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Abstract: This research explores the integration of biomimicry and architectural/urban genotype concepts to
model psychologically acceptable environments. Drawing on foundational psychological theories - Gestalt,
Attention Restoration, Prospect-Refuge, and Environmental Psychology - this study examines the private-
public interface at the various urban resolutions, encompassing land plots, buildings and urban structures.
Biomimicry serves as a unifying framework, linking these theories with principles derived from natural
systems to create sustainable and psychologically beneficial designs. The methodology incorporates simulative
modeling, employing space syntax and isovist analysis to quantify key spatial features such as proximity,
complexity, and refuge. The study evaluates traditional historical architectures from diverse cultural contexts,
such as Islamic medina, Medieval European town, and modernist urbanism, to identify patterns of spatial
organization that balance human psychological needs and ecological sustainability. Findings highlight the
fractal and hierarchical nature of spatial structures and the importance of integrating human-scale, culturally
relevant designs into modern urban planning. By establishing a replicable framework, this research aims to
bridge theoretical and practical gaps in environmental psychology, biomimicry, and urban design, paving the
way for resilient and adaptive environments that harmonize ecological and human well-being.

Keywords: biomimicry; architectural genotype; urban design; environmental psychology;
simulative modeling; space syntax; isovists; psychological well-being; fractal urbanism; preferred
environments

1. Introduction

The growing complexity of modern urban environments and their psychological impacts on
inhabitants highlight the urgent need for designing spaces that foster well-being, sustainability, and
inclusivity. Theories of human environmental preferences, such as Gestalt theory, Attention
Restoration Theory, Prospect-Refuge Theory, and Biophilia, provide a robust foundation for
understanding human-environment interactions. Biomimicry is a design philosophy with an
increasing interest in sustainability in architectural and urban design practices [1], it draws
inspiration from natural systems and offers a unifying framework for integrating these theories into
architectural and urban practices. By reflecting characteristics inherent in nature, such as, form fits
function, catalysis of cooperation, local contextuality, continuity, diversity, integrity, self-
organization, redundancy, decentralization, multi-functionality, less energy consumption, hierarchy,
fractality [2], biomimicry has the potential to create environments that are both ecologically
sustainable and psychologically restorative.

The aim of this research is to develop and validate an innovative methodology for simulative
modeling of psychologically acceptable urban environments that integrates biomimicry principles
with architectural and urban genotype concepts. This study employs space syntax and isovist
analysis to quantify key spatial features such as proximity, complexity, and refuge. It innovatively
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analyzes the interplay between urban structures (cities) and individual architectural units (houses)
as interconnected systems, exploring their spatial and psychological coherence. The objects of
analysis include historical traditional architectural forms, such as Islamic medina, Medieval
European town, and modernist urban settlement of the 20th century, providing a culturally diverse
context. By examining the transition between private (building interiors) and public (urban spaces)
environments, the research bridges gaps in current methodologies, offering insights into the fractal
and hierarchical nature of spatial systems. This dual focus on cities and houses in combination
represents a significant advancement in the field of biomimicry-based urban and architectural
studies. The findings of this study aim to bridge gaps in environmental psychology and biomimicry
research by offering a practical, interdisciplinary methodology for designing urban and architectural
spaces that align with human psychological and ecological needs.

2. Materials and Methods

2.1. The Importance of Relations Between Humans and Their Environment from a Psychological Perspective

In the fields of environmental psychology and landscape aesthetics, nature is often seen as the
benchmark for a preferable environment due to its inherent ability to contribute to human well-being,
reduce stress, and support cognitive restoration presented in several influential theories [3,4]and
proven by researchers [5,6]. For example, the hypothesis of Biophilia, coined by Wilson [7], on the
inherent human affinity with nature, suggests that humans are evolutionarily predisposed to prefer
natural environments or artificial environments that mimic natural elements and characteristics.
Other evolutionary landscape theories also underline that the most preferred environments created
or transformed by humans somehow echo or imitate natural environments that were favorable for
the survival of the human species: “the commonality of park-like environments in our recreational
areas and backyards and the pleasure derived from viewing pastoral-type landscapes with large
scattered trees amidst grass reflects, according to the evolutionary aesthetics argument, the prevailing
landscape of the East African plains on which humans evolved” [4]. This view of nature as a
benchmark of preferable environment encouraged the emergence of such research and practice
trends as biophilic design and biomimicry, which draw inspiration from nature’s designs and
systems, highlighting how emulating these characteristics and patterns in architecture and urban
planning can create spaces that feel more harmonious and positively affect human psychological
state. However, despite the existing advances in empirical research on preferred environments,
there’s still a lack of a unifying approach that would allow to understand and both qualitatively and
quantitatively evaluate the features of the built environments from the point of biomimicry urbanism.
In order to formulate such an approach, first of all the main theories explaining human psychological
preferences towards environments were selected and analyzed including gestalt theory, attention
restoration theory, prospect-refuge theory, preferred environment framework, and the above-mentioned
biophilia and biomimicry.

Gestalt theory focuses on how people perceive objects, shapes, and forms as whole entities rather
than separate parts and emphasizes how humans naturally perceive patterns and organization in
their environment. In the context of architecture and urbanism, the following relevant principles of
gestalt psychology were distinguished: proximity, similarity, continuity, closure, symmetry, figure-
ground, common fate and simplicity [8,9]: the principle of proximity means that there is a tendency
to visually group the objects - objects close to each other are perceived as a group; the similarity
principle states that elements that are similar in appearance (similar qualities such as size, shape,
color and texture) are perceived as part of a whole; continuity principle maintains that items arranged
similarly towards a certain direction tend to be perceived as a group; the principle of closure states
that if there is a clear surface limited by direction, boundary or intermediate spaces, the elements that
define it tend to be perceived as a whole or a unit; symmetry principle means that humans perceive
and organize visual elements into patterns in a balanced, symmetrical order; figure-ground principle
states that people tend to distinguish objects from their backgrounds; common fate principle means
that in a composition consisting of elements creating sensation of movement to different directions
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the elements with same or similar directions are perceived as a group; and simplicity principle states
there is a tendency to perceive complex things as simplified forms [8-10].

According to attention restoration theory, natural environments help to restore diminished
attentional capacity [3], thus this theory explains why natural environments are so effective in
restoring mental focus and relieving cognitive fatigue and underlines the relationships between the
naturalness of a scene and human restoration or stress recovery [11,12]. This theory presents the
characteristics of restorative environments, such as fascination, being away, extent, and compatibility
[3,13,14]. Fascination is characterized by a state that requires little mental effort to pay attention. In
restorative environments people experience stimuli that are “softly fascinating”. For example,
nature's softly captivating elements (like flowing water, rustling leaves) engage attention effortlessly,
allowing for mental restoration. Being away characterizes distancing from everyday stress - a change
from everyday urban settings to natural environments offers a mental break, supporting
psychological recovery. Extent means the experience of expansive spaces and contexts. The
environments that are rich and immersive, offering a sense of vastness or connectedness, foster
deeper restoration, as nature often provides diverse and continuous experiences. Compatibility
means the engagement in activities that are compatible with our intrinsic motivations, thus
environments that align with a person's needs and desires are more restorative [3,13,14].

Prospect-refuge theory analyzes how humans are instinctively drawn to environments that
balance opportunities for viewing the surroundings (prospect) and safe, enclosed spaces (refuge) and
underlines the evolutionary role of humans as both predator and prey, which results in a preference
for landscapes offering both prospect and refuge, i.e. the possibility to “see without being seen”.
According to prospect-refuge theory, landscapes offering this feature provide a source of aesthetic
pleasure [11,15]. In this theory open spaces that allow for observation and a sense of control, evoking
feelings of safety and comfort are considered as prospects; sheltered areas that provide protection
and a sense of security, reducing stress and anxiety are identified as refuge. In design, the
combination of the features of prospect and refuge would be an integrated composition of open and
sheltered spaces, that increases psychological comfort, recreating the way humans seek environments
that offer both opportunities for exploration and safety in nature. Transition spaces that allow moving
between prospect and refuge creating a sense of continuity and comfort in the environment are also
relevant to this theory. Prospects, according to this theory, can be direct or indirect and include
panoramas and vistas, while refuges, such as hides and shelters can be classified by function, by
origin (natural or artificial), by substance (in the earth as caves or in vegetation), by accessibility and
by efficiency [4].

Preferred environment or information processing theory states that the perceptual process involves
extracting information from the surrounding environment and suggests that humans seek to make
sense of the environment and to be involved in it. This theory identifies four predictor variables, two
of which (coherence and legibility) help one understand the environment and the other two
(complexity and mystery) encourage its exploration [4,16]. The appreciation of landscapes with
properties that make them easily readable would hence be favored by natural selection, and the
genetic bases for such landscapes preference would still be inherent in people today [11]. Legibility
is the ability to predict and to maintain orientation as one moves more deeply into a scene. Legible
environments are easy to navigate and understand and reduce cognitive load. Complexity is the
involvement component, a scene’s capacity to keep an individual occupied without being bored or
overstimulated. Complex, rich and varied environments stimulate the mind without overwhelming
it, they engage curiosity while offering clarity. Coherence is the ease of cognitively organizing or
comprehending a scene. The environment, where elements are well-organized and interconnected,
creates a sense of order and stability, often found in structured systems in natural environments, that
can be seen as coherent. Mystery is the promise that more information could be gained by moving
deeper into setting. Mysterious are the environments that evoke curiosity and engagement and
suggest further exploration, much like a winding path or concealed natural spaces [4].

Biophilic design and biomimicry focus on integrating nature's principles, features, characteristics,
and forms into human environments. Biophilia or biophilia hypothesis by Kellert and Wilson bases
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aesthetic appreciation of the environment on the innate human biological need to affiliate with
nature. This theory emphasizes the importance of natural diversity of species and of landscape types
and the tendency naturally inherent in people through evolutionary history to focus on and
appreciate life and lifelike processes [12]. Meanwhile biomimicry in the context of architecture and
urbanism involves learning from nature and using its principles to design sustainable and self-
sufficient built environments [17,18]. The following characteristics from biophilic design and
biomimicry approaches closely related with the above presented theories were distinguished:
prospect and refuge [19], transition spaces [20], complexity and order [21], place-based design [22].
For example, reflecting the prospect-refuge concept, biophilic design incorporates open spaces and
protective enclosures that reflect spatial characteristics of nature and support human psychological
needs for exploration and safety [19]. Biomimicry urbanism emphasizes the importance of designing
transitions in a way that mirrors natural ecosystems, creating flow and continuity between different
spaces [20]. Complexity and order are expressed in the richness of natural forms combined with their
inherent order that appeals to the human preference for environments that are both stimulating and
harmonious. Place-based design in biomimicry urbanism encourages solutions that respond to the
local environment conditions and its natural features, creating a sense of connection between people
and places.

The analyzed theories underline that designed environments reflecting the patterns, balance,
and diversity found in nature are most psychologically acceptable, justifying the idea that nature
serves as the benchmark for preferred environments. Considering this, biomimicry can be viewed as
a unifying theoretical framework in this research as it is based on forms, patterns, and principles
found in nature, which resonate with the grounding of the other theories (Figure 1). Thus it is not
surprising that the idea of applying biomimicry to cities is attracting increasing attention as a way of
achieving not only sustainability but also positive effects on human psychological well-being. Some
biomimicry urbanism approaches suggest evoking natural models, for example the forest [23], in the
urban environments. However, there is also a hypothesis that characteristics of natural environments
and ecosystems, such as form fits function, catalysis of cooperation, local contextuality, continuity,
diversity, integrity, self-organization, redundancy, decentralization, multi-functionality, less energy
consumption, hierarchy, fractality often identified in the context of biomimicry research [2] could be
created without directly emulating natural features or even could be inherently present in some
urban forms including historic urban structures.
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Figure 1. Visual representation of the interconnections between the psychological theories and the
features of natural systems grounding the idea of biomimicry as unifying concept in this research.

2.2. The Urban Genotype Concept by Hillier and Research Methodology

If the essential features of natural systems could be reflected either directly or indirectly applied
or inherited in urban and architectural spaces, then they should be definable by architectural
genotype as well. Genotype is defined by Hillier [24] as abstract transpatial rules underlying spatial
forms of both buildings and cities. The term transspatial refers to the nature of the genotype which
extends across or transcends multiple spaces or spatial boundaries. It implies a relationship or
interaction not confined to a single, isolated space but across different areas, locations, or spatial
domains.

The idea of genotype as a collection of rules was based by Hillier on observing some degree of
randomness and its relation to architectural form. According to him “... (even) simple experiments
on how restrictions on a random process of aggregating cells (as elementary “bricks of architectural
space)” could lead to well-defined global patterns that bore some resemblance to patterns found in
real buildings and settlements.” [24]. It was noted that restrictions on an otherwise random process
are a very important part of the rules as well, thus meaning that the genotypic collection of rules
includes both non-order (generated in a bottom-up way) and order (restricted in a top-down way) in
its basic axioms.

While attempting to apply the initial idea of the genotype, Hillier noted two in essence different
conditions of the applications of the genotypic rules: generative processes happening inside and
outside the initial cell. Those different ways in which random process could be restricted more
precisely: “...in the one case cells were, as it were, ‘glued’ together by space which they defined
between them (generation outside of a cell); in the other cells were ‘bound’ together by having higher-
order cells superimposed around them (generative process happening inside of a cell)” [24]. Later on,
those two types of cells were called distributed and not distributed. Later on, while creating space
syntax theory based on the genotype concept and mathematical graph theory [25], distributed
genotypes were “naturally” related to urban structures and not distributed — to genotypes of
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buildings. At this point, we should note that such typology of relations between genotype typology
and spatial structures is very simplified. In our research, we advocate for the fact that the relation
between distributed and non-distributed codes is more complex and not always clearly dualistic and
excluding each other. The initial idea of the presence of top-down restrictions in a genotype that can
act as a cell of higher, superimposed order on an otherwise bottom-up generated cell. We can observe
at least two borders of restricting or superimposed cells at two different hierarchical levels in any
ancient or medieval walled city: building walls and city walls. Furthermore, if it is a multicultural
and multinational city that has quarters of different social-cultural groups as Hellenistic Alexandria
[26] or Medieval Jerusalem, then restricting borders appear inside a city as well as defining
generations of urban blocks inhabited by specific social-cultural groups. Such inner restricting
borders, based on cultural, social, or other criteria, could be present even in the most restrictive form
as a wall, e.g.: controlling walls around wards of Ancient Chang-An; walls around some parts of the
Ancient Egyptian cities as workers' districts or temples districts; walls separating territories of
different magistrates in medieval European cities as Torun (Tornau), etc. It could be argued that even
contemporary “open” cities with no perceivable physical border have administrative borders that
define the limits of planned territory. Despite the presented above examples and argumentation, it
could be still asked if and why a more complicated vision on the relation of distributed and not
distributed genotypes is needed and if it could be simply related to restrictive rules of the genotype.
In our opinion, such a more complicated and complex perspective demonstrates the fractal nature of
relations between a building and a city which is little investigated. Most often the smallest scale urban
analysis and modeling is limited by morphological types, densities, and intensities of single plots or
groups of plots, but, if we see the city as a fractal or living system within a biomimicry perspective,
it would be logical to investigate the genotypes of buildings and cities not separately, but look for
possible typologies and regularities of interaction between both. The potential importance of such an
approach is in essence supported by the property of symmetry describing neighboring and
spatially/functionally directly connected cells: “... if A is a neighbor of B, then B is a neighbor of A —
the property that mathematicians call symmetry.” [24]. According to Hillier's idea and definition,
symmetry between spaces enables direct interaction between users of those spaces. At the same time,
it should be noted that the entrance to the house creates symmetry between interior space and exterior
space and allows us to see and investigate them as a spatial continuum even if “The space within
the boundary(building) established a category associated with inhabitant; the boundary formed a
control on that category and maintained its discreteness as a category: the world outside the system
was the domain of potential strangers, in contradistinction to the domain of inhabitants” [24] but at
the same time “... the space outside the entrance constituted a potential interface between the
inhabitant and the stranger: and the entrance was a means not only of establishing the identity of the
inhabitant but also a means of converting a stranger into a visitor.” [24]. If an analogy with the earlier
discussed biomimicry-based theory is used, such open urban space — the interior of a building system
could be seen as a prospect-refugee analogy.

Finally, Hillier points out that the architectural genotype differs from the biological one in a way
that it is not carried as information in the object itself, but generated by social-cultural reality as “...
each society constructs characteristic encounter patterns for its members, varying from the most
structured to the most random (and in those patterns) we recognize an aspect of the social for that
society.” [24]. These statements support the potential usefulness of the idea of investigating the
interior of a building and urban structure as one spatial continuum while using the same genotypic
model.

How could the spatial genotype be described precisely? Hillier suggests the concept of the
morphic language which “... aims to understand how the morphology may be generated from a
parsimonious set of elementary objects, relations, and operations.” [27]. which was developed into
two primary mathematical graph-based models of architectural space: axial graph and convex graph,
traditionally using the first one for urban structures of distributed genotypes and the second one for
interior spaces or non-distributed genotypes with the third model of visual graph, which in essence
is equally suitable for both types of genotypes offered around twenty years later [28].
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The idea of the isovist or viewshed was based on an earlier idea by Gibson to define the visual
environment as a system of objects that structures the light as a source of stimuli for human
perception [29]. Benedikt, based on the above-mentioned ideas of Gibson, offered the concept of
isovist as ,,... a method for recording landscape “ [30] where isovists is defined as volume of space
visible from a single point. Features of such form could be analyzed either in 3D volume or 2D planes
either horizontal or vertical. Each point within spatial structure has its own isovist. According to
Benedikt ,,... various perceptual and cognitive factors are well presented by certain numerical
measures of shape and size attached to the isovist “ [30]. Finally Franz and Wiener [31] based on
empirical investigation proved that isovists could be seen as ,,... as objectively determinable basic
elements” of the visual environment, which ,,... capture environmental properties of space that are
relevant for spatial behavior and experience” [31]. Space Syntax and other simulative models identify
isovist while using a mathematical graph model in the following steps: space is divided into identical
square cells while using the same steps, e.g.,, Im, 2m, etc. depending on map size; each cell is
transformed into graph node while visibility relations between them make graph links or edges, e.g.,
if cell A is visible form cell B and vise versa then they both have a common edge; the isovist which is
visible from each node properties are calculated as node centralities, e.g., number of connected nodes
of connectivity represent isovist’s area, etc. The exact isovist properties and formulas will be
presented in the next section. Possibility to bridge isovist analysis with one of the earlier discussed
psychological theories (prospect and refuge) and environmental psychology in general, was
demonstrated by Psathiti [32], while just focusing on the interior working spaces thus supporting the
methodological idea presented in this research.

2.3. Biomimicry Based Features of Acceptable Space and Corresponding Visual Graph Centralities

The presented research is a pilot investigation that has to test the idea and prove or deny its
applicability and sensitivity to different urban and architectural contexts. While having this in mind,
generalization of the list of the features of the preferred or acceptable environment according to the
psychological theories discussed in Chapter 2.1 for further research was generalized based on the
following criteria: the possibility of relating them to the isovists’ properties clearly and logically;
aim to minimize the number of the investigated aspects just to the most important with the aim to
make the research result easier manageable and eliminate partial overlaps between them when
similar spatial preferences are named differently in different theories.

Proposed connections between visual graph centralities and selected aspects of the environment
named by theories of psychology:

e  Proximity as the feeling that the observer is in a coherent environment where all parts are close
to each other should be related not directly to the properties of individual isovists which cover
just part of integral spatial, but the spatial network which is conceptually perceived as a whole,
e.g., by creating mental maps of a whole structure besides directly perceived viewsheds. In
essence, we can say parts of a spatial network could be perceived as closer or more distant. Space
Syntax Visual Graph Analysis offers more than one indicator that allows one to compare the
closeness of a spatial network to the most reachable point: it could be the Total depth or closeness
centrality in the Graph theory terms as a sum of distances from each node to the rest of the nodes
where the smallest sum demonstrates the most reachable point and the mean value (Mean Depth)
of the sum give an overview of the proximity of every node to the rest of a network. The problem
is that neither Total Dept nor Mean Depth is not normalized thus not allowing us to directly
compare visual graphs of different sizes, e.g.: buildings of different sizes or even building and
urban spaces. In this case, Space Syntax offers Integration which is normalized while comparing
a precise spatial configuration with statistically probable configuration of the same size.
Integration is calculated in 5 steps based on five formulas which are described by Koutsolampros

[33]. To not expand the explanation it just should be pointed out that in essence integration is
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based on the calculation of Total Depth as a sum of the distance from every node to the rest of

the nodes in the Visual Graph while using the formula [34]:

n
TDl' =Z dl],] * 1
j=1

Where TD marks the Total Depth calculated for node i to every other node j, dij marks the shortest
distance between I and every j measured in a number of turns. Integration simply normalizes this
value and transforms scale in a way that a bigger number, but not a smaller number shows the most
reachable point. Bigger normalized integration in a spatial network demonstrates its bigger
proximity.

e Fascination (Attention restoration theory), Figure-ground (Gestalt theory), Prospect (Prospect-
Refuge Theory) as aspects of space are related to the attraction of attention based on diversity
and contrast, the offer of unexpected experience, and activation of imagination because of some
hidden parts. It could be expected in the isovists with more complicated and complex forms
(e.g., more star shape viewshed). A combination of two VGA indicators could be directly
connected to those spatial properties: perimeters of the isovist as it means more visual
information, and occlusivity of the length of invisible boundaries that appear when some
physical elements block part of the viewshed (e.g., the forest could be seen as a spatial structure
where occlusivity of the isovists reaches very high values). To combine both indicators we
propose to multiply the isovist perimeter value by its occlusivity. In order to make isovist of
different size comparable and reflect fascination just based on spatial configuration but not size
of space, the result was divided by isovist area. “Given that an isovist is a polygon, the metrics
Isovist Area and Isovist Perimeter measure those properties for that polygon. Note that isovists
are simple polygons, thus for every isovist with n vertices on its boundary and xi yi the

coordinates of each vertex calculate the above using” [33]:

n-1
1
IsovistArea = Ez (XiVit1 — Xi41Yi), where (%, Yn)
i=0
= (%0, Yo)
Isovist Perimeter = II
n-1
= > VGt = 107+ Giea — 707 where (1, 30)
i=0
= (.X,'O, YO)

Isovist Occlusivity is simply calculated by the same formula as
Isovist Perimeter while excluding the visible part of it.

e Being away (Attention restoration theory) and Refuge (Prospect-Refuge Theory) features are
created by quiet, safe, meditative, and introvert spaces or kind of small rooms that are hidden
from the rest of the network but viewed all immediately when entered. In VGA analysis it could
be represented by the clustering coefficient which “was expressed as the ratio of the number of

cells in an isovist that can see each other to the total possible connections that could exist between
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those cells (i.e. all-to-all connections). This metric seems to have been developed to measure

convexity and compactness as it points out the spaces where all are visible to all (coefficient is 1),

but it also seems to be able to point out junctions (low coefficient: standing on a corner where one

can see two spaces but the spaces can’t see each other).” [33]. It is calculated by the formula:
Visual Clustering Coefficient = C; = 2e/n(n — 1)

Where e represents the mutually intervisible cell of the visual graph and n — number of nodes visible

from the node i for which calculation is conducted. It is important to point out that no normalization,

in this case, is needed as the clustering coefficient is equal to 1 when all cells of the isovist are mutually
intervisible and decreases when the degree of intervisibility is lower.

e  Simplicity (Gestalt theory) is described as the possibility of perceiving spatial configuration as a
simple form. There are two essential types of simple spaces in architecture: prolonged spaces
with straight corridors as their simplest form and compact rooms with circles as their simplest
form. VGA allows identification of both types of isovists. Elongation is counted as skewness or
Point First Moment, which is calculated by the formula [33]:

Point First Moment = z d(vi,vj)
v jeN(vi)

Where d(vi,v ) is the distance between the generative point of the isovist and all other vertices j. A
bigger sum potentially shows more prolonged isovist according to the observation of various
VGA analysis results. Normalization of the indicator was achieved by dividing it from the isovist
area.

e The circular convex form of an isovist is reflected by its compactness calculations in VGA. The
following formula is used [33]:

Isovist Compactness = 4mA/II?

Where A is the isovist area and II is the perimeter. Calculation compares ratios of the area and
perimeter of the isovist with those of the circular isovist. As it is based on the ratio of two
indicators and can reach a maximal value of 1 if the isovists is ideally circular, then no
normalization was needed.

e Common fate (Gestalt theory) and Continuity (Gestalt theory) are explained as an expression of
the perceivable similar dynamic character of spaces. It would be logical to assume that spaces
that are more commonly visible from different positions create some kind of common identity
and could be related to the common fate aspect. VGA analysis offers Throughvision as an
indicator of the most exhibited and commonly viewed spaces. Throughvision of a node-visual
cell is calculated simply by counting how many times it appears on a line of mutual intervisibility
between all the other cells. A higher value means a higher degree of exhibition.

Two more aspects should be considered when analyzing genotypes of acceptable spaces:
e The Combination of Prospect and Refuge (Prospect-Refuge Theory) as demonstrated by the close

connection yet clear separation between in essence two different types of spaces: one which,
according to the above proposed methodology are presented by e.g., high occlusivity and
clustering coefficient. Analysis of combinations of those features could be useful and will be used
for a more general view and interpretation of the results in a more complex way. Such a decision
is grounded on the potential analogy between non-dispersed and dispersed codes which together
make a city and refugee and prospect spaces which both are needed for human comfort. If the

above mentioned analogy is applied directly, it could be assumed that buildings make refugee
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spaces while the city provides prospects. If, as discussed earlier, the distinction between non-
dispersal and dispersal codes obtains a kind of fractal relation and cannot be separated so clearly,
then the Combination of Prospect and Refuge, as a kind of basic complex feature of acceptable
environment can be even more helpful in understanding regularities of the investigated
architectural-urban systems.

e Compatibility (Attention restoration theory) which shows the correspondence of spatial layout
to its function or, in terms of Salingaros — the correspondence between function and composition
as one of the three laws of architecture identified by him [35]. It could be addressed while looking
for the correspondence between the functional logic of the investigated structure and spatial
patterns presented by the isovist indicators described above. Because of the relation to all
employed in the research VGA indicators analysis of compatibility between functionalities of real
investigated structures and Space Syntax results will be used for at least initial validation of the
model while overlapping of “syntactic” and “functional” layers and checking if modeling results
are explaining and helping to understand the functional logic of real structure better. Such
analysis could be seen as Quantitative-Qualitative Synthesis of two types of data; as an alignment
with Real-World Functionality; and as Predictive Capability Assessment meaning that if space
syntax indicators consistently correspond with certain functional zones across different cases, it
can confirm the model's potential to predict how spatial configurations may perform or adapt in

similar functional contexts

2.4. Investigated Objects, Data Used, and Software

The presented pilot research, as it was briefly mentioned earlier, has the following objectives:
validate the proposed model and establish a theoretical-methodological framework for further
investigation; evaluate the model's practical applicability; check if it is sensitive enough to different
contexts and identify its limitations and challenges. Based on the above-mentioned objectives and
while focusing on the amount of data which is at the same time relatively easily manageable for
calculation and still represents some diversity of architectural-urban genotypes, the following criteria
were used for the selection of the analyzed cases:

e At least three cases should be used to see if the model is sensitive to different spatial-social
systems better;

e The investigated urban structures should represent different cultural contexts with different
architectural genotypes.

e Because both urban structures and living houses as the basic fundamental architectural cell will
be investigated in limited numbers, then the selected cases should demonstrate a kind of
homogeneity on both dispersed and not-dispersed genotypes. Besides this, the transspatial
nature of the genotype should be observable. In other words, selected cases should be seen as
good candidates for the typical representation of the architectural-urban features of represented
cultures and urban planning ideologies with relatively similar patterns of living houses.

e  Because of the earlier discussion of complex interrelation and mix between distributed and non-
distributed codes, it would be good that the selected cities would have clear boundaries that
would allow us to see them as a result of both types of genotypes.

e Last but not least: availability of data for space syntax modeling and validation of the results in

terms of functional structure, etc.
Based on the described criteria, the following three research cases were selected.
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e Sfaxin Tunis is a representative of the medieval Islamic city with its specific labyrinth-like street
network which aims not to generate accidental transit in housing clusters, introvert houses
demonstrating very similar or even identical patterns focused around the living courtyards, clear
functional zoning of urban structure and hierarchy which combines public, semi-public and
semi-private spaces, etc.

e  Medieval Cracow in Poland is a good representative of European historical urbanism: its street
network demonstrates features of both organic and regular gothic city plans; medieval living
houses, despite the diversity of architectural forms, demonstrate the same typology and
functional patterns; in contradiction to the Islamic city, spatial structure offers a much bigger
number of transit options; the city has double-centric structure focused on market square and the
castle.

e Elektrénai in Lithuania was built as a settlement of power plant workers in the 1960-1968. It
represents characteristic features of the modernistic city: monofunctional zoning, buildings
placed “in a park”; separation of pedestrian and transport flows; limited typology of living flats
based on typical, repeated projects of houses; etc. Besides such features, the city has a clear
boundary formed by surrounding natural territories.

The following data was used for modeling and analysis:

e OSM data on the UNESCO heritage site in Sfax together with historical city plans which include
layouts of individual buildings [36].

e The precise Cracow plan which shows the 18t century situation with defensive wall still
standing and morphological structure in essence not changes much from the Middle ages with
additional information about functional aspect was used; plans of buildings in Cracow were
taken from the web page focused on 3D reconstruction of the city [37];

e  OSM data was used to obtain the Elektrénai plan. Plan of the typical flats were taken from the
publication about Soviet modernistic housing by Drémaité [38].

Space syntax analysis was conducted using DepthmapX [39], a software developed for visual

and spatial network analysis. All plans were prepared in dxf format with just boundaries made by
walls mapped.

3. Results

3.1. Validation of the Syntactic Models Based on Compatibility to Form Fits Function Principle

Several indicators from the Visual Graph analysis (From VGA) and additionally conducted axial
graph analysis were selected for validation of the modeling results while looking for some logical
coincidence of syntactic and functional patterns. The aim was to see if at least some of those clear
overlapping could be observed and if models are sensitive to the essential differences of the
investigated cities.

From VGA the following metrics applied: Connectivity - measures the number of visual
connections from a specific point where bigger numerical value means bigger area of the isovist
visible form the point; Point Second Moment - evaluates the distribution of visible distances,
determining spatial homogeneity or heterogeneity where higher numerical values mean less compact
form. It is counted in a similar way as the Point First Moment described earlier, just with values
squared. The indicator could be seen as a one combining occlusivity and connectivity — it was not
used in the modelling of the features of acceptable environment but found useful for more
generalized comparison of functional and syntactic zones.

The Axial analysis which is based on modeling of visual axes was used as additional tool for
validation. It was chosen over the most often in space syntax modelling of urban structures used
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segment analysis as more suitable in the presented case because of the focus of the presented research
on visibility, relatively small size of the investigated urban areas where topological distances are at
least of equal or even higher importance then metric distances, and, at the same time, simulating
concentration of people, movement, etc. Metrics applied: Relativized Entropy (further Entropy) -
indicates the diversity of routes and navigation choices, for the mathematical definition, see Hillier
et al. [40] p. 365 and Turner [28] p. 8. In essence the biggest entropy shows the most hidden,
potentially the most private areas of the spatial structure which are the most hard to find accidentally.
Intensity - assesses reachability potential in key locations presented in normalized form, “It also aims
to capture the movement efficiency given the distance one must travel in the network” [41]. As it is
an alternative and more precise for calculations of integrations - the most reachable areas in urban
structures which, if the model is working well, should coincide with the most functionally intensively
used, the most important key areas of the spatial structure. Choice - measures how frequently certain
segments are used as the shortest path [40]. If the model is working well, high choice values should
overlap with the main transit streets.
City and Building Plan Analysis:

Elektrénai. Visual Connectivity: the strongest visual connectivity was observed at the main city
entrance junction thus reflecting importance of symbolical spaces which could be called “city gate”
(Figure 2). Importance of those spaces could be confirmed by sculptural composition “Elektra”
located at the main entrance to the city. Point Second Moment: courtyards of multi-story buildings
were homogeneous, with relatively little variation between near and far visible points. It corresponds
to observed facts that even while applying concepts of modernist urbanism in Soviet Lithuania, the
attempt to make courtyards of multi-flat houses more private and compact, was made. Of course, it
does not mean that modernistic courtyards were as compact and homogenous as some spaces of the
medieval city - for such comparison normalization of values would be needed as discussed in the
methodology section, but spatial allocation of not normalized values correspond to in situ observed
differences in character of public spaces of the city. Building plans revealed the strongest visual
connectivity at staircase junctions ("apartment crossroads") and the weakest in sanitary facilities.

Sfax (Tunisia). Visual Connectivity: strong connectivity was observed at a single point — the
religious center with a prominently expressed main street. Point Second Moment: high heterogeneity
was noted near market areas, with significant differences between points located close to each other.
Entropy: the street network demonstrated high values thus reflecting the functional hierarchical
zoning of public spaces: public with the least entropy and semi-private, located deep inside living
quarters with the high entropy. Choice: In essence only the real main streets which connect city gates
and the main objects as Mosque and Souks, demonstrate high values. The low values in the living
quarters correspond well to the attempt to avoid concentrated transit flows there. Intensity: high
reachability or closeness was observed at the most important (around Mosques, Souks) zones.
Building Plans: centralized layouts dominated, with living rooms-coyourtyards serving as hubs
connecting other spaces. The center exhibited strong visual connectivity, contrasting with the
corridor-based street network.
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Figure 2. Space Syntax analysis for three cities (Krakow, Poland; Sfax, Tunisia; Elektrénai,
Lithuania).

Krakow (18th-Century City Plan). Visual Connectivity: a strong connection was observed in the
Town hall/ Market square, characterized by high intensity of the axial map as well thus
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demonstrating overlapping patterns of syntactic indicators and higher functional importance.
Entropy: the lower part of the city, particularly Wawel Castle with some peripheral streets in the
southern part of the city, stood out as the hardest to find zones. In the case it reflects real situation:
more quiet and specialized character of the peripheral streets and allocation of the castle which gives
it certain degree of both functional and compositional autonomy supporting its role as the
strongpoint for defense against potential attacks from outside as well as from inside. Such patterns
of allocation of palaces and castles could be observed in many medieval cities. Point Second Moment:
streets exhibited high values due to the straight corridor-like street network. “Closed” gothic squares
with streets entering their corners, showed low values, indicating spatial homogeneity with minimal
differences between near and far points. Choice: low in squares but slightly higher in streets and
especially high in the main streets connecting the main city points: some gates, Town hall square,
Wawel. Building Plans: visual connectivity within buildings was not very much differentiated but
correspondence of slightly higher values in the man living rooms was noted. The Point Second
Moment metric indicated high heterogeneity in some building corridors or connecting spaces and
could be associated with the need to make space clearer in terms of visual navigation.

This analysis revealed the spatial characteristics of the three cities which corresponded to the
results of space syntax modelling:

- Elektrénai: Strong visual connectivity in key nodes thus possible representing car-oriented city
plan with representative spaces at the entrance points and buildings, emphasizing spatial
homogeneity and uniformity.
- Sfax: Centralized religious and market areas contrasted with corridor-dominated street
structures.
- Krakow: syntactic modelling clearly correlated or overlapped with the mani functional zones
and streets quite well representing dual functional patterns constructed based on segregation of
Town hall square and the castle.
Contextual Framework. The analysis was guided by Nikos A. Salingaros's architectural principles [42—
45], emphasizing;:

- Hierarchy and Structure - connections between networks and scales.

- Fractal Design - repeating patterns across scales.

- Information Richness - the importance of detail and complexity.
The more detailed aspects demonstrating peculiarities of the investigated spatial structures were
offered and evaluated by the authors in a 10 point scale where 10 means strong presence of analyzed

spatial features.

Table 1. Subjective analysis of three cities using Nikos A. Salingaros's architectural principles [42—45].

Architecture Principle City and Compatibility (1-10)
Hierarchical Structure and Scale Krakow, Poland (8); Sfax, Tunisia ., Elektrénai,
Relations Lithuania (7)

Information Richness Krakow, Poland ., Sfax, Tunisia (8), Elektrénai,
Lithuania (6)

Fractal Design Krakow, Poland .; Sfax, Tunisia (7), Elektrénai,
Lithuania (5)

Human Scale Compatibility Krakow, Poland ., Sfax, Tunisia (6), Elektrénai,
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Lithuania (8)

Adaptation to Context Krakow, Poland -; Sfax, Tunisia (9), Elektrénai,
Lithuania (7)

Biological Analogy Krakow, Poland .; Sfax, Tunisia (7), Elektrénai,
Lithuania (5)

Connections and Networks Krakow, Poland ., Sfax, Tunisia ., Elektrénai,
Lithuania (8)

Importance of Natural Light and Krakow, Poland .; Sfax, Tunisia (8), Elektrénai,

Forms Lithuania (6)

Resilience and Longevity Krakow, Poland .; Sfax, Tunisia (8), Elektrénai,
Lithuania (6)

Focus on User Experience Krakow, Poland ., Sfax, Tunisia (8), Elektrénai,
Lithuania (7)

Total Krakow, Poland -; Sfax, Tunisia (79), Elektrénai,
Lithuania (65)

Elektrénai (Total Score: 65). Human Scale Compatibility (8/10): the city’s layout and building plans
are well-suited to human proportions, providing functional and comfortable spaces for residents if
compared to the other modernistic cities. Connections and Networks (8/10): strong visual
connectivity at key nodes, such as the main entrance junction, ensures efficient movement within the
city. Focus on User Experience (7/10): the city provides a functional and straightforward layout,
making an attempt to contribute to user comfort. Fractal Design (5/10): The city lacks the intricate
repeating patterns often seen in more naturally inspired designs. Information Richness (6/10): the
homogeneity of spaces, especially in courtyards and apartment layouts, limits the richness of visual
and spatial experiences. Resilience and Longevity (6/10): while functional, the lack of architectural
diversity and long-term adaptability reduces its longevity potential.

Sfax (Total Score: 79). Hierarchical Structure and Scale Relations (9/10): a clear hierarchy is evident
with the central religious node and main street dominating the layout. Connections and Networks
(9/10): the city exhibits a well-connected street network, with significant links between central nodes.
Adaptation to Context (9/10): Sfax reflects its cultural and historical context, integrating traditional
architectural styles and functional urban design. Information Richness (8/10): the markets and central
spaces offer diverse and stimulating environments. Human Scale Compatibility (6/10): while some
central areas are well-proportioned, the corridor-like street system can feel restrictive and less
accommodating. Importance of Natural Light and Forms (8/10): although strong in religious and
market areas, this criterion is less emphasized in other parts of the city.

Krakow (Total Score: 88). Adaptation to Context (10/10): the city’s layout seamlessly integrates
historical and cultural elements, including its central hall, Cathedral Square, and Wawel Castle.
Information Richness (9/10): the diversity of architectural styles, public spaces, and historical sites
ensures a stimulating urban experience. Connections and Networks (9/10): The street and square
network is well-organized, linking important city nodes efficiently. Human Scale Compatibility
(9/10): the city’s layout, particularly its central areas, provides a welcoming and human-centered
experience. Resilience and Longevity (9/10): Krakow’s historical structures and thoughtful urban
planning demonstrate its capacity for long-term sustainability. Fractal Design (8/10): while the city
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exhibits some fractal properties in its street network, this aspect is not as pronounced in building
layouts.

In essence it could be concluded that even based on selected analysis of some aspects of the three
cities, and expert based evaluation, it looks that the presented models are sensitive to differences of
real structure, reflects at lest some essential aspects of functional logis and could be used at least as
logical abduction based explaining models.

3.2. Genotypes

The visualized full results of the modeling are presented in Figures A1-A6 in the Annex 1. In all
cases, the results of the calculations are visualized while using a standard deviation size. In such a
case 1 standard deviation and more, point out either 15.9 percent of the highest or the lowest values
allowing the most important areas for the precise aspect of the acceptable space. The scatterplots with
the summarized comparison of the results are presented in Figures 3 and 4.

Proximity_ Integration Fascination_Occlusivity Refugee_Clustering

Simplicity_Compactnes Simplicity_PFM CommonFate_Troughvission

Figure 3. Comparison of space syntax normalized indicators representing 6 aspects of the acceptable
spatial environment in the cities.

If just urban structures are compared (Figure 2), then the following results could be pointed out:

e Proximity as Integration: The low values in Sfax reflect its labyrinth-like structure and functional
specialization (public, semipublic, semiprivate, private open spaces, functional zoning, etc.);
medium results in Cracow correspond to a more integrative nature of gothic city plan with more
functional and spatially homogeneous structure; high values in Elektrénai well reflect the idea of
modernist urbanism when houses are seen as placed in continuous open space — either park or a
field.

e  Fascinations as occlusivity: low to medium values in Sfax and Cracow demonstrate some kind
of controlled, potentially not overloading with visual stimuli, organized in recognizable patterns
of high occlusivity features; high values in Elektrénai speak about potentially overloaded and
possible visually overstimulating spatial structure;

e  Simplicity as PFM: High values in Elektrénai, low-medium in Cracow, and low in Sfax. In
essence, it reflects openness and degree of visual axe-oriented spatial composition. It could be
seen as a kind of clearness of the call or information for a movement of spatial configuration or
let us call it dynamic simplicity. If plans of cities are compared then it should be noted that such
simple axial lines are clearly defined by contrast with buildings, a limited number of from one-
point visible axes, and consistent sequence of presentation of spaces “axe after axe” in Sfax and
Cracow. In Elektrénai a lot of potential axes are visible from the same spots.

e Simplicity as compactness: high values in Sfax, medium in Cracow, and low in Elektrénai. If
combined with PFM-based form simplicity it shows the degree of introversion of spaces which,
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because of simplicity, allows one to focus on internal processes with less disturbance from
neighboring spaces. We can call it static simplicity.

e Refuge as clustering: big values in Sfax and Cracow as a reflection of clearly perceivable in situ
combinations “visible and clearly definable here” spaces in terms of Cullen [46] and quite
“pockets” or outside rooms in terms of Alexander [47]. Medium values in Elektrénai demonstrate
that modernist urbanism still made an attempt to create quieter or refugee spaces but either
closeness is lower or perspectives of visible “there” are much longer if compared to the other two
samples. Possibly both are true.

e Common fate as through vision: high values in Sfax, medium to low in Cracow, and low in
Elektrénai. A tree-like street network with a small number of alternative movement routes
between origins and destinations of movement and clear separation of various functional zones
could be seen as corresponding and explaining the logic behind such results in Sfax. Medieval
Gothic plan city focuses on creating more equal alternatives for functions, movement, etc.
Modernistic urbanism creates the biggest number of spatial alternatives to look and move thus
making features of the common fate hardly perceivable and creating competition between spaces.

We can generalize that the proposed indicators quite well reflect essential differences in urban
genotypes of three cities with a kind of controlled proximity, fascination, and dynamic simplicity in
Sfax and Cracow. Elektrénai demonstrates a little paradoxical situation in this case with all three
features having high values and reflecting a kind of potential visual stimuli overload or unbalanced
situation. Strong expression of common fate in Sfax and more alternatives in Cracow, while very
“plural” spatial structure in Elektrénai, etc. It looks like some strongly expressed features are
compensated by low expression of the other features in Sfax and Elektrénai as two radical opposites.
Cracow could be seen as some kind of balance between the different features.

What does it mean in terms of biomimicry? Possibly, if extreme maximums would be treated as
some kind of less balanced experience, then Cracow represents the genotype which creates the most
balanced spaces in terms of perceived features. The question is to which natural landscapes of
environments it could be compared? On the other hand, it could not be said that Sfax or Elektrénai
do not possess at least some of those features, but the lack of balance between them is quite obvious.

Proximity_ Integration Fascination_Occlusivity Refugee_Clustering

Simplicity_Compactnes Simplicity_PFM CommonFate_Troughvission

Figure 4. Comparison of space syntax normalized indicators representing 6 aspects of the acceptable
spatial environment inside houses.

A comparison of buildings is presented in Figure 4. The results could be summarized as follows:

e Proximity as Integration: Sfax and Cracow living spaces demonstrate in general a tendency of
bigger proximity (mean-max) in comparison to the modernistic flats (mean-low). It is interesting

as the first two groups are represented by in essence bigger spatial structures if compared to
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Elektrénai and demonstrate the significance of spatial organization despite size for proximity
perception and possibly for the other features.

e Fascinations as occlusivity: high values in Sfax buildings reflect the most sophisticated spatial
organization around the living courtyard in the investigated groups of the medieval Islamic
living house. Low values in the other cases reflect the very simple yet functional structure of
medieval living houses and modernistic Soviet flats

e Simplicity as PFM: Medium dynamic simplicity of the Islamic house and medium-high values of
the European medieval houses. Low simplicity in the modernistic flats. The modernistic flat low
values are a little unexpected as they are based on the so-called corridor system where the ax of
a corridor puts the rest of the rooms together, but, probably, the treatment of rooms as
autonomous units and employment of the corridors just as spaces for logistics without the other
functions might explain that.

e Simplicity as compactness: medium to low values in the Islamic house with its sophisticated
diverse spatial configuration; Medium to high values are observed in the other cases as living
spaces there are organized out of autonomous cell rooms.

e Refugee as clustering: low values in the Islamic city thus reflecting its interviewed functional
structure, common usage of space (at least by some groups of inhabitants), etc. High-low values
in Cracow reflect the focus on autonomous rooms from one side and compositionally important
axial connections between them from the other side. High values in Elektrénai where typical flats
could be seen as a collection of autonomous rooms that could be connected by the corridor in one
or another way. The shift of this feature could be related to more family as unit-oriented or
individual-oriented preferences while creating living spaces as well.

e Common fate as through vision: lowest value in Elektrénai — it reflects well the structure of
autonomous rooms which are connected just by narrow functionally oriented space-corridor.
Medium values in the Islamic house are a little unexpected because of its focus on functionally
and compositionally dominant living courtyards. Maybe it could be related to the need to
segregate certain functions in a living structure. Medium to high values are found in the medieval
house.

We should note clear genotypic differences in the three groups of living spaces. Regularity or
tendency to compensate high values of one feature by the low values of at least some other features
could be noted: the modernistic flats are less fascinating as spatial structures, less integrated, and less
dynamically simple but offer clearer refugee spaces, etc.

Feature Sfax bulldmg Sfax bulldl ng Cracow Cracow Cracow Elektrénai Elekt Elektrénai
hulldlng 1 Bulldmg 2 hulldlng 1 building 2
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Figure 5. Summarizing matrix of the comparison of both cities and living houses. Red color means
high, yellow — mean, and blue — low values.

A summarizing generalized matrix with the results of both cities and buildings is presented in
Figure 4. The exact numerical values are assigned to three categories (high, low, medium) while
comparing them between themselves for cities and buildings to “decrease the resolution” of the
results a little and to make the general tendencies more clearly visible. In all three cases, interesting
regularity could be observed between two groups of indicators: if the group of indicators or features
made of proximity, fascination, and dynamic simplicity (PFM) is higher in a city then in general it is
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lower in buildings and vice versa. A more balanced situation could be observed in Cracow again.
Such regularity could be explained and interpreted while using the idea of close interactions and
combinations of prospect and refuge. We can assume that the optimal situation is when the prospect
is not too big or visually controllable and easily observable. It could be explained and related to the
concept of positive stress “... otherwise known as good stress or eustress, (which)is the type of stress
response that we feel when we get excited.” [48]. If loosely defining stress as anything that challenges
our state of homeostasis, then too big prospect makes a bigger visual challenge and has a bigger
potential to cause negative stress. We can logically assume that stress is increased even more if,
besides a big and hardly visually observable and controllable prospect no refugee space could be
found nearby in an urban or architectural structure. Such a situation is peculiar, according to the
research results of Elektrénai where the only refugee is a private flat. From the point of view of the
prospect and refuge combination, the situation is much more balanced in Cracow and Sfax. If analogy
with natural landscapes and habitats is used then, from the discussed point of view, Elektrenai is
similar to a desert, where if inhabitant leaves his shelter — he/she becomes immediately exposed in a
huge space, visible for potential predators from far away and with need to look around regularly.
Sfax could be related to dense jungle where inhabitants can easily hide not only in their own shelters
but outside them as well. The specific feature in this case is limitation of prospect which can cause
that if only visual perception is used then unexpected dangers or predators could be met
unexpectedly. Cracow in this case could be seen as an analogy to forest with both medium prospects
and possibility to hide relatively easily in many locations both inside a shelter and outside of it. Final
note regarding Elektrenai modeling and its results: space syntax visual graph analysis was
conducted, as in the case of Cracow and Sfax, based just on boundaries created by buildings. Are the
results in this case correct if modernist urbanism puts a lot of attention to greenery between
buildings? In order to give precise answer additional modeling at finer scale with trees included
would be needed, but few things could be said already:

e We can argue that the situation is right in two cases: for the first decade or more years after the
construction of Elektrenai when trees were just planted and made no boundaries for visual
perceptions; for a cold season when trees shed their leaves.

e In summer, three are visually active but still, we should recognize that in a city they form rather
perforated but not solid wall, especially when courtyards of the houses were intentionally made
intervisible so activities of children or other inhabitants could be observed through the windows,
etc. In this situation we can expect a decrease of the maximum values of the isovist properties,
but there is a high probability that essential spatial patterns would be not changed.

e We can treat the presented results just as an analysis of pura architectural form created by
anthropogenic elements.

4. Discussion and Conclusions

The presented results of the pilot research could be discussed and evaluated within a few
theoretical frameworks. First of all, the model is based on the concept of the isovists or view shed as
it was mentioned earlier [30]. It could be pointed out that isovist-based analysis of the architectural
spaces in essence allows analysis and construction of spatial typologies through the eyes of the user
and still could be seen as a kind of rare and innovative approach which opened new perspectives in
architectural modeling as advocated by Batty [49]. Furthermore, the results of the isovist modeling
could be and are related to various aspects of human perception through psychological theories. It
could be proved by the presentation of the research by Ostwald and Dawes where they analyzed the
possibility to combine isovist analysis and Prospects Refugee theory. On one side they concluded that
“While the majority of the measures derived from isovists of the Heurtley house (investigated house)
appear to broadly correlate with the prospect-refuge characteristics, (but), under close scrutiny they
become problematic and, it must be concluded, that none of them are ideal for this purpose. Even
those measures like skewness (PFM) and drift (Dynamic aspect of visual space), which might seem
to capture some essence of prospect-refuge theory in a simple room, do not work for more complex
spaces.” [50]. At the same time, they agree that “Conceptually, prospect-refuge should be
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geometrically measurable using some combination of the strength and direction of the outlook
(prospect), the proportion of the isovist that is bounded by solid surfaces (refuge), and that which is
made up of occluded radials (mystery).” [50] and propose that “...combined measures must be
verified through their application to more complex works of architecture (and urbanism?)” [50]. More
similar attempts were made while applying the Prospect-Refuge Approach and isovists analysis for
seat preferences in offices [32]. Other applications of the isovists model are more related directly to
the analysis of logic of functioning of architectural spaces without searching for the specific ties with
theories of psychology, validates the model: “We tested each of the metrics across a large sample of
office spaces to unearth their relationship to two specific human behaviors: movement and
interaction. We found that some metrics such as Visual Mean Depth (represented by Integration in
the presented research as normalized version of Men Depth) play an important role for
understanding the effects of movement, more specifically that more segregated floors and spaces
tend to attract less movement. We also found that of the two activities movement is the easiest to
predict, with many of the results applicable both to large-scale analysis but also on a per-site level.”
[33]. Research by Peponis and his concept of the cognitive frame which was applied for the
classification of the analyzed building could be mentioned as well [51].

Within the described context, the presented research could be seen as the logical input into the
mainstream of the research as it does the following:

. Continues to investigate possibilities of applications of the isovist analysis for
architectural spaces;

. Attempts to relate the results to various theories related to the perception of the
environment and not limiting it to just A Prospect-Refugee approach.

. Expands the model by applying it not only for building analysis but for urban analysis as
well — it is not often made.

. Applies analysis on different urban-architectural-cultural settings.

. Attempts to relate the proposed models to the biomimicry framework thus expanding

possibilities to find more contact points with various theories and researches in the future.

The second theoretical context of the presented research is the investigation of the preferred
environment by Environmental psychology. The research with an attempt to identify quantitative
indicators of various aspects of the preferred environment as legibility, complexity, mysteriousness,
coherence, ephemera, naturalness, disturbance, etc. was made by Ode and Tveit [52]. While
recognizing the significance of the above-mentioned research on environmental psychology, it
should be pointed out that:

. Quantitative indicators were based on the usage of GIS-based descriptive data which
presents a kind of “top-down” view on the map.
. It was focused on open, suburban, and rural landscapes.

The presented research attempts to continue and expand the above-mentioned approach by
investigating urban areas and adding isovist-based, users' visual experience oriented, simulative, and
thus having predictive power, methodology. The model could be even more related to various
theories of landscape perception in the future [4].

The third theoretical framework is made by biomimicry investigation. As was demonstrated in
the literature review, it could be stated that the presented research attempts to define the otherwise
quite general principles of biomimicry in specific, not-so-often investigated urban scale and
combinations with environmental psychology.

Last but not least, the theoretical context that should be mentioned is the idea of a city as fractal.
According to Batty, it is one of the ways of abstraction of urban space that allows to see a “naturally
growing” or organic system [53]. In this case, the research presented in this article could be seen as a
kind of “fractal view” on the investigated urban structures as it does both: investigates potential
regularities of relation of the single cell or house interior and urban spaces; models spaces from even
smaller cells thus increasing resolution of the model itself.

The usage of the mathematical graph as the methodological base of the modeling creates a few
important possibilities:
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. It makes the results comparable with the other quantitative data if available to obtain
which creates relatively good possibilities for further calibration of the proposed model.

. The simulative nature of the model means that it has not only analytical but predictive

powers as well. Such powers could be expanded into two directions: future and past, as it was
demonstrated in this research.

. The mathematical basis of the model in essence allows us to combine it or include it into
parametric architectural and urban design processes.

Combination of the results with the theoretical framework of biomimicry creates a background
to expand the view on urban structures not only while using qualitative indicators, but even
generalizing analogies, e.g.: as it was mentioned earlier while comparing the modernist city to a
“desert” in a similar manner as Bauman compared center of Brasilia to Gobi desert [54] and medieval
cities to different types of “forest”.

Are the results of the presented model valid? Validation of the model could be approached from
three perspectives:

. based on deductive reasoning while stating that if a similar model were confirmed by
other researchers, then, it is logical to expect that similar methodology is working in our case.
. Based on abduction logic, which states that if an explanation given by a model looks

logical then it should be accepted as right till better results are obtained or the model will be tested
based on the other principles.

. Based on empirical data.

In essence, all three approaches were used. First of all, we can point out the earlier-mentioned
sources which confirm that graph-based and isovist models correlate with human behavior at least
in cities. Secondly, the construction of the model itself was based on both deductive and abductive
reasoning. Thirdly — the modeling results were overlapped with the data on the functionalities of the
investigated cities and buildings while using the layer overlap method (Section 3.1). The main idea
was that if functional patterns and logic could be related to the obtained mathematical results, then
there is a higher probability that the model is working rather than not. The main problem in this case
was the availability of data for historical cases about more precise allocation various functions. In
essence, it was based just on the present cartographic sources. The same principle was applied in
Elektrénai as even though the Open Street Map data is available in essence it represents just the
allocation and density of various objects which could be related to visual perception affecting human
behavior indirectly only. Precise data on the movement of people and informal micro-functions of
public spaces, possibly based on observation in situ, would be needed. This situation leaves the
question of further validation open and should be addressed in future research. As isovists describe
a human visual experience in a space then one of the tools for validations could be measurement and
analysis of human reactions, e.g., based on eye tracking technology.

In terms of the limitations of the research, the following aspects should be pointed out:

. Three, relatively homogenous cultural and spatial small urban structures were
investigated. The question is how more complex urban systems should be modeled.
. Only one type of cell-living house was present in the model, but even in the investigated

cities the variety of cells is much higher, e.g., churches, mosques, other public buildings, etc.

] As the review of similar research demonstrated, different interpretations of the features
of acceptable or preferred environments by combinations of the visual graph indicators can exist. In
our case we used the principle common to all scientific models — it should be as simple as possible.
As a result, we made an attempt to find just one indicator if possible, for the description of the features
of the visually perceived environment. It means that more possible combinations could and should
be explored.

. The need for investigation of various possible combinations of the visual graph indicators
for the features of an acceptable environment, requires looking for quantitative methods of validation
of the model in the future. As it has been mentioned before, the authors see eye-tracking technology
as the potential candidate for this task.
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While finalizing it could be generalized, that despite limitations and because of its nature as a
pilot study, the presented results demonstrate sensitivity to the different cultural-urban situations
and logical correspondence to features of those environments which could be pointed out by the
subjective experience of the authors while walking in Elekrénai, Old Town of Cracow and medinas
of the Islamic cities. The results fit into the context of biomimicry investigation and potentially expand
the theoretical and methodological framework of the Isovist modeling while using Visual Graph
Analysis and relating it to the features of an psychologically acceptable environment.
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Appendix A

The results of space syntax visual graph modeling
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Figure A1. Results of the space syntax modeling of Sfax urban structure. Red color marks values equal

and bigger than 1 standard deviation, blue — minus 1 standard deviation thus pointing out
accordingly 15.9 percent of the highest and the lowest values.

Simplicity jempesnent Simplicity py Common Fate

Figure A2. Results of the space syntax modeling of Sfax buildings (building 1 at top line). Red color
marks values equal and bigger than 1 standard deviation, blue — minus 1 standard deviation thus
pointing out accordingly 15.9 percent of the highest and the lowest values.
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Figure A3. Results of the space syntax modeling of Cracow urban structure. Red color marks values
equal and bigger than 1 standard deviation, blue — minus 1 standard deviation thus pointing out
accordingly 15.9 percent of the highest and the lowest values.
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Figure A4. Results of the space syntax modeling of Cracow buildings (building 1 at top line). Red
color marks values equal and bigger than 1 standard deviation, blue — minus 1 standard deviation
thus pointing out accordingly 15.9 percent of the highest and the lowest values.

Proximity Fascination

Figure A5. Results of the space syntax modeling of Elektrénai urban structure. Red color marks values
equal and bigger than 1 standard deviation, blue — minus 1 standard deviation thus pointing out
accordingly 15.9 percent of the highest and the lowest values.
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Figure A6. Results of the space syntax modeling of Elektrénai flats(buildings) (building 1 at top line).
Red color marks values equal and bigger than 1 standard deviation, blue — minus 1 standard deviation
thus pointing out accordingly 15.9 percent of the highest and the lowest values.

Appendix B

The results of space syntax axial graph modeling
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Intensity

Figure B1. Intensity, Relativized Entropy and Choice within radius n for Sfax axial graph. Red colors
show high and blue - low numerical values.
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Figure B2. Intensity, Relativized Entropy and Choice within radius n for Cracow axial graph. Red
colors show high and blue - low numerical values.
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Figure B3. Intensity, Relativized Entropy and Choice within radius n for Elektrénai axial graph. Red
colors show high and blue - low numerical values.
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