfort,
Energy

• Modeling and parametric interface:
Rhino-Grasshopper

• Simulation: ClimateStudio for
Grasshopper

• Optimization: Python (sensitivity and
correlation analysis)

• The best design solutions, which were
not affected by the changes in DMs’
viewpoints, identified both generalized
improvements and drawbacks
compared to the objective mean values.

2. Methodology
2.1. The BPO Framework

Although there is various professional BPS software to assist architectural design, there
are still many problems with application. As stated by Hermund (2011), although there is a
lot of BPS software that can be used as both a design tool and a simulation tool, for easy
use and diverse geometric designs, designers prefer to use professional design software
(e.g., ArchiCad, Sketchup, Revit, Rhino, etc.) [38]. In addition, parametric modeling
that integrates design software and simulation software has been developed in recent
years. Convert geometric elements (e.g., sun visor shapes, etc.) or definitions (e.g., material
properties, etc.) in the building model into parameters controlled by functions. By adjusting
the parameters or functions to generate different 3D models, designers can independently
complete a building simulation analysis. Such as Grasshopper, Dynamo, Generative
Components, etc., connect the geometric model and the simulation model. Dynamic
analysis makes the design and simulation process smoother. Grasshopper is a visual
programming language and user interface that runs in Rhinoceros 3D. Can be combined
with open-source modules such as Ladybug, Honeybee, Butterfly, and other different
simulation tools, enabling designers to simulate climate analysis, thermal comfort, sunlight,
indoor and outdoor wind fields, energy, etc. [39]. Grasshopper can also be programmed on
purpose for simulation analysis projects and visualization of simulation results.

This manuscript mainly focuses on building facade design, which is closely related to
such building performance elements as user comfort and environmental impact. According
to previous literature, daylighting, solar radiation, visual comfort, and occupants’ vision are
considered the facade performance metrics for the development of the BPO framework. The
proposed BPO framework is shown in Figure 1 and includes five main parts: modeling, pa-
rameter setting, performance simulation, objective function calculation, and multi-objective
optimization. To integrate different performance simulations, the framework was built in
Grasshopper [40], a visual programming language and environment that runs within the
Rhinoceros 3D computer-aided design (CAD) application and features many developed
analysis components.

In order to consider the multiple performance indicators mentioned above, in this
manuscript, we used Wallacei to perform multi-purpose optimization [41]. Wallacei uses
NSGA-II as the optimization algorithm and provides Pareto Fronts solution results.
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2.1.1. Daylighting Analysis

Natural light has a great influence on the health, mood, and behavior of the occupants.
A bright, glare-free daylight environment has positive effects on the comfort and produc-
tivity of occupants. The maximized utilization of natural lighting can also reduce the use
of indoor lighting equipment in buildings and save energy consumption. The dynamic
daylight performance indicators spatial Daylight Autonomy (sDA) and Annual Sunlight
Exposure (ASE) are adopted in BPO workflow. Spatial Daylight Autonomy (%) is defined
with the following equation:

sDA300lux/50% =
∑j S(j)

∑j pj
, S(j) =

{
1, i f DAj ≥ 50%
0, i f DAj < 50%

(1)

where pj is a given point on analysis surface, and S(j) determines the spatial daylight credit
of the given point, which depends on the evaluation of DA at the given point (DAj) and
the set threshold of the occupied time percentage (set at 50% in this study).

The calculation of DA at the given point is shown in Equation (2):

DA300lux =
∑i(ωi × ti)

∑i ti
, ωi =

{
1, i f EDaylight ≥ 300lux
0, i f EDaylight < 300lux

(2)

where ti is a given time in the analysis period, and ωi determines the timely daylight credit
of the given time, which is based on the evaluation of illuminance value at the given time
(EDaylight) and the set illuminance threshold (set as 300 lux in this study).
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The calculation of ASE at the given point is shown in Equation (3):

ASE1000lux/250hours =
∑j A(j)

∑j pj
, A(j) =

{
1, i f ASEhrj ≥ 250 hours
0, i f ASEhrj < 250 hours

(3)

where A(j) determines the sunlight exposure credit of the given point, which depends
on the evaluation of ASEhr at the given point (ASEhrj) and the set threshold of occupied
hours (set as 250 h in this study).

We evaluated the sDA and ASE using the daylight simulation tool DIVA for Rhino, a
validated and Radiance and DAYSIM-based simulation tool [42]. In terms of optimization,
the objective functions of daylight were set to maximize the performance of sDA and
minimize the value of ASE.

2.1.2. Solar Radiation Analysis

Minimizing energy use is the primary goal of most high-performance buildings and
has often been used as a performance index for optimizing buildings in past studies.
Building energy simulation requires much data, such as zone division, materials and
constructions, equipment systems, and various schedule settings. Such detailed information
is difficult to obtain in the early design stage, and the simulation setting is relatively
advanced and complicated for architects and designers. In situations where accurate
energy simulation results cannot be obtained, the alternative method is to analyze the
influence of the facade on indoor heat gain by evaluating the building’s solar radiation
performance. Therefore, we adopted solar radiation as a performance index for building
façade design in the proposed BPO framework. The performance of solar radiation is
separately discussed based on the cool season and the hot season. The solar radiation in
the framework was calculated through DIVA. When optimizing, the objective function was
to maximize the solar radiation in the cool season and minimize it in the hot season.

2.1.3. Glare Analysis

In terms of visual comfort, this manuscript adopted Daylight Glare Probability (DGP)
as a performance indicator of avoiding daylight glare. Proposed by Wienold and Christoffe-
sen in 2006, DGP considers the distance between the viewpoint and daylight source and the
view angle, similar to the evaluation concept of luminance. DGP represents the probability
of a person to be disturbed by glare and was developed from subjective user assess-
ment [43,44]. According to DGP classification by Wienold, the glare evaluation is divided
into four categories: intolerable glare (DGP > 45%), annoying glare (45% > DGP > 40%),
perceivable glare (40% > DGP > 35%), and imperceptible glare (DGP < 35%). Therefore, the
value of DGP at a given viewpoint in the objective function would be as small as possible.
We calculated the DGP in the framework by using DIVA.

2.1.4. View Analysis

The openness of vision from indoor to outdoor affects the comfort and production
efficiency of occupants [12]. When designing a façade and shading devices, many studies
considered view as one of the main objectives in their building design process [45–48]. To
evaluate openness of vision, this manuscript adopted the 3D Isovist method, which was
developed by the DeCodingSpaces team as an extension of principles for constructing
the 2D isovist [49] to the third dimension [50]. The named Isovist3D component in the
DeCodingSpaces tool was used to calculate vision performance. According to a given
preferred view, numerous rays were emitted from the observation point, and we analyzed
the ratio of the penetrating rays to the total rays. In the optimization process, the objective
function is to maximize the visual ratio.
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2.2. Design Decision Support Tool

Based on the BPO framework, this study then adopted Human UI, a plugin of UI
development tool in Grasshopper, to develop a design decision support tool (DDS tool) [51].
The miscellaneous setting and adjustment of performance simulation parameters in the BPO
framework were arranged in steps and established in a clear operation interface. Therefore,
designers without related skills would not have to struggle with complex Grasshopper
operations and can perform the BPO process in a more concise and friendly setting.

The BPO DDS tools developed by this research institute mainly include four kinds
of performance analysis (Daylighting, Solar Radiance, Glare, and View Analysis). Two
main parts in the DDS tool are developed in this manuscript, simulation and visualization.
According to different performance simulations, the two main UI are the Simulation Setting
UI and the Visualization Setting UI. In order to make the UI accepted and easy to use by
the participants in the test, this research initially designed the UI in Mandarin. It can be
programmed to any language according to needs in the future.

2.2.1. Simulation Setting UI

Figure 2 shows the simulation setting UI based on DGP performance. The setting
follows the following steps: the switch of simulation engine, connection to optimization
engine Wallacei, weather data selection, analysis file name, and simulation quality setting.

Furthermore, custom simulation settings that users can adjust to conform with their
design requirements, such as settings similar to viewpoint position and simulation time
in DGP simulation (Figure 3). As the figure shows, each setting contains instructions and
detailed remarks step by step.
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2.2.2. Visualization Setting UI

According to investigations of users, they emphasized the importance of analysis
visualization [21,24,52]. Describing a spatial performance in numbers is often considered
insufficiently specific and intuitive. Compared with numbers, architects and designers tend
to express or compare different alternatives with “visualized drawings”.

Figure 3 shows the visualization setting UI using Daylighting performance as an
example. This UI contains various custom visualization options, e.g., legend color, graphic
style, display mode, etc. Designers can display different daylight indicators (e.g., sDA/ASE)
or different optimal solutions at the same time to support their decision-making.

2.3. DDS Tool Testing

To test the practical feasibility of DDS Tools developed for multi-objective BPO, a
total of six designers participated in this test. All participants had experience in using
performance simulation software in the past but no experience in parametric modeling
or using optimized algorithms. The participants were introduced to the concept of opti-
mization and the BPO framework, and a series of training regarding using the proposed
tools and process was conducted. Each participant was then asked to select an enterprise
to design the building facade of the corporate headquarters. During the design process,
the environmental performance needs to be evaluated and design optimization achieved
through the proposed BPO framework and DDS tool. The information on participants and
their selected enterprises is shown in Table 3. This test was carried out on the desktop
configuration with an Intel(R) Core (TM) i5-8500 CPU @ 3.00 GHz and 8 GB RAM.

Table 3. The information of participants and their selected enterprises.

Participant Enterprise Product City Design Concept

A Din Tai Fung Chinese Food Taichung Mountain in ink
painting

B Agoda Hotel Booking
Service Kuala Lumpur Brand characters

C TAIYEN Drinking Water Hualien Ocean wave

D Spotify Music Streaming
Service Taipei Music rhythm

E Liv Female Bicycle Taichung Brand logo
F Lego Blocks Tainan Lego block

3. Results
3.1. Façade Optimization
3.1.1. Participant A

Participant A designed the corporate headquarters for a Chinese food enterprise. The
concept of the facade design was derived from the rolling mountains of an ink painting.
The façade is composed of rods, and the depth of the mountain is made through different
rod thicknesses. The edge of the mountain is established through two functions, as shown
in Figure 4.

In this design, Participant A primarily considered daylighting and solar radiation
performance and had four design optimization objectives: maximizing sDA, minimizing
ASE, maximizing average radiation in the cool season, and minimizing average radiation
in the hot season. A comparison of the radiation and daylight performance of different
optimal solutions is shown in Figure 5, while Figure 6 shows the final design results.



Buildings 2022, 12, 2116 11 of 16

Buildings 2022, 12, x FOR PEER REVIEW 11 of 17 
 

using optimized algorithms. The participants were introduced to the concept of 
optimization and the BPO framework, and a series of training regarding using the 
proposed tools and process was conducted. Each participant was then asked to select an 
enterprise to design the building facade of the corporate headquarters. During the design 
process, the environmental performance needs to be evaluated and design optimization 
achieved through the proposed BPO framework and DDS tool. The information on 
participants and their selected enterprises is shown in Table 3. This test was carried out 
on the desktop configuration with an Intel(R) Core (TM) i5-8500 CPU @ 3.00 GHz and 8 
GB RAM. 

Table 3. The information of participants and their selected enterprises. 

Participant Enterprise Product City Design Concept 

A Din Tai Fung Chinese Food Taichung Mountain in ink 
painting 

B Agoda Hotel Booking Service Kuala Lumpur Brand characters 
C TAIYEN Drinking Water Hualien Ocean wave 
D Spotify Music Streaming Service Taipei Music rhythm 
E Liv Female Bicycle Taichung Brand logo 
F Lego Blocks Tainan Lego block 

3. Results 
3.1. Façade Optimization 
3.1.1. Participant A 

Participant A designed the corporate headquarters for a Chinese food enterprise. The 
concept of the facade design was derived from the rolling mountains of an ink painting. 
The façade is composed of rods, and the depth of the mountain is made through different 
rod thicknesses. The edge of the mountain is established through two functions, as shown 
in Figure 4. 

 
Figure 4. The concept of façade design (Participant A). 

In this design, Participant A primarily considered daylighting and solar radiation 
performance and had four design optimization objectives: maximizing sDA, minimizing 
ASE, maximizing average radiation in the cool season, and minimizing average radiation 
in the hot season. A comparison of the radiation and daylight performance of different 
optimal solutions is shown in Figure 5, while Figure 6 shows the final design results. 

Figure 4. The concept of façade design (Participant A).

Buildings 2022, 12, x FOR PEER REVIEW 12 of 17 
 

 
Figure 5. The comparison of different optimal solutions on radiation performance. 

  
Figure 6. The final decision façade of headquarters (Participant A). 

3.1.2. Participant C 
Participant C designed the corporate headquarters for a drinking water enterprise. 

The concept of the facade design is derived from ocean waves. The various possibilities of 
façade design according to ocean waves are shown in Figure 7. 

 
Figure 7. The possibility of façade design (Participant C). 

Figure 5. The comparison of different optimal solutions on radiation performance.

Buildings 2022, 12, x FOR PEER REVIEW 12 of 17 
 

 
Figure 5. The comparison of different optimal solutions on radiation performance. 

  
Figure 6. The final decision façade of headquarters (Participant A). 

3.1.2. Participant C 
Participant C designed the corporate headquarters for a drinking water enterprise. 

The concept of the facade design is derived from ocean waves. The various possibilities of 
façade design according to ocean waves are shown in Figure 7. 

 
Figure 7. The possibility of façade design (Participant C). 

Figure 6. The final decision façade of headquarters (Participant A).

3.1.2. Participant C

Participant C designed the corporate headquarters for a drinking water enterprise.
The concept of the facade design is derived from ocean waves. The various possibilities of
façade design according to ocean waves are shown in Figure 7.
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This design has four design optimization objectives: maximizing sDA of the office,
minimizing sDA of the co-lab space, minimizing ASE, and minimizing average radiation in
the hot season. Figure 8 shows a comparison of different optimal solutions, while Figure 9
shows the final design decision.
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The Diamond Fitness Chart in Figure 8 analyses the fitness values of a single solution.
The aim is for the user to better understand how a single solution performs by comparing
the fitness values and ranking for each of its fitness objectives.
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3.2. Evaluation of BPO Framework and DDS Tool

Based on the demonstration of the participants, the results can be confirmed that the
framework and DDS tools developed can enable designers to quickly get started, complete
performance evaluations, and make decisions regarding optimal solutions. According
to participants’ feedback, they all agreed that the proposed DDS tool was a great help.
Through the DDS Tool, they could quickly understand the performance of different design
solutions, compare design solutions, and make decisions, all of which would have been
difficult without the tool. In particular, the participants emphasized that the visualization
of the results and the charts provided by the DDS tool convinced them or others to choose
a design with better performance.

However, most participants also mentioned that the issues to be considered in the
early design process are so complex that they exceed focus on just the optimization of
the physical environment. Therefore, even if the complexity of BPO is simplified, the
implementation of BPO in such a compact process as early design is still considered to
be quite troublesome. For example, the necessary parameterization of design in the BPO
process is considered to have a high threshold as an unfamiliar modeling method for
architects and designers. Therefore, despite their agreement that optimization is helpful
for design and building performance, most participants prefer to use past cases of the case
simulation method because the design parameter definition process is too time-consuming,
difficult, and rarely used in design practice. These observations illustrate the fundamental
limitations of BPO.

4. Discussion

BPS software can be roughly classified into a single performance analysis or com-
prehensive analysis. Single-purpose BPS software such as Lighting simulation software
(e.g., DIALux, Radiance, Daysim, etc.); energy simulation software (e.g., EnergyPLUS,
DOE-2, Equest, etc.); wind field simulation software (e.g., ANSYS Fluent, Phoenix, Comsol,
Autodesk CFD, FlowDesigner, etc); and comprehensive simulation software, e.g., Cove.tool,
ClimateStudio, and so on. Among them, Cove.tool is similar to the DDS Tool in this study.
Although Cove.tool was defined as the top toolkit in all design stages [53], it requires
payment and does not perform dynamic analysis. The software limitations of Cove.tool,
demanding additional calculations such as the energy consumption portion related to air
filters pressure drop and UVGI devices [54,55]. In order to understand other potential
solutions (e.g., air pollution), other software such as Rhino [56] plus Grasshopper’s [57]
Ladybug plugin [58] must be used additionally [54]. Based on Rhinoceros, this research
uses Grasshopper for simulation and UI connection tools. The BPO DDS tools developed
by this research makes the simulation process and the visualization of the results more
flexible and can be adjusted according to each design case.

5. Conclusions

To help designers consider the environmental performance of a building during the
design process, this manuscript has proposed a BPO framework and DDS tool. The BPO
framework contains the multiple evaluation factors of daylighting, solar radiation, glare,
view, and the optimization algorithm for high-performance façade design. The DDS tool
integrates the BPO framework and provides a simplified UI for parameter setting and
visualizing results to assist designers with comparing optimal solutions. Six designers
participated and tested the DDS tool through a façade design of a headquarters building.

The results show that all six designers were able to start in a short time and used
the DDS tools to execute the BPO framework. The participants successfully obtained
the optimal façade solutions and compared the performance through visualization tools.
According to participants, they were able to understand, compare, and make decisions
quickly with the DDS tool. This achievement implied the effectiveness of DDS tools for
BPO. Although using BPO in the early design process still has some limitations, this study
serves as a starting point for developing such design decision support tools to reduce the
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learning curve for BPO. Such research requires further development if these kinds of DDS
tools are to be applied to more practical and complex cases. What can be expected is that
as designers become more familiar with parametric modeling methods and can clearly
define their optimization goals, the compatibility of BPO methods and architectural design
processes is expected to increase significantly. At such time, designers will be more willing
to devote themselves to high-performance design challenges by adopting BPO.
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