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Design-centric systems focus on searching or generating design alternatives using design retrieval or generation
algorithms. Conversely, designer-centric systems focus on providing design feedback to refine design ideas
through interactions with designers when creating design alternatives. This paper proposes a novel designer-
centric design support system that analyzes user design moves and provides real-time feedback to augment
the spatial design exploration process. Specifically, we developed a system that integrated sketching, design
retrieval, and feedback features for tablet PCs. The user experiments involving 21 professional spatial designers
verified that the proposed system helped users interact with their designs, navigate novel design spaces,
reevaluate design moves, and embody design ideas. These findings provided implications for developing an
interactive design exploration method for coordinating designers and computers, thereby extending design
support system research. Further, we discuss applications and challenges in implementing the system on the web,
revealing possibilities for data trailing of design moves.

1. Introduction

Spatial designers resolve complicated problems related to the user's
perspective [45], floor plans [46], and wayfinding [42]. Overall, spatial
design projects are conducted based on plan views by defining the
spatial relationships between information, such as the number of rooms,
floor silhouette, and room connectivity [33,50]. Thus, designers often
focus on exploring floor plan design options in the early stages of design
[13]. Designers constantly redesign and redefine floor plan design in-
formation throughout the design process to meet the client's needs.
Hence, in the design process, spatial designers commonly develop design
ideas with uncertainty [1]. To overcome this drawback, researchers
have developed design support systems to assist spatial designers. Spe-
cifically, design support systems aid designers in a design-centric
manner. Design-centric systems focus on searching or generating
design alternatives using design retrieval or generation algorithms. For
example, designer-centric systems manage and store designers' ideas
[22], providing design references through a retrieval function [33,50],
or generating various design alternatives through design rules [21,38]
and artificial intelligence (AI) algorithms [13,36]. Using this design-
centric system, designers can focus on selecting and using the design
alternatives provided by the system.

In contrast, a designer-centric system focuses on providing design
feedback to refine design ideas through interactions with designers in
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the design process. Providing design feedback regarding design ideas is
essential for the design process. Design feedback plays an important role
in identifying design problems and improving design outcomes by
helping designers understand their current design status while consid-
ering other design variations [39]. Several designer-centric systems that
provide design feedback have been proposed. For example, GUIComp
[34] provides real-time design feedback by comparing the user's work
on GUI sketches with GUI references. FreeD V2 [57] is a designer-centric
system that provides real-time sculpting-direction feedback based on the
target shape. Similarly, in the spatial design field, Eisenstadt and Althoff
proposed MetisCBR [15], which calculated feedback for the next design
step by analyzing the user's design action pattern using recurrent neural
networks. The users of these systems developed design ideas by deciding
whether to accept or reject design feedback. In contrast to a design-
centric approach, a designer-centric system can help develop design
ideas by stimulating designers thinking through feedback-based
interactions.

However, designer-centric systems suffer from two limitations. First,
they do not provide feedback regarding any problems that may occur
during the design process. The feedback mechanisms of these systems do
not consider the relationship between the design ideas created during
the design process. Thus, they cannot analyze the design processes based
on the design ideas. This means that it is difficult to identify and provide
feedback on the design process problems at micro level. Second, these
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systems do not support design exploration or guide designers to a novel
design space for generating creative design ideas. In these systems, to
explore new design spaces, designers must create and explore new ideas
without any assistance from the system. Thus, the latest designer-centric
systems do not support the design exploration process for generating
novel designs at macro level.

In the design process, ideas are developed over a series of design
decisions, also known as “design moves” [18]. Some design moves are
minimal and supportive, whereas others are critical or inspirational.
Understanding how this type of thought process influences design moves
and final designs can help designers think about inspirational ideas,
thereby improving their designs. Moreover, inspirational ideas result in
creative design processes. Thus, documenting and analyzing how de-
signers think and create ideas is essential for identifying critical or
inspirational design moves. Additionally, to gain inspiration and
establish a creative design process, it is crucial to explore novel design
areas. The newly proposed designer-centric system should consider
these two limitations. If these limitations are resolved, it is possible to
provide real-time feedback on the design process and allow improved
coordination between designers and computers for exploring novel
design areas.

In this context, our research aims to propose a novel designer-centric
system that can stimulate and encourage designers in the creative design
process through inspirational real-time design feedback and a design
exploration map. We focused our research on developing a novel
designer-centric system considering the following two research ques-
tions: RQ1) Can we provide inspirational real-time design feedback
based on analyzing design ideas from users? RQ2) If so, based on this
feedback, can we enable the design exploration process to influence the
design direction of users (idea selection, satisfaction with ideas)? If both
are possible, the designer will be able to modify the design move and
direction based on the feedback, and the system will provide feedback
based on the newly updated design direction. Through this interaction,
the system can assist designers with inspirational design ideas and cre-
ative design processes.

Therefore, we introduce a designer-centric spatial design support
system (D-SDSS) that analyzes user design moves and enables an
inspirational design exploration process, thereby facilitating creative
design with better informed design decisions. D-SDSS includes sketch-
ing, design retrieval, and feedback features for tablet PCs. Further,
design feedback is provided in the form of detailed design evaluations (i.
e., micro-feedback) and design exploration maps (i.e., macro-feedback)
for user-sketched designs (Fig. 1). To this end, we performed five tasks.

e A tablet PC-based interactive system was developed to increase
designer accessibility.

e A large-scale design reference database (2101 floor plans) was
developed.

e A novel method was developed to measure and analyze design moves
quantitatively.

e Methods of two types of feedback (micro and macro) were developed
for the creative design process.
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e The impact of the developed system was verified through user ex-
periments with 21 professional spatial designers.

2. Related work
2.1. Spatial design support system

In the spatial design process, computer systems support designers in
various ways. The electronic cocktail napkin system [22] supports the
design process to create and explore various design ideas by storing and
managing spatial diagram sketches with diagram analyses. Next, based
on case-based reasoning, the a.SCatch [33] and FPRT [50] systems that
searches for floor plan designs using the designer's sketch have been
studied. In addition, studies have employed computer systems to
directly generate design alternatives. For example, the study by Min
et al. [38] supported creating a theme park layout design based on
design rules. Granadeiro et al. [21] created a building envelope opti-
mized for energy using the shape grammar rules. With the advance-
ments in Al, to support floor plan design generation, studies using
genetic algorithms [13] and graph neural networks [36] have been
conducted. All these studies indicated that the design support system
had assisted the spatial design process in various ways. In summary,
existing spatial design support systems performed the following func-
tions: 1) managing design ideas; 2) sketch-based user interface (UI); 3)
retrieving designs; and 4) generating designs.

Our study proposes a system that provides inspirational real-time
design feedback by analyzing design ideas during the design process.
The proposed system supports design retrieval and exploration processes
to create novel designs through design feedback, unlike existing systems
that directly generate designs. Therefore, among the functions of exist-
ing spatial design support systems, excluding generating designs, our
system's functions include (as a baseline): 1) managing design ideas; 2)
sketch-based UI; and 3) retrieving design retrieval.

2.2. Designer centric support system

The use of computer systems in the design process has led to sig-
nificant progress in increasing the productivity of designers and
improving the quality of results [27]. In such a computer-aided design
process, design support systems play various roles in supporting de-
signers. For example, the systems not only recognize and support
designer behavior [29,56] but also assist designers by materializing
abstract knowledge to solve design problems [35]. Designers could
explore various designs using the design retrieval function of design
support systems [26,31]. In addition, the evolutionary design generation
method generated optimized designs for design situations in various
design fields [24,32]. Furthermore, the design generation system
responded to the needs of designers using an interactive genetic algo-
rithm [10,30]. To summarize the literature, design support systems have
been developed in a design-centric manner, focusing on retrieving and
generating a design.

However, Bernal et al. [6] argued that future design support systems

Fig. 1. Designers using the proposed system: a) sketching a design alternative while searching for references, b) reevaluating designs based on detailed design
evaluations (i.e., micro-feedback), and c) navigating an unexplored design space based on a design exploration map (i.e., macro-feedback).
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should focus on designer-centric rather than design-centric approaches.
They explained that the system should perform computer-augmented
actions to improve design quality by enhancing designer compatibility
through an integrated design process and real-time valuable feedback
support. Ban and Hyun [4] proposed an integrated design framework
that could transform design sketches into 3D models through interactive
reconstructions and evaluate various design alternatives. C-Space [51]
was a spatial design collaboration support system that enabled
retrieving designs and managing idea through a tangible user interface
and AR. With C-Space, users explored various designs and created novel
outcomes. FreeD V2 [57] was a sculpting tool with real-time feedback
that guided the current sculpting direction based on the target sculpting
shape. GUIComp [34] provided real-time design feedback based on the
user's design by comparing GUI design references. In the spatial design
field, MetisCBR [15] gave feedback regarding the next design step by
analyzing the user's design action pattern. The user refined their design
ideas based on the design feedback. All these studies supported an in-
tegrated design process based on computer-augmented actions.

From this perspective, the following elements should be included in
our proposed D-SDSS for conducting computer-augmented actions: 1) a
basic sketch Ul, design idea management, and design retrieval function
to support the integrated design process; 2) a new method for analyzing
design ideas during the design process; and 3) real-time design feedback
support for designers' ideas.

2.3. Supporting design creativity

Design creativity emerged not only through sudden mental insight
[2] but also by exploring novel design areas that were not explored
before [11]. Everything the designer observed in the design process
influenced design creativity [17]. Furthermore, designers' ideas were
created during the creative design process [19].

Previous studies on design creativity defined creativity characteris-
tics. For example, Sarkar and Chakrabarti [47] defined the novelty and
usefulness of designs as characteristics of creativity and analyzed
product design creativity. Similarly, Grace et al. [20] set design novelty,
value, and surprise as evaluation criteria to assess the creativity of 4000
mobile phone designs. Likewise, research analyzing the creativity of
design outcomes has been conducted in the field of spatial design. Son
et al. [50] investigated the impact of design references used in the floor
plan design process by assessing the design novelty, usefulness, and
resource effectiveness. As such, previous studies have proposed various
characteristics for evaluating design creativity. Among these, design
novelty was a commonly analyzed characteristic for evaluation. Ac-
cording to Jagtap [25], novelty was a key element in design creativity.
However, previous studies [20,47,50] evaluated creativity based on
design outcomes, so it was difficult to evaluate the novelty and creativity
of ideas created during the design process.

Goldschmidt [18] viewed the design process as an idea development
process and attempted to analyze the design process based on these
ideas. To this end, Goldschmidt defined ideas containing the designer's
thoughts as design moves and represented the design process as link-
ography, by forming a link if there existed a common sense between
design moves. Based on Goldschmidt's method, many studies have used
linkography and employed links to analyze the design process
[9,23,28,53]. Specifically, Kan and Gero [28] proposed a design crea-
tivity analysis method that calculated the entropy of linkography.
Linkography in the literature used a think-aloud or recording method to
extract design moves in the design process. Two or three human eval-
uators judged the design move and links between moves to generate a
linkography. However, Kan and Gero's study had two limitations. First,
there was no clear definition of common sense between the design
moves. Because the linkography depended on the protocol analysis of
human evaluators, the result would be inaccurate or different every time
[14,43]. For an accurate analysis of linkography, a clear definition of
common sense was necessary. Second, there were no definitions of the
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design moves. Designers used various types of data during the design
process. Specifically, pictorial representations [44,48], such as design
sketches [41,52,54] and design references [17], were crucial. In addi-
tion, designers used search engines such as Google and Pinterest or a
design retrieval system to search for references. The input data of the
retrieval system represented the area of the design reference required for
the design process to propose a crucial design move. Therefore, it was
necessary to develop a new design move definition method that
considered the sketch created during the design process, references
used, and the designer's reference search areas.

Consequently, to overcome the limitations of previous studies, this
study proposed three types of design moves: 1) a sketch design move,
which is the user's sketch created during the design process; 2) a refer-
ence design move, which is the design reference used by the designer;
and 3) an input data design move, which is the designer's design refer-
ence search space. In addition, we proposed “ideagraphy,” a method
whereby common sense could be quantitatively calculated based on
design novelty. This study proposed a new method for analyzing the
creativity of the design process.

2.4. Providing design feedback

Design feedback is essential for identifying design problems and
creating better designs [40]. By identifying the design problem, the
designer attempts other design ideas and creates new solutions [16].
From this perspective, research on design feedback was conducted.
Previous literature was divided into micro-feedback, which refered to
real-time feedback based on the user's design, and macro-feedback,
which assisted the design exploration process by comparing it with
other designs.

In micro-feedback research, for example, Oh et al. [39] argued that a
design critiquing system should automatically store design knowledge
and monitor user behavior in real time to provide design feedback.
GUIComp [34], a GUI design support system, provided micro-feedback
by comparing the user's design with GUI design references. The com-
parison results were shown to the user as micro-feedback. Another
example of micro-feedback research, drawing application, was proposed
by Davis et al. [12]. The drawing application system automatically drew
a sketch similar to the designer's sketch or drew supplementary sketches.
Then, designers viewed the system's sketches in real time and modified
or changed their designs. As the literature indicated, micro-feedback
stimulated a designer's thoughts and suggested potential design di-
rections. However, because micro-feedback only indicated a direction,
which was not a specific solution, designers needed to explore various
design spaces by themselves.

Macro-feedback compared a user's design status with design refer-
ences in the design exploration process. Designers found and used novel
designs through macro-feedback to refine their design ideas. Hyun and
Lee [24] proposed a car-design framework using a design exploration
process. The system provided evaluation results according to the user's
design strategy. Then, the user updated their design strategy and
explored various car designs in the design exploration map. Dream Lens
[37] was a system that assisted in exploring numerous design alterna-
tives created using genetic algorithms. Based on the user's design pref-
erence, the system evaluated the attributes of the design alternatives and
provided a design exploration map. Yang et al. [55] proposed a system
that generated and optimized building designs in terms of energy effi-
ciency and mass design using a genetic algorithm. Similar to the two
systems described above, this system provided a 3D design exploration
map based on the user's design conditions. In this manner, macro-
feedback supported designers in exploring various designs through the
design exploration process. However, if the system only provided macro-
feedback, the designer had to decide the direction for design explora-
tion. Without analyzing the design process, it was difficult to determine
whether novel designs or designs should be explored. Furthermore, the
design direction for design exploration significantly influenced the
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design process and outcomes [17]. Therefore, macro-feedback should be
provided in conjunction with design process analyses.

Thus, micro- and macro-feedback were complementary. If a design
support system provided the direction through micro-feedback and
provided a solution that fit this direction through macro-feedback, the
shortcomings of each feedback could be overcome. However, studies on
design support systems providing both micro- and macro-feedback have
not been reported thus far. Therefore, we proposed a novel D-SDSS that
provides both micro- and macro-feedback.

3. D-SDSS
3.1. Conceptual overview

Based on the research questions in Section 1, our proposed system
aimed to achieve the following design goals:

D1: Assisting designers in creating novel design moves through D-SDSS
feedback-based interaction.

D2: Encouraging designers to generate various design moves by stimu-
lating design decisions and exploration.

To achieve these design goals, the D-SDSS consisted of the following
features: First, D-SDSS had a floor plan sketch feature (Fig. 2-a) and a
design retrieval function using the user's sketch (Fig. 2-b), which
allowed the user to use the retrieved reference in the design process
(Fig. 2-c). In addition, design moves containing floor plan design ideas
were created and saved based on the three actions of the designer (Fig. 2-
d). Then, users checked or reused their ideas from the saved design
moves. To analyze the user's process for developing design ideas, we
proposed an ideagraphy methodology based on the design moves. Ide-
agraphy was a graph formed based on the similarity between design

D-SDSS (Designer-centric Spatial Designer Support System)
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moves. Using ideagraphy, D-SDSS analyzed the novelty of the design
ideas created during the design process.

Moreover, D-SDSS provided two types of design feedback: micro- and
macro-feedback. For micro-feedback, the D-SDSS formed and analyzed
ideagraphy that analyzed the design process in detail to provide feed-
back regarding design novelty (Fig. 2-e) using up/down arrows and a
side note. Users identified the weaknesses of the design process through
micro-feedback. For macro-feedback, the D-SDSS analyzed the ideag-
raphy of the design process from a macroscopic perspective rather than
micro-feedback. Furthermore, the macro-feedback enabled the design
exploration process by comparing the user's design with the design
references in the database of the D-SDSS. The D-SDSS provided this
macro-feedback in the form of a histogram, and a design exploration
map was represented as a scatter plot (Fig. 2-f). Then, the D-SDSS user
explored novel designs in the design exploration map and set a new
design direction, accordingly.

In this research, to propose the D-SDSS, we conducted the following
process (Fig. 3): 1) building a floor plan database, 2) developing four
floor plan retrieval methods, 3) defining three types of design moves and
developing similarity calculation methods, 4) creating the ideagraphy
method, 5) creating the micro- and macro-feedback framework, 6)
developing D-SDSS, and 7) evaluating users through professional spatial
designers.

3.2. Retrieving designs

For the design reference database of D-SDSS, we collected actual
residential floor plan designs from an online real-estate webpage (www.
r114.com). We collected 2101 actual residential floor plan designs that
satisfied the following three criteria: 1) publicly available residential
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( Q.,.,@ Y

Save design moves
of user’s teference
(Reference_dm)

Save design moves

of user’s sketch
(Sketch_dm)

(e) Micro-feedback (section 3.51)] [(f) Macro-feedback (section 3.5.2)
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Fig. 2. Conceptual overview of D-SDSS.
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floor plan design; 2) residential space in Seoul, South Korea; 3) single-
floor design. The idea of D-SDSS design retrieval involved searching
and using actual floor plan designs in an integrated system. Thus, we
collected residential floor plan data that existed in Seoul, and the site
conditions of the design brief given in the experiment were unified
within Seoul city (Section 4.2). In the design process with D-SDSS, users
retrieved the desired references by inputting four design criteria of floor
plan: floor silhouette, number of rooms, room location, and room con-
nectivity (Supplementary Video 1). The system used a similarity calcu-
lation method that performed topological comparisons for each set of
floor plan design criteria to identify the most similar references.

3.2.1. Floor silhouette (fs)

Sixteen grids and the aspect ratio method developed in our previous
study [51] were used to calculate the similarity between the silhouettes
of the two floor plans (fs). However, we used a final resolution of 64
grids and a bounding box aspect ratio (Fig. 4). The similarity between
the two silhouettes was calculated as follows: First, the number of
matching grids was divided by the total number of grids; then, this value
was subtracted by one. Second, the difference between the aspect ratios
of the two-floor plan designs were calculated. Third, we added these two
values and divided the result by two to calculate the final similarity
score (Fig. 5).

3.2.2. Number of rooms (nr)

There were five types of spaces: living rooms, kitchens, rooms, bal-
conies, bathrooms, and entrances. To calculate the similarity of the
number of rooms, we counted the number of matching room types
(Fig. 6). If the two floor plans had the same number of rooms of all types,
then the value was five. Then, we divided this value by the total number
of room types and used the result as the number of rooms similarity (nr).

3.2.3. Room connectivity (rc)

We considered each room as a node and the room connection as an
edge (Fig. 7-a) to calculate the similarity of the connection relationships
between two floorplans. The graph edit distance (GED) method calcu-
lated the number of times a correction had to be applied to make the two
graphs identical (Eq. (1)). In the GED equation, g represented graphs,
and .7 the set of editing paths that converted g; to g». ¢ was a cost
function that measured the intensity of correction e;. However, the GED
was implemented as an A* algorithm, and it was computationally
expensive. Thus, to calculate the GED in real time, we used the bipartite

GED algorithm [8]. The bipartite GED was a GED algorithm that applied
the original GED method to an assignment problem. Specifically, the
bipartite GED method from the Gmatch4py library was adopted. The
output of the bipartite GED method was used as a similarity measure for
the room connectivity (rc) between the two floor plan designs.

k
GED(g1,8,) = min c(e) m

i=1

3.2.4. Room location (r1)

Room locations (Fig. 7-b) were identified by constructing graphs
under direct and indirect room connections. A direct connection referred
to a relationship that existed between rooms connected by a door,
whereas an indirect connection referred to a relationship that existed
between adjacent spaces without a door. Here, the relationships be-
tween rooms at the outskirts and in the east, west, north, and south
directions were included to determine the room locations accurately, as
discussed in previous research [5,13]. The bipartite GED was used to
calculate the similarity of the room locations (rl) between the two
floorplans.

3.3. Design move (dm)

In this section, we define three types of design moves for the ide-
agraphy stored by the D-SDSS. In addition, the common sense used in
the ideagraphy of the D-SDSS is defined using a quantitative criterion,
and the calculation method is described.

3.3.1. Three design moves

We proposed three types of design moves (Fig. 8). First, a sketch was
created by a designer (Sketch.dm). The sketch reflected the designer's
thoughts and was an essential element of the design process [7]. Second,
the reference search results retrieved during the design process were
defined as a design move (Reference. dm). Further, the references the
designers found during the design process had a significant influence on
the design process [17]. Third, the designer input data into the system to
find references (InputData dm). This represented the reference area that
a designer explored [3]. InputData dm helped designers re-explore the
target reference search area. D-SDSS automatically saved images and
information from user sketches, references, and input data. Thereafter,
by clicking on dm, users reused their dm information (Supplementary
Video 2).
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Fig. 4. Floor silhouette (fs) quantification.
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3.3.2. Common sense between design moves

A common sense existed between two similar design moves. Previous
studies analyzed the design process by expressing this common sense as
a link [9,18,23,28,53]. For example, according to Kan and Gero [28], if
there were many links among the design moves, it was interpreted that
the designer produced many similar ideas during the design process.
Using this design process, it was difficult for designers to create novel
design ideas. Likewise, if there were too few links, it was interpreted that
the relationship between the design moves was insufficient for

Sketch Design Move
(Sketch_dm)

O

-

Design Moves @ vvs @ s @ rocom

Floor plan example

InputData Design Move
(InputData_dm)

two room
L-shape

(b) Floor plan’s rl information

connectivity (rc) quantification.

developing ideas. However, in previous studies, the criteria for deter-
mining common sense were qualitative. Thus, a new quantitative cri-
terion for judging common sense between design moves was necessary
to accurately identify common sense in real time.

As the D-SDSS supported the process of floor plan design, the design
move contained nr, fs, rl, and rc. We defined the case in which a common
sense existed when the similarity between the design information of the
two design moves exceeded a specific similarity threshold. To set a
reliable threshold value, we calculated the threshold of similarity at

Reference Design Move
(Reference_dm)

28

Saved design moves.

Fig. 8. The three types

Latest design move.

of design moves.
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which people perceived a common sense between the design informa-
tion. We recruited 500 participants from Prolific, an online survey
platform, for this threshold experiment. The participants were divided
into groups of 10, and 10 pairs of floor plan designs were evaluated by
each group. Four questions were posed to the participants to determine
if there were common sense relationships according to the fs, nr, rc, and
1l thresholds. The answers took the form of “yes” or “no.” The similarity
values of the pairs that received the answer “yes” were determined using
the proposed method for calculating floor plan similarity, which was
discussed in Section 3.2. The average of the similarity values obtained
through the similarity threshold experiment was used as the threshold.

3.4. Ideagraphy

Ideagraphy described the proposed design process analysis method.
It comprised three newly defined types of design moves, and a link-
forming method based on common sense. Ideagraphy required two
features: 1) categorizing ideagraphy by design move type and infor-
mation, and 2) calculating entropy for each ideagraphy.

We analyzed the ideagraphy using the entropy calculation method
proposed by Kan and Gero [28]. However, entropy calculations had to
be performed for each type of design move. Therefore, the following
categorizing approach was adopted. First, a user's design moves (Fig. 9-
a) were filtered into four types of floor plan design information (Fig. 9-a
to 9-b). Second, by categorizing all the links according to the type and
order of the design moves creating each link, ideagraphies containing
homogeneous link types were created (Fig. 9-b to 9-c). For example, an
ideagraphy containing links to the Reference_dm - Sketch dm type for the
nr threshold would appear, (see Fig. 9-c). The information in the Ref-
erence. dm - Sketch.dm type of nr ideagraphy (R-S_nr)’s links were
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interpreted as the following question: “In terms of the number of rooms,
do the retrieved references have common sense relationships with the
newly drawn sketches?” The ideagraphies created (Fig. 9-b to 9-c) was
classified into nine types: 1) S—S (Sketch dm - Sketch dm); 2) R-R (Ref-
erence_dm - Reference_dm); 3) I—I (InputData_dm - InputData dm); 4) S-I;
5) I-S; 6) I-R; 7) R-L; 8) R-S, and 9) S-R.

Through this categorizing process, the total number of ideagraphy
created was 4 x 9 = 36 (Fig. 10). The types of links created in a single
ideagraphy were the same. For example, Fig. 10-(1) depicts S-S_nr,
which included links that were formed if a common sense existed be-
tween the nr information of two Sketch dms. Fig. 10-(4) and 10-(5)
illustrate the ideagraphy composed of links formed between the two dms
of different types. Fig. 10-(4) shows the S-R_nr diagram that included
links formed between the nr information of Sketch_ dm and Reference_dm.
Fig. 10-(5) presents the R-S_nr diagram that includes links formed be-
tween the nr information of Reference dm and Sketch.dm. As Fig. 10-(4)
and 10-(5) show, the type of ideagraphy differed depending on the type
and order of the design move. Meanwhile, S-S_rc (Fig. 10-28) could not
form any links, regardless of the common sense. S-S_rc (Fig. 10-28) was
an ideagraphy that included links formed between the rc information of
the two Sketch_ dms. However, because there was no rc information in the
first and second Sketch_dms under the current design moves (Fig. 10), no
link was formed.

Kan and Gero [28] proposed the idea of a horizonlink (Fig. 11-c),
which represented the distance between links, in addition to forelinks
(Fig. 11-a) and backlinks (Fig. 11-b), which indicated the divergence
and convergence of thought in existing links, respectively. To evaluate
the creative design process, they determined whether an unexpected
novel link was created. They proposed a method for calculating the
entropy of forelinks, backlinks, and horizonlinks. For an event to have

(a) (b) (c)
[
R-S_nr
Number (b1) Ideagraphy (1)
of rooms possible Link ®
nr nr nr nr nr nr nr nr nr nr nr nr nr nr nr nr nr nr
fs fs fs fs fs fs
rl rl rl rl rl rl rl
rc rc rc
Floor S s
silhouette (b-2) ISd- R nrh
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Design move's type o s e e possible Link ® (c2)
‘ Sketch_dm O OO0
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location (b-3)
[—— [ ]
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Fig. 9. Ideagraphy generation process: (a) user design move data, (b) classifying design moves using floor plan design information, and (c) classifying links by type

and order of design moves.



K. Son and K.H. Hyun

—_—5 Previous > C;urrenf > Next —m8 ———
design move
& &) ] [ N N Q @
wow B " 5 " o0 o o o o o mr 5 w & & 5 5 o
fl Y fl R fl /I I Y T
T S| = N | dood A A d A /O B 7 BN/ B =
rc re \ re re rc) re re rc re
S-S R-R l-1 S-1 1-S I-R R-1 R-S S-R
o0 o0 (@] @] ) @ @) [ o0
(1) (2) (3) (4) o (5) . (6) 7) (8) 9)
e e [ )
e . ) . .

. [ ] [ ] [ ] [ ]
[fefel Tofol Wetel fof fofolon fofotor RoMME & fok Aok AoXeR 1ok fok x Jeh & fo} fotoXNelex fok u foletol x & fok X Aok & x feote}

Automation in Construction 137 (2022) 104195

(10) () (12) (13) o (14) (15) (16) (17) (18) i

fl 02020 . . x . .
¢00W00e CO®0®00 0000000 €00 PoWo 0000 000000 0T T w0 CO e Te §CE 0
(19) (20) (21) (22) o (23) (Y (24) (25) (26) (27).

r’ [ ] ) ® ® . [ ] . o
¢00W00e COCO®O0 0Wo00Wo 6WowoWo 0o w0 00900 0P w0 00 s e0e ¢ 0w e 00
(28) (29) (30) (31) (32) (33) (34) (35) (36)

rc . -

0000000 0CO®O®O0 000000 000000 0000000 0000000 000000 c'oooeoe 00O e c0O

Ideagraphies for macro-feedback

Ideagraphies for micro-feedback

Fig. 10. Example of 36 ideagraphies from current design moves.

O Design move
@ Link
State

1st move's forelink
2nd move's forelink

v 3rd move’s forelink

(a) (b)

1th move’s backlink 1th move’s horizonlink

2nd move’s backlink 2nd move’s horizonlink

3rd move’s backlink 3rd move’s horizonlink

Fig. 11. Ideagraphy of five design moves: (a) forelinks, (b) backlinks, and (c¢) horizonlinks.

informative value, it had to proceed in an unpredictable direction. The
uncertainty of an event was referred to in terms of the amount of in-
formation available regarding that event. Shannon [49] proposed a
formula for obtaining the amount of available information regarding an
event, denoted as h(p) (Eq. (2)). Based on this formula, a method for
calculating entropy (H) was developed. Entropy represented the ex-
pected value of all event information and was expressed by Eq. (3),
where pj, ..., pn denoted the probability of the occurrence of state Sy, ...,
Sn for each event. Each event was assumed to be independent.

Kan and Gero [28] defined P(on) and P(off) for each forelink, back-
link, and horizonlink as the events in which links were created and not
created, respectively. P(on) denoted the value obtained by dividing the
number of links formed by the maximum number of links that could be
created, and P(off) was calculated as 1 — P(on). These were used to
derive Eq. (4), from Shannon's Egs. (2) and (3), the sum of the events P
(on) and P(off) satisfied the condition in Eq. (4). As Fig. 11 shows, when
nt design moves were created, n — 2 forelinks and backlinks and
backlinks, and horizonlink rows were created. Kan and Gero calculated
the summation of the entropy of all forelinks, backlinks, and hori-

hp) = —logp 2 zonlinks to calculate the entropy value. Using this entropy calculation

H = py 5 h(py) +pa X h(p) + - +pu X h(py) 3) method, t.hey anf:llyzed the unpredlctgble link formation in the? design

and creative design processes. Accordingly, the entropy analysis result

n n of the ideagraphy was interpreted as follows: Ideagraphy with a high

H= - ZP[Ingi with Z pi=1 @ entropy value was interpreted as a design process that had a high pos-
i=1 i=1

sibility of forming a new and creative design, i.e., a design process that
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explored novel dms compared to the previous dms. In contrast, ideag-
raphy with a low entropy value indicated a design process that did not
create novel dms, as compared to the previous dms.

For example, S-S_nr's (Fig. 10-1) entropy calculation and interpre-
tation were as follows: S-S_nr had five forelinks, backlinks, and hori-
zontal links. P(on) of the first forelink is %, P(on) of the fourth forelink is
175, and P(on) of the remaining forelinks was 0. P(on) of the second and
fifth backlinks was /3 and %, respectively, and P(on) of the third hori-
zonlink was 7. P(on) of the other backlinks and horizonlinks were all 0.
According to Eq. (4), the sum of the entropy values for all forelinks was
1.568, backlink was 1.568, and horizonlinks was 1. Therefore, the final
entropy value of S-S nr was 4.137. If the entropy value of S-S_rl was
lowered when a new dm was added, during the design process, the
system provided feedback of the entropy value that the nr of Sketch_dms
was not novel compared to the nr of the previous Sketch_dms. Based on
this feedback, the designer searched for references with new nr infor-
mation that was different from the nr information of the previous
Sketch dm. In this manner, we analyzed the design process in greater
detail by calculating the entropy of the 36 ideagraphy entropy values
and by incorporating the results in the user feedback information.

3.5. Feedback for design moves

3.5.1. Micro-feedback

Micro-feedback (Supplementary Video 3) analyzed 24 ideagraphies
(Fig. 12), i.e., S—I, IS, I-R, R-I, R-S, and S-R for the four floor plan
information types. Micro-feedback was based on the increments or
decrements in the entropy values of the ideagraphies. The micro-
feedback of the proposed system consisted of two components: 1) a
dashboard (Fig. 13-a) and 2) a side note (Fig. 13-b). When a novel design
move occurred, the entropy values were calculated and displayed on the
dashboard. For example, initially, link; existed in the S-Ifs diagram
(Fig. 12-2-1). Thereafter, link in the same ideagraphy was created. If the
entropy value of the S-I fs link; + linky combination was greater than
that of link; alone, then the dashboard displayed an up-arrow sign to
symbolize an increase in entropy. As explained in Section 3.4, a high
entropy value was interpreted as a design process that created novel dms
compared to previous dms. As Fig. 12 illustrates, the interpretation of
entropy values for each design move varied.

The side note presented an interpretation of the ideagraphy with the
most significant entropy reduction. A side note was generated based on
predefined rules (Fig. 14). First, according to the floor plan design in-
formation included in the design move, the first part of the entropy
value's interpretation would be “In terms of the” + [“number of rooms,”
“floor silhouette,” “room location,” “room connectivity”]. Next, the

”» o«
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interpretation of the second part was decided according to the type and
order of the two design moves that formed the link. The interpretation of
the first dm was converted into “you” + [“draw sketch,” “found refer-
ences,” “searched for reference areas”] in the order of Sketch dm,
InputData_dm, and Reference. dm. Depending on whether the entropy
value increased or decreased, the interpretation of [“novel,” “not
novel”] was added to this part. For example, if the first dm forming a link
was Sketch. dm, and the entropy value decreased, the interpretation
would be “you did not draw novel sketches.” Finally, the interpretation
of the second dm was “based on” + [“drawn sketches,” “found refer-
ences,” “searched reference areas”], depending on the dm type. As
Fig. 10 shows, if the entropy value of S-R_nr was increased, the inter-
pretation became “In terms of number of rooms, you found novel ref-
erences base on drawn sketches.” Further, a user could check the side
note for an ideagraphy by clicking on the dashboard arrows. Thus,
through this interpretation method, micro-feedback informed the user of
the necessary modifications in the design process.

3.5.2. Macro-feedback

The macro-feedback (Supplementary Video 4) of the proposed sys-
tem consisted of three components: 1) a design exploration map (Fig. 15-
a), 2) four histograms (Fig. 15-b), and 3) a side note (Fig. 15-c). The
design exploration map and histograms visualized the novel relation-
ships between the current user's sketch and the design references. It was
crucial to determine the location of the current design search space to
allow designers to explore additional design spaces [37].

The histogram displayed the similarity values between a user sketch
and all the reference data for the four types of floor plan design infor-
mation (Fig. 15-b). Using the histogram, users compared their design
and design references for each floor plan design information. However,
it was difficult to determine references that were similar to the user's
design based on the histogram alone. Therefore, the D-SDSS maps all
references to a design exploration map (Fig. 15-a). Then, users selected
two pieces of information for setting the exploration map's x- and y-axes
using toggle buttons. Subsequently, users explored and identified un-
explored references using a design exploration map. When the user
clicked on a reference point, the system allowed the corresponding
reference to be opened and used on the sketch board (Fig. 15-d). Thus,
the user searched for novel design references according to each floor
plan information with macro-feedback. For example, if the user wanted
to explore a new fs and rl design that was different from the latest sketch
fs and rl, the user first checked the distribution of the design references
with the histograms. Then, the user converted the fs and rl information
into two axes of the design exploration map. According to the axis in-
formation, the D-SDSS maps all designed references of the database

In terms of ({1 Number of rooms /2 Floor silhouette /3 Room location /4 Room connectivity )
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Fig. 12. Interpretation of micro-feedback entropy results according to the type of ideagraphy.
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Fig. 13. Micro-feedback overview: (a) dashboard and (b) micro-feedback side note. The up-arrow sign in the dashboard symbolizes an increase in the entropy value.

Four floor plan Design moves Entropy Design moves Design moves
design information behind the link  value result  behind the link to the front of link
“number of rooms, ” (Skatch)
i : “drew” (nroase)  'sketches” “drawn sketches”
“floor silhouette, ” - eeresyMOVel” - . - .
“Interms of 7 + ----------------- + “you” + "found” oo + “reference” + “based on” + “found references”

“room location, ”

“room connectivity, ”

“searched for”

“searched

“reference areas” Y
reference areas

E If the number of rooms (Sketch-Reference) ideagraphy’s entropy value increases, the interpretation of this is

“In terms of number of rooms, you found novel references based on drawn sketches”

Fig. 14. Side note generation process based on entropy values for each type of floor plan design information and design move.

Similar Different

G

g . T e e e 1
= . . . 1 ) ¢
g el Click 1 g
T OO KTk ' :

P S pme= 1
3 . Qe . H
< : . (d) 4 '
e . o e ! .
s . .o o e e R
5 = e 5 . .
MACRO

FEEDBACK

k% . .. StoRs S : - . .

(a)

In terms of floor
silhouette, you found not
novel references based
on found references.

Number of rooms histogram

In terms of floor
silhouette, you searched
for not novel reference
areas based on searched
reference areas.

Floor silhouette histogram

Room location histogram In terms of number of
rooms, )’OU dre\‘\/ new

sketches based on drawn

sketches.
(c)

My Design Similar

Different Floor silhouette

Room connectivity histogram

Fig. 15. Macro-feedback overview: (a) reference design exploration map, (b) reference histogram mapping, (c¢) macro-feedback side note, and (d) accessing a

reference on the design exploration map.

based on their similarity to the user sketch. Then, the user selected and
used different or similar references during the design process.

In addition, to analyze the design process from a macroscopic
perspective rather than the micro-feedback, the macro-feedback
analyzed 12 ideagraphies (Fig. 16), i.e., S—S, I—I, and R-R for the
four floor plan information types with side notes. The side note for the
ideagraphy with the greatest reduction in entropy was presented to the
user (Fig. 15-c). If there was no decrease in entropy, then the ideagraphy
with the lowest entropy value was presented.

4. Implementation & discussion

Here, to assess the impact of the D-SDSS's micro- and macro-feedback
framework in the design process, 21 professional spatial designers were
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recruited for user experiments (Agemean = 30.24, Agemin = 24, Agemax =
46, male = 10, and female = 11). When the study was conducted, the
participants were working as studio practitioners in spatial design or as
spatial design researchers (work experience Mean = 5.08 years and SD
= 5.42).

4.1. System overview

The D-SDSS consisted of a server and a client (i.e., tablet PC). There
were four main functions that facilitated communication between the
client and the server (Fig. 17). First, through the floorplan search
function, the client sent the input information to the server. According to
a client query, the server retrieved reference data related to the input
information and corresponded to the four types of floor plan
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Fig. 17. System overview.

information: number of rooms, floor silhouette, room location, and room
connectivity. Then, the server sent the results to the client. Second, for
entropy calculation, the client automatically sent a request to the server
whenever a new design move was created on the client side. The client
sent all the generated design move information, and the server calcu-
lated and returned 36 entropy values for the documented design move.
Third, the client requested the user sketches contained in the reference
data. Client inputs were the most recent sketch information. The server
received this request, calculated all the references and similarities in
terms of the four types of floor plan information, and returned the
relevant sketches as a result. This request was executed when the user
turned on macro-feedback in the system. Finally, the client sent a
request to the server to save the design. When the save request was
received, the server added the current user sketch to the database. This
saved user design was retrieved later when the user performed a refer-
ence search. Further, the user's design information was saved indepen-
dently on a tablet PC.

4.1.1. Apparatus

The D-SDSS server computer used the Linux OS with an Intel®
Core™ i7-7700 CPU, 64 GB of RAM, and a GeForce GTX 1080 Ti/PCle/
SSE2 GPU. The client system was a 15 in. Microsoft Surface Book 2 and a
surface pen. Surface Book 2 employed Windows OS, an Intel® Core™ i7-
8650U CPU, and 16 GB of RAM. The resolution was 3240 x 2160 pixels.
The client system was developed using Unity software (version
2019.3.14.f), and the server was constructed using the Python Flask
framework. The design reference database was developed using the
MongoDB. NetworkX and the Gmatch4py library were used to calculate
the GED, which is used as a measure of the similarity between graphs on
the server.

4.1.2. GUI and features
The main GUI of the proposed system is illustrated in Fig. 18. Users
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draw their floor plan designs on a sketch board (Fig. 18-a) using sketch
tools (Fig. 18-b). The sketch tools include five room markers, a shape
pen that allows the user to draw the silhouette of a floor plan, and a free
pen that allows the user to sketch freely. Users can create drawings in
which two spaces are directly connected, and drawings of rooms adja-
cent to each other by using the connection functions of the room marker.
The shape pen automatically corrects the curves drawn by the user. All
sketch tools include an eraser function.

The system automatically recognizes the user sketches. By using the
toggle buttons presented in Fig. 18-d, the system can be instructed to
search for the information that the user needs. When more than one type
of information is required, the priority of information is determined by
the order of the pressed toggle buttons. Users can search for a reference
by simply selecting the information they need from their sketches
(Fig. 19-a). When a specific reference from the search result list is
clicked, the user can adjust its size and transparency, as shown in
Fig. 19-b, and view the reference image in a movable window. Users can
also sketch their designs in the movable window. The system records
and visualizes the user's design moves, such as sketching, searching, and
reference use (Fig. 18-e). Because the design moves contain all the
design information provided by the user, the user can click on a design
move to check previously drawn sketches, searched references, and in-
formation entered for searching. The feedback module is illustrated in
Fig. 18-f. If the feedback module is lowered using the downward arrow
shown in Fig. 18-g, the user can view all the feedback functions, as
indicated in Fig. 19-c.

4.2. Experimental design

To observe the impact of the D-SDSS on the design process, a three-
phase experiment was conducted. The designers participating in each
experiment were asked to create layouts based on design briefs using the
proposed system. However, there was a difference in the feedback
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Fig. 19. System functions: (a) searching references, (b) sketching with references, and (c) providing micro and macro-feedback.

functions for each experiment. In the first experiment, a baseline system
without any design feedback function was used. In this experiment,
participants could use the following basic functions: sketch, reference
navigation, and design move. Furthermore, in the second experiment,
participants could use these basic functions and receive micro-feedback.
In the third experiment, participants could use the basic functions and
receive both micro- and macro-feedback. The participants were divided
into three groups of seven, and seven participants were assigned to each
experiment (Micro+Macro, M + M: PI to P7; Micro, M: P8 to P14;
Baseline, B: P15 to P21). To prevent any bias that may occur during the
experiment, all the experiments were conducted independently (tuto-
rial: 15 min, experiment: 60 min, and in-depth interview: 30 min). Two
design briefs with similar levels of detail were prepared. One brief was
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randomly assigned to each participant during the experiment. The first
brief focused on designing the layout of a house for a three-member
family consisting of a college student (son) and a middle-aged couple.
The second design brief focused on designing a house for a retired couple
in their 60s. The participants submitted their design outcomes in the
form of floor plan designs (Fig. 20). After the results of the design briefs
were submitted, a survey was conducted. The participants were required
to complete a questionnaire based on a five-point Likert scale to evaluate
the following parameters: satisfaction, system user experience, and post-
task workload. Next, an in-depth 30 min interview was conducted. The
participants were queried about the overall usability of the system, the
differences compared to existing design methods, and the possibility of
using design moves in the design process. Additionally, we asked them
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questions regarding their specific experiences in terms of how the pro- three groups. Generally, the M + M feedback system was evaluated to be
posed system helped them solve design problems. at a significantly higher level than the other two systems. The M + M
group was more satisfied with outcome quality, time efficiency, and
4.3. Experimental results and discussion creativity than the M and B groups. As shown in Fig. 21, in terms of
satisfaction with design outcome quality, the average values of the M +
4.3.1. User behavior overview M, M, and B feedback systems were 4.14 (SD = 0.38), 3.29 (SD = 0.95),

The experimental results showed significant differences among the and 2.71 (SD = 1.38), respectively (M + M-B, M + M-M: p < 0.05). In
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terms of time efficiency, the mean values for the M + M, M, and B
systems were 4.29 (SD = 0.49), 3.57 (SD = 1.13), and 3.71 (SD = 0.76),
respectively (M + M-B, M + M-M: p < 0.1). Regarding the creativity of
the design outcomes, there was a significant difference (p < 0.01) be-
tween the M 4+ M (3.71 (0.76)) and B (2.29 (0.95)) groups. Meanwhile,
in the post-task workload questionnaires, there was a significant dif-
ference (p < 0.05) between the M + M (3.71 (0.49)) and B (2.57 (0.96))
and a marginal difference (p < 0.1) between the M 4+ M and M groups
(2.86 (1.35)). These survey results were supported by the comments of
the M 4+ M group members, “With micro-feedback, we have identified
not novel design elements of our design moves. The parts identified by
micro-feedback were solved by exploring new design ideas through
macro-feedback.” In contrast, an increase in the type and amount of
feedback provided by the system implies that the user has more infor-
mation to process when using the system. However, although the type
and amount of feedback information increased in the order of the B, M,
and M + M systems, there were no significant differences in terms of
mental demand (M = 2.57 (0.53); M = 3.00 (0.82); B = 3.00 (0.82)),
physical demand (M + M = 2.14 (0.69); M = 2.43 (1.13); B = 2.57
(0.98)), and effort (M + M = 3.25 (0.96); M = 2.25 (0.50); B = 3.00
(0.82)). This result indicates that the M + M system's feedback sup-
ported the designer in effectively solving the design problem, although it
contained the greatest amount of information among the three systems.
P18 and P21 using the B system replied, “We need additional informa-
tion that can use a large number of design references more efficiently.”
The M group also responded, “When I try to think about how to solve the
problem identified from micro-feedback, it was difficult to know what to
do specifically.” These results show that, if the amount of information
provided by the system increases, it is crucial to provide both micro- and
macro-feedback in the design process.

However, both M + M and M groups provided design feedback, but
there were significant differences between them. We checked the reason
for this result in the system user experience survey and in-depth in-
terviews. Through the design feedback, M + M and M groups could be
more stimulated by considering new thinking than the B group (M + M
= 4.14 (0.69); M = 4.14 (0.69); B = 3.14 (0.90); M + M-B, M-B: p <
0.05). These systems also influenced the user's design direction (M + M
= 4.14 (1.07); M = 3.71 (0.49); B = 3.00 (0.81); M + M-B, M-B: p <
0.05). However, the M + M system provides micro- and macro-
feedback, whereas the M system provides only micro-feedback. The
impact of this difference was revealed in Q13 and Q14 (Fig. 21).
Through micro- and macro-feedback, the M + M group could better
understand the design situation (M + M = 4.29 (0.76); M = 3.57 (0.53);
B =3.00(0.82); M + M-B, M + M-M: p < 0.05), and the M + M system
could help the users to solve the design problem (M + M = 4.29 (0.76);
M = 3.43 (0.53); B = 3.43 (0.98); M + M-B, M + M-M: p < 0.05). M
system users (P9, P11, and P14) replied, “It was difficult to figure out a
solution using the provided feedback method.” Additionally, P2 stated
that “micro-feedback should not only provide information regarding
increases/decreases in entropy but also regarding overall design trends.”
In summary, micro-feedback analyzed the design moves in real time, but
it showed no significant difference compared to the baseline system
because it did not present specific solutions. In contrast, the M + M
system, which also provides macro-feedback to highlight unexplored
design references, yielded the best results among the three experiments.

A design process with a high entropy value is deemed a creative
design process (Kan and Gero, 2008). The entropy values of an ideag-
raphy change as the participant continually makes either similar or
dissimilar design moves. To increase the entropy value, similar design
moves should be used sporadically. We analyzed the entropy values of
the 36 ideagraphies to evaluate the design processes of the participants
(24 ideagraphy values from micro-feedback and 12 ideagraphy values
from macro-feedback). The results were derived using average entropy
values for each type of ideagraphy. Compared to those of the other ex-
periments, all the entropy values of the M + M experiment were higher
for every ideagraphy, except for the I—I ideagraphy. The reason for no
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difference in I—I was confirmed in participants' comments (P7, P14, and
P21), “I inputted the floor plan search query consistently to find the
references that satisfy the design brief condition.” In the entropy result,
as shown in Fig. 22, the values related to sketches and references were
the highest for the M + M group. Of the three groups, the M + M group
experienced the most novel sketching processes (S-S: M + M = 13.12
(3.46); M = 6.23 (0.92); B = 5.73 (1.04)). The M + M group also
searched for novel references that differed from their sketches (S-R: M
+ M = 5.93 (5.88); M = 3.58 (2.31); B = 1.75 (1.59)), created novel
sketches different from their references (R-S: M 4+ M = 6.10 (4.58); M =
3.01 (1.74); B = 2.31 (1.97)), and experienced the most helpful refer-
ence search process (R-R: M + M = 9.97 (1.58); M = 5.70 (0.64); B =
1.97 (0.21)). There were significant differences between the M + M and
M groups and between the M 4+ M and B groups (p < 0.01).

Moreover, to analyze the differences in the produced design moved
among the three feedback conditions, we counted and averaged the
number of design move types per group (Fig. 23). Evidently, the M + M
group produces the most Sketch.dms (M + M = 7.43 (2.64); M = 3.57
(2.07); B = 3.57 (1.27)), Reference.dms (M + M = 6.57 (4.00); M = 3.29
(1.38); B = 2.00 (1.29)) and Inputdata dms (M + M = 5.14 (1.35); M =
3.43 (1.72); B = 4.00 (1.41)) moves. There were significant differences
between the M 4+ M and the other groups in the number of Sketch dms
and Reference_dms (p < 0.01). This result indicates that, with the M + M
system feedback, users can make more design decisions during the
spatial design process.

Based on the analyses above, we confirmed that macro-feedback
helped users to explore and create novel designs. P2 replied that
macro-feedback was useful for developing designs by exploring novel
designs in the late conceptual design phase, where designs might
become stagnant. Additionally, P3 and P6 stated that “The design
exploration map of macro-feedback was helpful in that I was able to
define the x and y axes and find novel references.” Furthermore, P4
replied, “I tried to create a novel design by finding novel references
using macro-feedback.” Despite the different design styles of the par-
ticipants, the participants had largely positive responses regarding the
proposed system. According to the in-depth interviews, the contribu-
tions of the proposed system were categorized into the following four
sections: 1) navigation of unexplored design space; 2) re-evaluation of
design moves; 3) interaction with designs; and 4) design idea embodi-
ment. Subsequently, the application of D-SDSS was described.

4.3.2. Navigation of unexplored design space

Macro-feedback provides a histogram and a scatter plot of the sim-
ilarity distribution obtained by comparing a designer's sketch to the
entire reference database. P2 replied that, “It helped me find the refer-
ence that was the most different from my sketch in the early design
phase when nothing was decided yet.” Additionally, P1 and P6 said,
“Macro-feedback told us how to solve the current design problems and
functioned as a compass that could help us navigate new areas.” Simi-
larly, P4 replied, “I looked at the problematic area in the side note and
reflected it on the scatter plot's axis to search for a novel reference.”
However, M system users (P8, P9, P12, and P14) who only used micro-
feedback pointed out that micro-feedback informed the designer
regarding incorrect areas but did not inform them about specific
correction methods. In this respect, the M + M group answers indicate
that macro-feedback can complement micro-feedback. Therefore, the
feedback of the M + M system helped designers explore novel reference
areas and assisted them in creating new designs.

4.3.3. Re-evaluation of design moves

The recording function for user design moves was included in all the
systems used in the experiments. All the participants thought that “It is
important to look at the design process that has been performed so far
using the design move function.” P2, P8, and P15 indicated that they
recalled their design processes by using the design moves. P4 replied, “I
think design moves can be used when creating a novel design by
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combining reference design moves that have been stored previously.”
P16 and P17 replied, “You can check the ideas you thought of initially or
information you missed using design moves.” P10 said, “I used a design
move to determine what I thought when I was stuck on a design idea.”
Additionally, P9 noted that the design moves could be used as a re-
pository to archive client requests. Moreover, P7 said, “By looking back
at the design move list, I can decide the next design move.” All the
participants answered that the more complex and longer the design
process, the more useful the design moves. Therefore, the design move
recording functionality of the proposed system helped to check and
develop design processes; further, it was useful for complex design
processes.

4.3.4. Interaction with designs to make creative design decisions
Micro-feedback and macro-feedback were complementary. Micro-
feedback evaluated the design status in real time, so that the designer
did not feel coerced to finalize the current design. Alternatively, macro-
feedback helped designers create novel designs. P8 and P14 said,
“Because of feedback, I was not complacent with my current design. It
seems that feedback provided an opportunity to think about something
new.” P10 replied, “when I design by myself, a longer time may be
required, but this process was accelerated by the feedback.” Addition-
ally, P9 and P2 said, “I tried to find a novel reference because I saw the
sign indicating that the current reference was stagnant.” Based on these
responses, we concluded that the feedback stimulated novel design at-
tempts and helped designers when their design ideas became stagnant.
M + M and M group participants, except for P1 and P13, responded
saying, “I tried to change my design based on the micro-feedback.”
However, P1 and P13 were not significantly affected by the feedback, as
indicated in their reply, “Because there was a design that was already in
my mind, feedback did not affect it.” Additionally, PI identified themself
as a stubborn person with strong design ideas. Nevertheless, P1 and P13
stated, “Because of the design I had already thought about, the feedback
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did not affect me, but I think that receiving feedback in real time is a big
advantage.” Thus, we confirmed that the proposed feedback method
stimulated designers and supported them in trying novel design ideas to
create creative design outcomes.

4.3.5. Design idea embodiment through reliable feedback

In the survey, we queried the participants regarding the best time to
provide feedback during the development of design ideas. Responses
were divided into two groups. The first group (P1, P3-P10, P12, and P13)
suggested that when an idea was being developed, feedback should be
provided to clarify the ideas or to ensure that the designer did not
stagnate on a single idea. The second group (P2, P11, and P14) indicated
that feedback should be provided after the overall design idea was
determined to confirm their design idea. We also asked participants
about the reliability of their feedback. The prevailing opinion was that
“the feedback is objective and consistent’.” P10 stated, “I was able to
trust the feedback because it was based on my design process.” Addi-
tionally, P1, P2, and P8 answered, “This feedback was different from the
one given by a colleague, senior designer, or professor because I could
accept or ignore it.” Moreover, P11 replied, “Compared to general
design feedback, using this system saves time because less time is
required to think about accepting or rejecting feedback.” To confirm the
reliability of the feedback, the participants were asked to compare
design experiences according to the 36 entropy results generated based
on their design processes (Fig. 22). For example, if the entropy value of
S-S_nr ideagraphy increased, we asked the participant, “Did you keep
exploring novel sketches in terms of the number of rooms?” If the en-
tropy value decreased from the middle of the graph, we asked, “Did you
design using approximately the same number of rooms starting from the
middle of the experiment?” The participants agreed that their design
experiences and entropy results were consistent. Thus, we confirmed the
reliability and usefulness of the design feedback by comparing entropy
results with the design experiences of users.
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4.4. D-SDSS for applications and future work

D-SDSS was a designer-centric system that provided micro- and
macro-feedback by generating an ideagraphy with design moves.
Although our system currently focused on the spatial design process, the
D-SDSS feedback framework that stored and analyzed design moves
could be used in all other design fields. Moreover, in other fields, such as
information retrieval or any other idea creation processes, this feedback
framework could be applied if the user's unit actions could be stored, and
their similarity calculated. In the near future, we will globally release
our D-SDSS on the web, making it available to many spatial designers.
However, to globally release D-SDSS on the web, the system should
reflect different floor plan representation methods for each country or
culture. Therefore, additional sketching functions and different repre-
sentations of the floor plan would be required in future studies. If D-
SDSS was released on the web, it would be possible to collect a large
dataset of floor plan designs and various design patterns of designers.
Thus, we believe that an extended designer-centric system study was
feasible.

5. Conclusion

This paper proposed a novel D-SDSS with inspirational real-time
design feedback to augment the spatial design process. The main con-
tributions of this study are summarized below.

First, we proposed “ideagraphy,” an innovative method that docu-
mented and analyzed the design moves of users in real time. We believe
that ideagraphy represented a novel contribution to the evaluation of
design moves in real time. Notably, it aided in observing the extent to
which one's design was geometrically and structurally different from the
designs of other designers and in locating one's design ideas in the entire
design space. Second, we developed a D-SDSS that could provide design
feedback in real time based on the design moves of users and a large-
scale design database. The designers who participated in the user ex-
periments were enthusiastic about the use of the proposed system
because it helped them interact with their designs, navigate novel design
spaces, and reevaluate design moves (Supplementary Video 5). To the
best of our knowledge, this was the first study to describe a system that
could dynamically evaluate and provide both micro- and macro-
feedback based on user design moves.

However, certain limitations of the proposed method were identi-
fied. First, the shape pen features were limited to correcting the curves to
straight lines. Therefore, users were unable to draw streamlined curves
for floor silhouettes. Additionally, the proposed system did not possess
the “layer” or “undo” functions. Therefore, users had to use the “eraser”
tool to redraw objects. We aim to resolve these issues in the near future,
as we plan to launch the proposed system on the web. By granting access
to a greater population, we expect to increase the scope of the system's
contribution. Importantly, specific domain data were required to
implement knowledge-based systems or case-based reasoning. Here,
spatial design drawing data were used. However, the basic structure and
methodology of the proposed system could be applied to all fields that
require effective feedback based on existing data, such as urban plan-
ning, landscape design, and interior design based on the number, loca-
tion, connectivity, and silhouettes of spatial layouts.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.autcon.2022.104195.
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