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Computational tools in architecture have yet to adequately address the issue of
evaluating and informing design through the prism of visual perception in
3-dimensional environments. Previous research has demonstrated that although
the issue of understanding and designing public spaces is of significant
importance, existing methods of data representation in VR are not extensively
investigated. The present paper reports on research into the development of a
computational model that evaluates and visualises information regarding
permeability of the urban fabric in a virtual environment. Primary aim is to
create an additional layer for early design stages that will assist in projecting all
information in VR space so that the user can explore and grasp through data the
impact of each design step in an immersive, human scale.
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INTRODUCTION
This research reflects upon principles of physical and
visual connectivity as themeans to evaluate andgen-
erate new spatial configurations for urban systems.
The aim is to explore the possibility of construct-
ing an analytic model, termed “Perceptive Machine”,
which could function as an additional layer in the
design process by mining, analysing and visualising
geo-spatial data in a virtual 3D space.

Theworld asweexperience it today is in constant
flux, lying at the borderline between physical and vir-
tual space. Manovich (2001) alleges that the evolu-
tionof computational sciences has taken a significant
toll on thebuilt environmentwe live in and its proper-
ties. The urban systems are part of a continuous pro-
cess of change, and therefore, the issue of real-time

interpretation and evaluation of space emerges. The
built environment is currently situated between nat-
ural and artifice but will eventually become an ever-
changing space and architectural design needs new
tools to embed and analyse this information as an in-
tegral part of the process.

Although the research in the field of visual per-
ception of public spaces is of significant importance,
few methods investigate a continued analysis and
interaction between the designer and the predic-
tive model that can assist in improving built environ-
ment performance during the design. Most known
methods, like space syntax (Hillier 2006) promote a
slow iterative process between analysis and design
(Varoudis 2012 ).

D1.T4.S1. MAKING THROUGH CODE –BUILT BY DATA AND THE ARCHITECTURAL ILLUSTRATION - Volume 1 - eCAADe 38 | 419



While exploring theparameters that shape visual
perception, a method of evaluating and interpreting
an area’s degree of porosity and permeability is es-
tablished, that canoffer insight in early design stages.
This new system evaluates an environment in real
time, offering a new opportunity in processing and
visualising data as a part of the design process. It of-
fers a recursive systemof evaluation, a feedback loop,
to allow for constant alteration and re-evaluation. It
is through this recursive process that we may recon-
sider and criticise the design requirements of public
space.

The developed system contributes in the cre-
ation of new topographies which encourage the in-
terplay between human and inhuman intelligence in
an environment of hybrid cyberspace (Kalay 2004).
Hypervirtuality (Kalay 2004), the analysis and evalu-
ation of a set of multidimensional continuous data in
Virtual Reality could challenge the way people per-
ceive the urban fabric. This immersive space that
mixes real and virtual offers the necessary ground for
this analytic workflow to expand beyond computa-
tion into a gradient of experiences.

We begin by exploring theories of visual percep-
tion deriving from the field of psychology, neuro-
science and architecture, in an effort to create a col-
lage of the term. This research focuses on the explo-
ration of combining the experiential aspect of visual
perception with the algorithmic one. By building an
evaluation process for each of the developed princi-
pal components of perception, we embark into de-
veloping new computational ideas in order to bridge
the methodological gap between advances in urban
network analytics and experiential visualisations in 3-
dimensional virtual space.

DECONSTRUCTING VISUAL PERCEPTION -
ABSTRACTMACHINES
Perception of space nowadays consists of various
stimuli, deriving from multiple and diverse sources.
In other words, it is argued that the perception of
space is a three-dimensional collage of fragments
that the brain mixes and reassembles. “The Whole

is now nothing more than a provisional visualisation
which can be modified and reversed at will, by mov-
ing back to the components, and then looking for yet
other tools to regroup the same elements into alter-
native assemblages” (Latour, 2009, cited inManovich
2011).

Figure 1
Snapshot of the VR
experience
engaging the user
to interact with
multidimensional
data projected in
space.

In this sense, the brain is a connection device, an “ab-
stract machine” as Deleuze (1987) states and percep-
tion is the interpretation of the expression to con-
tent. The re-assemblage of the fragmented stim-
uli received is intimately related to a system which
acquires information from simple examples without
any associated response and determines data pat-
terns on its own. “This type of algorithm tends to re-
structure the data into something else, such as new
features that may represent a class or a new series of
uncorrelated values” (Mueller, Massaron, 2016).

This means that the algorithm becomes percep-
tive rather than descriptive as Mueller and Massaron
(2016) assert. Subsequently, Deleuze’s “abstract ma-
chine” is inextricably related to computational proce-
dures, giving a new perspective to the notion of ab-
straction. This machinic assemblage is a perceptual
mechanism able to recognize patterns and restruc-
ture them into a figurative representation of the en-
vironment through recursive operations.

Within this computational mechanism, a new
kind of space emerges that is produced through a
form of abstraction which as Rajchman (1998) men-
tions is not a process of elimination but a process
of invention. Consequently, it is implied that visual
perception is a profoundly mechanic process that

420 | eCAADe 38 - D1.T4.S1. MAKING THROUGH CODE –BUILT BY DATA AND THE ARCHITECTURAL ILLUSTRATION - Volume 1



applies mathematical formulations and potentially
could be spatially described in a new type of abstract
space.

This space bears similarities with the digital
places which, unlike their physical counterparts, can
afford a variety of experiences: they can providemul-
tiple different points of view, different scales, differ-
ent levels of abstraction, even different temporal per-
spectives. These experiences can be simultaneous,
or they can evolve autonomously or interactively in
cyberspace. Hybrid Cyberspace as Kalay (2004) de-
scribes it, “does not pretend to obey the laws of na-
ture”. It is an amalgamation of juxtapositions be-
tween virtual and physical space where seemingly
unbuildable elements coexist with aspects of the real
world. In these conditions, the challenge is to ac-
complishbalancebetween the twoopposites so as to
create a rich yet not disorienting environment. This
kind of space which is consisted of information and
structured through ubiquitously networked comput-
ers, has been transformed from fiction to fact in the
past decade.

Similarly, cities are such abstract complex net-
works as Bill Hillier underlines. They are structured
according to spatial patterns that shape people’s be-
haviour and understanding of spatial morphology.
Although at first glance spatial configurations seem
disorganised and chaotic, space is “the general ab-
stract framework” (Hillier, 2006) in which objects are
defined. Conclusively, abstraction encompasses the
non-discursive and configurational aspects of space
and form that architecture ventures to apply in space.
However, the question that rises from these thoughts
iswhether or not it is possible to evaluate this undeci-
pherable system of networks and consequently eval-
uate urban perception.

Friberg (2016) has attempted to create a Virtual
experience that simulates a neighbourhood where
characteristics and conditions of space (greenery, fa-
cades, building height, graffiti) change with the aim
to evaluate visual perception through theusers’ rank-
ings. Another experiment on measuring the per-
ceived sense of security within an area has been

conducted by the MIT Media Lab and is called
Streetscore, where a model was trained through
computer vision to predict whether a place is safe or
not. The training dataset was based through Google
street view images that people have qualified as safe
or unsafe. Both studies try to create a link between
subjective, social criteria of visual perception and
spatial characteristics.

The research in the field of visual perception
of the public spaces is of significant importance
because of the fact that they constitute the “pri-
mary visual resources that participate in the experi-
ence of the city’s image” (Perovic 2012). The case
of DeepScope by MIT Media Lab is an exemplary
one of the way new visualization means such as
augmented reality, combined with machine learn-
ing (MIT CityScope and Deep Convolutional Gener-
ative Adversarial Networks (DCGAN)) can produce a
thoughtful insight for the early stages of urban de-
sign. By moving Lego tiles, the user can change the
design of the city and observe the impact of each
gesture projected on the tiles. This tool provides
both design space as well as a real-time data visu-
alisation canvas allowing for a seamless design and
feedback loop.

The ability of the built environment to meet the
needs of its users is undeniably one of the key fea-
tures in evaluating the quality and potential success
of a proposed design. At the same time, predicting
the way people will perceive and interact with this
space, that does not yet exist in reality, and evaluat-
ing the influence of this environment on them, is an
undoubtedly complicated task.

Despite its relevance, few methods are available
that can predict and assist to evaluate this type of
built environment performance during the design
process. Apart from the great amount of knowledge
needed, one of the main reasons of this inadequacy
is its infiltration into diverse fields of study including
architecture, cognitive sciences and computer sci-
ence and the difficulty of integrating all above men-
tioned parameters in a functional and reliable com-
putational model as Simeone, Kalay and Schaumann
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(2013) advocate. Moreover, the non-deterministic
nature of human perception which is heavily reliant
on level of education, culture, and beliefs increases
dramatically the level of complexity of such tasks.

Alva Noë (2006) highlights the dual nature of
perception by maintaining that perceiving is a way
of acting. The world makes itself available to the
perceiver through physical movement and interac-
tion. The shape of an object is made available due
to the way in which our sensations co-vary with ac-
tual movements. Enaction in perception suggests
that the notion of perception is not just an algorith-
mic process but an exercise of practical bodily knowl-
edge. Subsequently, there might be value in explor-
ing perception in virtual space so as to combine “sen-
simotor knowledge” (Noë 2006) with computational
approaches.

Jamei and Mortimer (2017) while studying the
potential benefits of VR implementation in the de-
sign of smart cities highlight the ability to anal-
yse and visualize big data derived from BIM (build-
ing informationmodelling), GIS (geographic informa-
tion system), and LIDAR (light detection and rang-
ing) sources while simulating an urban environment.
Virtual reality environments allow for visual repre-
sentations, “which are intended to develop effective
and efficient cognitive processes to gain insight into
those data”. Simultaneously, they also emphasize
on the deficit of such applications which would as-
sist planners and designers overcome the significant
complexities they face today.

Following the principals explored in the prelimi-
nary phase, we venture into investigating and devel-
oping new ideas in an effort to provide more clarity
in thefieldof urbananalytics (urbannetwork theories
andmachine learning) and virtual reality representa-
tions. Spatial networks are increasingly used in order
to represent these ever-changing urban subsystems,
but most of them are tuned to accommodate static
data or phenomena. Moreover, there is not enough
research into the development of adaptive represen-
tational tools to help in early design stages o better
understand and improve urban public space.

VISUOSPATIAL CONFIGURATIONS WITH
PERCEPTIVEMACHINES

Figure 2
Map of the case
study area showing
data density based
on low-granularity
grid.

Our research begins by investigating the parameters
that shape visual perception and navigation based
on well-established techniques and theories. We
then develop a computational model for evaluating
and interpreting a number of spatial metrics, like
porosity, permeability and simulated co-presence,
inside a parametric system where the user can gen-
erate performance-based solutions. This computa-
tional model works in virtual reality space allowing
for greater degree of freedom in juxtapositions, in-
teractivity and visualisation. The evaluationmethod-
ology follows a neuron-based approach with differ-
ent metrics and data layers that become more ‘intel-
ligent’ as they cascade deeper into the network.

Perceptive Machine is consisted of multiple dis-
tributed networks that are combined in a global hi-
erarchy. Each of these processes measures space
and calculates the degree of permeability, meaning
how much accessible or visible this particular space
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is. To support visual functions, brain captures a high-
resolution image of the world which then transforms
a percept that reflects the physical characteristics of
the environment, influenced by extraneous factors
such as illumination, occlusions, and viewing condi-
tions. The fundamental theory of cognitive neuro-
science (Baars, Gage 2013) asserts that “at the most
basic level, the human brain appears to process ba-
sic visual features such as colour, orientation,motion,
texture, and stereoscopic depth”.

Figure 3
Graph comparing
all to all datasets
showing the
complexity of the
input data.

Based on the above consideration, if we are to mea-
sure visual perception, excluding social factors, we
could simplistically disintegrate it to four main cat-
egories; visibility, light, movement and colour. The
research hypothesis is to test a computational model
that evaluates environments against these four main
parameters that shape visual perception so as to ex-
plore different levels of permeability in urban sys-
tems.

The structure of the analysis workflow that we
call “Perceptive Machine” is based on the decompo-
sition of space into the four aforementioned main
parameters. The purpose is to measure space in
both detailed and collective level. To achieve multi-
scalability in our conclusions, initially a square grid

is created, covering the whole area to be analysed.
This grid consists the startingpoint of all analyses and
evaluations. Then, for each of the four parameters,
we build an evaluation process where a value will be
calculated for all tiles included in the grid structure.
In this way, we can achieve a greater degree of ac-
curacy in a local level but also make observations on
network level. Finally, we evaluate the results based
on a series of machine learning algorithms to group
and investigate the produced data.

Since the grid of 5x5 meters is set, the algorithm
begins to run all four analyses simultaneously and
storing the results. The Perceptive Machine is per-
ceived as a parallel operation-device in the sense that
all the partial predicates are calculated concurrently
and independently. Visibility analysis is calculated
through the visibility graph analysis algorithm [VGA]
as defined by Turner (2001) and Isovist (Benedict,
1979) fields along the streets. Movement of people
is calculated through the angular segment analysis
of choice [ASA CHO] as defined by Turner (2007) and
agent-based modelling analysis (Turner, 2002). Sun-
light values derive from solar analysis within a year
period by calculating the shadowarea. Finally, colour
is extracted from lidar point-cloud data combined
with social media sourced images. From the geo-
located RGB values, we calculate the perceived lumi-
nance based on the following formula: PL = (0.299*R
+ 0.587*G + 0.114*B).

After the completion of the above process, the
results are visualised on top of the map allowing for
the possibility to filter the data or isolate a specific
layer. Interactivity is of significant importance at this
point as it assists in the deeper understanding of the
data and therefore the characteristics of the analysed
area. However, this step has proven to be slightly dif-
ficult to interpret when the area is quite large and
consequently, we need to deal with a considerable
amount of data. Even in the virtual space, the multi-
scalability could not overcome the fact that the over-
lay of all data produced is not easily translated. In or-
der to resolve this issue, our team turned to unsuper-
visedmachine learning algorithms tomanipulate the
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Figure 4
Evaluation
processes tested on
simple surfaces to
tune the algorithm

data and transform it into something that could be
rather easily understood with a brief observation.

The main issue to be addressed at this point is
dimensionality reduction, meaning that the multidi-
mensional dataset that is initially created through the
model needs to be translated in form that is under-
standable by the human eye. Therefore, four dimen-
sionality reduction techniques were tested; k-means
clustering, Principal Component Analysis (PCA), t-
DistributedStochasticNeighbour Embedding (t-SNE)
and Uniframing with the purpose to understand or
explore the relationships between the features.

At the same time, to secure the credibility of the
results, the data had to be processed so that outliers
are removed. Machine learning algorithms are sus-
ceptible to the range and distribution of values in the
input data. Outliers in input data can alter andmisdi-
rect the training process of the algorithm leading in
longer training times, less accurate models and sub-
sequentlymediocre results. Further to that, the input
data was normalised or standardized so as to secure

that the domain of values is similar for all attributes.
In this way, all parameters contribute mutually to the
end result.

In an attempt to identify similarities between dif-
ferent points on the grid, the research turned to K-
means clustering which was used as an elementary
grouping method to find assemblages with similar
characteristics. The significant point in our dataset
is that the data is geo-located meaning that through
this process we can identify areas that bear similar-
ities and could further on be categorized together.
Additionally, in this case, the fact that this algorithm
produces clusters of unequal size and density, was
not a drawback since not all areas in the urban tissue
are of same size nor have the same degree of impact
on the city. However, it does not offer a qualitative
evaluation on the clusters themselves which in this
experiment is a crucial aspect.

Moreover, t-Distributed Stochastic Neighbour
Embedding (t-SNE) was tested as a means of visu-
alising the data in a way that is more comprehensi-
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Figure 5
K-means and PCA
Analyses visualised
on top of the
map.The
geo-spatial nature
of the data allows
to identify areas
withinn the urban
fabric.

ble to human brain. This method produces consider-
ably improved visualizations by diminishing the ten-
dency to congest points in the centre of the map. Si-
multaneously, it is significant for our purpose, as al-
ready mentioned to capture much of the local struc-
ture of the high-dimensional data, while also “reveal-
ing global structure such as the presence of clusters
at several scales” (van der Maaten, Hinton 2008) and
t-SNE is capable of doing that. Nevertheless, this al-
gorithm does not extract significant conclusions re-
garding the particular characteristics of the data in
question.

In a similar direction,with the aimof acquiring in-
formation about the qualitative characteristics of the
produced clusters, we exploredPrincipal Component
Analysis (PCA). This method emphasizes on variation
and reveals strong patterns in a dataset and as a re-
sult in this specific input data would bring out the
unique characteristics of the analysed part of the city.
In this way, we could identify the areas that stand out
from the rest and study the reasons that led to this
classification.

Figure 6
3 layers of data
illustrations: the
dataset is
represented as an
accumulated value
in the form of
terrain showing
density and as a
dynamic
point-cloud
through t-SNE

Figure 7
Uniframing: all
values are
accumulated into
one, projected on
the initial grid and
elevated based on
the value.
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In the last series of experiments, thegenerateddata is
summedup intoone single valueandafterwardspro-
jected on space. We will borrow the term “Unifram-
ing” (Minsky, 1988) for this process, meaning the
combination of several descriptions into one. The
combined value characterises the geometry with a
score that represents the fitness (Freitas, 2013) in
generative algorithm terms. For this specific project,
fitness is achieved through the space’s degree of per-
meability and porosity. Each of the evaluations is a
frame, a description of space and all together consti-
tute the complex, indecipherable collage of the Per-
ceptive Machine.

Evaluation seems to be the answer to interac-
tive communication between the architect and the
computer during the successive steps of the design
process Kalay (2004) underlines . After listing vari-
ous types of evaluating methodologies, leading to
the definition of algorithms that make it possible to
quantify andverify some thematic aspects of the con-
structions planned, he maintains that the accuracy
of the possible prediction of non-existing designs
may be the key element that can improve the quality
and performance of a proposal according to specific
goals.

FEEDBACK LOOP
The result of the analytical process is visualisedon the
virtual representation of space so as to correlate the
value with the specific part of the urban tissue. More
precisely, the environment within the experience is
consisted of a multi-scalar visualisation of space and
data, showing both the network level of the city on a
table-top view as well as the human scale through a
physical representation around the user.

Interactivity is considered the key aspect of this
process because of the degree of freedom provided
to the user to explore the data and the city. The user
is able to toggle between different data layers or iso-
late a specific one and on a later stage filter the data
within the selected layer. Data filtering, meaning the
isolation of a smaller part of a dataset according to
some criteria, could lead more easily to better ob-

servations as it facilitates the comparison with other
datasets. The ability to filter andmanipulate the data
within the 3D environment in multiple levels can un-
lock new ways of perceiving the city.

In such a way, we can merge the two main ap-
proaches towards perception, the algorithmic and
the enactive. The virtual environment offers a 3D
spacewhere people can physically interact and inter-
pret data and design through their movement inside
space.

Figure 8
Snapshot from VR
experience: in the
initial stage the user
explored the data in
their abstract form
of the point cloud
surrounding the
space.

Figure 9
Snapshot from VR
experience: The
cubes act as data
placeholders and
the user can select
them to see all
values included in
them. They move in
space affected by
the user’s
movement.

All data collected derive from live-stream sources al-
lowing for real-time evaluation. In other words, ev-
ery time one uses the app is a unique experience be-
cause the data might have changed since last time
and there has been an update in the result. Simulta-
neously, every change in space, every design gesture
is equal with a new evaluation cycle. In this way, the
tool becomes a living organism that communicates
with the outer real world and reflects the information
onto its own universe.

The hyper-real space allows for possibilities that
break physical laws. Multi-scalability, the ability to
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jump fromanetwork, high-level scale to human, low-
level and then back to regional instantly can up-
grade and fasten design processes as architects can
progress inparallel all design levels. Furthermore, the
detail of the visualisation differs from one level to an-
other, transcending from a general view of the space
to specificmapping of each area according to the set
grid. Simultaneously, the user can also style the data
visualisation in a differentwaywithin the virtual envi-
ronment to make it more comprehensible for them.

The machine’s interpretation of space can pro-
duce various results according to the context. Ev-
ery alteration in the design is equal with one loop in-
cluding all these computational tasks. The user can
transcend to different areas and scales and there-
fore travel through the data in new, unexpected ap-
proaches. Consequently, it could be said that the
function of the Perceptive Machine is an iterative re-
cursive process with a growing pattern.

Figure 10
Snapshot from the
VR experience: the
player has also the
option to inspect
the area in question
through a table top
map where there
are options to
visualise all data
layers and
simultaneously
navigate in the city.

DISCUSSION
Perceptive Machine in essence establishes a plat-
form of communication between natural and digital
means and forms of intelligence. The result of this

interconnectivity is a method that may produce im-
provedways of designing public space. It is amecha-
nism that allows to negotiate the complexity of con-
temporary heterogenous and dynamic societies of
multitude.

In thisway,we can talk about adistributionof the
ability to sense and perceive between human and in-
human devices. There is a displacement of identity
that expands the idea of perception and broadens
the identity of the perceiver. This augmented per-
ception, that is a coalescence of the human percep-
tion and the perceptive machine, can lead to new in-
terpretations of the city and eventually new designs.

The creation of a perceptive machine is an ex-
perimentation on the definition of visual perception
and spatial dynamics combined with iterative gen-
erative processes that employ machine thinking and
network theory. Its purpose is to provide architects
and designers with a tool that allows them to visu-
alize, in three-dimensional space, multiple types of
information on the urban fabric and extract valuable
observations.

Insightful visualisations during design process
are crucial for designers as well as the wide-range
of stakeholders. Although currently there is a range
of tools for 3d modelling and visualisation, there has
been little effort, as it has already been pointed out
earlier, to implement these technologies into a real-
time tangible platform. In this way, it is possible to in-
stantly get feedback and understand the inner struc-
ture of space.

In the context of urban-design processes, this
tool can augment early stages of regulatory design
with vivid visualisations and observations. Especially
in the stages of early massing and zoning that con-
tribute significantly in the spatial organization of the
city, but usually tend to lack meaningful visual rep-
resentations, this tool could be proved considerably
helpful.

However, the limitation of such methods usu-
ally lies on the necessity of properly sourced and la-
belled datasets. This aspect is important to be dis-
cussed further because of the nature of the percep-
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tive machine, meaning the ability to change the in-
put data to serve another purpose. Commonly open
sourced data are not correctly formatted and the pre-
processing can be quite a strenuous processwhich at
the same time is utterly necessary for this workflow
to function properly. In the same direction, a series
of user testing sessions is in our plans to evaluate the
research.

The tool presented in this paper is a prototype
for real-time analysis and visualisation of aspects
that describe visual perception. This work could act
as a starting point for further investigation on new
methods to enrich design process by implementing
new technologies. At the same time, it could be
greatly improved by addingmore analyses and other
datasets to address other issues aswell. In such away
we could start talking about a collaborative work-
flow that could approximate design-computation to
offer insightful assistantship spanning beyond com-
mon practices.

Theperceptivemachine is essentially a collage of
fragments, ideas, thoughts that are projected onto
our own reality and combined into an apparatus
that recursively evaluates diverse perspectives. This
combination of forces may provide us with a deeper
understanding of urban environments and subse-
quently expand our view of the city into an aug-
mented, yet collective perception of space.
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