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How can we assess the ergonomic comfort of a sizeable spatial configuration
such as the indoor space of a complex building or an urban landscape when we
design, plan, and manage the space? Is there a fundamental difference between
indoor [architectural] spatial configurations and outdoor [urban] spatial
configurations with respect to ergonomics? Can we have a unified approach
to the computational study of spatial ergonomics? This paper addresses these
fundamental questions while providing a brief taxonomic review of the scholarly
literature on these matters from a mathematical point of view, including a brief
introduction to the modelling-based approaches to the computational ways of
studying the fundamental effects of spatial configuration on human behaviours.
Furthermore, the paper proposes a computational approach for ergonomic
assessment of spatial configurations that explicitly allows for combined
accessibility and visibility analyses in the built environment. The gist of this
approach is the conceptualisation of spatial configurations as rasterised
(voxelated) 2D manifold walkable terrains whose voxels have 3D vistas,
unifying the simulations and analyses of accessibility and visibility. The paper
elaborates on how such a representation of space can provide for conducting
various sorts of computational queries, analyses, and simulation experiments for
research in spatial ergonomics. The paper concludes with a mapping of the
computational modelling approaches pertinent to the study and assessment of
spatial ergonomics; and marks avenues of future research on various categories
of exploratory, generative, and associative models for ex-ante and ex-post
assessment of ergonomic matters at spatial scales.
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1 Introduction

The importance of ergonomics and human factors in spatial design and interventions
can be understood, unfortunately, by examination of the disastrous results of numerous
contemporary building developments and interventions in cities around the planet that
disregard ergonomics and human factors. Such interventions have resulted in the so-called
ghost cities (Jin et al., 2017; DeLyser, 1999), dangerous crime neighbourhoods (Angel, 1968;
Newman, 1996; Cozens et al., 2005; Jacobs, 2016), and depressive social environments
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(Wang R. et al., 2019; Galea et al., 2005). Systematically studying
ergonomics and human factors based on the spatial configuration of
the built environment can be beneficial for three primary purposes,
in line with the three main activities of design processes as defined by
Lawson (Lawson, 2006), all of which need to address fundamental
questions regarding the relationship between environment and
human behaviours:

• Evaluation: quality assurance of built environment,
governance, standardization, certification through ex-post
assessment of safety, operational efficiency, occupational
comfort, and security;

• Analysis: spatial, social, behavioural sciences, and
environmental psychology;

• Synthesis: scientific and evidence-based design methodology,
design didactics, spatial-decision-support, and
design research.

One of the pioneers of ergonomics research, Lillian Moller
Gilbreth, formulated some of the oldest spatial questions in
ergonomics about the comfort of kitchens and assembly lines for
work and the relations between [spatial] movement, work efficiency,
fatigue, and comfort (Perloff and Naman, 2012; Gilbreth, 1914).
While the scale of a kitchen or the functional space for a stationary
worker in an assembly line is too small to have non-trivial navigation
challenges, the repetition of the work at scale (such as in hospitals or
subway complexes) raises the importance of comfort of frequent
human movements.

In an indoor environment, it is easy to observe that the
configuration or layout of the environment can directly affect the
spatial ergonomics of the building. However, the counterpart of
configuration in urban land-use distributions, i.e., the functionalities
assigned to spaces, has a rather subtle and yet substantial influence
on the spatial ergonomics on the urban scale. The so-called cost of
transport can show, for instance, that the expected walking travel
time is dependent on the spatial configuration since the assignment
of different functionalities to spaces is what initially motivates the
movement of people between two spaces (q.v. (Nourian et al., 2021;
Çubukçuoğlu et al., 2021)).

Notwithstanding the importance of morphological factors such
as heights of ceilings, proportions of rooms, and alike, this article
only addresses the ergonomic questions with regards to the syntactic
relations between spaces rather than the morphological attributes of
the spaces in isolation. We will address the discussion on the
complex relationship between spatial configuration and spatial
ergonomics, focusing on the potential comfort of pedestrians
during way-finding and walking through the built environment.
Our perspective is based on the assumption that accessibility and
visibility are the main factors that are not only directly related to the
holistic notion of human comfort and ergonomics in space, but also
precisely in the purview of architectural designers and spatial
decision-makers. This is because both of them are directly
influenced by the design decisions concerning the configuration
and shape of built environments.

Our proposed spatial modelling framework provides for
combined accessibility and visibility simulations that can show
the potential ergonomic comfort or discomfort of an
environment with respect to walkability. This, however, does not

mean that we are proposing a framework for simulations of actual
walking behaviour. The framework, rather, paves the way for spatial
ergonomics researchers to build models, test hypotheses, and collate
their results in a standardised framework that is suitable for various
approaches in modelling, ranging from mathematical models to
models based on artificial intelligence. The key connective element,
and thus the main advantage of the proposed framework, will be that
it introduces graphs as natural representations of spaces, whether for
accessibility analyses or visibility analyses. Furthermore, the fact that
both kinds of graphs can be constructed out of the same superset of
nodes (corresponding to voxels) means that the results of analyses
obtained from the two types of studies can be easily collated and
combined as desired. Moreover, the generality of the proposed
approach is such that the distinction between indoor and
outdoor environments will be rendered unnecessary, hence
providing for a unified view towards analyses of architectural and
urban configurations. Therefore, arguably, this approach opens up
new avenues for rigorous research in spatial ergonomics.

2 Theoretical context

2.1 Design science, science of artificial, and
generative science

A substantial part of Spatial Ergonomics as an interdisciplinary
field of research is concerned with understanding the complex
relations of pedestrians’ behaviour within complex spatial
environments. Such systematic understandings could inform and
underpin design activities by introducing a scientific approach to
evaluating the impact of spatial designs and interventions on human
comfort. Moreover, the paper argues that a knowledge-based
approach for informing decision-making in design activities is
necessary for guaranteeing human qualities usually referred to as
the live-ability of buildings and cities. In this sense, Spatial
Ergonomics can be seen as a design science as called for by H.A.
Simon in (Simon, 1970). This is related to, yet different from the
studies of environmental psychology and behaviour, which attempts
to inductively understand the bi-directional relation of humans and
their environment from a cognitive and physiological point of view
(Golledge et al., 1993; McAndrew, 1993; Golledge, 1999). However,
we also argue that the Problem-Oriented approach of environmental
psychology (Proshansky, 1978) and the Design-Oriented approach
of spatial ergonomics are approaching the essence of such a relation
from a different angle.

This difference in approach allows us to consider spatial
ergonomics as a subject matter of the Sciences of Artificial
(Simon, 1970), i.e., the decision sciences aimed at the study of
practices to improve the current state of systems towards better ones
(non-verbatim, ibid). The main goal in the sciences of artificial is to
extend the natural sciences by going beyond understanding
phenomena and discovering the relation of human choices and
their consequences, (Schelling, 1984). Within the scale of the city,
understanding the complex relation of the urban environment and
human behaviour requires explicit simulation models (Batty, 2007).
To illustrate the specifics of scientific studies and their application in
spatial ergonomics research, we find it important to distinguish
three types of models as to their purposes:
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• Exploratory Models are also known as the exploratory model
analysis (EMA). These sorts of models do not aim to validate
or refute a specific hypothesis, nor do they intend to predict a
quantity precisely. Rather, they focus on the uncertainty in the
open systems, exploring the implication of varied assumptions
and hypotheses based on a series of computational
experiments (Bankes, 1993; Agusdinata, 2008). Exploratory
models benefit greatly from improved computational power in
recent years, providing new knowledge for understanding the
phenomena or system behaviours through the information
gained from many computational experiments, acting as the
base for further hypothesis building. Exploratory models could
be driven by data, questions, or even models (Bankes, 1993).
Network centrality analyses inspired by Social Network
Analysis research are typical applications of exploratory
models, as often seen in Space Syntax research (various
exemplary reference provided further on).

• Associative Models are statistical models or neural networks
that can be fitted/trained using data describing the dependent
and independent variables. Such dependent variables can be
numerical or categorical, making the problem either
regression or classification. A predefined (classical)
statistical model (such as multi-linear/logistic regression or
a gravity model) can be fitted to the independent inputs to
predict the dependant outputs of interest. Similarly, Artificial
Neural Networks can be trained to find non-trivial (most likely
non-linear) relations between independent input and
dependent output variables to capture a complex
association (see e.g., (Wang Z. et al., 2019)).

• Generative Models are also known as simulation models,
which are mechanism replicators made based on a
mathematical or computational understanding formalised
in a theory or a simulation model capable of explaining
“how things work.” Archetypal examples include an
understanding or assumption of the local behaviour of a
spatial agent (a virtual pedestrian) based on its surrounding
environment and other agents in its vicinity; or an Agent-
Based Model revealing the emergence of behavioural patterns
from predefined situated patterns of behaviour (Crooks et al.,
2015). Another example of such models is the simulation of
mobility/accessibility through Random Walks (Nourian,
2016). Such models directly link to the idea of ergonomics
and the so-called First Law of Geography, as formulated by
Waldo Tobler: Everything is connected to everything else, but
near things are more connected than distant things, (Tobler,
1970). Thus the easier it is to get somewhere, the higher the
probability of going there: measuring distance in time,
through stochastic paths (random walks) (Nourian, 2016).

To be able to understand and trace the effect of the spatial form
(i.e., the geometry and topology of a built environment) on
behavioural patterns, we need to move toward models that can
explain and justify such complex relations. We should start from the
fact that relationships between form factors and human behaviours
are fundamentally complex not only on an individual/psychological
level but also on a collective/social level and that they need to be
studied through simulation models. If our only goal in studying
ergonomics were to predict comfort or discomfort, then it would

suffice to study the association of some spatial factors with various
comfort criteria describing human perception or human behaviour
within built environments. However, if we are to understand and
explain the mechanisms underlying these [complex] associations,
then we need to study the phenomena directly through simulation
models (Epstein and Axtell, 1996; Epstein, 2008). Therefore, our
perspective in spatial ergonomics is also to promote the notion of
Generative Science which is the pursuit of explainable and
reproducible knowledge through devising and experimenting with
complex simulation models; introduced by Joshua Epstein (Epstein,
2012; Epstein, 1999). Thus, we suggest that we need to synthesise
simulationmodels that can replicate the complex relations of causes/
stimuli and effects/behaviours to understand the relation of the
design decisions on the shape and configuration of built
environments (choices) and social behaviours and human
perceptions (consequences).

The relations between the form of the environment and human
behaviour (e.g., movement) can be identified to have at least two
types of complexities, one being the network complexity of
navigable/walkable spatial environments and their effects on
human behaviour; the other being the process complexity of the
influences of the other actors on the behaviour of individual actors in
an environment. In the face of such complexities, if the aim is to
understand the mechanisms resulting in the emergence of specific
behavioural patterns, it will be necessary to utilise generative
simulation models that are capable of replicating the mechanisms
of stimuli and responses and their inter-relations of multiple actors
within a complex spatial environment (Epstein, 2012). Examples of
such models are stochastic simulation models, Agent-Based Models,
Cellular Automata, Game Theoretical Models, or network-based
models such as Markov Chains (a.k.a. Random Walks).
Furthermore, the simulation-driven approach has been widely
applied to acquire insights and incorporate the complexity of the
un-modelled uncertainties in the study of environment-agent
interactions (DeLaurentis and Callaway, 2004; Macal and North,
2009; Heppenstall et al., 2011); a particular example of which is to
assess how visibility influences path-finding (Gath-Morad
et al., 2021).

However, developing such simulation models will introduce
some complexities, as it is inevitable to step away from the
principle of Ceteris Paribus (Schlicht, 2012). Considering this
inherent complexity of the relations between the inputs and
outputs of such morphology-behaviour models, we can
distinguish the application of each category of models in the
study of these inter-relations from two directions:

• Ex-Ante Assessment of environmental design decisions: given
a design as a proposed new spatial configuration or
intervention in an existing spatial configuration, ex-ante
assessments focus on what will be the projected behaviours
induced by the spatial configuration? Such questions can be
best answered by building exploratory or generative models.
These models can be validated and calibrated using exemplary
data from the past.

• Ex-Post Assessment of environmental design decisions: given
a building or a built environment configuration from the past
and observed behavioural data (e.g., of pedestrian movement),
ex-post assessments focus on how can the correlation between
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spatial configuration and human behaviour be made explicit
through statistical models or neural networks? Considering
the complexity of these associations, such questions can be
best answered by building associative models through model-
fitting or model-training using exemplary data (evidence)
from the past.

Considering that all such models require behavioural data and
spatial configurations from the past to be either trained, validated, or
calibrated, it is clear that for moving towards an “evidence-based
design” discipline, not only data needs to be gathered from the past,
but it should also be structured properly by explicitly considering
such analytic prospects. One key challenge or question of
importance will be about the representation of a spatial
configuration. It is important to have such a representation of a
building or a built environment to assess and further analyse on,
otherwise the notion of assessment becomes ill-defined.

2.2 Spatial morphology and space syntax

The terms morphology and syntax are historically borrowed
from Linguistics, respectively referring to the study of the shape of
the words in isolation and the grammatical structures connecting
them. However, in the contemporary academic circles of
architectural and urban studies, the term morphological
colloquially refers to both morphological and syntactic studies on
the configuration of space in built environments (Hillier, 1998;
Marshall, 2004) and its relation to human behaviour; especially
focusing on pedestrian movement in space (Hillier and Hanson,
1989; Hillier, 1999). Unequivocally, we can define spatial
configurations as distributions of human activities (land-uses in
geospatial scales and designated spatial functions in architectural
scales) in non-trivial/non-Euclidean network spaces. In this sense,
provided a network abstraction of the underlying space is available, a
particular spatial configuration would be a coloured/labelled graph
as an abstraction of the space in question.

Multiple scholars have proposed different lenses for the study of
spatial morphology and, in particular, the “spatial configuration”.
Conzen offered a categorisation of different elements of the urban
landscape based on the time scale of their change: 1) the city layout,
2) building form, and 3) land use. Each of these elements represents
different degrees of changes, i.e., land use changing most often,
buildings’ physical form lasting longer, and the city layouts being the
most permanent elements (Conzen, 1960). Vance ties the changes in
the urban environment to human activity and claims that they can
not be reduced to alteration of the physical structure (Vance, 1977).
Frey relates the emergence of cities to the interaction of navigation,
communication, and land values (Frey, 1999). Despite different
formulations, what most of these lenses have in common is the
emphasis on the relationship between the form of urban
environments and the social structures that emerge within them
(Stephenson, 2008); this perspective is widely known in the scientific
literature as the morphological approach that is mainly concerned
with the study of spatial form that can be defined as the geometry
and topology (also referred to as the configuration or layout) of an
environment and their effects on human behaviour. Based on this
relationship, an urban form can be evaluated via activity patterns

(primarily through the so-called pedestrian or natural movement
(Hillier et al., 1993)), particularly human congregation that emerges
within it, e.g., some studies have used activity/presence/movement
density, and intensity as proxies for urban functionality (Chiu
et al., 2020).

Hillier (Hillier and Hanson, 1989; Hillier et al., 1996) introduced
the clear framework of Space Syntax to structure, measure, and
understand the relation between the form of spatial structures and
people’s behaviour within them. Space syntax offers an exploratory
methodology to investigate the urban spatial structure and uncover
the spatial qualities of urban areas and their correlations with
various network centrality indicators as proxies for spatial
activities related to pedestrian movement through spaces. These
methods aim to quantify the configurational properties of the built
environment through the study of the structural properties of spatial
networks, mainly through network centrality indicators. At the
architectural scale, syntactic measures have been shown to
correlate with behavioural patterns in a variety of settings,
including malls (Okamoto et al., 2014; Omer and Goldblatt,
2016; Koohsari et al., 2013); subway stations (van der Hoeven
and van Nes, 2014), museums (Turner and Penn, 1999), and
hospitals (Haq and Luo, 2012). At an urban scale, these
centrality indicators (such as integration/closeness or choice/
betweenness) have been investigated based on their potential for
revealing various relations between urban structural elements and
human activity patterns (Peponis et al., 1997a); the influence of
spatial structure (as a network) on staying behaviour at certain
Points of Interests (referred to as movement to spaces in the Space
Syntax jargon), as well as the correlation of the frequency of
pedestrian movement through spaces with the presence of socio-
economic activities (such as retail).

While urban form (Pacione, 2009) is assumed to be the
conductor of the pedestrian movement patterns (Hillier et al.,
1993), the effect of land-use or the distribution of designated
functions in urban or architectural scales cannot be ignored in
shaping the pedestrian movement patterns; this is because the
reasons people walk in an environment have to do with their
social and economic needs (Algers et al., 2005; Meyer et al.,
2001). However, human movement is arguably a focal point of
attention for ergonomics research at a spatial level, especially
because it is directly affected by the design decisions on the
shape and layout of an environment. Consequently, these
decisions on a larger scale can function as an attractor or a
driving force of developments (Johnson and Fisher, 2013).

2.3 Visibility and accessibility analysis

A comprehensive understanding of the relation of the
behavioural patterns and built environments (either in
architectural scale or urban scale) pertains to two main
ergonomic aspects: Accessibility and Visibility in space.

Within Hillier’s approach, the relation between urban structural
elements and human activity patterns is not limited to the
accessibility provided by the street network; It also includes
concepts to denote the visual relations of spatial elements such as
axial graph (Bentley, 1985; Moughtin, 2007; De Smith et al., 2018)
and Turner-Penn’s topological model of space is derived from
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visibility graph (Turner, 2001; Penn, 2003). This model can be
constructed, e.g., based on the intersections of visibility polygons
(a.k.a. Isovists (Benedikt, 1979)) to quantify the inter-visibility and
proximity of spatial elements (Turner, 2003; Turner et al., 2001).
Penn argues that this approach (e.g., the use of axial lines of sight)
contributes significantly to the understanding of environmental
cognition by putting forward a topological space representing our
cognitive model of space (Penn, 2003).

In his seminal book, “The Image of the City” (Lynch and for Urban
Studies, 1960), Lynch argues that legibility facilitates the perception
and understanding of the spatial structure, and consequently, there is a
correlation of the sense of identity in the urban space and legibility. He
specifies three elements that comprise legibility: clarity, visibility, and
coherence (Lynch and for Urban Studies, 1960). Legibility is influential
in way-finding (Weisman, 1981; Koseoglu and Onder, 2011), and this
is not only in perceiving the space and constructing a cognitive map
from it but also in utilising the cognitive map in way-finding (Belir and
Onder, 2013). The two most important factors affecting legibility are
simplicity of spatial configuration (2D) and saliency of landmarks (3D),
which respectively correspond to accessibility and visibility of urban
spaces (Lynch and for Urban Studies, 1960). Lynch ties the
construction of the cognitive map of a city to five elements: nodes
(2D), paths (2D), districts (2D), landmarks (3D), and edges (3D)
(Lynch and for Urban Studies, 1960). He maintains that the 2D
elements function as anchors of locations. Thus their role in the
cognitive map of the user is topological, whereas the 3D elements,
on the other hand, provide a sense of distance and direction for the
user. Thus their role is more geometrical (Dalton et al., 2003). On a
tangent line and from a descriptive point of view, O’Neill ties the
representation of cognitive map to the concept of legibility by defining
it as the potential of a space to facilitate the formation of a successful
cognitive map (O’Neill, 1991).

People experience and understand space primarily through
vision, mapping the relation of the visible features of the space,
and identifying the navigation opportunities (Li et al., 2016).
Landmarks or salient objects in particular play an important role
in wayfinding (Daniel and Denis, 1998; Denis et al., 1999; Lovelace
et al., 1999; Schroder et al., 2011). Sorrows et al. attribute the
distinctiveness of landmarks to their visual (colour, shape, etc.),
semantic (function, type, etc.), and structural salience (location as to
other elements) (Sorrows et al., 1999). Golledge (Golledge et al.,
1993) puts a relative perspective on the matter and ties the quality of
being a landmark to the distinctiveness of an element compared to
other elements in a local or global neighbourhood, a relative view
towards salience that is fundamental to our decision-support
perspective towards the computational study of ergonomics.
Although characterisation and detection of potential elements as
landmarks can be done without topological models (see an example
in (Nothegger et al., 2004; Steiniger et al., 2008)), structural salience
depends on the position of a landmark along a route (Klippel et al.,
2005; Elias et al., 2023), thus requiring an implicit or explicit
topological model. Specifically, visibility is proved to be
influential for way-finding and navigation in complex space, even
when such as space is a multi-level uncertain environment that has
vertical dimension (Gath-Morad et al., 2021).

Although it is indisputable that the local and global structural
properties of an urban environment (or the indoor space of a
building) influence the cognitive representations of it

(FREUNDSCHUH and EGENHOFER, 1997), the fact that
legibility is a more subjective measure of the space rather than an
objective property of it, has led to the complication of understanding
of humans’ spatial perception processes in built environments
(Zmudzinska-Nowak, 2003). To untangle this subjective-objective
dichotomy, a few attempts have been oriented towards comparing
the quantitative representation of a given built environment with
humans’ perception of it. (Stamps, 2005; Gjerde, 2011; Long and
Baran, 2011). In particular, the correlation of legibility (subjective) and
intelligibility (objective) (Long and Baran, 2011), and modelling
permeability using Isovists (Stamps, 2005). It is worth noting that
there is a parallel field of research focused on way-finding and path-
planning for robots, called Robot Motion Planning (cf. (Patle et al.,
2019)) that is especially relevant to the discussion because of its history
in developing environment maps as accessibility and visibility graphs
for navigation.

Alternative models for studying accessibility from a cognitive/
psychological point of view (and thus in relation to visibility) have
the potential to take cognitive factors into account, e.g., by
considering the simplicity or ease of navigation in path-finding
(Turner, 2001; Duckham and Kulik, 2003; Nourian et al., 2015), or
by utilising Random-Walk, Markov-Chains, or Spectral Models in
analysing accessibility from a stochastic perspective as opposed to
the inherent deterministic perspective associated with using
centrality indicators based on geodesics or shortest paths
(Nourian, 2016; Blanchard and Volchenkov, 2008; Nourian et al.,
2016a). Moreover, the notions of accessibility and visibility lead to
an interesting phenomenon: somewhere is considered accessible
when it is eventually accessible under some conditions (a maximum
time or distance before reaching the place), but somewhere is
considered visible only if it is immediately visible. This semantic
difference also becomes a challenge for unifying the analyses of
accessibility and visibility.

In summary, studying accessibility from a cognitive and ergonomic
point of view would eventually require studying visibility, especially for
assessing the legibility of an environment for way-finding. This entails a
need for amathematical model of the relation between accessibility and
visibility that can support exploratory and associative approaches, as
well as generative simulations.

3 Proposed framework

3.1 Intertwined geometrical and topological
models of space

Purely topological models of space are arguably inspired by the
social network models studied in computational social science since
the 1950/60s (Nourian, 2016; Bonacich, 1987). They are often
considered for studying the configurational properties of the
urban space (e.g., (Hillier, 1998)). Due to the historical
prevalence of [urban] spatial network models consisting of lines
(axial lines of sight in Space Syntax-oriented models or the street
centre line in Transport Planning oriented models), much attention
has been paid to the adequate representation of line-based networks
for morphological studies. In retrospect, it can be seen that the
orientation towards line-based networks has been mainly a
pragmatic choice for keeping computational costs low. Multiple
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critiques of this approach have pointed to either the counter-
examples for spaces that cannot be reduced to a line network or
the failure of topological models in integrating the metric properties
(Turner et al., 2001; Peponis et al., 1997b; Batty, 2001; Ratti, 2004a;
Ratti, 2004b; Montello, 2007; Kostakos et al., 2010; Netto, 2015;
Pafka et al., 2018). However, without dwelling much on the futile
debates on the advantages or disadvantages of geometric or
topological models of space, given that topological and geometric
measures are not independent, we argue that models need to be
constructed based on a close relation of geometry and topology
rather than a supplementary attribution of metric weights.

We argue that the reduction of walkable or visible space into a
few lines is overly simplistic and problematic. Conventionally, i.e., in
Space Syntax studies, both accessibility and visibility are modelled
through topological models made up of “lines of sight” dubbed Axial
Lines (Penn, 2003). However, even apart from the reported
problems in defining such axial-line networks ((Ratti, 2004b)),
the connection (similarities and differences) between the two
notions could be more explicit. Mathematically speaking, a
walkable surface is essentially a 2D-Manifold and a visible
prospect is fundamentally a 3D-Manifold. Studying accessibility
requires working with geodesic/optimal-path algorithms on [1D]

FIGURE 1
A schematic view of the proposed raster-based analytic workflows.
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line-networks or [as we propose] on [2D] surface-meshes
representing 2D manifold-surfaces of passages, possibly with
many holes (mathematically known as surfaces of high genus/
genera [holes]) and that studying visibility requires working with
intersection algorithms within 3D manifold-solids of prospects
(mathematically known as solids of high genus/genera [holes]). It
suffices to say that from a mathematical point of view, a manifold
surface or a manifold solid cannot be reduced into a line-network
without losing the metric properties of space unless a relatively high
density of graph vertices is produced to “sample” the space. Though
accessibility and visibility analyses have different inherent
characteristics, and thus modelling requirements, they have a
similar constituent element, i.e., the spatial units. To make the
connection more explicit for exploratory, associative, and
generative modelling studies, we argue that the models be made
separately by respecting the inherent differences of the two notions
while using similar constituent elements to allow for collation and
connection of their results.

We propose here to derive the topological model from a regular
discretisation of the geometry of walkable surfaces and visible
environments to provide for comprehensive ergonomic research
(see Figure 1 for a complete picture). We argue that a regular spatial
subdivision based on voxels can provide a uniform way of modelling
2-Manifold walkable spaces and 3-Manifold visible spaces for
studying accessibility and visibility respectively. Space Syntax
models were also later generalised by the models made by late
Alasdair Turner for pixel-based visibility and accessibility analysis
(called the Visibility Graph Analysis) integrated into Depth Map
(Turner et al., 2001; Turner, 2007), which could be seen as consistent
with the framework proposed in this paper. A few of the crucial
concepts introduced in this section are explained in more detail in
Table 1. The following sections elaborate on the steps introduced
in Figure 1.

3.2 Spatial modelling based on topological
voxelation

We propose to use the regular discretisation of spatial structures
through voxels to construct a topological voxelization of 2D

manifold surfaces and 3D manifold solids for accessibility and
visibility analyses. Analysing both qualities on voxel models can
be done by using graph/network representations constructed based
on the topological relations between voxels, which includes (but is
not necessarily limited to) the face-to-face connectivity between
the voxels.

Both the walkable passages needed by accessibility analyses and
visible prospect needed by visibility analyses could be modelled
through topological voxelation on their original manifold.
Afterwards, the voxelated model could be uniformly used to
construct accessibility graphs and visibility graphs can be
respectively constructed based on definitions of isochronal
accessible neighbourhoods and isovist visible neighbourhoods.
These local definitions of connectivity effectively result in a graph
that encapsulates the connectivity structure of a spatial
configuration in terms of immediate accessibility or immediate
visibility. Figures 2, 3 show how the accessibility and visibility
graphs could be constructed stepwise in a hypothetical voxelated
space referenced with a 3D Morton curve, on a horizontal and
vertical section, respectively. Both examples show the local
neighbours of a separate voxel unit, demonstrating the edges and
all connected nodes to this specific node in the graph to be
constructed. After going through this process over all the nodes
in the set, the corresponding graphs could be constructed (in the
form of sparse matrices). In practice, interestingly enough, both such
spatial models can be built by using regular volumetric cells or voxels
with the help of software packages such as topoGenesis in a
straightforward manner (Azadi and Nourian, 2021). It is also
noteworthy that the visibility graph can be constructed within
the raster through Fast Voxel Traversal algorithm (Amanatides
and Woo, 1987).

It is worth mentioning that the scale of the graphs generated
from walkable surfaces and visible solids are usually not the same
due to the difference in dimensionality. The latter would have far
more nodes than the former, while in a graph with binary weights on
edges, the former is usually a subset of the latter, as well, since all the
[immediately] accessible locations are [immediately] visible for
people in specific perspectives from the corresponding voxel. As
shown with a rightward arrow in Figure 1, the entire voxel space of
the accessibility graph can be elevated to an eyesight level and

TABLE 1 Glossary.

Term Definition

Voxel A volumetric 3D pixel, a voxel is a small box-like spatial unit, i.e., a bounding box in a spatial domain as a part of a 3D regular and orthogonal
tiling of space that is indexed with three [integer] coordinates in the form of (i, j, k). A voxelated domain practically becomes a 3D raster (akin
to a bitmap) image

Manifold A spatial domain that is possibly not linear (Euclidean) in the global picture, but everywhere locally similar to a Euclidean space of a low
dimension like a 1D, 2D, or 3D Euclidean space (a line, a plane, or a hyperplane). A k-Manifold is a space that is locally homeomorphic
(topologically similar) to a Euclidean space of dimension k, i.e., Rk

Topological Voxelation A process for obtaining a voxelated representation of a continuous spatial domain such as a curve, a surface, or a solid with a minimal set of
voxels that are necessary and sufficient to preserve the topological properties of the original ‘smooth’ geometries in the raster domain, such as
connectedness, closure, number of genera (holes) and alike

Graph An ordered pair of Vertices and Edges (also referred to as Nodes and Links), typically encoding relations of different sorts such as inter-
connectivity or inter-visibility, either as binary data or weighted float variables: G = (V, E), V = vi|i ∈ [0, n), E ⊂ V × V, the connectivity
information of a graph can also be represented as a [sparse] matrix

Neighbourhood A function showing the proximity, similarity, or connectivity of the data points/vertices/nodes in space as to which a graph can be
constructed, possibly with a binary or real range. The outputs of such functions are used for constructing [possibly weighted] graphs
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FIGURE 2
Accessibility graph construction on a hypothetical horizontal section of a voxelated passage space referenced with a 3D Morton curve.

FIGURE 3
Visibility graph construction on a hypothetical vertical section of a voxelated prospect space referenced with a 3D Morton curve. Original mesh.
Continuous 2D manifold. Accessibility Graph (Katz Centrality).
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incorporated into an intervisibility graph. In this way, a bipartite
graph of inter-visibility can be formed to distinguish the visibility
stances and visibility targets. Note that the examples shown in
Figures 2, 3 are based on immediate binary connections. We
want to stress the semantic difference of accessibility and
visibility mentioned in Section 2.3. In the framework proposed
by this paper, the two approaches are further unified: direct/
immediate spatial or visual connections (visible and accessible
neighbourhoods of a certain location) could be modelled with the
edges in the graph, while the locations that are eventually accessible
or eventually visible by people could be represented with a path in
the graph traversing the walkable nodes. As a result, a global picture
of [eventual] accessible or [eventual] visible spaces can be
constructed from a “connected-component” (an island in the
graph, in a manner of speaking). Furthermore, as described in
Table 1, the relations represented by the edges in a graph can be
either binary for marking if a pair of nodes are interconnected/inter-
visible or not, or in the real-number range to get the relations
weighted with some Gaussian normalisation, based on the different
proximity/similarity/connectivity of the nodes. Furthermore, as
described in Table 1, the relations represented by the edges in a
graph can be either binary for marking if a pair of nodes are
interconnected/inter-visible or not, or in the real-number range
to get the relations weighted with some Gaussian normalisation,
based on the different proximity/similarity/connectivity of the
nodes. For example, for accessibility, the existence of slopes
would make the comfort (ease) of walking in different directions
vary (Nourian, 2016; Nourian et al., 2015), and places farther than a
certain area would be homogeneously considered as “too far” for
being accessible by people; thus changing the concept of accessibility
to a linguistic variable in the sense of Fuzzy Logics (Nourian et al.,
2016a). Similarly, for visibility, the angles of viewing can be assumed
to be different in comfort and ease of viewing and finding a salient
object (e.g., in the context of way-finding). Evidently, all these
aspects could be modelled with adjustable parameters in the
voxel-based modelling framework.

Our proposed approach makes the distinction between the
topology and geometry of the environment unnecessary (Morello
and Ratti, 2009; Fisher-Gewirtzman et al., 2013; Nourian et al.,
2016b; Gorte et al., 2019), as the metric distance between locations is
preserved even after graph construction and can be inferred from the

integer coordinates of voxels and could be easily demonstrated on
the walkable manifold (Nourian, 2016; Gorte et al., 2019), which
would be otherwise lost in purely topological models (Ratti, 2004b).

Additionally, it provides a uniform way of studying spatial
ergonomic matters such as way-finding in architectural (indoor)
and urban (outdoor) environments as it removes the need to
distinguish streets and corridors from other walkable areas such
as squares and rooms (as seen in Figure 4). Both indoor (Gorte et al.,
2019) and outdoor (Nourian et al., 2016b; Morello and Ratti, 2009)
spaces can be modelled in the same way either as voxelated
approximations of walkable 2-manifold surfaces or as voxelated
approximations of visible 3-manifold solids. Specifically,
Topological Voxelization at a geographical scale (Nourian et al.,
2016b) preserves the most important properties of spatial forms and
provides a uniform level of resolution while removing noise and
unnecessary details. In scenarios where a combination of models are
needed, voxel-indices or vertex indices in the graph can be globally
unique indices referring to a space-filling curve, such as the Morton
curve (see Figures 2, 3), thus making it possible to adjoin graphs if
necessary without confusion. In addition, the globally unique
indexing will facilitate querying data on both the graph and
voxelated model. Specifically, the binary coordinates of the
voxelated model referenced with a Morton curve can show the
clustering information of the nodes in the space, since it effectively
forms a Quadtree (2D) or Octree (3D) in space.

In summary, the voxelated framework provides a uniform way
of constructing the base models on which both types of analyses/
simulations (accessibility and visibility) can be performed.

3.3 Generality of voxel-based models

The accessibility and visibility graphs described above can
facilitate spatial analysis in multiple ways: from providing for
straightforward ways of converting questions to standard queries
and property checks on graphs, at the simplest level, to facilitating
problem-solving by utilizing graph traversal algorithms, centrality
analyses on networks, and more importantly enabling the utilization
of constructs from Spectral Graph Theory for simulating Random-
Walks/Markov-Chains or solving Partial Differential Equations.
Similarly, the same graphs can be used as “environments” for

FIGURE 4
The original mesh is representing a 2-manifold walkable surface of a hypothetical architectural configuration (Nourian et al., 2015). After
voxelization, the voxelated model has been used as the basis of the accessibility graph (16,548 nodes and 31,958 links). The result of Katz centrality has
been visualized on the accessibility graph using Houdini 18.5 (https://www.sidefx.com/). Katz centrality was performed using NetworkX-NumPy (2.6.3)
(Hagberg et al., 2008) implementation with the attenuation factor set to 99.9% of the reciprocal of the largest eigenvalue of the adjacency matrix.
The procedure took 43 s on a 6-Core Intel Core i9.
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making Agent-Based Simulation Models. Understanding the value
of graph data models is easier when they reveal patterns that could
not be revealed [so easily] otherwise. Even the simplest uses of such
graphs such as running the most routine queries, e.g., the neighbours
of a visibility vertex will reveal unintuitive properties of the modelled
space such as, for instance, all the points in a neighbourhood that
can see the tip of a tower. The so-called “viewshed” of a heritage
building can similarly be made by finding the union of the visibility
neighbourhoods of the voxels associated with it. The advantage of
such straightforward procedures must be clear for standardizing and
streamlining assessment procedures, e.g., with respect to municipal
regulations for view protection concerning architectural heritage
(for planning heritage buffer zones). Furthermore, such graphs can
also be used to answer generative design questions, e.g., what is the
shape of the locus of points with a certain level of minimum view
towards greenery in a neighbourhood or a hospital? Where should
we place a sign with maximum view probability for pedestrians in a
metro station? These questions refer back to the central question of
ergonomics study in space: the comfort and discomfort of people in
space and how a design or an intervention can change such comfort
levels. In summary, there are various types of models (as previously
mentioned in Section 2.1) that can be constructed based on the
voxel-graph models to study spatial ergonomics questions as
application scenarios:

• Exploratory Models: similar to social network analysis, the
centrality-based analysis could be performed on the voxelated
models. They are typically exploratory in the sense that a
network centrality indicator is first computed and assumed to
be an indicator of the spatial potential (or lack thereof) for
human activities (e.g., pedestrian movement).

• Associative Models: we could collect data concerning urban
spatial ergonomics, such as the real-world time needed for
navigation, the felt comfort or discomfort and/or physiological
parameters of comfort during walking, the pattern of cognitive
maps formed in the space, the emotions, memories and other
senses in space, the efficiency, effectiveness, and vitality of
space (Nourian et al., 2021), and use the voxelated model as
the common ground, attribute the aforementioned data to
nodes or edges of the graph and perform associative analysis
and predictions.

• Generative Models: we could also conduct various
simulations on the voxelated model with different
parametric configurations to come to an interpretable and
explainable conclusion. For example, simulation models of
pedestrian behaviour could be made by discretisation of a
Partial Differential Equation describing universal rules of the
pedestrian behaviour in a spatial domain (e.g., (Hoogendoorn
et al., 2014)) or as an Agent-Based Simulation-Model (e.g.,
(Gath-Morad et al., 2021; Turner, 2007)).

4 Demonstration

To illustrate the potentials of the proposed framework, we have
created a simple exploratory model of accessibility and visibility
based on a portion of urban environment of Rotterdam, the
Netherlands (see Figure 5). The Zomerhofkwartier (ZoHo) in

Rotterdam, situated near Central Station, is undergoing
redevelopment. The area is predominantly residential but it also
includes some office spaces. On the boarder of the area lies “de
Hofbogen,” a former elevated rail track from the 19th century that is
not in use any more. Historically facing socio-economic challenges,
including poverty and perceived insecurity, the predominantly
migrant-populated area has seen recent initiatives like the
Waterplein Benthemplein project to enhance social resilience. In
2020, the City of Rotterdam announced new development plans for
ZoHo aiming to create new homes, work spaces, and rooftop green
landscapes that will be connected to the future Hofbogenpark. The
planning process involves consultation with the ZoHo district-level
council and groups such as ZoHo Citizens, representing local
entrepreneurs and organizations (Peinhardt, 2021).

The surface mesh represents a portion of the ZoHo
neighbourhood in Rotterdam. After voxelization, the voxelated
model is used as the basis of the accessibility graph (1,631 nodes
and 2,741 links) and the visibility graph (4,477 nodes and
960,523 links). The result of Katz centrality has been visualized
on both graphs using Houdini 18.5. Katz centrality was performed
using NetworkX-NumPy (2.6.3) (Hagberg et al., 2008)
implementation with the attenuation factor set to 95.0% of the
reciprocal of the largest eigenvalue of the adjacency matrix. The
procedure took 0.1 and 4.5 s on a 6-Core Intel Core i9 for
accessibility and visibility graph accordingly. The codes and
models are open source and available at [redacted].

The models reveal the usefulness of accessibility and visibility
graphs by visualizing a Katz Centrality indicator on both of them,
which is a particular variant of Eigenvector Centrality proposed by
Leo Katz in 1953 for revealing the relative importance of nodes in
social networks as to the ‘status’ of actors (Katz, 1953). Eigenvector
centrality indicators shows the relative centrality of the nodes in a
network with respect to the relative centrality of their neighbours
recursively, which can also be adjusted to be the final result of a
Random-Walk Simulation. Intuitively, a node of high eigenvector
centrality can be said to have a high influential position for
diffusions or dispersion of information along the links of the
network. As explained in (Nourian, 2016) (pp.228-236), such
eigenvector centrality indicators are used in geographical analysis,
social network analysis and webpage sorting (PageRank (Page et al.,
1999)). The particular advantage of Katz centrality, as compared to
PageRank and the ‘normal’ eigenvector centrality, is that it works for
directed graphs and that it is not influenced by the degree regularity
of the nodes that is a characteristic of accessibility graphs on
voxelated manifolds. Katz centrality indicator has an attenuation
parameter that defines the relative importance of longer walks as
compared to short walks, which effectively allows for mitigating the
adverse effects of the extreme degree-regularity of accessibility
graphs. In particular, the results presented in Figure 5 highlight
the utility of accessibility and visibility graphs by revealing the
relative importance of some locations in a voxelated network.
Interestingly, obtained with the same Katz centrality indicator,
both results reveal meaningful patterns of influence with regards
to accessibility and visibility. Theoretically, a place of high Katz
centrality in the accessibility graph can be said to be highly accessible
even for random walkers, thus beneficial for planning influential
urban functions that need to be easily accessible; and a place of high
Katz centrality in the visibility graph can be said to be highly visible
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from the highly visible places, thus of importance with respect to
visibility, proper for, e.g., the construction of a new landmark. Note
the difference between the two voxel models used for accessibility
and visibility analyses: the base map in voxels used for visibility
analysis represents a one-layer-thick voxel envelope around the
urban objects while the base map in voxels used for accessibility
analysis represents the walkable ground surfaces. For example, note
that the spots of high altitude in the visibility graph are highlighted

in the centrality analysis and that the highlighted spots in the
accessibility graph are obviously connected to layers of well-
accessible voxels within the scope of the model. Such indicators
would also be useful in creating safe spaces, e.g., following the
normative ideas of the theory of Defensible Space Theory of
Newman (Newman, 1996) and the arguments of Jane Jacobs
(Jacobs, 2016) (see, e.g., (Byon et al., 2010; Rosser et al., 2017)).
Therefore, we could argue that such exploratory computation is

FIGURE 5
A portion of the ZoHo neighbourhood in Rotterdam: the surface mesh and voxelated models; Katz centrality for accessibility and visibility graphs;
along with the view of the textured 3D model of the area from Google Earth to illustrate the urban context.
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beneficial for both ex-ante and ex-post assessment of built
environments as mentioned in Section 2.1.

Another rationale for demonstrating preliminary results from
Katz centrality is out of pragmatic considerations concerning the
computation costs. Accessibility graphs are utilized nowadays on a
daily basis on navigation platforms such as Google Maps and thus
they are already commonplace. However, visibility graphs and their
value in the study of ergonomics are less known, perhaps due to the
prohibitive time and memory costs of making visibility graphs of
substantial size. As can be seen in the provided examples from such
graphs in an urban context, the visibility graphs constructed as such
can be quite large for urban environments (both due to involving
many nodes and many more links), orders of magnitude bigger than
their accessibility graph counterparts. Even though conventional
centrality analyses (such as closeness centrality and the notoriously
expensive betweenness centrality) will be prohibitively expensive to
run on such humongous graphs, stochastic analyses such as Katz
centrality and PageRank analyses can be performed successfully on
such graphs, as shown in the examples.

We have only demonstrated the potential of exploratory models
in these exemplary settings. The application of associative and
generative models will be the future focus of our work. It is
important to note that we only discussed the construction of
unweighted and undirected binary graphs but more interesting
questions can be answered by weighting the adjacency links in
directed graphs (both for accessibility and visibility graphs)
according to the purpose of the model, which will be supported
by the Katz centrality indicator as introduced, without loss of
generality.

5 Conclusion and discussion

Accessibility and visibility analyses could be considered the two
most crucial problems concerned within urban spatial ergonomics
to discuss the relations between the built environment and human
behaviours. Considering the advantages of the voxel models in the
unification of geometry and topology, they facilitate the synthesis
of an overarching representation model for spatial configurations
(at both architectural and urban scales). This is essentially different
from the kind of ergonomics discussed in the context of industrial
design as that field operates on the object-scale and focuses more on
the geometrical and physical properties of the human body,
whereas in the spatial-scale of the built environment, the
discussion of ergonomics focuses on cognitive and locomotive
capabilities of humans that govern their behaviour within
the space.

In a voxelated space, a spatial configuration can be defined as a
coloured graph, dual to a voxelated domain, in which the voxel
colours/labels indicate the designated use (functionality) of spaces.
Such a model of a spatial configuration would encompass all the
aforementioned aspects of importance previously considered in
architectural/urban morphological research (geometry, topology,
and land-use/function-allocation). However, as compared to
irregular networks, voxelated networks can be rather dense and
thus heavy for computational simulations of accessibility and
visibility (as seen in Figure 5). Whilst this can be a pragmatic
barrier in the computational aspects of research in spatial

ergonomics, the uniformity arising out of the simplicity of the
voxel-graph models makes them unrivalled for spatial
ergonomics models, especially for developing simulation models.
In addition to urban environments, this framework and
methodology is also applicable to the case of an indoor space
with pieces of furniture that is voxelated (with appropriate size)
to analyze the visibility and accessibility within indoor
environments. Particularly, the added value of this framework is
in having an integrated approach to how indoor and outdoor
environment can be modelled and analysed.

One point of attention that was not discussed throughout the
article is the temporal dimension of simulation models: in the study
of visibility and accessibility, time can be a factor that can be
inherently present in simulation models (think of daylight and its
effects on visibility or temporal patterns of movement in a city/
building), but exploratory models or associative models are
relatively indifferent to time. On the other hand, in setting
impact-assessment models for decision-support, one is often
interested in the long-term and average temporal effects of
decisions on an environment. This entails that the results of the
simulations often need to be aggregated at least in time to provide
such a long-term perspective. It might also be desirable to simplify or
generalise the spatial structure of a building or a city to a few nodes
or even one node for assessment purposes, hence another reason to
aggregate/integrate the simulation results in space for assessment
purposes, which is also not deeply touched by this paper.

Providing a uniform representation model such as the one
proposed here enables the discipline to evaluate a given spatial
scenario as to spatial ergonomics. Furthermore, the discretisation
provides a clear and navigable structure for a solution space and
provides for adopting a decision-making approach to urban and
architectural design and developing explainable and explicit
knowledge about ergonomics and human factors of architectural
and urban design. We sincerely hope that the theoretical framework
proposed in the paper could initiate some discussions.

Long Abstract (600 words) How can we assess the ergonomic
comfort of a sizeable spatial configuration such as the indoor space
of a complex building or an urban landscape when we design, plan,
and manage the space? Is there a fundamental difference between
indoor [architectural] spatial configurations and outdoor [urban]
spatial configurations? Can we have a unified approach to the
computational study of spatial ergonomics? This paper addresses
these fundamental questions by providing a brief taxonomic review
of the scholarly literature on these matters from a mathematical
point of view. It presents a brief introduction to the modelling-based
approaches to the study of spatial complexity and the computational
ways of understanding the fundamental effects of spatial
configuration on human behaviours. The paper argues that a
substantial part of Urban Spatial Ergonomics (USE) as an
interdisciplinary field of scholarly research is concerned with
understanding the complex relations of pedestrians’ behaviour
with the configuration of complex spatial environments. Such
systematic understandings could inform and underpin design
activities by introducing a scientific approach to evaluating the
impact of spatial designs and interventions on human comfort.
Moreover, the paper argues that a knowledge-based approach for
informing decision-making in design activities is necessary for
guaranteeing human qualities usually referred to as the
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live-ability of buildings and cities, particularly by introducing ex-
ante and ex-post assessment frameworks. In this sense, USE could be
closely related to the notions of Design Sciences, the Sciences of
Artificial, and Generative Sciences. The paper further introduces
three types of models that could be beneficial for USE, namely,
exploratory models, associative models, and generative models,
suitable for application in the ex-ante and ex-post assessments of
design decisions. Furthermore, the paper proposes a computational
approach for ergonomic assessments of spatial configurations that
explicitly allows for combined accessibility and visibility analyses in
the built environment. The gist of this approach is the
conceptualisation of spatial configurations as rasterised
(voxelated) 2D manifold walkable terrains whose voxels have 3D
vistas, unifying the simulations and analyses of accessibility and
visibility with the mathematical representation of graphs. The paper
elaborates on how such a representation of spatial configurations
can provide for conducting various sorts of computational queries,
analyses, and simulation experiments for research in spatial
ergonomics. Specifically, a voxelated model of space (whether the
original model of space is a 2D manifold surface or a 3D manifold
solid) will have multiple advantageous properties, including the
straightforwardness of constructing a topological model without
losing metric distance information, and the unified representation
on both indoor and outdoor spaces in both architectural and
geographical scales. Additionally, the paper includes a few
demonstrative examples illustrating how accessibility and
visibility graphs could be constructed in both a hypothetical
spatial configuration and a real-world urban district in
Rotterdam, the Netherlands. Preliminary results of exploratory
models using Katz centrality, a variant of eigenvector centrality
originated in Social Network Analysis, in both graphs are presented,
which show the potential of voxelated models of accessibility and
visibility analyses in USE studies. The paper concludes with a
mapping of the computational modelling approaches pertinent to
the study and assessment of spatial ergonomics; and marks avenues
of future research on various categories of exploratory, generative,
and associative models for ex-ante and ex-post assessment of
ergonomic matters at spatial scales.
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