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ABSTRACT

This paper explores human-building interaction as an active factor in the early stages of the design process.
Current design methods allow a range of highly sophisticated tools to measure and analyze quantitative
design parameters such as structural, thermal, lighting performance and more. However, interpreting human
preferences and occupant behaviour as metrics to inform early design stages remains largely unexplored.
Game engines' are examined for their capacity to steer the design process and embed performance data.
Furthermore, the virtual environments they enable are investigated qualitatively and quantitatively as tools
for engaging with user preferences. The resultant metrics are then exported into architectural design
software to be used as tools by the designer. Finally, the present context in which game engines are applied
in architectural design is examined. The paper proposes a framework that enables non-designers to
participate in a data-driven, performance-aware participatory environment actively is created and ready for
data collection. Components of the platform include direct and indirect user feedback that enable designers
to understand user preferences and quantify its qualitative features. Finally, a case study is presented using
the developed platform to design high-performance facade panels.

Keywords: participatory design, game engines, user-informed design, occupant behaviour simulation,
spatial occupancy.

1 BACKGROUND: HUMAN-BUILDING INTERACTION

Human-building interactions and occupant behaviour have received much attention in the literature due to
recent advances in computer modelling, simulation tools, and analysis techniques, which aim to improve
building design processes and operation strategies. (Azar et al., 2020). Building occupancy is essential for
building performance simulation, but it is hard to represent due to its temporal and spatial stochastic nature
(Wang, Yan, and Jiang 2011). According to these studies, occupant behaviour is related to more than just
the presence or absence of people in buildings. However, defining this human component, a
multidimensional factor that necessitates a fundamental understanding of the geographical, temporal, and
social elements of human decisions, can be challenging. Understanding building occupants' spatial and
temporal activity patterns, user dynamics, and the socio-technical intricacies of occupant behaviour is
complex (Shen, Newsham, and Gunay, 2017; Sonta, Simmons, and Jain, 2018).
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1.1 User Participation and Assessment

It is well-acknowledged that occupancy factors strongly affect a building's performance (Saeidi et al., 2018).
Occupants actively contribute to their built environment, influencing its performance and quality (Azar et
al., 2020). The lion's share of the literature has focused on occupant behaviour's impact on energy balance
and consumption (Nord et al. 2018). Beyond energy consumption, however, inhabitants' behaviour affects
virtually every aspect of a building's lifecycle. It is well established in the literature that user behaviour is
the main source of uncertainty in building performance analyses. (Nord et al., 2018; Sonta, Simmons, and
Jain, 2018; Jia, Srinivasan, and Raheem, 2017; de Wilde, 2014). On the other hand, current occupant
assessment techniques do not explicitly consider occupant dynamics in their implementation (Sonta et al.
2018), limiting their ability to uncover insightful information about activity patterns in the outcome.

Current occupant activity simulation technigues rely on simulation models developed from data collected
using costly methods such as 1) formulating heuristics from previous cases and predetermined patterns and
2) capturing occupant behaviour from sensory data. In a recent comprehensive study, Azar and O'Brian
(2020) conclude that such tools treat occupants in simplistic ways that fail to recognize their stochastic,
diverse, and reactive nature, affecting the quality of their estimates. Similarly, other agent-based studies
erroneously equated presence with action or event occurrence, assuming that an agent will always perform
the same actions regardless of changes in the environment or itself (B. Lee et al. 2021).

Numerous interconnected factors influence human behaviour. Such as physiological and physical factors
(Kanthila et al. 2021; Yan et al. 2017). Further, the occupants' psychological condition, location, type of
building, climate, social and cultural status and background all impact their choices. Influencing factors can
be categorized into three groups (Shen et al. 2017): Temporal (time-bound), Spatial (tied to space and built
environment), and Personal (related to physics and psyche). It is critical to close the gap between predicted
and actual human performance for buildings to be adaptable to change and maintain good performance over
their lifetimes. These studies acknowledge the lack of a systematic approach to studying occupant behaviour
in depth, which requires further investigation. As a result, the "predicted or analyzed" and "actual" are
significantly different. Understanding end-user behaviour beyond the predefined static methods is thus
crucial.

Incorporating human-centred knowledge into the design process can help to close the gap between
simulation and reality. According to Tabak and de Vries (2010), individuals are too random to completely
model occupant behaviour. As a result, real-time data is required to solve this problem (Tabak and de Vries
2010). The field of occupant interaction assessment is new, and there is a lack of observational and
empirical data. Furthermore, various physiological, psychological, and sociocultural factors must be
considered when using behavioural models, and many potential influencing factors have yet to be
discovered (Yan et al. 2017). Recognizing the deficiencies in modelling methodologies discussed above
has aided in developing user behaviour modelling tools and methods that seek to fill some of the gaps.
Attempts at integration can also be seen in holistic modelling frameworks, including performance analytical
tools with user assessment capabilities (Azar et al. 2020). However, most studies concentrate on post-
occupancy or building operations rather than design strategies covering a constrained range of building
performance variables (such as light control and HVAC systems). Even though these studies are crucial for
understanding how to operate current structures, it can be challenging to generalize the findings and apply
them to new designs or other structures (Saeidi et al., 2018).

It can be concluded that: 1) the design process of actual buildings cannot be effectively scaled or deployed
using current approaches (Azar et al. 2020; Sonta, Simmons, and Jain 2018; Jia, Srinivasan, and Raheem
2017); 2)Including end users in the design process, whether in post-design evaluation and optimization or
in the early pre-construction design stage, is difficult due to the complexity of human behaviour and
preferences. Hence, moving away from post-occupancy data extraction for feeding into design tools toward
the earlier integration of real-time user information is of great importance.
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1.2 Current Methods of Evaluating User Preferences

Design methods incorporating user preferences into the design outcome are broadly classified into
simulation-based methods, artificial intelligence (Al), or machine learning techniques (ML). Agent-based
modelling or multi-agent systems, statistical analysis, and stochastic modelling are the four categories of
data-driven simulation-based or rule-based techniques (Jia et al.). (2017). Recent research has attempted to
use Al and ML methods to obtain more predictive means of user evaluation. Markov Chains, Multivariant
Gaussian models, semi-Markov models, Linear regression, State vector regression (SVR), Artificial Neural
Networks, K Means Clustering, and K-Nearest Neighbor are some commonly used methods in this field
(KNN) (Peng et al. 2018; Khosrowpour, Gulbinas, and Taylor 2016; Li and Yao 2020; Lee, Tong, and
Cheng 2014; Dong and Lam 2011; Dong and Andrews n.d.; Erickson, Carreira-Perpifian, and Cerpa 2011,
Chen, Luo, and Hong 2016; Sonta, Simmons, and Jain 2018).

Based on the authors' reports for both approaches, stochastic modelling and ML methods based on ground
data can better track long-term occupant presence/absence status patterns. Agent-based modelling, on the
other hand, has a greater potential for combining occupant behaviour models with simulation and design
tools. Stochastic models can be scaled up for real-time modelling. According to Azar et al. (2020), object-
oriented agent-based models are the largest subsidiary capable of adapting to different model sizes and
complexities. The critical point is that this tabulation overlooked the newly emerging field of performance-
aware design systems in non-semi- or full-immersive and game engines.

A critical analysis of current approaches to user assessment and means to gather reliable information about
user preferences identifies four key shortcomings. First, the present design tools do not adequately capture
the enormous complexity of individuals. Second, the use of simplified simulations rather than accurate
ground data is the cause of the discrepancy between the simulated and actual results. Third, a comprehensive
data-driven strategy that considers various building performance factors and user preferences is lacking.
Fourth, there is a dearth of research on the design process itself because most of the literature in the field
of user study and participation focuses either on the pre-design or post-occupancy stages. This paper
proposes that a collaborative design platform enabled by game engines can be a possible solution to address
the deficiencies above.

2 GAME ENGINES IN THE ARCHITECTURAL DESIGN ECOSYSTEM

The recent arrival of game engines into the domain of architectural design demonstrates their potential to
be used as an extended design platform with new functionalities. Game engines in building engineering
allow various types of data to be integrated into these platforms with an interactive experience tailored to
each stakeholder. Due to their interactive data capabilities, they may be effective tools for involving and
instructing non-expert and assisting designers.

Game environments and corresponding software platforms offer enhanced graphics, scenario-based design,
character design, and embedded artificial intelligence. Whilst building information modelling (BIM) is a
collaborative method that facilitates data exchange and management between different disciplines. An
increasing amount of information is required for complex and dynamic projects within the architecture,
engineering, and construction (AEC) industry. Scholarly publications from 2006-2016 demonstrate this
focus and trend. Eiris and Gheisari (2017) grouped the results of AEC publications into: simulation,
education, training, and visualization categories according to their purpose (Eiris and Gheisari 2017),
concluding that collaboration and communication are among the most studied aspects of integrating
immersive technologies in the construction industry. Previously, researchers combined building
information data with game engines. Results indicate that the variability in game engine features, such as
providing different layers and scenarios, as well as a variety of points of view, aids in a better understanding
of building information and improved collaboration in the design and construction fields (W. Yan, Culp,
and Graf 2011; Du et al. 2018).
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Further experiments involve synchronizing data during changes in the model and elevating the environment
to provide an immersive experience. As a result, immersive environments are said to be conducive to
involving building users in creative innovation processes together with building designers, as well as for
capturing and formulating end-user needs and requirements regarding buildings and their functionality
(Edwards, Li, and Wang 2015; Christiansson et al. 2011; Shiratuddin and Thabet 2011). Through
collaboration within immersive environments, everyone involved in the design process can access
information about the design and can iteratively influence the design from early on. Additionally,
procedural modelling in game engines offers data-driven capabilities and emergent or unpredictable
complexity. They often result in synergistic interactions with immersive environments that take advantage
of their ability to handle dynamic forms, rule-based paradigms, and real-time data flow (Lin and Hsu 2017).

One of the most beneficial aspects of game engines is that they can simulate rules and limitations during
the design process (Chien 2002). Using game engines has many advantages in design processes, including
the cyclical nature of play, immersive experience, resemblance to workplace situations, higher level of
engagement, the ability to provide multiple levels of feedback, and the multiplayer or supervised aspect of
gameplay. In any design process, various parameters interact simultaneously and sometimes contrastingly.
Hence, a gaming environment offers an excellent opportunity for participants to explore the
superimposition of the forces. Additionally, the embodiment aspect of the gamified experience, which
occurs through more thorough three-dimensional navigation coupled with annotated data, leads to a more
comprehensive understanding of the design subject (Woodbury, Shannon, and Radford 2001). As a result,
game engines offer a variety of benefits not just to users with no design background but also to professionals
throughout various disciplines who want to gain a deeper understanding of the design process.

3 VIRTUAL IMMERSIVE ENVIRONMENTS POWERED BY GAME ENGINES AS NOVEL
EXPERIMENTAL DECISION-MAKING PLATFORMS

Today, distributed communication among people is possible due to the information infrastructure and the
average users' access to comparatively high processing power in personal computers or other devices. In
many instances, the collective behaviour that results from this widespread digital interaction is a reliable
source for problem-solving. For example, Phylo, a multiple game, is one of the most powerful tools
available today for studying the evolution and function of DNA, RNA, and protein sequences. InnoCentive
is an Open Innovation Marketplace that connects corporations looking for solutions to major problems with
a diverse network of people. InnoCentive reports an 80% success rate in discovering a solution (Kwak et
al. 2013; Wazoku n.d.). Fort-McMoney is an example of user involvement at the forefront of the city-
building decision-making process in a gamified and interactive environment (Dufresne, 2022).

User intervention needs to be coupled with automated computational design tools. "Having no outside
agency intervene is a fundamental idea to make possible emergence of this collective wisdom. In other
words, judgment depends on the accumulation of the experienced consequences of choices made in
complex situations” (Nelson and Stolterman 2014). The process of this collective endeavour is equally
important just as the outcome. Not only does it give people voices and realization of possible alternatives,
but it also enables them to negotiate the values that are important to them. "It empowers stakeholders and
allows them to feel connected to the design process ...[it] is about negotiating values realized through
participation. Values in the design process are seen as an ethos that respects people's democratic rights in
that the people whose activity and experiences will ultimately be affected most directly by a design outcome
ought to have a substantive say in what that outcome is" (lversen, Halskov, and Leong 2010). The
complexity resulting from synergistic user interactions can be realized only with careful moderation.

Game engines allow us to explore a design system that enables us to capture the diversity and complexity
of people as end-users. Using game engines in design is a collaborative venture. In the design domain,
games -also referred to as serious games- are engaging, participative, interactive, performance-aware
processes. The designer remains at the centre of the design process, creating the environment, establishing
design schemes, considering technological limitations, incorporating them into features and rules, creating
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various scenarios, and enabling user preferences in the form of interactions to be embodied into the design
product.

It is significant to note that the authors' approach fundamentally differs from efforts like WikiHouse or
BarCode housing in terms of pre-engineering or integrating technical data into the design process (Parvin
2013; Madrazo, Sicilia, and Cojo 2009). WikiHouse offers a great foundation for open-source housing, and
the system provides options for layouts, but the participant is still choosing rather than designing. BarCode
fills this gap by giving participants graphs tools to employ, and then automatically created algorithms create
the design. The participant is not fully involved in the design process in either case. The spatial cognition
of those mediums is different from how non-designers perceive spaces. Furthermore, during the process,
they are not informed of the performance or consequences of their choices. These two factors, "Augmenting
users' perception™ (of design) and "informing their decision", are the main elements shaping the proposed
framework.

4 PROPOSED WORKFLOW: OVERVIEW

The phrase "user-centred” or "occupant-centric" in this paper refers to including end-users as engaged
members of the design process. The suggested approach focuses on the early stages of design and involves
non-expert individuals who will be the building occupants. Users are evaluated, directly and indirectly,
constantly interacting with the performance-aware environment as they are the primary agency taking
control of the design. Also, immersive virtual environments in this context are used in their broader meaning
and are not necessarily referring to virtual, augmented, or mixed reality mediums. Studies indicate that
regardless of the tool or medium of participation (whether it's a head-mounted display, a projection, or a
screen), the primary factor affecting levels of presence, believability, and perception is the content of the
simulation (Schwind et al. 2019; Baus et al. 2011; Bafios et al. 2005). Therefore, in the context of this paper,
'immersive' refers to a photo-realistic physical environment developed using game engines that are
augmented with information and interaction tools and are similar to the spatial experience of real-world
situations. The medium for this study is personal computers and conventional screens.

Studies in spatial cognition and computation have investigated qualitative spatial representation and
reasoning techniques in light of how humans abstract from geometrical details when interacting with spatial
information. Participants can (and prefer) think about and communicate using qualitative relations when
solving various product design problems, particularly during earlier design stages. This mode of engaging
with the design process contrasts with exact numerical values, which is common in today's design tools
(Schultz, Bhatt, and Borrmann 2017). Further, early design choices determine up to 70% of the product's
production cost. Optimizing manufacturing parameters can only address 30% of those (Kleban et al. 2001).
Therefore, it can be concluded that the early design stages provide the most significant opportunity for a
collaborative, data-driven intervention.

4.1 Technical Framework

A design workflow using a game engine is proposed and developed. Unreal Engine (Epic Games 2021) is
the host environment for this workflow. Tools for structural and environmental design compatible with
Rhinoceros (Robert McNeel & Associates 2020) are utilized to provide analytical data. Geometrical
constraints also can be modelled algorithmically within Rhino's visual programming environment
Grasshopper™. Other pipeline elements are coded in Python 2.7 and its implementation for the .NET
framework IronPython (IronPython Contributors, Microsoft Corporation, and Python Software Foundation
2013; Python Software Foundation 2010).

Making fundamental changes throughout the design is one of the issues in game engines as they require
preparing the majority of the environment features before the game starts. Therefore, making changes
during the gameplay is complicated, especially the ones that affect the surroundings. Conversely, design
exploration, especially in the early stages, necessitates the ability to create numerous, if not uncountable,
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options. Therefore, pre-generating all possible design options and bringing them into the game is not
feasible. A real-time connection between the host game engine and 3D software capable of performing
performance analysis is essential. This connection can be one of the challenging aspects of the workflow.
This connection transmits the participant's actions to the analytical section (a Python server with analytical
evaluation tools integrated), where information about the performance of that specific alternative or choice
is sent back to the engine (Figure 1).
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Figure 1. Elements of the developed framework for participatory informed decision-making with
connections between the different parts of the platform.

The two-way link between this server and the game engine allows for keeping a complete log of user
behaviour and interaction, which is a valuable source of information to research. This connection is essential
to the study because the more data is transferred, the more time and resources are allocated, which may lead
to inconsistencies in user experiences. There cannot be a noticeable delay in the game session, limiting the
time available for performance analysis. This technical limitation is coupled with the fact that entirely
accurate analysis is not necessary nor feasible in the early design stages as the geometry and its relation to
the surroundings have not yet been fully developed or modelled. As a result, imperfectly accurate but
enriched data in the early stages of design can influence the design direction. Similar to a standard method
of handling visual details in computational graphics, which depends on how close the viewer is and helps
better use system resources, an item is initially obscured. Still, more details are gradually added as the
player gets closer or moves forward. Thus, data-driven machine-learning approaches are used to direct
design in the early stages. These tools are fast, straightforward, intuitive, and precise enough for the initial
design decisions.

The three main types of machine learning are reinforced, unsupervised, and supervised learning. When
creating predictive models, supervised learning maps a set of inputs to one or more outputs (the response
variable or labels). When the output variables are categorical, supervised learning tasks are described as
classification or pattern recognition. Tree-based models are a subcategory of supervised classification
methods that use tree topologies to address classification and regression issues. Recent reviews of state-of-
the-art techniques for estimating or predicting building performance support that predictive models, like
generalized linear regressions, tree-based models, and artificial neural networks, have been widely used in
studies to assess various design alternatives. Since they are easy to apply and interpret, comprehendible,
and intuitive (H. Sun, Burton, and Huang 2021; Y. Sun, Haghighat, and Fung 2020; Wei et al. 2018). Tree-
based Al models are trained to create a data-driven model that retrieves any design iteration's structural and
environmental performance.
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4.2 Design Evaluation and Conflict Resolution System

Conflict inevitably arises when multiple players can exert power and make decisions on a finite number of
elements in a limited space. There may be various approaches to dealing with the problem of contradictory
choices. The first approach involves direct unsupervised interaction between participants, allowing people
to bargain and negotiate to reach a mutual solution. The second strategy, a supervised negotiation, involves
a higher authority meddling and regulating the negotiations because the players might fail or be unwilling
to make concessions. This role sometimes is conferred on the platform itself, which needs a ranking or a
selection mechanism to solve the conflict. One technique explored to resolve conflicts is implementing a
rating or evaluation system based on both performative and qualitative game criteria allowing an upvoting
hierarchy that chooses the fittest alternative. When discussing performance, it does not solely refer to
environmental, structural, or architectural evaluations and analyses, but several other aspects like
desirability or other qualitative variables can and must also be considered. Nonetheless, all these parameters
are still part of the evaluation system.
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Figure 2: Evaluation system: combining rewards in each criterion for every participant.
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In summary, two systems have been deployed to handle various options—a system of rewards and a credit
system. The credit system aims to converge options during the game and minimize the generation of outlier
data, and the reward system acts after the game to generate the final option. Every participant's final decision
in the initial study is recorded with its metadata. The performative variable of each choice is paired with
weights in the reward system to give the player an overall score (Figure 2). The credit system uses tokens
you can spend per your prior decisions. Extreme deviations will limit players' options in subsequent steps
by reducing their token supply.

4.3 Data Collection Procedure and Validation Method

The suggested framework supports both direct and indirect user assessments. Direct user assessments are
analyses of questionnaires, surveys, and other explicit data collected from users directly through user
interfaces. Indirect evaluation refers to time-binding and event-based studies of the recorded session. For
instance, the number of actions/reverts a user performs or the time required for specific activities. Indirect
user assessment is one of the significant contributions of the proposed workflow; A thorough factual insight
into user preferences is made possible because external biases, especially those related to the observer, such
as the Hawthorne effect, are reduced.

Surveys and questionnaires are crucial tools for direct user assessment. They are intended for various
purposes that can be grouped into four categories: gathering participant demographic information,
familiarizing them with the game's objectives and events, testing the study's central hypothesis, and
validating the methodology and results. The Igroup Presence Questionnaire (IPQ), which employs a similar
Likert scale, is frequently used by scholars to evaluate software or interfaces' degree of immersion and
usability (Schubert, Friedmann, and Regenbrecht, n.d.). Similarly, the Post-Study System Usability
Questionnaire (PSSUQ) - a 16-item standardized questionnaire- is also used for human studies (Lewis
2009). The System Usability Scale (SUS) has become a popular questionnaire for assessing perceived
usability. SUS is a reliable tool with a reasonably brief questionnaire for measuring usability and has
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significant reliability (Grier et al. 2013; Brooke 2013; 1996; Lewis 2018). Intel™ created the UMUX
(Finstad 2010; Lewis 2018) to obtain a measurement of perceived usability comparable to the SUS but
using only four items. Finally, the ITC-Sense of Presence Inventory (ITC-SOPI) test is a similar cross-
media presence evaluation tool. It is intended to investigate four aspects: engagement, ecological validity,
platform viability, and sense of the space.

For each game scenario, one of the questionnaires listed above is used. The nature of the study, the audience
involved, the tasks they are asked to complete, and the medium and length of each session are all factors to
consider. Three stages of data collection and user interaction are suggested; First, a pre-study questionnaire
is used to gather anonymous demographic data and provide unbiased details about the upcoming study. A
mid-study questionnaire is a set of direct questions intended to evaluate the user's participation and study if
the user can effectively use the tools provided for design. A post-study questionnaire will be used to verify
the workflow. Also, it is used to demonstrate whether users have understood and engaged with the platform
and to assess the environment's degree of immersion and credibility.

5 PILOT STUDY

A pilot study is chosen to put the aforementioned elements into practise. In this section, the elements of the
established framework are described in detail, along with possible limitations and data collection
procedures.

5.1 Pilot Study: Retrofitting a Building Fagade Using Participatory Design Environments

The City Building and Design Lab (CBDL) in the heart of Calgary has been chosen for the pilot study. This
1962 building has concrete slabs and columns. The west and south facades of the building provide an
opportunity for repurposing and retrofitting while leaving the carbon-intensive elements (slabs and
columns) in place.

(1] (2]

Figure 3: Proposed high-performance facade based on automated timber construction for the CBDL
building, Calgary. 1) Overall view for south and west facades. 2) Fabrication system.

The building will have a new facade based on automated timber construction techniques (Nahmad Vazquez
and Walker 2021). Given the coworking nature of offices and educational spaces, CBDL is an excellent
contender for the pilot project of the suggested workflow.

5.2 Framework Elements: Design Agencies and Performance Evaluation System

In the developed framework, tasks are designed in which the player can make design decisions and
adjustments to the proposed design of the CBDL building. Three categories have been designed to provide
information to the player: structural, environmental and manufacturing costs. The performance after each
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decision is shown to the player. The backend procedure (Figure 4) retrieves structural and environmental
performance and examines geometrical properties for cost calculation.

(1] (2] (3] [4]

Figure 4: Various data embedded in the developed game environment. 1) structural and environmental
performance. 2) geometrical constraint considering the manufacturing system. 3) additional analysis on
details and joinery. 4) real-size prototype of the facade system.

A data set is created using an algorithm to assess the player's decision, generating possible random changes
on the facade and performing different analyses on each transition. Performance between the old and new
states is compared at every change. Five labels are allocated to each decision based on this comparison.

Further, five parameters are extracted in the structural performance category from the FEM analysis: a)
Max displacement (Maximum deflection of all members), b) Total mass, c) Elastic internal energy change
(scalar product of external nodal loads and nodal displacement), d) Von-Mises stress on principal plane

stresses, o, = 2\/% [(ax - ay)z + (o, — ox)z + (0, — ax)2] +3(t2yy + 24y + T24,) , Where o, is

normal stress in the a Direction and tg is sheer stress in 0 plane, and €) Beam utilization ratio (critical stress
over allowable stress). Then, the overall performance of each choice is marked based on those five
indicators, presuming that each one can be improved or made worse. By separating the domain of all
possible performance grades into five subdomains, each design choice can be categorized as very bad, bad,
neutral, good, and very good. That is, for every criterion C;, the value for the transition from state A to state

B is: V,(AB) = C;(A) — C;(B). Then the value is standardized as V; = —Li(48) - mean(Vy

standard deviation (Vi)'

Lastly, the summation of all standardized values in every category, combined with weight factors, decides
the label for this transition. For instance, Structural performance for a transition is calculated as P;(AB) =

5 «
oo WiV

Labels are intended to be understandable by non-experts. For example, improvement in three or more
criteria is considered a very good choice. It is important to emphasize that the framework keeps all the
changes in the allowable range, meaning that an option leading to fatal failure cannot be generated. Two
mechanisms were used during the data set creation step to accomplish this. First, when a new structure is
constructed based on each state transition or choice, the minimal viable structure is created in this procedure
by automatically changing the structural parameters. In this case, the option with the smallest available
cross-section maintains the minimum or acceptable range for each of the five parameters. A similar process
is applied for all other criteria. The second mechanism is that changes will be clamped to the nearest
alternative that satisfies the performance criteria when a valid structure cannot be constructed (Figure 4).
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Figure 5: Structural data set generation for Al agent training procedure. 1) Two randomly generated states.
2) Finite element utilization preview. 3) Last iterations of optimization in five structural criteria.
4) Comparison of performance for evaluation of the transition.

The same principles are employed for three environmental criteria. These are a) total fagade (direct) solar
energy gain, b) interior sun exposure and c) free (unobstructed) sky view from inside. Desirable ranges are
established depending on the location of the building and its context. A grade of five labels is assigned to
each design choice. Similarly, for the fabrication feedback agent, the cost of material and fabrication and
the constructability of members are two criteria for its training.

Another entity introduced to coexist alongside the player is the non-playing character (NPC). The simulated
environment comprises the player, the NPCs and the three feedback systems. Players cannot be alone in an
empty building; to create a more realistic and credible environment, agents or NPCs are designed to interact
and behave like regular people who work in an office. The agents can only respond to the environment and
communicate with one another; they cannot modify any game features. A public dataset from UCI Irvine
is utilized for training this agent in the early stages of the proposed framework (Dua and Graff 2019).
Accelerometer data from 15 participants engaged in seven everyday activities are included in the dataset
compiled by Casale, Pujol, and Radeva (2012). This data set applies to training an agent with multi-target
regression in an office setting. Data is labelled with similar types of behaviour as those found in an office
environment (i.e. working at a computer, standing up and walking and going up\down stairs, standing,
walking, going up\down stairs, walking and talking with someone, talking while standing). NPCs aim to be
trained to be responsive to their surroundings. Hence, their behaviour and interaction with every option the
player creates is another valuable information source.

5.3 Initial Study & Limitations

The initial study model is developed and ready for data collection (Figure 6). Pre-study questionnaires and
briefings are the first steps in each session. In each participation session, the participant is asked to complete
a series of selection tasks and modifications in the game engine. Changes are sent to the backend Python
during the interaction. Trained models estimate performance and reply to the results encapsulated in the
game engine and displayed through graphical user elements. Participants can end the session at any time,
which prompts them to answer the final questionnaire. Each design task takes less than 10 minutes to
complete in beta testing, and five tasks are designed. The third task includes a mid-game questionnaire
(Figure 7).
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Figure 6: Game environment based on pilot study for data collection (Developed using Unreal Engine).

Maintaining a real-time engagement with the user is one of the primary challenges in the cross-software
framework. Higher pauses or response time, according to studies, may disturb decision-making. In other
words, a successful design process requires an uninterrupted flow of information (Brady 1986; Jones and
Reinhart 2018). Since this is related to the amount of information conveyed, data types and formats must
be examined after each development step. Another issue involves the lack of previous similar studies to
determine sample size (MacKenzie 2013). Also, as the framework aims to keep up with the
multidisciplinary nature of design, the scope of discussion can be arguable. Therefore, the correlation and
relation between any pair of sample groups need to be studied. The data gathering phase with the developed
framework is anticipated in summer/fall 2023 in a professional (architectural office) and an educational
setting (university students). The results will be published in a report, serving as the foundation for the
framework's second iteration.
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Figure 7: Participant workflow from the initial questionnaire, framework training and interaction to the
final post-study questionnaire.

6 CONCLUSION

The proposed framework presents the first practical steps for embedding various data types into a holistic
virtual design environment using game engines. A cross-disciplinary approach to design is discussed after
examining the value and challenges of user assessment. The literature review discusses how and why all
design forces can coexist in a game engine as new middle grounds or threshold spaces for design and
communication with existing architectural design software are discussed. Two significant shortcomings of
the developed design tools are deduced and shaped into two critical characteristics of novel data-driven
design technigues employing game engines. The aim is to enhance users' perception and guide their
decisions whilst providing user occupancy information at early design stages. Methods to validate the
framework's usability and the characteristics derived from initial studies and partial reports are also
mentioned. Finally, the suggested framework offers a novel method for designers to employ a collaborative,
cross-disciplinary design system to get a qualitative understanding of end-users' complicated quantitative
preferences through both direct and indirect assessment. The proposed design framework can result in
socially responsible, economically viable, and environmentally sustainable designs which involve all
stakeholders and allow for bottom-up negotiations and decision-making processes. Conflicts are minimized
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at this stage through mediation, limitation-aware rules, and data augmentation. Developing the design
framework is the first stage of a three-year research collaboration. The next step will deploy the framework
with different user groups to refine and iterate the process while gathering user preferences and behaviour
data.
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