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Abstract—The rapidly expanding urban areas of the world
constitute a challenge of how we need to make the transition to "the
next urbanization", which will be defined by new analytical tools and
new sources of data. This paper is about the production of a spatial
application, the ‘FUMapp’, where space and its initiative will be
available literally, in meters, but also abstractly, at a sensed level.
While existing spatial applications typically focus on illustrations of
the urban infrastructure, the suggested application goes beyond the
existing: It investigates how our environment's perception adapts to
the alterations of the built environment through a dataset construction
of biophysical measurements (eye-tracking, heart beating), and
physical metrics (spatial characteristics, size of stimuli, rhythm of
mobility). It explores the intersections between architecture,
cognition, and computing where future design can be improved and
identifies the flexibility and livability of the ‘available space’ of
specific examined urban paths.

Keywords—Biophysical data, flexibility of urban, livability, next
urbanization, spatial application.

1. INTRODUCTION

VER the last three decades, the advent of digital media

has sparked the overlap between design, research tools,
and cognitive architecture. The evolution of technological
tools and computational models for collecting real-time
observed and reported data appears to focus on five board
areas [1] related to how the built environment affects the
subject's experience, or, alternatively, how the design process
is being affected. Although various spatial tools have been
suggested, it was after the mid-1980s where most of the spatial
models and tools embraced detailed multisided mechanisms.
The proposed tools' structure had light up the requirement of
sophisticated methodologies, models, and tools for more
clarified measurements, hypotheses, and investigation of
relationships between space, computing, and behavior.

More precisely, scientific, computational models were
developed, translating existing theories to models that allowed
the control of experiments in a computable abstraction system.
In general, the assumption for the development of computer
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models was that traditional rules of theoretical models and
methods in which development was based could be refined to
engender greater explanation parsimony. However, most of
the Spatial Computer Models (SCM) that appeared from 1950
onwards were designed based on the fact that their results
validation would be checked through the system data,
reproducing computer models' interest in a way closest to the
real. This led to the automation of SCM and tools, and the
most effective calibration of design variables was
accomplished. Hence, tools and applications with greater
detail and heterogeneity were constructed, supporting multiple
formats of documents for automated design, contextually-
sensitive design techniques, self-adjusting structures, etc.
(some application areas for spatial cognition research appeared
in Table I). However, the complexity of those tools and
uncertainty within the application domains has been limited in
space's Euclidean characteristics and the built environment.

Over the years, various research groups attempted to build
complete intelligent tools and applications by combining
different algorithms for speech and language recognition and
understanding, navigation, vision, planning, manipulation, etc.
[2]. All of these attempts hit an insurmountable wall of
complexity because of the lack of a unifying framework,
letting down ‘knowledge engineers’, who believed that their
limitation would soon become apparent. Inevitably, space,
time, and human complexity have rarely been synchronized
before.

TABLEI
APPLICATION AREAS OF SPATIAL COGNITION

Areas Spatial Cognition Appears

Location-based Services
Geographic and Other Information Systems
Information Display
Architecture and Planning
Spatial Education

II. BACKGROUND

The use of SCM and their algorithms, in a predefined
framework, has made it possible to adapt effective action
orientation and design strategies at the scale of the urban
environment, minimizing the complexity's issues. The
integration of algorithms such as Voronoi, L-systems, Cellular
Automaton, etc., in urban design has been welcomed by two
changes in thinking of urban designers about the next
urbanization and its design strategies and guidelines. Firstly,
in the last few decades, this integration has shifted the
planning ideals from master to strategic planning, where the
implementation of the design concept is more important than a
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generic master plan. This generated a need for designers to be
able to make adaptations to the perpetually or constantly
changing patterns of the examined environment. Although
simulations and SCM offered that kind of flexibility, multiple
variables responsible for the changes in patterns were
neglected. However, the extrapolation of simulations and
SCM has allowed the designers of urban to assess the
implications of their proposals.

Secondly, those tools induced new design proposals that
were more integrated [3]. The urban environments have been
understood as environments that function in real-time by self-
organizing and are dependent on emergent potential entities.
What is crucial to be mentioned here is that, one of the most
severe disadvantages identified within the majority of
intelligent SCMs and tools, is the absence of emotions in the
total syllogism of which they are structured. This speculation
is what establishes emotions as a critical point of human
behavior. Recently, some new tools were intended to collect
real-time observed data. Sensors and virtual reality apparatus
embedded in the recording process and practices appeared and
better understood and planned the human spatial experience
(4], [5].

The control of the divergence degree of users', through
computational methods, predicted and observed reactions
towards their future emotional state, promotes the primary
field of research of intelligent algorithms compiled. The
fundamental research on computational sciences aims to shift
the design methodologies from its somewhat austere-
restrictive demands prescribed by the designing and recording
programs to the design perceptual, independence of the user's
cognitive variables. Considering the general researching of
Woolf [6] and being slightly shifting his questions, new
scrutiny especially crucial for the architectural community
begins. Thus, a computer platform can offer access to the
spatial information recording and coordinating structural and
spatial content. However, the users' emotions and spatial needs
that could be determined through this computer platform are
debatable. In other words, this speculation relates to the user's
emotions with all the stimuli that could be received.
According to this, a dependency between the future spatial
tools and the collected spatial and design data is gradually
synthesized.

The objective of this research is to introduce the
development of the Fragmented Urban Mobility application
(FUMapp)- a mobile application to explore the dependency of
urban stimuli with human reactions (a vital variable for urban
patterns’ observed changes that were previously neglected).
The results and data that FUMapp will collect aim to reset and
answer fundamental questions for new urbanization designs
omitted, such as those related to the (re)development potential
of the existing environment. The answer to those questions
will highlight strategies for ‘new wellbeing urbanization’ and
the development of a framework for a broader debate around a
more ‘human-centric’ urban design approach. Research tools
like FUMapp, designed with a sophisticated research
methodology based on architectural and computational
theories, highlight a fine-tuned examination of the relation
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between brain, behavior, and urban design, without ignoring
crucial architectural and wurban principles. This paper
documents the steps of developing this multisided spatial
application.

A. Connected Data

A simplified representation of the environment on which
SCM would apply was the general assumption for those
models and tools when they were first developed. The
advancement within ‘reality capturing’ (RC) and ‘virtual
reality’ (VR) served this purpose and made it possible to
create full-scale replicas of the examined environment [7]-[9].
This allows the investigation of the human experience of
designed and built space in a digitally replicated virtual space,
in a different location than the real one. Although studies [10]
based on VR and RC document multiple transitions between
physical space and their replicas, they have yet to impact
significantly design theories of space and SCMs and tools.
The cognition of space and architectural features is being
applied to multiple spatial issues (orientation, the appropriate
level of privacy, level of sociability, feelings of safety, etc.)
either during the design and construction of an environment or
later during the improvement process of an already
constructed environment. FUMapp aims to merge those
architectural features and techniques with cognitive
technologies in a real environment.

The understanding of human reactions should lead to the
design of more efficient spaces. Spatial variables like
differentiation of appearance -in terms of form, size,
architectural style, color, etc., visual access- related to viewer's
position and characteristics such as height and visual acuity,
signage -in terms of design placement decision points, and
layout complexity- related to the shape and patterns of the
space, were identified by Weisman [11] as variables that affect
the salience and perceptibility of spatial features. They also
appeared to affect the memorability of spatial stimuli and the
applicability of different reaction strategies. Although were
broadly accepted, the lack of a variety of factors that could
influence the spatial reaction of users like the form of some
environmental shapes (as it Gestalt concept of Pragnanz) [12]
were not included.

Trying to examine specific architectural stimuli, based on
previous architectural knowledge, preselected examined urban
paths supported by FUMapp, were tested for cognitive
distortions toward their forms of the stimuli. The sets of
spatial stimuli and data archived on FUMapp form the starting
point for a database spatial reaction pattern recognition
application, which archives spatial features and cognitive
reactions practically usable for space designers. In general, the
results exported and archived from the pilot experiments with
FUMapp suggest that users have developed cognitive
processes and reaction patterns, which lead them to common
cognitive reactions to spatial stimuli. The investigation of
architectural features revealed that different perceptual effects
could be detected in the recalling process associated with
multiple variables. FUMapp can also measure and reproduce
specific spatial stimuli that cause preconscious reactions of
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users. This allows the extension of evidence-based design
principles to the influential memo-activity and distinctiveness
of urban design. The experimental verification process of the
application was described in [13].

III. THE NATURE OF FUMAPP

FUMapp is a 'drawing strategy' in an application that
'pictorializes' spatial stimuli, making them easier to remember
and record. It follows psychological tests that have shown that
data divided into steps and pictures receiving more processing
attention and acting as more effective stimuli than words,
numbers, mainly when people are busy, multi-tasked, or
distracted (like in a navigation process) [14].

A.FUMapp Implementation

FUMapp is implemented on Android Studio using Java
programming language to archive and synchronize
components with different formats and addresses model
compatibility aspects of biometric representation and spatial
characteristics. This includes devices such as a smartwatch,
eye-tracking glasses, and an android device. The experiment
methodology, divided into four steps, is presented in Fig. 1.

The first step is preparing the context of the application. It
includes registration and consent form from the subjects that is
updated based on the city/country where the experiment is
conducted. The second step is to format the data structure and
archive capabilities of the application, including storing and
loading, exporting, and deleting data for each subject. In our
case, we used the SQL-lite database for storing all the
information in our app. The third step is the synchronization of
the data between the devices. A set of pupil glasses from Pupil
Labs is used for eye-tracking along with a Polar Ignite
smartwatch to monitor and capture the subject's vital
information. The fourth step comprises the reproduction of a
virtual 3D environment for each of the examined paths — and
the collection of spatial data and creating the 3D environment-
wherein a subject can navigate him/herself. This is part of the
recalling process where subjects can mark as a 'Highlighted
Recalled Spatial Stimuli' (objects/sidewalks/buildings) of the
path, be recalled easier. Although many elements were pre-
defined based on architectural theories and background,
multiple structural elements and contents had to be established
in the design process's first activity.

| View / Export
" | Existing Data
New Persaonal
Log in to the recording & | | Information Start
START FUMapp Map (ID, consent Navigation
Selection form, etc.)
End of Data recordin
- 3D Path ] Path Navigation | (eye-tracking g[a?ss
marking Questionnaire (Sto_p smart-watch, gps location)
recording)

Fig. 1 FUMapp processes

FUMapp starts by presenting a log-in screen, where the
researcher, as the primary user of the application, needs to add
his/her credential to use and have access to the FUMapp.
Since all the information stored in the application is
confidential, this step prevents other people from accessing
these data. After successfully logging in, the researcher has
two options: either examine a saved recording (view, update,
delete, export the stored data from subjects) or start a new
recording. The first option gives access to the captured data
from all the subjects for a specific area, delete the data of a
subject using his ID, and export the data into a .csv file by
sending them directly to the researcher's email. In that way,
there is no dependency on third-party services for exporting or
uploading the data, which maximizes the designed
application's privacy and security.

Selecting the second option, a researcher can create a new
recording, choosing the path where the experiment will be
conducted. In the first release of FUMapp, paths from Athens
(Greece), Copenhagen (Denmark), Nicosia (Cyprus), and
Boston (USA) are included. The subject (a person who takes
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the experiment) has to select and confirm his/her path choice.
After the confirmation, the ID notification appears in a form
layout, where the subject needs to fill in his/her personal
information. ID notification process includes gender, age,
height, nationality, and the country where he/she spends most
of his/her lifetime and education. The next step is to fill in the
consent form. This form can be updated based on the
experiment and also the country where the experiment is
conducted. Since FUMapp examines vision-real-environment
reactions and connections using tracking sensors for eyes, the
subject needs to fill in a few questions about vision problems,
epilepsy, or migraine. The consent form is also related to some
statements about the stored data and the subject's rights. The
application supports e-sign of the form, from both the subject
and the person conducting the experiment enabling the better
organization and paper-free experiments. Finally, the
application creates a new addition to the table based on the
subject's ID containing the personal information, signature,
and the consent form. The template of the FUMapp as selected
flow captions appeared in Fig. 2.
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Fig. 2 FUMapp template flow captions

COPENHAGEN

NICOSIA BOSTON

EXAMINED PATHS

FOLDERS (the map of the
examined city appeared)

A4

6:35 @

PERSONAL ID QUESTIONS
RELATED TO:

GENDER,
AGE,
NATIONALITY,
LIVING SPACE,

EDUCATION LEVEL etc.

W

Consent Form

O

This information is being collected as part of a
research project concerned with eye-tracking
and cognitive maps recordings by Maria
Christofi (the researcher), a Ph.D. student at
the National Technical University of Athens,
School of Architecture in collaboration with
Aalborg University Copenhagen, Section of
Media Technology. The information which you
supply and that which may be collected as part
of the research project will be entered into a
filing system or database and will only be
accessed by authorized personnel involved in
the project. The information will be retained
by the researcher and will be used for the
purpose of research and statistical and audit
purposes. By supplying this information you
are consenting to the researcher storing your
information for the purposes stated above.
The information will be processed by the
researcher in accordance with the provisions
of the Data Protection Act. No identifiable
personal data will be published.

Cateiselect date
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A challenging and important step for creating FUMapp is
the synchronization of various devices to collect and store all
the information. This phase is done in stages, starting from the
calibration stage where the subject wears the glasses and the
researcher makes sure that the subject's pupil core is robustly
detected and tracked, and that the headset is comfortable for
the subject. The calibration starts, and the subject needs to
follow a dot presented on the screen so that the data collected
during the calibration period are used afterward to correlate
the world camera with the eye cameras. In both cases,
FUMapp presents a screen message on how both the subject
and the researcher need to proceed. After confirming that the
calibration was completed, the synchronization starts by
pressing a start button on the screen. Since the data acquisition
from the glasses starts automatically during the calibration,
when the start button is pressed, a timestamp is associated
with it making it easier to synchronize the data at the end of
the path. This button enables the data synchronization/
acquisition from the glasses and the data collected from both
the Polar watch and the android devices. During that stage, the
FUMapp screen is turned off and keeps monitoring and
collecting the information. FUMapp uses the GPS location of
both the android device and the watch during this stage. When
the subjects reach his/her final destination, the screen of the
application automatically lights up, and a "Stop Navigation"
button appears, which ends the sensor's recording. When the
button is pressed at the end of each recording, a message
appears on the screen, instructing the subject to take off his
glasses and answer a series of questions for the device's
recalling process.

Lastly, FUMapp supports navigation through a virtual 3D
environment where the subjects have to mark the frame of
Highlighted Spatial Stimuli (objects/sidewalks/buildings) of
the path. The stimuli can be easier recalled and remembered
by the subjects. To enable 3D navigation, we used an
Unmanned Aerial Vehicle (UAV) to capture a video from the
selected sites, flying at low altitude and a predefined angle and
speed similar to the subject's walk and view. The UAV video
is pre-loaded on the FUMapp for each of the four paths, and
the subject can play it and pause it at each frame. The subject
can mark each frame (buildings/sidewalks/objects) using the
touch screen of the mobile device. If a region is selected, a
drop-down list appears where the subject needs to specify the
reason for recalling this particular region. The drop-down list
is pre-loaded and can be updated according to the experiment.
Each frame is stored as an image with its associate marked
region and the selection reason.

When the recording ends, all the data are provided, such as
the personal information of the subject who participated in the
experiment with its corresponding ID, the consent form, eye-
tracking data, smartwatch data, path questionnaire, and
recalling 3D stimuli data (images and regions) are combined
in a folder and stored. However, since there is a dependency of
the recordings collected from eye-tracking glasses on the
iMotion Software, the analyzed data are exported from the
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Software, and then the researcher can import them to the
FUMapp application and associate them with the smartwatch
data and GPS location. As we stated above, these data will be
stored in the app for further analysis and can be extracted from
the administrator — researcher. The data can be exported as a
.csv file, where each column contains the participant's
personal information and the answers from the questionnaire.
Furthermore, another .csv is created for each participant
containing a series of timestamps with the corresponding GPS
location and the subject's vital information (Heart Rate, Speed,
etc.). Lastly, a folder is created containing the selected frames
with their corresponding selected region. FUMapp was tested
in an experiment conducted in Copenhagen's urban path
presented in [13], showing create potential.

B. The Complexity Problem

FUMapp needs to run within a time frame and need to rate
changes in navigation speed, landscape heterogeneity through
the recalling process, and the synchronization of multiple
sensors. This raised particular issues during the design process
that had to be investigated. The first issue was the limitation
and the dependency on iMotion Software. The limitation of
the use of iMotion Software for extracting the fixation points
and aggregate signals extended the step of the exporting and
storing data process. To overcome this problem, the
application's design team manages to start the recording using
the pupil labs application and then import the data directly on
the FUMapp, to associate them with the data extracted from
the smartwatch and the mobile device. Another issue during
the design of FUMapp was the synchronization of various
sampling rates between the devices. A timestamp and a GPS
position are associated with every measurement, allowing
multiple sensors and trackers to synchronize. In that way, the
data are grouped, and the path is filled with the corresponding
data at each location.

IV. SPATIAL FILE ORGANIZATION

Along with the internal constraints, FUMapp has the
capacity to react to exogenous analysis, which in architectural
terms can provide responses to particular types of stimuli or
how the spatial information is represented. FUMapp has two
primary mechanisms for filing data organization - initial
spatial data lists (related to the recording part of the
experimental process) and multitype import data (related to
the analyzed data in exogenous software). The whole process
produces folders for each subject that consider from the
recording part a .csv list of ID information of the subject,
navigation path information, and path questionnaire answers,
and .jpg files from the recalling process. Furthermore, from
the analyzed data, saved folders include heatmaps .jpg files of
the Areas of Interests (AOI), aggregate paths in .csv lists and
.mp4 video files, AOI .csv lists with fixation durations, the
number of revisits, and the ratio of observation. The structure
of FUMapp is summarized in Fig. 3.
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Fig. 3 Summarized structure of FUMapp

V.CONCLUSION

The paper has presented a multisided spatial application that
includes multiple sensors and spatial data. The application's
design process used an approach where spatial stimuli were
imported in a database to examine possible extensions of
design practices for flexible cities more livable. Subjects are
given a step-by-step digital experiment via the FUMapp to
indirectly write and record spatial stimuli using a Java
language. The collecting, entering, and filing of all those data
in just one application allow FUMapp to solve a design
problem - the hypothetical reaction of users in the built
environment. FUMapp attains not only to produce a spatial
stimuli archive useful as an analytical tool for designers but
also to highlight the human's behavior spatial mechanisms that
impact subjects' ability to navigate and recall a livable urban
environment. The implication of the overlap between
cognitive reactions of subjects, spatial stimuli, computational
data collection, and sensored mobility is that perhaps the
cognitive reactions of subjects will, at least in part, applied in
the design process not as a hypothetical scenario but as real
data.

Another important caveat that FUMapp's data show is that
not all of what appears stimuli or sensory are necessarily
involved in moving or recalling spatial stimuli information.
Besides, one significant issue in the flexibility of urban design
is dealing with the heterogeneity of the background of the
subjects. The preloaded four paths and the subjects' diversity
recording data for the application supported this issue of
inclusion.

Future work will attempt to solve the issues related to other
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software to make the application more adaptive. For instance,
a code for the analysis of eye-trackers' data may be specified.
The improvement of the application will also focus on
incorporating other sensors and modeling paradigms. A
statistical analytic coding part will be an additional
advancement of the application. This will open new
possibilities for design strategies tie to spatial context for more
flexible urban specifications.
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