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Abstract

Objectives: Hospitals represent one of the most complex subjects in architectural design. Over time,
many hospitals undergo changes in their initial spatial layouts to accommodate evolving needs. This
process often presents various challenges and problems, and the absence of an optimal design process
for hospitals is a primary contributor to these issues. Artificial intelligence (Al), with its advanced
capabilities, can offer highly accurate and rapid solutions. This research aims to present an integrated
approach that combines architecture and Al for Al-based hospital design through neuro-symbolic
strategies.

Methods: This research employs a theoretical-applied framework, and utilizes a descriptive-analytical method to
investigate the role of artificial intelligence in the design process, particularly within hospitals. The data collection
methods include a literature review and an examination of texts and studies related to architectural design and Al.
Furthermore, by analyzing the data through content analysis, integrated neuro-symbolic strategies were introduced
as a comprehensive approach to Al. The final model of the hospital design process, based on this approach, was
subsequently presented.

Results: Unified and hybrid techniques are two methods for integrating symbolic and sub-symbolic algorithms
within the integrated neuro-symbolic approach. This innovative methodology leverages the strengths of both
categories of algorithms while mitigating their respective weaknesses. Among the six methods presented in this
paper, the hybrid strategy—method number three (neuro-symbolic) — emerges as the most effective means of
achieving an integrated process that merges Al and architecture in hospital design.

Conclusion: In this process, the designer's interventions are minimized, allowing Al to produce the most optimal
architectural design for a hospital by leveraging its capabilities.

Level of evidence: V

Keywords: Al generative design process, Atrtificial intelligence (Al), Hospital design, Hybrid technique, Neuro-symbolic,
Unified technique

Introduction

D esigning a healthcare facility, such as a hospital, is a
highly complex endeavor. These facilities are

constructed and operated to treat patients and improve the
health of the community. They are visited by diverse groups
of users, each with unique needs. Given that most of these
individuals are either patients themselves or are patient
associates, they often experience high levels of stress and
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anxiety. This stress is exacerbated in an environment that
is considered weak in terms of architectural integrity, as
well as psychological and environmental factors.!
Numerous studies have been conducted on the impact of
healthcare facility architecture on patient recovery,?
highlighting its role in reducing tension and stress for both
the patients and their companions, improving the efficiency
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of medical staff, ensuring safety, and many other issues.
Everyone acknowledges that the architectural design of
healthcare centers and the resolution of spatial
relationships within them are of great importance.?

In a large medical center, such as a hospital, data is
generated from the moment a patient arrives. This includes
the entire journey the patient undertakes, the activities
performed for various diagnostic and therapeutic tasks, the
individuals involved in this process, and all the work
conducted for the patient’s discharge. All of this information
considered data and must be carefully examined and
analyzed during the architectural design process.

Therefore, it can be inferred that architects are confronted
with a significantamount of data that must be identified and
analyzed to address hospital design challanges.* Al
technology, due to its speed, accuracy, multi-dimensional
problem-solving capabilities, and ability to provide
powerful solutions, can significantly enhance the
architectural design process, from data analysis to the
presentation of the final design.> Utilizing this technology
can alleviate many concerns for architects, including the
complexity of computations, elucidating relationships
between variables, predicting probabilities, and selecting
optimal solutions.3 Addressing these challenges through
conventional human  methods often  requires
considerable time and can be exceedingly difficult, if not
impossible. However, Al can facilitate optimal decision-
making by its functionality, leveraging amounts of data and
information employing various methods and techniques.¢

A key point is that achieving an architectural design
process that incorporates Al requires a thorough review
and redefinition of the conventional architectural design
process to make it Al-based. Accordingly, this research
aims to develop a unified design process that integrates
Al effectively. It is important to note that Al technology
encompasses a wide range of algorithms and techniques
for integration. Therefore, selecting an appropriate
strategy for addressing each specific problem is essential.
Neuro-symbolic strategies represent comprehensive
methods for combining algorithms to achieve an Al-based
generative design process. However, determining which
strategies are suitable for the hospital architectural
design process is a central focus of this study.

In previous studies, a design process model specifically
for hospitals has not been presented. Furthermore, few
practical studies in this field have utilized algorithms
solely for designing specific components of medical
centers, such as layout or facade design.”? From this
perspective, the innovation of this research lies in the
introduction of integrated neuro-symbolic strategies,
which aim to present a comprehensive Al-based design
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process model for hospitals.

Materials and Methods

This study presents both theoretical and applied research
aimed at investigating the role of Al in the hospital design
process. The aim of the research is to develop a
comprehensive model that illustrates the collaborative
relationship between architects and Al in the architectural
hospital design. To achieve this, the study employs a
descriptive-analytical approach, utilizing data collected from
a review of library resources, relevant texts, and previous
studies in the field. In the first phase, the common hospital
design process is analyzed from the researchers’
perspective, identifying the key components that influence
hospital design. Subsequently, studies that investigate the
role of Al in the architectural design of hospitals are
reviewed. This examination reveals existing research gaps in
the integration of Al within the hospital design process. In
the following phase, a content analysis method is used to
evaluate previous approaches to Al, ultimately proposing
integrated neuro-symbolic strategies as a novel approach to
Al in the design process. The final model presents the
hospital design process based on this innovative
methodology.

Results
Review of Research on the Hospital Design Process and
Artificial Intelligence

The design process of healthcare centers and hospitals is
one of the most complex topics in architectural design,
attracting considerable attention from researchers.
According to Hicks et al,10 the design of hospitals and
healthcare facilities is a challenging endeavor that not only
emphasizes spatial layout and the design of physical spaces
but also seeks to facilitate dynamic interactions among
patients, staff, visitors, equipment, and information. Halawa
etal.2 also discuss the design of hospitals and medical centers
within the context of multifaceted architecture by presenting
a common design process [Figure 1]. Some researchers have
identified spatial layout,!! circulation,'? and wayfinding 13 as
the most critical factors in the hospital design process, which
significantly influence the concepts of form and plan. Other
aspects of the research have examined aesthetic components
in the interior design of spaces and their role in reducing
stress and improving patients’ well-being. These
components include factors such as light sound, and
color,14#15 noise pollution,'® visual landscape,” energy
considerations,!® safety,!® as well as issues related to
environmental psychology and neuroscience.2
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Figure 1. The process of hospital design?
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The body of research indicates that the architectural
characteristics of a hospital significantly affect patients, their
treatment processes, and the alleviation of stress and tension
within the environment, while simultaneously increasing the
productivity of medical staff.2! Frandsen?2 posits that, under
normal circumstances, if an individual feels physically
uncomfortable in their environment, they can choose to
leave; however, a sick person is often compelled to spend
their illness in a hospital setting. Some symptoms reported
by patients in studies include emotional experiences such as
stress and anxiety, as well as physical manifestations such as

Environment elements Interior design

AI GEN HOSPITAL DESIGN

dry skin, headaches, and lethargy, which may not be
necessarily related to their illness but can be exacerbated by
the hospital environment? Ulrich?#, one of the most
influential researchers in hospital design, also acknowledges
that designing a healing environment that simultaneously
respects both the desirable parameters of architectural form
and the conceptual aspects of architecture, has remarkable
results on recovery and well-being of both patients and staff.
Figure 2 shows the various design process factors that
researchers have studied for their impact on patients and
staff [Figure 2].
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Figure 2. Factors of hospitals and medical centers design process 1011

Inrecentdecades, the growth of Al in the design process has
led to numerous studies evaluating its application in
architecture. Notably, researchers have predominately used
algorithms to achieve the goals of the hybrid process that
integrates architecture and Al, which include high speed,
accuracy, and the provision of multiple optimal options.
Additionally, many studies have focused on combinations of
algorithms within the same category. Pena et al38 in their
review study, acknowledge that 85% of the articles
published over the last three decades used evolutionary
algorithms, particularly genetic algorithms, which provide
acceptable results in optimizing design options. 3942
Conversely, the advancement of deep learning algorithms
has expanded their use in architectural research, resultingin
desirable outcomes across various stages of the design
process.#345 In some studies, researchers have used

mathematical models and their logic to generate and
evaluate options presented by machines. In this way, they
were able to measure the degree of compliance of these
options with the goals envisaged in the architectural design
process.“-48 [t should be noted that the process presented in
[Figure 1] is designed for humans as an architect, and there
isno role for Al as a collaborator with the architect which is
seen merely as a tool in the architect's hands. However, few
studies have addressed theoretical issues or presented
theoretical models for the generative design process of
healthcare centers, and mostly, due to the functional nature
of Al, have specifically measured the role of this technology
in the design process practically and experimentally. Among
the studies that used Al in the field of designing medical
centers and hospitals, Yeh & Ford #° used a convolutional
neural network to optimize the spatial layout of a hospital.
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Cheng & Lien,*0 after using various evolutionary algorithms
in spatial layout design, introduced the honeybee algorithm
as the most efficient optimization algorithm in this field.
Additionally, Karaman et al# used a combination of
evolutionary algorithms to design the optimal shell for a
hospital. Also, Halawa et a2 proposed the most optimal light
and routing in medical centers using the genetic algorithm,
particle swarm optimization (PSO) and SA.

Fundamental Approaches in Al

In the early to mid-twentieth century, following the advent
of computers and the broad theoretical discourse
surrounding them, some Al scientists undertook extensive
research to achieve smart machines. These efforts gave rise
to comprehensive studies based on theories from the
philosophy of mind, cognitive psychology, computer
engineering, and, in short, discussions in ‘cognitive science’.
This culminated in the emergence of a branch of
philosophical studies known as the philosophy of AL>51

Researchers have observed many similarities between the
mind and the computer. In their view, digital computers
represent the best model for studying how information
processing occurs in the human mind. Therefore, based on
functionalism, the mind can be considered a very complex
computer that processes information step by step,
sequentially. Alternatively, from a perspective inspired by
neuroscience, information processing occurs in parallel
rather than sequentially.>2 Accordingly, the advocates of the
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firstidea are called symbologists, who generally believe that
information processing should occur in the form of a
systematic transformation of physical structures that
represent information carriers. The second group, known as
connectionists, considers information processing possible
through the operation of neural networks. They believe that
this process does not need to be implemented by separate
and independent structures; rather, it can be distributed as
patterns of weights and connections within the neural
network.>3 Based on these two ideas, two main approaches
have emerged in the construction of intelligent machines:
symbolic and sub-symbolic.

In the golden years, often referred toas the period
following the advent of computers, the dominant paradigm
of Al was the symbolic approach, which was considered a
method based on problem-solving and reasoning. However,
in the 1980s, sub-symbolic Al began to advance and has
continued to be of interestin recentyears.>* The cornerstone
of this approach is based on simulating the neural system of
the human mind and focusing on the learning capabilities of
machines. These two approaches have experienced their ups
and downs over the years, each with distinct components,
advantages, and disadvantages [Table 1]. According to
Dreyfus,> neither can be considered superior to the other. In
certain areas, the symbolic approach demonstrates
considerable strength, whereas in others, the sub-symbolic
approach excels. Therefore, experts believe that the solution
to all issues cannot be found in a single approach.

Feature proach Sub-symbolic Symbolic
Neural Networks (Mimicking the human brain) Knowledge Base (A repository of rules and facts)
Components Training Data (Labeled data) Inference Engine (Based on logical rules)
Algorithms (For training and optimizing the model) Rule-based Systems (For information processing)
High Adaptability Interpretability
(Flexibility in dealing with new data) (The justifiability of a reasoning process)
Complexity of Management Expert Knowledge
(Managing extraction and pattern formation processes) (Enabling the encoding of expert knowledge)
Advantages Automatic Feature Extraction Logical Reasoning
(The ability to automatically learn features) (Drawing conclusions based on rules)
Noise Robustness Rule-Based Approach
(High tolerance to noise) (Explicitly representing rules for modification)
Lack of Interpretability Lack of Scalability
(The decision-making process is often unclear (black box)) (Difficulty in performing well when dealing with large amounts of data)
Data Dependency Lack of Adaptability
. (The quality of the input data significantly impacts the results) (Inability to flexibly accommodate new rules)
DGR 725 Computational Resources Difficulty in Knowledge Acquisition
(Requires significant time for training and optimization) (Challenges in encoding expert knowledge)
Data-driven Inability to Handle Uncertainty
(Cannot provide satisfactory answers without sufficient and appropriate data) (Deficiencies in managing uncertain information)
Algorithm Artificial Neural Networks, Machine Learning, Evolutionary Algorithms, Expert Systems, Natural Language Processing, Knowledge Engineering,

Cellular Automata, Multi-agent Systems

Shape Grammar, Logic Programming
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Since the goal of Al is to simulate various aspects of human
cognitive processes,® researchers are striving to adopt
comprehensive approaches in which symbolic and sub-
symbolic methods complement one another rather than
compete. This way, they can mitigate the limitations and
shortcomings of each approach with the advantages of the
other. These integrated methods and techniques aim to
bridge the gap between the two [Figure 3].

Iko & Kotraki¢ state that the main idea is to build a system
that can combine the advantages of both—namely, the
power of reasoning and inference with the ability to learn
from the environment. Lallement et al 52 believe that
symbolic approaches can solve problems that require high
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Figure 3. Symbolic vs sub-symbolic 256

Strategies of the Neuro-symbolic integration (NSI)

To combine the symbolic and connectionist approaches,
numerous methods and techniques have been employed in
research. Most of the symbolic and connectionist systems
used in studies thus far can be integrated within a unified
approach. In studies related to this topic, strategies have
been proposed to combine these two approaches, among
which the hybrid strategy and the unified strategy have been
the mostpopular [Figure 4]. In a hybrid strategy, two or more
symbolic and sub-symbolic techniques are combined within
an overall architecture, but they remain independentand are
implemented in parallel, such as neuro-fuzzy systems with

Neuro-symbolic
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cognitive power, and that hybrid algorithms are more
effective for performing everyday tasks. Just as humans deal
with and solve both types of problems simultaneously,
machines must also be able to address both challenges. As a
result, both approaches should be utilized. Bermudez>*
refers to these techniques, which integrate symbolicand sub-
symbolic theories, as the Neuro-Symbolic Integration (NSI)
approach, in which both systems can perform high- and low-
level human cognitive processes in a complementary
manner. With this explanation, the following section will
examine strategies for combining these two Al fundamental
approaches.

Sub-symbolic

» Bl
S ; ; » answer

the aim of synergizing fuzzy logic and neural networks. In the
unified strategy, one approach is the basis, and the
capabilities of the other one are added to it. For example, the
unified Neuro-symbolic system includes a neural network as
the main component that uses symbolic knowledge in
processing.>” According to these two strategies, various
classifications of these systems have been introduced by
researchers [Figure 4]. Katz58 presented the most famous
Neuro-symbolic taxonomy at the association for the
advancement of Al, which is illustrated in [Table 2] and
[Figure5].
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Figure 4. Hybrid vs unified methods in NSI approach 57-5°
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‘ Table 2. Overview of 6 methods of NSI strategies 56-59
Description

‘ AI GEN HOSPITAL DESIGN

Strategies Methods
As part of the usual deep learning process, all symbols are transformed into vector
1-Symbolic- -symboli
SR embeddings, which are then processed by neural models to generate symbols.
A neural network model is created using symbolic knowledge. The neural network's initial
2-Neuro-symbolic-neuro X . X
Hybrid weights are assigned to several types of symbolic knowledge.

In the parallel pipeline, neural and symbolic systems are given distinct tasks and exchange

3-Neuro; symbolic the information they have extracted to enhance the performance of either the individual or
the collective systems (e.g. neuro-symbolic concept learner, deepProbLog).

Refers to symbolic solvers that use neural models as subroutines, such as the neural state

4-Symbolic [neuro .
4 [ ] estimator, such as the Monte Carlo tree search.

Combinatorial symbolic reasoning is carried out via the neural network model. This is

5-Neuro[symbolic] accomplished either by focusing on specific symbols at a given moment or by understanding
it the relationships between the symbols (e.g. GNNs).

The network's loss function is regularized via a transition of symbolic logic principles.

6-Neurogmpolic Tensor Product Representations and Logic Tensor Networks (LTNs) both have these rich

transformation and logic embeddings.

neural » ‘
omts L vectors [ 7208 B vector L] oot

1-Symbolic-neuro-symbolic

e Ilmll
Il Neural model Il lI

2- Neuro-symbolic-neuro

3-Neuro; symbolic

Neural model
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5- Neuro [symbolic]

Symbolic
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» Tensor ‘ e ’ Tensor ‘ FOL
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6- NeUrosymbeotic

Figure 5. Neuro-symbolic Integration (NSI) approach
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Al-based Generative Design Process

Numerous methods have been developed to enhance the
architectural design process systematically.’® However,
these methods were primarily defined for humans. Even
after the advent of computer-aided design (CAD) methods,
the common design process for various applications,
including hospitals, did not differ significantly from the pre-
computer era. As a result, after several decades, the design
process is still largely carried out by humans on paper copies,
which are then transferred to computers by the user through
software. This process cannot be considered a true
collaboration between the architect and the computer, as the
computer is still viewed as a tool in the hands of the
architect.®® In recent years, with the introduction of Al
technology, there have been attempts to position Al as a
colleague alongside the designer.

However, it has primarily been tested in research and
studies rather than being able to perform architectural
activities alongside the designer practically. The most
important reasons for this, in addition to the lack of
collective will to achieve this goal,®! include insufficient
training in algorithmic architecture and the lack of necessary
skills among architects to communicate effectively with
machines. This communication is facilitated by
programming languages, as well as knowledge of
mathematics, statistics, probabilities, and data science. *
The consequence of this deficiency is the absence of methods
for the generative design process of Al-based architecture,
which continues to lead to weaknesses in the architectural
design of medical centers and hospitals.

The generative design process, or, in other words, the Al-
based design process, is one in which an Al algorithm
generates design options based on the architect's initial
ideas and specific parameters.*> These parameters for
designing a hospital include all the influential components of
architectural design, such as the factors mentioned in [Table
1], as well as quantitative data such as regulations, laws, and
structural and construction considerations.

In this new design process, instead of entering an exactplan
into the system, the designer specifies design parameters
and constraints by transferring qualitative and quantitative
data to the machine. This can be done through various
methods, such as coding within a programming language

Design

o
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Analysing data
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environment.#4 The system can then suggestdifferent design
options for various parts of a hospital based on the training
ithasreceived. This approach can facilitate the optimization
of the design process, 4 easily create complex and optimized
designs,® and even help generate creative and unique
solutions,®? as algorithms can automate the design
generation process and provide new and innovative options.
63 One of the key benefits of generative design in hospitals is
that it allows architects to quickly explore and simulate a
range of design ideas and alternatives by analyzing a wealth
of data. Unlike traditional manual or computer-aided design
methods, which can be time-consuming and expensive,
generative design automates the process, enabling
designers to access a diverse set of images and renderings
swiftly.12 McKnight¢* acknowledges that in the conventional
architectural design process, even after the architect has
selected the final option which is alongand time-consuming
endeavor—he is uncertain whether the bestoption has been
chosen. On the other hand, Bonamici et al. ¢> referencing the
generative design process introduced by Autodesk Inc, an
American multinational software corporation and pioneer
of computer-aided design (CAD), argue that despite
significant advancements in this field, the designer’s
experience and knowledge remain the most critical
elements of the design process. As a result, bilateral
communication between the architect and the machine must
be established efficiently. Villagi etal. ¢¢ tested this approach
and presented results with a high degree of acceptability. In
the generative design process they introduced, the architect
had two roles: not only did the architect code the Al models
to facilitate the design process, but he or she also maintained
full supervision throughout the process.

It can be inferred from the studies reviewed that the overall
Al generative process is structured around three main
stages: pre-design, design, and post-design [Figure 6]. Nagy
et al. ¢7 contend that while generative design methods have
significantly accelerated the process of producing
architectural designs, they have not fundamentally altered
the basis of the design process. Consequently, these three
stages can be aligned with the traditional architectural
design process: analysis, synthesis, and evaluation.38

Assessment:

Chose and
develop final

Figure 6. Overview of stages of Al-based generative design process (Al Gen) 6+67
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The generative model consists of three main elements: the
human element (the designer), the machine element, and
the interaction between the two. The human element is
responsible for the first stage of the process. After defining
the problem and constraints, the designer enters the second
stage. It is important to note that ‘designer’ does not refer to
a human; it refers to an Al system. The designer learns to
refine the program with each iteration, bringing it closer to

AI GEN HOSPITAL DESIGN

the design goals. After receiving approval from the human
element, the machine element subsequently works to
improve and develop the final design. Each stage comprises
various steps and sub-steps aimed at achieving the desired
outcomes, and the architect collaborates with Al to navigate
through these steps systematically. These are illustrated in
[Figure 7].
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Figure 7. Different steps of the three stages of Al Gen

Discussion

The review and analysis of the findings indicate that there is
aneed to explain a comprehensive model that encompasses
the concept of Al generative design in architecture. Through
this model, strategies for integrating the algorithms of each
approach, appropriate to the hospital design process, can be
introduced. This model is illustrated in [Figure 8], and its
components will be discussed in detail below.

Pre-design Stage (Cognition-analysis)

In the Al-based hospital design process, the first phase,
titled "pre-design," consists of two steps. The first step is
the definition, during which all the data necessary to address
the hospital design problem is collected. Some of this data is
extracted from the design plan and the subsequentdemands,
needs, goals, and constraints.!® The other part is based on
predetermined information, such as criteria, standards, laws,
and regulations for the architectural design of medical
centers, as well as a review of the budget, site, and case
studies. This process is carried out by human resources

regulations, and standards

Analyzing — the initial model choice

Design generation (generative element)

h the plan aligns with its
aluation element).

Development and improvement of the evaluated design

(improvement element)

Additional detail - present to the client

Finalized the selected output

(architect or design team).

The next step in this section is analysis, which involves
analyzing the data collected in the first step to begin
presenting initial solutions and producing the design. In the
conventional hospital design process, the basis for analysisin
the second step consists of theoretical foundations,
qualitative concepts, and the architect's insights, such as
creativity, intuition, style, and worldview. The output of this
analysis includes various diagrams, graphs, and initial
sketches that aim to achieve the design idea and concept.
However, in Al generative design, the analysis step is
performed by a machine that has previously become familiar
with these principles and concepts due to the nature of AL
The output of this step is a knowledge base.

The knowledge base is a collection of data, rules,
relationships, and training samples that function as the
model's memory, and the model continually references it
during the design process to retrieve information.*4 For each
project, a knowledge base must be prepared that aligns with
the specific requirements. The process of creating a
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knowledge base is carried out using existing algorithms from
both symbolic and sub-symbolic approaches. Symbolic
algorithms have a strong ability to extract features and
analyze data, can logically explain the reasons behind their
decisions, and draw conclusions through logical reasoning.
However, they do face limitations, including the need for the
human element to manually define rules and symbols for the
symbolic model in advance; if the information is incomplete,
inferences cannot be made, and as the volume of data
increases, the computations become more complex. In the
sub-symbolic approach, machine learning algorithms can

Al GEN HOSPITAL DESIGN

provide acceptable outputs in extracting hidden patterns
from large dataset.

These algorithms exhibit high accuracy, predictive power,
and the potential for automation, allowing them to improve
their results each time they encounter new data. These
algorithms can perform classification, pattern extraction, and
relationship discovery by analyzing similar examples
and storing this information in their memory for later
reference.>® However, they require a substantial amount of
high-quality data and powerful systems for complex
computations.
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It should be noted that several technical measures are
necessary for data collection and its transfer to the machine,
such as pre-processing and post-processing of data,
dimension reduction, normalizing, and the use of
mathematical formulas for training. These tasks are best
performed exclusively by an architect familiar with Al or by
ateam consisting of an architect and other computer science
specialists. It is also important to note that the selection of
algorithms for building a knowledge base depends on the
type of data collected in the first step. For structured data,
such as patient information, hospital-related furniture,
dimensions, sizes, standards of the environment, treatment
space, rules, regulations, and other quantitative items, expert
systems and machine learning algorithms—such as
clustering, classification, and regression algorithms—can be
used. For unstructured data, such as images of similar
samples and text documents, natural language processing
algorithms, instance-based algorithms, and neural networks
can be used in conjunction.

The Main Model Choice

Another important issue to consider in the first phase of the
Al-integrated process and hospital architecture design is the
choice of the neuro-symbolic model, along with an
appropriate strategy to initiate the production process. As
previously mentioned, in earlier studies, this strategy has
been used less frequently, with researchers typically
designing the architecture using a single algorithm like GA or,
at most, combining two algorithms from the same category,
for instance, evolutionary algorithms, which cause some
challenges. The main challenge of using these algorithms is
due to their nature. Evolutionary algorithms have a random
nature that can lead to unnecessary mutations.38 Therefore,
with the increase of calculations, the algorithms acted
randomly and went out of the rules and regulations set for
the spaces (for instance, the standard dimensions of a
bedroom). Among the various technical disadvantages of
these algorithms are the tendency to become trapped in a
local optimum, insufficient mathematical support,
uncertainty regarding the final solution (including the
possibility of a more optimal answer) and a lack of memory
to retain information from previous solutions.*! While neural
networks have gained significant popularity among
researchers in recent years, they come with notable
drawbacks, the most prominent being the need for a vast
amount of training data. Additionally, the lack of
interpretability in these networks hinders the ability to
logically validate the processes they undergo, particularly
when it comes to designing hospital layouts. By employing a
unified approach, some of the challenges that researchers
faced can be addressed.

When examining strategies for selecting the appropriate
method, it is noted that systems using an “integrated
strategy” encounter design challenges due to their
architectural complexity and exhibit less flexibility in
modifying or developing parts of the model. In this approach,
the neural network and the symbolic system are fully
integrated and operate as a cohesive whole. In contrast, the
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“hybrid strategy” operates on the principle that neural
networks and symbolic systems are developed separately
and connected through an interface, offering greater
flexibility. This means that components of the system can be
changed and developed independently, depending on
conditions such as new data entry.®* Conversely, separating
the components facilitates understanding and system
analysis. However, the presence of the interface may slightly
reduce the system's overall efficiency, and ensuring
coordination between the symbolic systems and neural
networks may require additional precision and supervision.

Given these considerations, a hybrid strategy appears to be
a more suitable choice for the design process of a complex
subject such as a hospital. Among the various combinations
of  hybrid strategies, method number three
(neuro; symbolic), stands out as the most effective one
[Figure 9]. This approach means that the foundation of the
designer's Al model is based on neural networks, with the
symbolic system functioning alongside these networks as a
knowledge base and an expert system capable of logical
reasoning.

Considering the diverse components involved in the
hospital design process (see Figure 2), a model isneeded that
can address complex challenges, such as architectural design.
Additionally, as indicated in Table 1, symbolic algorithms are
not a suitable basis for the designer's Al model due to their
limitations in learning and memory allocation, which results
in inadequate performance in improving outcomes, as well
as a lack of flexibility and scalability when handling large
volumes of data—issues that architects face in hospital
design. Consequently, symbolic algorithms will primarily
serve as reasoning and inferential components for the
model's decisions.52

On the other hand, the growth and development of neural
networks over the past few decades, along with their
effectiveness in handling large amounts of data and their
ability to learn from numerous training examples, make
them a suitable choice as the main foundation for model
architecture. They also demonstrate high speed and accuracy
in solving problems. However, they require a substantial
amount of data, and the decision-making processes of these
networks are often opaque, leading to their characterization
as "black boxes". 67 Accordingly, neural networks should be
combined with symbolic systems to ensure that the results of
the Al model align with the design rules and criteria set by
the architect. The specific logic inherent in data analysis, as
provided by symbolic systems, can not only reduce the
volume of data and, subsequently, the processing time
required by neural networks but also enhance their
interpretability in delivering results. The characteristics of
generativity, pattern recognition, and generalizability enable
neural networks to perform effectively in the design
generation phase of the architectural design process.®®
Along with all these considerations, another important issue
that should be considered are ethical issues. It’s essential to
recognize that ethical issues in Al-driven design encompass
a wide range of considerations, including moral questions
and practical aspects of accessibility and equity. Like all Al
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models, they are only as good as their training data. If that
data is incomplete or biased, then a biased unfair design is
probable outcome.> To actagainst such things, it must:

e Work on a broad and representative dataset; by training Al
models using data from various origins to ensure generated
designs would be less biased or more inclusive.

e Consist of the needs of a bunch of robust algorithms;
employ algorithms that have significant tolerance to
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uncertainty but are intelligent enough to make the right
decision based on seemingly incomplete data.

e Developing ethical guidelines; promoting the ethical
structures so that responsible and ethical use of Al is
ensured.

e Incorporate human checks; human checks are also
essential for monitoring the Al-driven design process and
tagging the necessary parameters.

Sub-symbolic Al

|
Hospital design process characteristic

- Ill-defined problem
- Diverse components

- Complex challenges

- Large volumes of data

Symbolic Al

Figure 9. Selection of the main model based on the hospital design characteristics and the neuro-symbolic strategies features

Design Phase Stage (Synthesis)

Following the initial set of actions, the second phase, known
as synthesis, prepares the Al model to generate architectural
documents automatically. This phase is divided into three
steps. In the first step, the design generation begins, and the
model offers solutions to the architectural problem based on
its learned experiences. After the generation, the second step
involves evaluating all possible states produced by the
generative model. In this step, algorithms assess the
proximity of each option to the design goals, allowing for the
elimination of unsuccessful choices. In the third step, the
evaluated design is improved and made detailed. The entire
document is then ready for the next stage. Throughout the
synthesis phase, much like in the human design process, the
Al model continuously iterates between these three steps,
ultimately delivering an improved output aligned with the

Neuro-symbolic
- -E

desired goals.

In the integrated design process of architecture and Al, the
synthesis phase is entirely the responsibility of the machine.
It is dependent on the model's underlying architecture,
which may include a variety of machine learning algorithms,
such as K-means clustering or instance-based algorithms,
deep learning algorithms like Graph Neural Networks or
Generative Adversarial Networks, and evolutionary
algorithms such as Genetic Algorithms or Particle Swarm
Intelligence, as well as their combinations.

Following this phase, the designs generated by the model
can be exported to traditional architectural design software
such as AutoCAD and Revit. Additionally, certain outputs—
including diagrams, graphs, and plans—can be displayed in
coding environments like Python. In recent years, the
emergence of Building Information Modeling (BIM)
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software, particularly Revit, has resulted in a growing
preference for its outputs over other software options.

It is crucial that spatial, environmental, and structural
considerations work in parallel and support one another.
According to Weber et al.%® software such as Revit can
comprehensively present these aspects through detailed
executive plans and graphic representations. Additionally,
various factors must be considered in the design of different
hospital spaces, including patient rooms, inpatient wards,
surgical rooms, ancillary areas, and administrative offices.
Key issues such as energy use, daylighting, waste
management, and greenhouse gas emissions are also critical
and should be addressed by selecting an appropriate
strategy during the hospital design process. This
comprehensive approach should occur alongside the
generation of architectural documents by the model.

Post-design (Evaluation) Stage

After the design phase, the architect reevaluates the final
solution using Al algorithms and statistical tools,
incorporating additional details as needed. During
the evaluation stage, as mentioned in the ethical issue above,
the architect can interact with the initially created database
to make modifications and achieve a more refined final
design.?® At this point, the architect is presented with a
reduced number of design options, as undesirable
alternatives have already been eliminated during the
evaluation stage of the previous phase. The selected output
that meets the desired objectives is optimized, and with the
approval of both the architect and the client, itis finalized as
the solution. Following this selection, Al algorithms can
further assist the architect and project stakeholders with
construction challenges, project scheduling, and the analysis
of new data by referencing the knowledge base.

Conclusion

This study presents an integrated process for Al-based
hospital design. Using neuro-symbolic strategies, this
process leverages the strengths of both symbolic and sub-
symbolic approaches. This integrated methodology holds
significant potential for generating innovative and optimal
architectural designs that address the complex needs of
hospitals.

In this approach, the architect serves as the human
element, responsible for providing data to build a
knowledge base, supervising the production process,
analyzing and enhancing the generated design, and
ultimately making the final decisions regarding the
outcomes. This study shows that Al algorithms, when
implemented through a hybrid strategy and method
number three (neuro; symbolic), can deliver acceptable
outputs in collaborative partnership with the architect.
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However, implementing this approach comes with
challenges, including the need for vast quantities of high-
quality data, substantial computational costs, and the
complexities involved in designing and constructing the
foundational architecture of the Al model.

Given the rapid advancements in Al, future research
should emphasize practical, interdisciplinary collaboration
between architects and other relevant experts in the
healthcare field to develop more effective hospital designs.

Acknowledgement

This research is a part of the first author's PhD thesis
titled "Investigating Optimal Algorithms for Residential
Architecture to Elaborate the Theoretical Model of
Automated Design Intelligence", supervised by the second
author and advised by the third author, at the Islamic Azad
University, Mashhad Branch.

Authors Contribution: Authors who conceived and
designed the analysis: Ameneh Sadat Fattahi Maassoum/
Authors who collected the data: Ameneh Sadat Fattahi
Maassoum, Hero Farkisch/ Authors who contributed data or
analysis tools: Ameneh Sadat Fattahi Maassoum, Hero
Farkisch/Authors who performed the analysis: Ameneh
Sadat Fattahi Maassoum, Mohammad Taji/Authors who
wrote the paper: Ameneh Sadat Fattahi Maassoum
Declaration of Conflict of Interest: The authors do NOT
have any potential conflicts of interest for this manuscript.
Declaration of Funding: The authors received NO financial
support for the preparation, research, authorship, and
publication of this manuscript.

Declaration of Ethical Approval for Study: This research
did not require an ethical approval code.

Declaration of Informed Consent: There is no information
(names, initials, hospital identificaion numbers, or
photographs) in the submitted manuscript that can be used
to identify patients.

Ameneh Sadat Fattahi Maassoum PhD !
Hero Farkisch PhD 1
Mohammad Taji PhD 2

1 Department of Architecture, Faculty of Art and
Architecture, Islamic Azad University, Mashhad Branch,
Mashhad, Iran

2 Department of Mining, Faculty of Engineering, [slamic Azad
University, Shahrud Branch, Shahrud, Iran

References

1. SchreuderE, Van Erp], ToetA, Kallen VL. Emotional Responses
to Multisensory Environmental Stimuli. SAGE Open. 2016;
6(1):1-10.d0i:10.1177/2158244016630591.

2. Halawa F, Madathil SC, Khasawneh MT. Multi-objective
unequal area pod-structured healthcare facility layout

problem with daylight requirements. Computers & Industrial
Engineering. 2021; 162:107722.
doi:10.1016/j.cie.2021.107722.

3. Mardomi K, Hashemnejad H, Hassanpour Rahimabad K,
Bagheri M. The Architecture of Way-Finding Wayfinding



(454)

THE ARCHIVES OF BONE AND JOINT SURGERY. ABJS.MUMS.AC.IR
VOLUME 13. NUMBER 7. JULY 2025

Process Design in Healthcare Architecture. Journal of Fine
Arts: Architecture & Urban Planning. 2011; 3(4): 45-56.

4. Hegazy M, Saleh A. Evolution of Al role in architectural design:
between parametric exploration and machine hallucination.
MSA Engineering Journal. 2023; 2(2):262-88.
doi:10.2478/alfa-2023-0020.

5. Tanugraha S. A Review Using Artificial Intelligence-Generating
Images: Exploring Material Ideas from MidJourney to Improve
Vernacular Designs. Journal of Artificial Intelligence in
Architecture. 2023; 2(2):48-57.
doi:10.24002 /jarina.v2i2.7537.

6. Rich E, Knight K, eds. Artificial Intelligence. 2st ed. New York:
McGraw-Hill College; 1991.

7. Bentley PJ. From coffee tables to hospitals: generic
evolutionary design. Morgan Kaufman Publishers Inc.1999;
18: 405-423.

8. Yeh IC. Architectural layout optimization using annealed
neural network. Automation in construction. 2006; 15(4):531-
9.doi: 10.1016/j.autcon.2005.07.002.

9. Karaman S, Ekici B, Cubukcuoglu C, Koyunbaba BK, Kahraman
I. Design of rectangular facade modules through
computational intelligence. In2017 IEEE Congress on
Evolutionary Computation (CEC) .2017; 1021-1028.
doi:10.1109/CEC.2017.7969420.

10. Hicks C, McGovern T, Prior G, Smith I. Applying lean principles
to the design of healthcare facilities. International journal of
production economics. 2015; 170:677-86.
doi.org/10.1016/j.ijpe.2015.05.029

11. Benitez GB, Da Silveira GJ, Fogliatto FS. Layout planning in
healthcare facilities: a systematic review. HERD: Health
Environments Research & Design Journal. 2019; 12(3):31-44.
doi: 10.1177/1937586719855336.

12. Chen X, Qiu L, Ma H, Jin M, Wang M. Computer-aided hospital
layout optimization based on patient flow analysis: A case
study from China. Journal of Building Engineering. 2024;
88:108899.doi: 10.1016/jjobe.2024.108899.

13. Huelat B]. The Elements of a Caring Environment: Wayfinding.
Healthcare Design Magazine. Available at:
https://healthcaredesignmagazine.com/architecture/elemen
ts-caring-environment/. Accessed August 31, 2004.

14.Benedetti F, Colombo C, Barbini B, Campori E, Smeraldi E.
Morning sunlight reduces length of hospitalization in bipolar
depression. ] Affect Disord. 2001; 62(3):221-223.
doi:10.1016/s0165-0327(00)00149-x.

15. Dalke H, Littlefair PJ, Loe DL, Camgoz N, eds. lighting and color
for hospital design. A Report on an NHS Estates Funded
Research Project. London: South Bank University; 2004.

16. Huisman ER, Morales E, Van Hoof ], Kort HS. Healing
environment: A review of the impact of physical
environmental factors on users. Building and environment.
2012;58:70-80.d0i:10.1016/j.buildenv.2012.06.016.

17. Diette GB, Lechtzin N, Haponik E, Devrotes A, Rubin HR.
Distraction therapy with natural sights and sounds reduces
pain during flexible bronchoscopy: A complementary
approach to routine analgesia. Chest. 2003; 123(3):941-8. doi:
10.1378/chest.123.3.941.

18. Mirzaei N, Kamelnia H, Islami SG, Kamyabi S, Assadi SN. Key
Points to Design an Orthopedic Specialty Hospital;
Implementation of Green Building Standards to Optimize

AI GEN HOSPITAL DESIGN

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Performance of Orthopedic Units. Arch Bone Jt Surg. 2023;
11(11):725-728. doi: 10.22038/ABJS.2023.73346.3399.
Reiling ]G, Knutzen BL, Wallen TK, McCullough S, Miller R,
Chernos S. Enhancing the Traditional Hospital Design Process:
A Focus on Patient Safety. Jt Comm ] Qual Saf. 2004; 30(3):115-
24.doi: 10.1016/s1549-3741(04)30013-4.

Lu Y, Bozovic-Stamenovic R. Cultural perspective of
wayfinding behavior: Exploring the socio-spatial variable in
three Chinese hospital case studies. International Journal of
Architectural Research. 2009; 3(2):22-
34.d0i:10.26687 /archnet-ijar.v3i2.269.

Motaghi M, Hamzenejad A, Riyahi L, SOHEILI KM. Optimization
of hospital layout through the application of heuristic
techniques (Diamond Algorithm) in Shafa hospital (2009).
International Journal of Management & Bussiness Research.
2011; 1(3):133-138.
https://api.semanticscholar.org/CorpusID:62705466
Frandsen AK. Environmental qualities and patient well-being
in hospital settings. Tidsskrift for forskning i Sygdom og
Samfund. 2013; 10(18).d0i:10.7146/tfss.v10i18.8106.
Gémez-Acebo I, Llorca ], Ortiz-Revuelta C, Angulo B, Gomez-
Alvarez S, Dierssen-Sotos T. Sick building syndrome in a
general hospital and the risks for pregnant workers. Int ]
Gynaecol Obstet. 2011; 113(3):241-2.
doi:10.1016/j.ijgo0.2011.01.008.

Ulrich RS, Zimring C, Zhu X, et al. A Review of the Research
Literature on Evidence-Based Healthcare Design. HERD.2008;
1(3):61-125.d0i:10.1177/193758670800100306.
Mihandoust S, Joseph A, Kennedy S, MacNaughton P, Woo M.
Exploring the relationship between window view quantity,
quality, and ratings of care in the hospital. Int ] Environ Res
Public Health. 2021; 18(20):10677. doi:
10.3390/IJERPH182010677.

Caspari S, Eriksson K, Naden D. The aesthetic dimension in
hospitals—an investigation into strategic plans. Int ] Nurs
Stud. 2006; 43(7):851-9. doi: 10.1016/j.ijnurstu.2006.04.011.
Ghamari H, Amor C. The role of color in healthcare
environments, emergent bodies of evidence-based design
approach. Sociol Anthropol. 2016; 4(11):1020-1029.
doi:10.13189/5a.2016.041109.

Abbas MY, Ghazali R. Physical Environment: The major
determinant towards the creation of a healing environment?
Procedia-Social and Behavioral Sciences. 2011; 30:1951-8.
doi: 10.1016/j.sbspro.2011.10.379.

Ramadan M. Towards Healing Environment for the Inpatient
Unit in Psychiatric Hospital. The Center for Health Design.
2016.

Sternberg EM, eds. healing spaces: The science of place and
well-being. 1st ed. The Belknap Press of University press.
Cambridge, Massachusetts, London, England; 2009.
Beukeboom (], Langeveld D, Tanja-Dijkstra K. Stress-reducing
effects of real and artificial nature in a hospital waiting room. J
Altern Complement  Med. 2012; 18(4):329-33.
doi:10.1089/acm.2011.0488.

Andrade CC, Devlin AS, Pereira CR, Lima ML. Do the hospital
rooms make a difference for patients’ stress? A multilevel
analysis of the role of perceived control, positive distraction,
and social support. Journal of environmental psychology.
2017;53:63-72.d0i:10.1016/j.jenvp.2017.06.008.



(455)

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

THE ARCHIVES OF BONE AND JOINT SURGERY. ABJS.MUMS.AC.IR
VOLUME 13. NUMBER 7. JULY 2025

Pechacek CS, Andersen M, Lockley SW. Combining annual
daylight simulation with photobiology data to assess the
relative circadian efficacy of interior spaces. InProceedings of
eSim 2008-5th National Conference of IBPSA-Canada 2008.
Khodakarami ], Nasrollahi N. Thermal comfort in hospitals-A
literature review. Renewable and Sustainable Energy Reviews.
2012;16(6):4071-7.d0i:10.1016/j.rser.2012.03.054.

Gardner G, Collins C, Osborne S, Henderson A, Eastwood M.
Creating a therapeutic environment: a non-randomised
controlled trial of a quiet time intervention for patients in
acute care. Int ] Nurs Stud. 2009; 46(6):778-
86.d0i:10.1016/j.ijnurstu.2008.12.009.

Phipps MA, Carroll DL, Tsiantoulas A. Music as a therapeutic
intervention on an inpatient neuroscience unit. Complement
Ther Clin Pract. 2010; 16(3):138-42.
doi:10.1016/j.ctcp.2009.12.001.

Zhao Y, Mourshed M. Design indicators
accommodation environments in hospitals:
perceptions. Intelligent Buildings International.
4(4):199-215.d0i:10.1080/17508975.2012.701186.
Pena ML, Carballal A, Rodriguez-Ferndndez N, Santos I,
Romero]. Artificial intelligence applied to conceptual design. A
review of its use in architecture. Automation in Construction.
2021;124:103550. d0i:10.1016 /j.autcon.2021.103550.
Agirbas A. Facade form-finding with swarm intelligence.
Automation in Construction. 2019 1;,99:140-
51.d0i:10.1016/j.autcon.2018.12.003.

Rodrigues E. Automated Floor Plan Design: Generation,
Simulation, and Optimization. Universidade de Coimbra
(Portugal) ProQuest Dissertations & Theses, 2014.29195067.
Karaman S, Ekici B, Cubukcuoglu C, Koyunbaba BK, Kahraman
I. Design of rectangular facade modules through
computational intelligence. In2017 IEEE Congress on
Evolutionary Computation (CEC) 2017 (pp. 1021-1028).
IEEE.d0i:10.1109/cec.2017.7969420.

Nisztuk M, Myszkowski P. Tool for evolutionary aided
architectural design. Hybrid Evolutionary Algorithm applied
to Multi-Objective Automated Floor Plan Generation.
InConference: Ecaade Sigradi 2019 at: Porto, Portugal 2019
(Vol. 1). doi:10.5151 /proceedings-ecaadesigradi2019_453.
Slusarczyk G, Strug B, Paszynfiska A, Grabska E, Palacz W.
Semantic-driven graph transformations in floor plan design.
Computer-Aided Design. 2023; 158:103480.
doi:10.1016/j.cad.2023.103480.

Chaillou S,eds. Artificial Intelligence and Architecture: From
Research to Practice.1st ed. USA: Harvard University; 2022.
Zheng H, Keyao AN, Jingxuan WE, Yue RE. Apartment floor
plans generation via generative adversarial networks. In25th
International Conference of the Association for Computer-
Aided Architectural Design Research in Asia (CAADRIA 2020):
RE: Anthropocene, Design in the Age of Humans 2020 (pp.
601-610). The Association for Computer-Aided Architectural
Design Research in Asia (CAADRIA).
doi:10.52842 /conf.caadria.2020.2.599.

Herr CM, Ford RC. Cellular automata in architectural design:
From generic systems to specific design tools. Automation in
Construction. 2016; 72: 39-45.
d0i:10.1016/j.autcon.2016.07.005.

Coates P, Healy N, Lamb C, Voon WL. The use of Cellular

for better
inpatients’
2012;

AI GEN HOSPITAL DESIGN

65

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Automata to explore bottom up architectonic rules. UK:
Eurographics UK Chapter 14th Annual Conference.1996; 26-
28.

Clarke C, Anzalone P. Architectural applications of complex
adaptive systems. InACADIA 2003 (Vol. 22, pp. 324-335).
doi:10.52842 /conf.acadia.2003.325.

Yeh IC. Architectural layout optimization using annealed
neural network. Automation in construction. 2006; 15(4):531-
9.d0i:10.1016/j.autcon.2005.07.002.

Cheng MY, Lien LC. Hybrid artificial intelligence-based PBA for
benchmark functions and facility layout design optimization.
Journal of Computing in Civil Engineering. 2012; 6(5):612-24.
doi:10.1061/(asce)cp.1943-5487.0000163.

Boden MA,eds. The Philosophy of Artificial Intelligence.1st ed.
UK: Oxford University; 1990.

Lallement Y, Hilario M, Alexandre F. Neurosymbolic
Integration: Cognitive Grounds and Computational Strategies.
InWOCFAI 1995 (pp. 193-203).

Hilario M.An Overview of Strategies for Neurosymbolic
Integration.In: Connectionist-Symbolic Integration. 1st ed.
1995.

Bermudez JL,eds. Cognitive science: An introduction to the
science of the mind.2st ed. Cambridge University Press; 2014.
Dreyfus H. The Limits of Artificial Intelligence.In:What
Computers Can’t Do.1st ed. Dreyfus HL,eds. Harper Collins;
1979.

Ilkou E, Koutraki M. Symbolic vs sub-symbolic ai methods:
Friends or enemies? InCIKM (Workshops) 2020 (Vol. 2699).
Saker MK, Zhou L, Eberhart A, Hitzler P. Neuro-symbolic
artificial intelligence. Ai communications.2021; 34(3):197-
209.d0i:10.3233 /aic-210084.

Kautz H. The third ai summer: Aaai robert s. engelmore
memorial lecture. Ai magazine. 2022; 43(1):105-25.
doi:10.1002 /aaai.12036.

Hassan M, Guan H, Melliou A, et al. Neuro-symbolic learning:
Principles and applications in ophthalmology. arXiv preprint
arXiv:2208.00374. 2022.

Hamilton K, Nayak A, Bozi¢ B, Longo L. Is neuro-symbolic Al
meeting its promises in natural language processing? A
structured review. Semantic Web. 2024; 15(4):1265-306.
doi:10.3233/SW-223228.

Garcez AD, Gori M, Lamb LC, Serafini L, Spranger M, Tran SN.
Neural-symbolic computing: An effective methodology for
principled integration of machine learning and reasoning.
arXiv preprint arXiv:1905.06088. 2019.

Manna C. On-line dynamic station redeployments in bike-
sharing systems. InAl* IA 2016 Advances in Artificial
Intelligence: XVth International Conference of the Italian
Association for Artificial Intelligence, Genova, Italy, November
29-December 1, 2016, Proceedings XV 2016 (pp. 13-25).
Springer International Publishing. do0i:10.1007/978-3-319-
49130-1_2.

Wang P, Goertzel B,eds. Theoretical Foundations of Artificial
General Intelligence. 1st ed. Atlantis Press Paris.2012.
McKnight M. Generative Design: Whatitis? Howis itbeing used?
Why it's a game changer. KnE Engineering. 2017:176-81.
doi:10.18502 /kegv2i2.612.

. Buonamici F, Carfagni M, Furferi R, Volpe Y, Governi L.

Generative design: an explorative study. Computer-Aided



(456)

66.

67.

THE ARCHIVES OF BONE AND JOINT SURGERY. ABJS.MUMS.AC.IR
VOLUME 13. NUMBER 7. JULY 2025

Design and Applications.
doi:10.14733 /cadconfP.2020.6-10.
Villaggi L, Stoddart ], Nagy D, Benjamin D. Survey-based
simulation of user satisfaction for generative design in
architecture. InHumanizing Digital Reality: Design Modelling
Symposium Paris 2017 2018 (pp. 417-430). Springer Singapore.
Nagy D, Lau D, Locke ], et al. Project discover: An application of
generative design for architectural space planning. In
Proceedings of the Symposium on Simulation for Architecture

2020;  18(1):144-55.

AI GEN HOSPITAL DESIGN

68.

69.

and Urban Design 2017 (pp. 1-8).

Weber RE, Mueller C, Reinhart C. Automated floorplan
generation in architectural design: A review of methods and
applications. Automation in Construction. 2022; 140:104385.
doi:10.1016/j.autcon.2022.104385.

Renkhoff], Feng K, Meier-Doernberg M, Velasquez A, Song HH. A
Survey on Verification and Validation, Testing and Evaluations
of Neurosymbolic Artificial Intelligence. IEEE Transactions on
Artificial Intelligence. 2024.doi: 10.1109 /tai.2024.



