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The research presented in this paper is focused on proposing a new digital
workflow, involving unmanned aerial vehicles (UAV) and machines learning
systems, in order to detect and map citizen's behaviors in the context of public
spaces.Novel machinic abilities can be implemented in the understanding of the
human context, decoding, through computer visions and machine learning,
complex systems into intelligible outputs (Olson, 2008), mapping the
relationships of our reality. In this framework, robotic and computational
strategies can be implemented in order to offer a new description of public
spaces, bringing to light the hidden forces and multiple layers constituting the
urban habitat. The presented study focuses on the development of a methodology
turning video frames collected from cameras installed on drones into large
datasets used to train convolutional networks and enable machines learning
systems to detect and map pedestrians in public spaces.
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INTRODUCTION
Nowadays technology can be considered an established force, producing a deep impact on political
and economical choices shaping cities and urban
habitats. In the case of Responsive Cities, sensors embedded into everyday objects are adopted to gather
data and produce information describing multiple
urban realities.These networks of sensors are becoming an additional layer over the City’s infrastructure,
yet only able to respond in terms of limited outputs to the diﬀerent inputs gather from the surrounding. This study is a ﬁrst step towards the implementation of unmanned aerial vehicles (UAV) as
data collection agents in the delicate context of the
city, turning drones into a new dynamic infrastruc-

ture able to potentially adapt to its surrounding, establishing stigmergic relationship among all diﬀerent factors shaping the urban habitat. Drones can
be programmed as agents that can complete their
objectives while situated in a dynamic and uncertain
environment (Jennings, 2000). In our eﬀort to develop a dynamic robotic system, this research focuses
mainly on the ability of drones to detect pedestrians
and map citizen’s behaviors thanks to artiﬁcial intelligence aided-decisions tools. Many computational
models for pedestrian detection are and have been
developed based on diﬀerent methods such as edgebased detection (Geismann et al, 2008), infrared detection (Bertozzi et al, 2006), wi-ﬁ signal trace detection (Danalet et al, 2014). Those methods have
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proved a solid reliability, allowing to recognize proﬁles of pedestrians under diﬀerent lighting conditions testing multiple camera ﬁlters. In this paper we
propose to adopt a very diﬀuse edge-detection algorithm based on the histogram of oriented gradients
(HOG) and local binary pattern (LBP), merging computer vision algorithms to detect speciﬁc targets and
drones ability to provide multiple information from
alternative perspectives. Algorithms for pedestrian
detection have received also very limited implementation in proper mapping operation, mainly adopted
to quantify spaces, but very little to map urban areas
and trace behaviors of crowds or individuals within
the public space. Thus, we can assume that this study
is promoting a new ground in the development of
an intertwined robotic and computational infrastructure able to inform advanced mapping operations.
(see Figure 1)

zation, every city should provide 9sqm per inhabitant. Barcelona is far behind those standards, reaching only 6.6 sqm per capita. This plan aims to reduce
pollution and traﬃc by limiting access to cars and increase accessibility to greenery and parks, creating
a pedestrian area of 3x3 blocks in the Cerda’s grid.
With this operation, Municipality wants to decrease
car use and promote an alternative mobility by foot,
bike or public transportation. The urban transformation followed by the application of the Superblock
plan turned this area into a perfect scenario where to
implement and test the research proposed in this paper.

METHODS
The research presented in this paper wants to offer a new dynamic methodology to map and understand public spaces, tracking ﬂows of pedestrians
using cameras installed on drones, computer vision
and machine learning. The overall process brings together technologies from the ﬁeld of aerial robotics,
computer vision and machine learning. The research
protocol is structured in three diﬀerent operations,
from the generation of customized drones to the
deﬁnition of precise data acquisition process and ﬁnally a data interpretation methodology implementing computer vision and machine learning. The following description of the study will deepen into the
process mentioned above.

Drone Customization
As a case study for this research, it has been selected the urban area of Barcelona known as Poblenou. This neighborhood has recently been transformed, thanks to the implementation of a new urban model called Superblock, which the municipality of Barcelona wants to adopt in diﬀerent areas of
the city. Several studies demonstrated that in the
Barcelona’s metropolitan area, air pollution is responsible for more than 3500 premature deaths each year,
provoking critical eﬀects on local ecosystems and
agriculture. According to the World Health Organi-
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The ﬁrst part is focused on the construction of a
small parametric drone implementing GPS sensor
which makes it programmable for autonomous operations and enables to set speciﬁc instructions as georeferenced missions. The software used for this stage
is McNeel’s Rhinoceros3d and it’s plugin platform
Grasshopper3d, a visual scripting platform based on
a parametric modeling logic. Grasshopper incorporates many add-ons implementing multiple logics from structural analysis, energy simulations, optimization processes. Those additional plugins empower the main Grasshopper platform, allowing to

Figure 1
Superilla, Poblenou

Figure 2
Drone, topological
optimization for 3d
printing

introduce in the design phase multiple inputs which
inform the entire design strategy. Controlling drone’s
dimensions is crucial for ﬂight performance, allowing to ﬁnd the right equilibrium among all onboard
components, maximizing stability, energy consumption and ﬂight time. It is also crucial to limit frame
size in order to decrease its perception in the context of public spaces, allowing robots to become
silent observers over the activities produces in the
surrounding. The mechanical frame of the robot is
produced through an algorithm that controls and deﬁnes all proportions among the frame. This code allows simulating mechanical behaviors of the drone
structure under stress conﬁgurations, enabling to integrate into the design process fabrication principles,
improving resistance and structural performances.
For the topological optimization of the frame structure, it was implemented another Grasshopper addon called Millipide. Millipide is a library for structural
analysis and mesh topology optimization. It allows
calculating material layout within a given boundary
condition, taking into account speciﬁc sets of loads
and constraints, with the scope of maximizing the
system’s performance. The actual topology optimization over the frame structure was calculated setting
as load condition vertical forces over the wings positioned along the axis of the brushless motors and
propellers. A central negative load was also applied
in the central part of the drone, simulating loads of
battery, electronics and cameras.As a ﬁnal output,
the code provides a closed mesh shape ready to be
3d printed, using an iso-surface mesh component integrated into Millipide. In order to decrease 3d printing time and frame load, the frame integrates also
4 carbon ﬁber rods of 10x10 mm square section, 92
mm length each for overall weight 35 gr. All bars
are position along the wing axis, connecting the motors to the central frame. The complete setup of the
drone consists in 5 3d printed pieces and 4 carbon
ﬁbers bars. In order to host cameras and batteries,
the frame is also connecting to a ﬁxed gimbal system
also produced through additive manufacturing techniques. (see Figure 2)

The drone is also provided with an external cage designed in order to absorb external impacts and preserve drones stability and integrity. This external
shell integrates multiple materials. We adopted laser
cut plakene polypropylene sheets and carbon ﬁber
pipes and 3d printed joints. The overall number of
pipes are 6 rods of a 733 mm length and 4 rods of
777 mm length, weighting 35 gr.The structure is conceived and optimized in order to be as lightweight
as possible, providing an elastic behavior that allows
bending the main carbon ﬁber pipes, avoiding collision with the internal frame and the rotating propellers. The 3d printed joints are ﬁxing all bars in a
bent position and hosting the main pipe where the
internal frame is installed. The entire design and fabrication process aims at reducing time and costs of
production, increasing the possibility to customize
and control the mechanical part of the drone according to speciﬁc needs or task it might need to cover.
(see Figure 3)
The electronic board is also a custom-made
board called Sathsakit. Satshakit is family of microcontroller integrating general-purpose boards, developed by Daniele Ingrassia during a digital fabrication course called Fab Academy. Born from the
necessity to have a fully featured and reliable board
produced with cheap Fab Lab equipment, Satshakit
is made by CNC milling FR2 copper sheet and common electronics components. The board is based on
AVR microcontrollers, mainly the ATMega328p and
the ATMega1284p. integrating an MCU atmega328
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Figure 3
The assembled
drone and the
external shell.

which makes it programmable as a commercial arduino. The pcb-board is entirely fabricated and assembled in a fablab using precision tools for CNC
cutting while all electronic components are ﬁxed using soldering stations, accessible in any fabrication
laboratory (fablab) registered to the fablabs.io network. Using the Arduino libraries, Satshakit is able
to use all the sensors and shields made for the Arduino platform, giving to the user a wide range
of utilization possibilities.Diﬀerent versions of Satshakit exists, each for a diﬀerent purpose or scenario. For the purpose of the research presented
in this paper, we implemented the Satshakit ﬂight
controller: a customized version made with the purpose to control a drone, embedding a power distribution board and supporting up to 8 motors and 6
channel receivers.Implementations of the Satshakit
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have been made for experimental drone development. As per the customization capabilities, a special Satshakit was designed to implement a low-cost
drone automatic control system, which involves a
multi-microcontroller system. Having two microcontrollers on a single board enables the satshakit to simultaneously manage two diﬀerent aspects: one microcontroller is managing the ﬂight mechanics, while
the other microcontroller is managing a set of sensors and can take the control of the ﬂight to let the
drone ﬂy automatically. As per ﬂight mechanics, one
chip is implementing the control of the motors by
continuously polling the Inertial Measurement Unit
sensors (accelerometer and gyroscope) and the values of the radio channels. The other microcontroller
is connected to the microcontroller which manages
the ﬂight using serial communication and can use a

software interface to override the radio channel values coming from the manual control. This microcontroller can automatically determine when is needed
to take the control, on the basis of perceived sensor
data (e.g. a sonar sensors detect the presence of a
near object). (see Figure 4)
Figure 4
The satshakit board.

Data Collection

Figure 5
Image processing Edge Detection

In order to autonomously ﬂy drones in the public space, we used MissionPlanner a software developed by ArduPilot. This program enables to conﬁgure multirotor, setup processes for autopilot mode
and set speciﬁc ﬂight plans. MissionPlanner planner has a user-friendly interface which allows to program multiple frame types, adjust drone’s onboard
sensors such as gyro and barometer and maximize
precision level for the GPS signal. This process is crucial to increase accuracy for ﬂight plans and assure
risk-free ﬂights.Regarding ﬂight plans, missions were
programmed by deﬁning waypoints directly on the
same software. As onboard GPS we installed a NEO-6
u-blox 6 GPS NEO-6T which comes with a time pulse
output between 0.25 Hz up to 10 MHz. We registered
a precision gap between 50 to 85 cm and for this reason we contained paths at least at 2 meters from every possible obstacle.Regarding video collection, images were captured using a Syma X5C camera, with a
resolution set to 1280 x 720. This camera enables to
record 30 frames per second.This is a very lightweight
and compact camera, already integrated into several
commercial drones thanks to its qualities.

Data Interpretation
Third and last phase consists in the recognition of
pedestrians from video frames collected through our
cameras installed on drones. Tools used in this stage
are all python based scripts. All codes tested relies
very much on OpenCV (Open Source Computer Vision Library), an open source library for computer
vision and machine learning. The computational
strategy implemented are based on HoG (Histogram
of Oriented Gradients), an image descriptor used in
computer vision for object detection. Among the different techniques experimented we tried to detect
pedestrians using background subtractions which is
a technique used to detect moving objects based on
camera recordings. A crucial disclaimer in the selection of the best solution was given by camera position. Since all videos were recorded from a drone,
camera perspective was constantly changing, preventing the implementation of many techniques. Finally, we used a script relying on Object Detection using HOG as descriptor and Linear SVM (Support Vector Machine) as a classiﬁer. SVM are supervised learning models also known as a non-probabilistic binary
linear classiﬁer. (see Figure 5)

Implementing Hog and Linear SVM allowed to automatically detect pedestrians in images. Applying a method described by Adrian Rosebrock in an
open-source document, we were able to assign nonmaxima suppression to overlap rectangles contained
in a set proportion in bigger boxes. This procedure allows reﬁning the calculation of human ﬁgure, culling
boxes that are recognizing only smaller parts of the
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body and not the entire body. As for the last operation, we counted the box and draw center points
for each one of them, detecting frame by frame the
trajectory of each pedestrian.Detecting pedestrian
is the ﬁrst phase of the action needed in order to
achieve a map showcasing the movement of a pedestrian along a path. (see Figure 6)
In order to rebuild GPS coordinates for every single human ﬁgure detected, we implemented an operation called triangle similarity, fundamental to calculate target distance from a speciﬁc camera position. As described in multiple articles focused on
computer vision, calibrating a triangle similarity requires two fundamental steps: knowing the target
dimension and the initial distance of the target from
the camera. The parameters involved in this operation are the focal length of our camera (F), the width
of our target (W), the apparent width in pixels (P) and
the distance from the camera. To calibrate our distance detector, the ﬁrst step is to calculate the perceived focal length F of our camera: F = (P x D) /
W. Once F is known, it is possible to apply triangle
similarity and calculate the target’s distance from the
camera: D‘ = (W x F) / P.As D’ is calculated, it is possible to obtain the GPS (global positioning system) coordinates of the target in the picture. Since the drone
is already implementing an onboard GPS sensor, we
were able to easily obtain the target position associated. To convert the GPS drone location to XYZ coordinates and calculate target’s location, we used again
Rhino Grasshopper3d, more precisely the gHowl plugin developed by Luis Fraguada. This library allows to
convert WSG84 coordinates to XYZ parameters and
remap points on a speciﬁc domain. Looping this operation over multiple images we achieved to calculate trajectories for pedestrian, which can be adopted
to reveal citizen’s behavior in the context of public
spaces.

CONCLUSIONS
In this study we are presenting a methodology implementing autonomous drones, computer vision
and machine learning algorithms producing dy-
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namic maps describing pedestrian ﬂows in public areas. The overarching research is aiming to introduce
drones and autonomous vehicles in the context of
public spaces as a new robotic network of devices
able to perceive and describe dynamically urban contexts. This ﬁrst research has proven that with the
combination of a speciﬁc technology and computational techniques we can increase the amount and
accuracy of data that can be collected to describe
how citizens behave in public areas. We consider this
ﬁrst achievement as a solid base for a future development of more advanced mapping models. Significant further modiﬁcations need to be implemented:
a more compact and better equipped quadcopter;
a more robust algorithm for pedestrian detection to
georeference into bidimensional maps; photogrammetric models where to parse point clouds according
to their topology. Regarding the mechanical components, we are looking forward enforcing frame rigidity by extruding in continuous carbon ﬁbers ﬁlament
using a Markforged 3d desktop printer. Those printers leverage additive manufacturing capabilities, allowing to extrude even metal materials through a
process called Atomic Diﬀusion Additive Manufacturing, or Adam. This alternative fabrication method can
decrease as well frame’s weight, as rigidity and stability. Another process we are investigating is focusing
on how to strengthen the 3d printed frame, informing the inﬁll pattern porosity according to compression and traction forces. We are considering recursive subdivisions over a hexagonal grid in order to
reinforce internal structures or increase shell section
based on stress analysis.Regarding the algorithm implemented for pedestrian detection, we are planning
to construct a custom HOG descriptor in order to reﬁne the detection process and implement multiple
strategies not accessible through the default method
encoded in OpenCv. The steps to introduce in this
code implementation regards experiment preparation, feature extraction, detector training, non maxima suppression, hard negative mining and detection retraining. One of the most interesting implementation those changes will represent is to gener-

Figure 6
Image Processing Pedestrian
Detection

ate an experiment and training data where to set a
proportional square detection around multiple ﬁgures at diﬀerent scales. In order to address multiple
scale detection we will test image pyramid strategies
to detect objects that are either larger or smaller in
comparison with my window dimensions. We believe the methodology presented in this paper can
provide a meaningful impact on mapping strategies
for public space, producing qualitative maps over
quantitative data. Extracting ﬂow information, in
fact, can determine citizens behaviour under multiple circumstances from public events, daily activities,
diﬀerent usage over time and weather conditions. In
order to consider all this factory is an appropriate input to add a multiple onboard sensors, collecting environmental data. A possible solution could be integrating a smart-citizen kit, already tested on our
drones in previous experiment. The smart-citizen kit
is an ambient sensor board carrying sensors measuring air composition, temperature, humidity, light intensity and sound level.This set of data can provide a

more robust system to inform the understanding and
design process of urban contexts, We consider future
development to yield more results which will inform
further iterations towards overall research goals.
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