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Abstract. The development of permanent or temporary pedestrian ar-
eas, whether for leisure or to decrease air pollution, has become an inte-
gral part of urban planning in numerous cities around the world. Hanoi,
the capital of Vietnam, began to implement its first area, around the
iconic Hoan Kiem lake, a few years ago. In most of cases, however, road
closure is likely to deport traffic to nearby neighbourhoods with the con-
sequences of intensifying congestion and, possibly, increasing air pollu-
tion in these areas. Because this outcome might appear counter-intuitive
to most stakeholders, it is becoming more and more necessary to anal-
yse, assess and share the impacts of these developments in terms of traffic
and pollution shifts before implementing them. In this project, we used
the GAMA platform to build an agent-based model that simulates the
traffic, its emissions of air pollutants, and the diffusion of these pollu-
tants in the district of Hoan Kiem. This simulation has been designed
so as to serve either as a decision support tool for local authorities or
as an awareness-raising tool for the general public: thanks to its display
on a physical 3D model of the district, people can effectively and nat-
urally interact with it at public venues. Although more accurate data
and more realistic diffusion models are necessary and will need further
research in the future, the simulation is already able to reflect traffic and
air pollution peaks during rush hours, allowing residents and developers
to understand the impact of pedestrianization on air quality in different
scenarios.

Keywords: Agent-Based Model, Air Pollution, Urban traffic, GAMA
Platform, Interactive Simulation
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1 Introduction

According to the World Health Organization (WHO), air pollution, particu-
larly in urban areas, is the leading environmental health risk worldwide, causing
about one in nine deaths [26]. Awareness of the extent of this phenomenon is
recent and still confused, particularly in developing countries where there is an
accelerated, and sometimes uncontrolled urban development. Even if urban air
pollution sources are multiple (local factories and agriculture burning, or regional
atmospheric streams [8]...), the urban traffic and congestion have definitely (even
if it is not clearly quantified) an impact on the amount of pollutant in air [39)].
Adapted traffic and more generally urban management strategies are thus neces-
sary to reduce traffic-related emissions and inhabitant exposure [5]. The difficulty
encountered by urban planners lies not only in the diversity of possible solutions
(e.g. development of public transport, infrastructure development, changes in
regulations) but also in their acceptance by the inhabitants concerned by the
risk and often poorly, or not at all, informed about their effects. Better con-
sultation between planners and residents is therefore a necessary step to avoid
finding solutions that are rejected, misunderstood, or even counterproductive.

However, this stage comes up against uncertainty concerning the possible
evolutions of the city and the great complexity of the studied phenomena: their
understanding, analysis and projections into possible futures are currently a real
scientific challenge, particularly because it is difficult to measure and predict the
impact of individual and collective adaptation behaviours, whether to pollution
or regulations. The complex nature of a city dynamics (in the sense of the com-
plexity science [23]) with the importance of spatial and individual heterogeneities
lead us to choose the agent-based modelling [22] approach to tackle this issue.
But we argue here that we need to go further to enhance the understanding of
the simulated phenomena (both by decision-makers and by random people) and
the discussions about result patterns. We chose to make the simulation tangible
(by providing a physical substrate) [27] and interactive, so that the user can
formulate questions on the simulation it observes and test them in runtime.

Following these principles, we propose in this article a decision-making and
consultation support tool based on the design and implementation of an inter-
active and tangible agent-based simulator. In the frame of the HoanKiemAir
project, we couple a 3D printed map of the studied area (the Hoan Kiem district
of Hanoi city, Vietnam) used as a screen to show simulations of an agent-based
model (implemented using the GAMA platform software [33]) coupling a traffic
sub-model and an air pollution sub-model (air pollution is limited to pollutants
emitted by vehicles). Users can interact with the simulation using an Android
application to modify the traffic and the urban environment and observe, in
real time, the impact of these choices on urban air quality. The agent-based
model has been designed to be able to take into account individual mobility and
adaptation behaviours in order to reproduce Vietnamese urban traffic and its
evolution, particularly in the case of new urban planning (e.g. various pedestrian
areas implementations).
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The model has previously been presented in details in [28]. We focus this
article on the analysis and exploration of the model, with the key objective of
providing insights to the question of the impact of alternative pedestrian areas
scenarios on the emitted pollution.

The article is organized as follows. Section 2 details the case study: the area
of Hoan Kiem district and the problematic linked to the implementation and
extension of the pedestrian area around its central lake. Section 3 presents, first,
a quick state of the art related to modelling of urban traffic and air pollution,
and secondly, an overview of tangible and interactive simulations and in par-
ticular the ones used for urban planning. Section 4 presents a summary of the
HoanKiemAir agent-based model. The two following sections describe the two
possible uses of the model: Section 5 describes its interactive use through the 3D
map and the Android application, while Section 6 presents the first results from
its sensitivity analysis and exploration. Finally, Section 7 concludes the paper
and discusses perspectives and future extensions.

2 Case study

For several years, the Hanoi People’s Committee drew up a plan to organize
some pedestrian zones in Hanoi, where vehicles would be banned on weekends.
This plan was tested and implemented in two different areas of the city, one of
which is located around the iconic Hoan Kiem Lake, which is the centre of the
city old quarter, and the key touristic spot of the city. From 7TPM every Friday
evening until 2PM on Monday morning, several streets are closed to any vehicle
and thus invaded by thousands of pedestrians (see Figures la and 1b for the map
of the closed roads in the current pedestrian area). As time goes by, this area is
becoming a popular tourist attraction as well as a gathering point for residents.

ollez

(a) No closed road (b) Current area (c) Possible extension plan

Fig. 1: Pedestrian area scenarios: roads in black are opened for vehicles, while
those in orange are closed.
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However, in a city as dense as Hanoi, the closure of roads, especially in the
city centre, is not without consequences on traffic flows and, albeit indirectly,
on the air pollution induced by this temporarily reorganized traffic. While local
air quality is clearly improving around the lake and the area have become much
more pleasant for pedestrians, the effects of the induced reorganization of the
traffic do not have been yet evaluated on the rest of the district and even at the
scale of the city. We can suppose that this will lead to a degradation elsewhere,
due to the report of the traffic in other streets of the district, but no simulation
or visualisation tools are available in order to observe this impact.

Thanks to the popular success of the implementation of the weekend pedes-
trian area, authorities are thinking about extending the pedestrian area and
thus to close more roads during the weekend (one of the possible extension plans
is displayed on Figure 1c). Whereas the current plan is focused mainly on the
roads around the lake and some small ones close to it, such a new plan could
close many streets in the South and the East of the district and have a much
more important impact on the traffic.

One of the objective of the HoanKiemAir model is to be able to take into
account such alternative closure plans and compute their impact on the traffic
and pollution emitted.

3 Related works

3.1 Traffic flow models

Modelling of traffic (in particular in an urban context) is now a widely spread
approach to optimize traffic flow, reduce traffic jams or improve infrastructures,
and help urban planning. [16] or [6] identified three main modelling approaches,
mainly related to the modelling scale”.

Macroscopic models represent traffic flow in the streets as a fluid flow in
a pipe. Mathematical models can thus be used to describe the evolution of some
macroscopic values of the flow: density, average speed, volume... The paradig-
matic model is LWR [29, 21]. Although they can produce realistic outputs with
low computational cost and in a deterministic way, there are not expressive
enough to represent heterogeneities in terms of vehicles and drivers’ behaviours.

On the other hand, microscopic models describe vehicles individually, with
their individual attributes (location, speed, acceleration...) and behaviours. As
an example the classical NaSch model [24] has first been implemented as a Cel-
lular Automaton and later as an agent-based model [3]: each car is represented
individually with its own speed. Its behaviour is to go straight, accelerating as
much as it can (given an acceleration parameter) and decreasing its speed when
another vehicle is before it. Such models are highly expressive, able to represent
any kind of vehicles, drivers’ behaviours and traffic situations. However, compu-
tation load can be very high as the number of vehicles in the network becomes
larger.

7 [37] illustrates a genealogy of traffic flow models.
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Finally, mesoscopic models are hybrid models, combining features of the
two previous approaches. A hybrid model can for example model vehicles not as
individuals but as small groups. They allow vehicles to make certain decisions,
but at the same time limit the level of detail on their behaviours. An example
of mesoscopic model is the classical Underwood model [35] which considers indi-
vidual vehicles, but their speed is constrained by the total number of vehicles on
a road edge. Another interesting approach relies on the coupling between several
models from different approaches in order to build a model that can adapt the
simulated depending on the traffic and on the situation [4].

In the HoanKiemAir, we chose the mesoscopic approach by developing an
agent-based model (ABM) [22], i.e. a model representing the studied system
at an individual level: each vehicle is represented, with its individuals features
and behaviours (perception, decision-making process, learning...)8. The overall
dynamics is expected to emerge at a macroscopic level from individual agents’
behaviours and interactions. ABMs have the advantage to be easily spatial-
ized (in a continuous 2D or 3D environment, or on a discrete grid of graph).
ABMs have now a wide variety of applications, from physical and life sciences
to economics and social sciences. Such agent-based models has been developed
for example for evacuation using vehicles [7] or to investigate various mobility
means [12]. Other advantages of ABMs are their flexibility and expressivity, e.g.
to easily integrate urban management policies or to be coupled with various
other modelling approaches, such as the ones used to model air pollution.

3.2 Pollution model

To model air pollution, two main dynamics have to be taken into account: emis-
sion and dispersion. An emission model calculates the amount of pollutants
released by any source (factories, vehicles...), whereas dispersion models aim to
describe how air pollutants disperse in the atmosphere.

When considering air pollution in an urban context, a widely used disper-
sion model is the Operational Street Pollution Model (OSPM) [15], suitable
for areas with street canyons (i.e. streets surrounded by tall buildings). It as-
sumes that two factors contribute to the concentration of pollutant in a street
canyon: traffic flow (with direct emission from vehicles and air recirculation in
the street canyon) and other sources (pollution from other streets, factories,
power plants...). The European emission model COPERT IV [25] is integrated
into OSPM as an emission module. This model (mainly funded by the European
Union) is now recognized as a standard in both the academic and industrial
communities. The emission values are computed based on fuel type, emission
factor as well as vehicle type and diurnal traffic frequency. An example of inte-
gration of such a model with an agent-based traffic model can be found in the
MarrakAir project [10] aiming at investigating the impact of the number, type
and age of vehicles on air pollution in the case-study of Marrakesh (Morocco).

8 The model is mesoscopic because we rely on the Underwood model to compute
vehicle speeds.
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Whereas OSPM is mainly focused on European context, [34] applied it on
the Vietnamese context (in particular on the case study of Hanoi) and provided
data about Vietnamese vehicles emissions. Using a simplified version of OSPM
and data from the previous study, [30] have proposed a GAMA simulation to
study traffic-induced air pollution in Hanoi, Vietnam.

3.3 Tangible User Interface and simulation

The idea of tangible and interactive simulations is to use a physical support
(often named Tangible User Interface (TUI), see [11] for an attempt of classifi-
cations) such as a 3D printed map, sandbox, laser cut map or any other physical
objects [31] to display digital information coming from a simulation. The ben-
efits of such tangible objects to help the user to think spatial information and
dynamics has now been shown (see Chapter 1 of [27] for more details about
the various cognitive benefits). Similar benefits have been demonstrated in an
educational context [38].

TUI can take many shapes [11] and often the setup is specific to the case
study. When considering simulations supported by a TUI, a few main compo-
nents can be identified in most of the projects:

(i) the simulation, representing the virtual world and its (spatial) evolution; it
should be able to manage inputs from the user, modify the virtual world in
accordance and take into account these modifications in future computation.

(ii) controllers, that are devices controlled by the user to modify the simu-
lations or sensors perceiving some modifications made in the environment
by the user; examples include 3D Kinect camera (to detect modifications in
a physical environment, such as a sandbox) [31, 38], physical objects with
RFID tags [17,20], Lego blocks [2,13] or application on tablet [10,19].

(iii) physical objects, that can be a simple 3D map of the virtual environment
used as a screen to display the simulation [2,10,13,27]%, a fully modifiable
environment (as a Sandbox [38], that works also as a controller, through the
camera), or a set of physical objects representing elements in the simulation
and that the user can manipulate (e.g. traffic lights in [20] or buildings in
31]);

(iv) visualisation supports, in addition to a display of the simulation on the
3D map [2,10,13,27] or Sandbox [38], or on an interactive table (such as
the TangiSense table [18]), it is common to add screens to display additional
information (3D rending of the environment in Tangible Landscape [27] or
additional indicators [17]).

Such an approach is now used in most of the topics that rely on a spatial
representation of the case studies and that can be tackled by simulation.

9 [19] shown that displaying a flood simulation even on a flat table for participative
simulations provides a much better immersion for participants and increase discus-
sions than displaying it on a wall.
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One of the first implementation of such an approach is perhaps the Aug-
mented Reality sand boxes, such as the one developed in the Lake visualisation
3D project!?. Given a sandbox and a Kinect camera (a low-cost camera able to
detect movements in 3D), users can play with the sand to modify the ground
topology, by digging rivers or ”building” mountains or volcanoes. The camera is
able to identify in real-time modifications of the elevation and given its values,
fill the gaps with water. [38] built such a setup and evaluate its positive im-
pact in geology classes on students to make them understand some key concepts
and interactions between elements (e.g. water with the landscape). Many other
examples of Tangible User Interface in landscape study are presented in [27].

Concerning urban case studies, one of the first work we can identify [31]
was dedicated to simulate wind streams in a city, depending on the buildings’
location. It is composed on a 3D (laser cut map) map of the city, a Kinect
camera to identify the position of buildings and a fluid simulator, taking as
input these buildings and computing the wind flow. [20] used an interactive table
(TangiSense table [18]) to simulate simple traffic situations; interactions with
the simulation is made through some physical objects (traffic lights...) with an
RFID tag. Later the CityScience research group of the MIT Media Lab developed
several projects [2,13] to give the possibility to visualize the link between urban
planning and organization, mobility modes and traffic. [10] focuses on the link
between traffic (in particular related to vehicle numbers and states) and air
pollution.

Finally, [17] use a tangible table with RFID tag-based physical objects to
define collaborative simulations to help crisis management.

4 Model

We present in this section the key elements of the HoanKiemAir model*!, devel-
oped using the agent-based modelling and simulation GAMA platform [33]. An
extensive description of the model is presented in [28] using the standard O.D.D.
(Overview, Design concepts, Details) protocol [14].

4.1 Overview of the model

The model aims to simulate the interrelation between traffic, air pollution, and
road management (in terms of pedestrian areas scenarios) in the Hoan Kiem
district (Hanoi). The main question tackled by the model is: how the various
pedestrian area scenarios and the evolution of the number of vehicles influence
congestion and air pollution in the area?

10 TLakeViz3D project: http://lakeviz.org
11 The model is open-source and available for its GitHub repository: https:/github.
com/WARMTeam/HoanKiemAir.
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4.2 Description of the model entities

The model is composed of two main dynamics, the traffic sub-model and the
pollution sub-model, influenced by pedestrianization scenarios.

The traffic sub-model generates the movement of vehicles on a road network.
It is composed of two types of agents: vehicle agents move on road edges toward
an intersection target.

The pollution sub-model is divided into an emission model and a dispersion
model. The emission model is managed by a single agent pollutant_manager,
which takes the output of the traffic model, calculates the amount of pollutants
emitted by vehicles, and then passes them to the dispersion model. The disper-
sion model is based on a collection of agents pollutant_cell, which represent
airborne packages. Each pollutant_cell has a volume (depending on its area)
in order to compute a pollution concentration in each one. We consider here two
kinds of dispersion models (that will be evaluated in the next section):

(i) pollutant_cell agents are cells of a grid covering all the space. Each cell
will thus get the pollution from the road edges it overlaps and diffuses to its
8 neighbour cells.

(iii) pollutant_cell agents are buffers on top of each road edges. Each cell
will thus get the pollution from the associated road, and will diffuse to the
neighbour pollutant_cell. This model makes the assumption that pollu-
tion that pollutants cannot be dispersed over building rooftops, but only
through streets.

4.3 Description of the model processes

In a simulation cycle, the agents of the traffic model are scheduled first, followed
by those of the emission and dispersion model (Figure 2 illustrates the various
steps of a simulation cycle). One simulation step represents by default 16 seconds,
in order to be able to observe vehicles moving on the roads. When we want to
observe the influence of the number of vehicles over time in the day on the
pollution, we need to simulate on a period of several days. In order to keep
the simulations interesting for users we choose in this case a simulation step
representing 5 minutes.

In the traffic model, the road agents are executed first, updating their conges-
tion levels. We choose indeed to use a traffic flow model close to the Underwood
model [35]: roads compute a congestion factor, which will influence the speed
of vehicles moving on it. Finally, the vehicle agents move to their target (a
vertex of the road network, i.e. a road intersection) on the traffic graph. The
vehicles move using built-in features implemented in the GAMA platform. When
a vehicle reaches its target, it will choose a new intersection as next target.

Once all vehicle agents have completed their movement, the
pollutant_manager agent computes the amount of traffic-induced pollu-
tants and stores them in pollutant_cell agents. Then, it decreases the
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[ ] Traffic sub-model Poliution sub-modef ->©

For each Road agent For each Vehicle agent Pollutant_manager agent

. . For each

pollutant_cell agent
Move toward target

Reach
target?

poliution
Fig. 2: Flowchart of the execution of one cycle of the HoanKiemAir model.
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pollutant values in these cells according to a predefined decay rate'? and
disperses the pollutants in the neighbouring cells (the dispersion algorithm
depends on the model implementation).

4.4 Input data

The traffic and pollution sub-models are executed only on the Hoan Kiem district
(an area of 2506 m x 2779 m). Nevertheless, to provide some landmarks for the
users, we also display spatial elements on a wider area (a rectangle of 5458 m x
3052 m) that will not have any influence on the simulation. Figure 7 shows all the
spatial data used: shapefiles impacting the simulation (roads and buildings) and
the additional shapefiles loaded for contextual and visualisation purpose (lakes,
rivers, special buildings and main roads shapefiles). These additional roads and
the roads in the Hoan Kiem district are stored in 2 different shapefiles in order
that only roads in the considered area are used as support of the traffic model.

Most of the spatial data (except buildings that have been manually sketched
from satellite images) come from OpenStreetMap (OSM)*? data source. In addi-
tion to geometric information, the OSM data also contain various attributes. For
example, as far as roads are concerned, OSM can provide the number of lanes,

12 To be more precise, the decay factor has to be understood as the remaining ratio of
pollutant after decay. If it values 0.99, this means that after decay, 99% of pollutants
are kept or in other words, that they have been reduced by 1%.

13 OpenStreetMap: www.openstreetmap.org.
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maximum allowed speed, one-way or two-way, traffic light availability, etc. Al-
though OSM provides some information for some roads, most of the values are
missing, so we have defined a set of default values: the maximum permitted
speed of 60 km/h...

Finally, the hourly distribution data of traffic (see Figure 3) is provided by
[1]. They estimated the number of trips per hour throughout the day and give
us a realistic traffic flow over a full day.

1,600
e O To Work
1,400 0 To School [
0 Private
1,200 mAt Work |
— m To Home
)
g 1,000
g
2 800
E
o
g 600
4
400
200

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
Time (Hour)

Fig. 3: Example of hourly traffic distribution (from [1]).

4.5 Outputs

To make pollutant values easy to interpret, an Air Quality Index (AQI) value is
calculated from the amount of each pollutant. We use the method given by [36]:

h
AQI" = max,(AQI") with AQI" = QT)? % 100 (1)
where AQI" is the AQI of a pollutant z at hour h, T'S" is the measured
average amount of pollutant x in h, and QC. is the allowed average amount of
pollutant z in an hour (Table 1). Ranges of AQI are associated to colours, as
illustrated in Figure 4b. The pollutant_cell agents are not made visible and
the pollution is displayed on buildings (see Figure 4a for an example on the 3D
map).
In addition, in order to observe the overall evolution over time of the AQI, we
display a chart of the maximum value of AQI in the district over time. Figure 6
shows the full simulation display.
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Table 1: Allowed hourly average amount for different pollutants (measured in
pug/m?) [36]

CO NO4x SO; PM10
30000 200 350 300

AQlvalue  Result Description Colors

(a) 3D map (b) AQI color scale

Fig. 4: (a) Example of display on the 3D map (using colors defined in the AQI
scale (b). Source: https://moitruongthudo.vn/).

5 Interactive simulations

Inspired by the MarrakAir project [10], we built a full setup for tangible and
interactive simulations that is accessible by any random user. It consists of three
main components:

— The simulation of traffic and pollution implemented on GAMA platform;

— The tangible part is managed by a 3D-printed map of a part of Hanoi
city, with a focus on the Hoan Kiem district, which is used as visualisation
support of the simulation;

— The controller is an Android application, installed on a tablet, that com-
municates with the simulation via networking, allowing users to modify in
runtime simulation parameters and the visualisation mode.

Figure 5 illustrates the whole setup when it was located at the French Em-
bassy in Hanoi during the summer 2019. It shows in particular the video projector
located on top of the 3D map.

5.1 3D models

The simulation is running only on the Hoan Kiem district (cf. Figure 1), never-
theless, as the 3D map is the only place to display information for the users, we
made the choice to build the 3D map on an extended area. This brings two main
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Fig. 5: The full setup for tangible and interactive simulations (including the 3D
map, the tablet with the Android application, the projector).

Fig. 6: Screenshot of the full simulation, including the pollution map, the pol-
lution charts and the value of the pedestrian scenario, number of cars and of
motorbikes parameters.
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advantages: (i) it allows us to display contextual elements (the Red River on
the right, and some of the most well-known buildings of Hanoi on the left, some
main roads and bridges of Hanoi...) in order to help users to locate in space;
(ii) it provides empty space to provide more information, such as the state of
parameters (number of vehicles, the kind of scenario...) and plots (in particular
related to the evolution of the pollution). Figure 6 illustrates this combination
of parameter values, (air pollution) plot and the display of the agents'4.

Fig.7: Data used to build the 3D map: blue elements are rivers and lakes,
grey elements are buildings, orange elements are special buildings (markets,
Literature Temple, Ho Chi Minh Mausoleum, the National Assembly building,
Presidential palace...), white lines represent roads (only the roads inside the
Hoan Kiem District are used for traffic simulations), red lines are the main
roads (roads outside Hoan Kiem district that are displayed in the simulation).

To produce the 3D models that have been printed, we use some shapefiles
used in the simulation (cf. Figure 7 for an exhaustive description of the dataset
used to produce the 3D map). The main challenge was to transform this set of

14 A video is available to illustrate the dynamics of simulations at the address:
https://youtu.be/U2w0GtLHACU.
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shapefiles into a set of tiles in the STL format'®. Here are the steps to create
them!'6:

1. Prepare the shapefile. First, all the shapefiles are merged in a single one
(roads, buildings, rivers and lakes). The roads, which are represented as a
polylines are buffered in order to give them a surface. The empty holes are
then filled with polygons to represent the base of the 3D map, where there
are no buildings, roads or lakes. All polygons are assigned a height value
that follow this ordering: (road, lake, river) < base < building. We choose:
0.3 cm for roads, lakes and rives, 0.5 cm for the base, and 0.8 cm for special
buildings. For the buildings, we do not have data about their elevation, but
when looking at the Hoan Kiem district, it appears that buildings are highly
heterogeneous in the area. We thus choose to give a random elevation value
between 1 ¢cm and 1.6 cm to reproduce this heterogeneity. Finally, we give
the size of 2.5 cm to some specific buildings (the higher buildings in the
area), in order to help users to recognize some key points on the map. It was
important to keep a low elevation for the elements of the 3D map, to prevent
from having huge shadows when the simulation will be displayed on the 3D
map.

2. Generate a single STL file. From the shapefile produced in the previous
step, we produce a 3D model file (STL format) with dimensions of approxi-
mately 122 cm by 64 cm.

3. Split the STL file in tiles. As the 3D map is too big to be printed in one
go by standard 3D printers, the STL file generated in the previous step is
split in square tiles of 16 cm per 16 cm following a 4 x 7 grid as presented
in Figure 8.

5.2 Remote control through an Android application

As we expect random users to interact in an easy and intuitive way with the
simulations, we choose not to let them manipulate directly the simulation in-
terface and have developed an easy-to-use remote control application (running
on an Android tablet). In order to keep the application intuitive, we limited the
number of parameters accessible by users to the minimum ones: (i) the number
of vehicles (motorbikes and cars), (ii) the pedestrian area scenarios and (iii) the
visualisation mode (traffic or air pollution).

For communication between the application and GAMA, the Message Queu-
ing Telemetry Transport (MQTT) protocol is used. It is a fast and lightweight
publish / subscribe messaging protocol, commonly used in IoT projects. Basi-
cally, clients exchange messages through a server (often called a broker). A client

15 STL is a datafile format describing 3D objects and very common as an input for 3D
printers.

16 The full process and in particular the various softwares used are documented on the
HoanKiemAir GitHub repository: https:/github.com/WARMTeam/HoanKiemAir/
tree/master/stl_convert
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Fig. 8: Grid cut of the 3D map.

can publish a message with a topic to the broker, then the broker will distribute
that message to clients that are subscribed to the topic. In our setup, an Apache
ActiveMQ!7 server is executed on the same computer as the GAMA simulator.
Both the Android application and the GAMA simulator act as MQTT clients. An
external plugin is provided by the GAMA community and implements commu-
nication through the MQTT protocol: it allows any agent to become an MQTT
client, and thus to connect to an MQTT broker, publish messages and subscribe
to certain topics.

Once the application is connected to the broker, it will publish messages with
pre-defined topics when users modify any parameter value. A dedicated agent
in the simulation receives these topics and modify the corresponding parameters
(this can also induce more changes in the simulation, such as the creation or
destruction of some agents).

6 Experiments

The HoanKiemAir simulator has been designed as an awareness-rising and
comprehension-support system. As a consequence, simulations should be both
scientifically grounded but also able to deliver its key messages to any users in
an interactive way (and thus in a limited among of time). It should thus be
explored to identify the parameter ranges fulfilling these two objectives. Finally,
this exploration should be designed keeping in mind that the ultimate objective

7 Apache ActiveMQ is an implementation of an MQTT broker, see http://activemq.
apache.org/
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is to be able to provide insights about the impact of the pedestrian area scenarios
on the air pollution quantity and distribution.

Given the high number of parameters (see next section for a detailed
overview), we were not able to run a global sensitivity analysis. We thus per-
formed some local analyses around the parameter values chosen empirically for
the various exhibitions.

As the model is stochastic (mainly due to moving vehicles), we first inves-
tigate its sensibility to this randomness factor (Section 6.2). In particular, we
need to check that simulations outputs are not qualitatively or quantitatively
significantly different among replications. Finally, we will determine the number
of replications needed to be launched in the following experiments. As stated in
Section 4.3, several simulation step duration can be used in the different exe-
cution modes. In Section 6.3, we evaluate the influence of the step duration to
check that the simulations keep close behaviours with different values.

Section 6.4 then investigates effects of pollution models and their parameters
(decay and diffusion rates). Section 6.5 explores the impact of the number of
vehicles on AQI indicators in order to identify whether there is some qualitative
changes when the number of vehicles increase and if the AQI have an upper
bound. The Section 6.6 then explores the impact of the evolution of the number of
vehicles during the simulation (using the daytime traffic scenario). In particular,
we aim at identifying whether there is a bootstrap period.

Finally, Section 6.7 explores the impact of the pedestrian area scenario by
comparing the three scenarios, but also how the model behaves when the scenario
changes during the simulation (to study what happens when the user switches
between scenarios, or when we simulate a week the switch during the week-end).

All the experiments have been executed in headless mode on the following
hardware configurations:

— Laptop MacBook Pro 2017
— CPU - Intel(R) Core(TM) i7-7820HQ CPU @ 2.90GHz (8 virtual cores)
— RAM - 16 Go
— Operating System - MacOS 10.15.5 Catalina

— Laptop ASUSTeK GL553VE
— CPU - Intel(R) Core(TM) i7-7700HQ CPU @ 2.80GHz (8 virtual cores)
— RAM - 16 Go
— Operating System - Linux Ubuntu

— Two nodes on universitary HPC
— CPU - Intel(R) Xeon(R) CPU E5-2620 v4 @ 2.10GHz (16 virtual cores)
— RAM - 24 Go
— Operating System - Linux Debian

6.1 Parameters and indicators

Parameters. The model has been designed to be exhibited during an undeter-
mined time. As a consequence, a simulation stop condition cannot be defined
as a specific situation; we thus define it as a final simulation step at which
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outputs are (expected to be) stable. In addition, given the model stochasticity,
several replications (i.e. simulations launched with same parameter values) have
to be launched to get significant results: this number of replications has thus
to be determined before going further in the exploration. Finally, we explore
the impact of the simulation step duration, in order to check that it can be
adapted.

The evolution of the number of vehicles in the area is controlled by the
parameter traffic scenario, that can take 2 values: constant traffic'® or daytime
traffic. The default value is set to constant traffic, which means that the number
of vehicles is constant and determined by the three parameters: number of
cars (by default equal to 700), number of motorbikes (by default equal to
2000), and the traffic factor (by default equal to 1) which multiplies the initial
number of vehicle (car and motorbike) by a given factor. This factor will vary to
explore the impact of the number of vehicles. When daytime traffic is selected,
the number of vehicles evolves with the hour in the day (following data presented
in Figure 3).

As far as pollution diffusion is concerned, we will explore the two models
implemented (depending on the pollution diffusion model parameter): grid
and roads. By default, the model is grid. The two parameters influencing these
pollution models are the decay rate (a real value between 0 and 1.0, with
the default value set at 0.99) and the diffusion rate parameter (a real value
between 0.0 and 0.12, to keep the uniform diffusion conservative, and set to 0.05
by default).

The set of closed roads is defined by the pedestrian area scenario. It can
take 3 values: no pedestrian area (default value), current scenario, extended area.

Indicators. As it is the key quantity impacted by all the dynamics of the model,
all the indicators are related to the air pollution, represented by the AQI value
(cf. Section 4.5). First implemented indicators are thus the mean and standard
deviation of AQI over all the buildings (as the AQI is computed on buildings
in the simulation). Another interesting indicator would be the total amount of
pollution (to assess whether closing roads increase total pollution or only move
it). Nevertheless, as the number of buildings is constant, the AQI average and
total values have the same evolution, and we only compute the former one.
Finally, to observe the distribution of pollution values, we also compute the
maximum and minimum value of AQI. As these values continue to change,
even when the dynamics is stabilized, we compute the average value over last
steps.

For each parameters values, we will run several replications. For each of
them, we will save the value of each indicator at each simulation step. We will
then plot, for each indicator and parameters configuration, the evolution over
the simulation of the average value (over all the replications) as a line. It will

18 constant traffic is the mode also used when we want the user to change itself the

number of vehicles through the application.
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be surrounded by an ezxtreme values interval bounded by the maximum and
minimum value of the indicator among all the replications.

6.2 Stochasticity sensitivity analysis

This experiment aims at exploring the impact of the stochasticity on the sim-
ulation outputs. The objective is twofold. First we want to identify some meta
parameters that will be used in the following experiments: the number of steps
that need to be executed before reaching a quite stable state (when the number
of vehicles is constant) and the number of replications that will be necessary
in the following experiments in order to find results that are statistically mean-
ingful. Second, we want to determine the stability of the simulation results. In
particular, if the results show a huge instability, it will be difficult for simulation
users to understand what they observe.

First, to find the maximum step for the simulations, we run 4 replications
(with a final step of 10000) and observe the average values of the mean and stan-
dard deviation of AQI over the 4 replications (cf. Figure 9). We can observe that
the values change a lot between steps 0 and 500. As the simulation is initially
empty of pollutants and of vehicles, when the first vehicles emit pollution, the
AQI increases quickly. After these first steps, the simulation reaches an equi-
librium between pollutant emission (that tends to increase the AQI) and the
pollution diffusion and decay (that tend to decrease the AQI) dynamics. After
step 1000, we observe a continuous decrease of the mean AQI value, toward a
stable value (around step 9000). Nevertheless, from step 1000 and 10000, we
cannot observe any qualitative change in the simulation outputs. In a trade-off
between the computation capabilities and the parameter space to explore, we
will thus consider in most of the following experimentation a final step at 1500.

Even if we do not aim at quantitatively exploring or calibrating the model
in this paper, we can notice that the effect of stochasticity increases with the
number of steps (the extreme values interval amplitude increase with the number
of steps).

MeanAQ!
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(a) Mean of AQI values. (b) Standard deviation of AQI values.

Fig.9: Mean and standard deviation values of the AQI in buildings over 4
replications of 10000-step simulations (with a extreme values interval limited by
the minimum and maximum values).
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In order to investigate the number of needed replications, we adapt the
method detailed in [9] using the standard error of the mean. The standard error
of the mean oz is defined on a given indicator (e.g. mean, standard deviation of
AQI) as:

o
Ox — —F—

VN

where ¢ is the standard deviation of a given indicator and N the number of
replications considered.

The main idea is to compute this standard error for an increasing number
of replications and to find a threshold number where adding more replications
does not bring more information nor a better stability.

So we first compute a big number of replications (here we ran 100 replications
as a first attempt). Then incrementally we compute the standard error on an
increasing number N of replications from 2 to 100. For each N, in order to
prevent biases in the chosen replications, we compute the average of the standard
errors over 10 picks of N replications. The results for the 4 indicators (mean,
standard deviation, maximum and minimum of AQI) are displayed in Figure 10.
We can observe that on all the indicators, the main standard error’s evolution are
before 10 replications. After 20 replications, the standard errors seem to begin
to stabilize and 60 replications seem to be the threshold after which adding more
replications do not bring any new information. As a consequence, depending on
the exploration purpose and on the required precision, one of these 3 thresholds
could be chosen.
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Fig. 10: Standard errors on mean, standard deviation, max, and min AQI, over
100 replications. Figures show a very fast decrease before 10 replications, a be-
ginning of stabilization around 20 replications. After 60 replications, standard
errors are stable and additional replications do not bring more information.

Again, following our objective of qualitative exploration and in order to be
able to explore a bigger parameter space, we will limit to 10 replications for
each parameter value. Further exploration could choose 20 or 60 replications for
precision’s sake.
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6.3 Impact of the step duration

This second experiment aims at exploring the impact of the simulation step
duration over the results, but we went to 5 minutes to simulate the daytime
traffic.

The objective of this experiment is to evaluate the impact of the simulation
step duration on the air pollution index evolution: we aim at checking that the
model behavior is still acceptable when changing the simulation step. To this
purpose, we consider a single parameter (the step duration) and run 10 replica-
tions for each value of the step duration among {16s, 30s, 60s, 120s, 180s, 300s}.
We plot the various indicators (mean, standard deviation and min and max of
AQI) for each step duration (Figures 11).
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Fig.11: Mean values of the mean, standard deviation, and min and max of
AQI indicators for the step duration in {16s, 30s, 60s, 120s, 180s, 300s}. Figures
illustrate the impact of the simulation step on results: when the step duration
becomes longer, all indicators increase. The values converge when the step du-
ration is greater then 120s.

We can observe that the simulation step has an impact on the AQI values:
the values for all the indicators increase with the simulation step duration. As
in the previous experiments, the stochasticity has more impact on results when
the simulation step is longer: this can be observed by the extreme values interval
becoming bigger with the step duration. We can also observe a convergence
of the indicators values: above 120s, the step duration does not impact results
anymore (and even above 60s for standard deviation). Finally, and this is the
most important result of this experiment, even if the indicators values are altered
by the simulation step duration, the qualitative evolution of the AQI is the same
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whatever the step duration value is. To sum up, this experiment shows that, in
the following experiments, we can modify this duration step without changing
the behavior of the simulation. Nevertheless, we need to keep in mind that the
AQI values will be altered.

6.4 Effect of the pollution diffusion model

As presented previously, two diffusion models have been implemented, each
of them depending on 2 parameters: decay and diffusion rates. This ex-
periment aims at evaluating the qualitative impact of these parameters on
the simulation outputs. We thus explore the evolution of AQI indicators
for all the combinations of diffusion model (among {grid, roads}), de-
cay rate (among {0.01,0.1,0.3,0.5,0.7,0.9,0.99}) and diffusion rate (among
{0.02,0.04,0.06,0.08,0.1,0.12}). For each combination of parameter values, 10
replications are launched. Results are summarized in Figure 12 for the grid model
and Figure 13 for the roads model.
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Fig.12: Mean values of AQI indicators for the grid diffusion model with
decay rate among {0.01,0.1,0.3,0.5,0.7,0.9,0.99} and diffusion rate among
{0.02,0.04,0.06,0.08,0.1,0.12}. Some groups of time series appear (with the
same decay value) appear for standard deviation and max of AQI in particular,
giving the insight that the model is more sensitive to this parameter.

Grid diffusion model. The Figures 12 display the 42 time series produced by
this experiment. First no quantitative change appears when exploring all the
parameter values. Second, “groups” of series can be observed (in particular of
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the standard deviation and maximum), which could come from the fact that one
of the 2 parameters has more influence than the other one.

To confirm this observation, and thus assess the impact of each parameter
on the results, we conduct an ANalysis Of the VAriance (ANOVA) [32] at step
= 500. To check the impact of this step value choice, we have computed the
ANOVA for other step values and get very close results. Table 2 summarizes the
relative impact of each factor (parameters Decay and Diffusion, the randomness
(Residuals)) and combination of factors on the dispersion of values. The analysis
shows clearly that the impact of the Diffusion parameter and the combination
of the parameters Decay- Diffusion have a limited influence on all the indicators.
They are mainly impacted by the Decay parameter and the randomness (which
has even a more important effect). This means that it is really important to be
careful in the choice of the Decay parameter as it will highly impact the values
of the AQL.

l [mean[sthev[ max [ min ‘

Decay 41.16| 43.37 |46.00|30.41
Diffusion 9.04 | 7.40 |5.89(11.91
Decay:Diffusion| 3.91 | 2.74 |1.64 |12.17
Residuals 45.89| 46.50 |46.47|45.51
Table 2: Results of the ANOVA with the grid diffusion mode. Each cell gives
the percentage impact of the parameter (row) on the indicator (column).

Road diffusion model. The Figures 13 display the 42 time series produced by
the exploration of the roads diffusion model in the parameters decay rate and
diffusion rate space. The observations are quite similar with the difference that
the time series groups are much clearer: to confirm this observation, we conduct
another ANOVA. A second observation is that AQI values are much higher than
with the grid diffusion model.

Table 3 summarizes the ANOVA results. The analysis shows once again that
the parameter with the most influence is Decay. But with the road diffusion
model the impact of Diffusion and Decay-Diffusion parameters are definitely
negligible (this appears clearly on the Figure 12 with clusters of series with the
Decay value). No result can be computed for the minimum AQI indicator as
results are constant (equal to 0.0). Finally, randomness appears to have even
more impact in the road diffusion model than with the grid one.

6.5 Effect of the number of vehicles

The main objective of this experiment is to explore the impact of the number
of vehicles. In particular, the key questions we want to address are: is there any
qualitative change in the dynamics when the number of vehicles increase? How
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Fig.13: Mean values of AQI indicators for the roads diffusion model with
decay rate among {0.01,0.1,0.3,0.5,0.7,0.9,0.99} and diffusion rate among
{0.02,0.04,0.06,0.08,0.1,0.12}. Clusters of time series with the same value of
decay illustrate the high sensibility of the model to this single parameter.

l ‘mean‘sthev‘ max ‘ min ‘

Decay 38.61| 39.46 [39.23|NaN
Diffusion 0.07| 0.02 |0.01 |NaN
Decay:Diffusion| 0.16 | 0.05 | 0.02 [NaN
Residuals 61.16| 60.48 |60.74|NaN
Table 3: Results of the ANOVA with the grid diffusion mode. Each cell gives
the percentage impact of the parameter (row) on the indicator (column).

AQI indicators evolve when the number of vehicles increases and in particular
is there a cap value?

To this purpose, we design an experiment with the parameter traffic factor
taken values among {0.5,1.0,1.5,2.0,5.0}. This means that the number of vehi-
cles varies between 350 cars and 1000 motorbikes (when traffic factor is equal
to 0.5) to 3500 cars and 10000 motorbikes (when traffic factor = 5.0). The ratio
between cars and motorbikes is thus preserved in all the simulations. Results (on
10 replications) are plotted in Figures 14.

We observe a linear evolution of all the indicators with the multiplication
factor traffic factor: as an example, when the mean AQI value at step=400 is
around 40 (for traffic factor = 0.5), it values 400 for traffic factor = 5.0. In
particular, results do not show a cap value of the AQI when the number of
vehicle varies (as we observed when the step duration increases). Nevertheless,
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Fig. 14: Mean values of AQI indicators for traffic factor in {0.5,1.0,1.5,2.0,5.0}.
Plots show a linear increase of the AQI indicators with the number of vehicles.

the shape of the evolution of all the indicator is similar for all the values of traffic
factor.

6.6 Effect of the traffic scenario

The evolution of the number of vehicles in the area can follow two simulation
modes: constant traffic or daytime traffic. In this experiment, we explore the
impact of the daytime traffic scenario on the behavior of the simulations. The
numbers of cars and motorbikes will thus change each hour, following data il-
lustrated in Figure 3; but every day, the hourly numbers will be unchanged. We
thus launched 10 replications for each value of the parameter traffic scenario
(the simulations where the parameter value is set to constant traffic are used
as a baseline). We launch simulations with a step of 5 minutes (1 day is thus
simulated in 288 steps) and we stop the simulations after 3000 steps. Results are
displayed in Figures 15.

As expected, the AQI values follows the number of vehicles: data (presented
Figure 3) show 3 rush hours (around 7AM, 11AM and 5PM) and a low-traffic
period during the night. The 3 local maximum and the minimum can clearly
be observed on all the indicators (except the minimum of AQI). The extreme
values intervals are very small showing the low impact of the stochasticity on
the results when the number of vehicles evolves over time (the main exception is
for the optimums of the max and min of AQI). The most interesting observation
is the fact that indicator values are periodic (after the first day). The simulation
bootstrap period is thus limited to the first day and after the second day, results
are stabilized.
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Fig.15: AQI indicator results for each traffic scenario: green line for a number
of vehicles constant traffic, purple for a number of vehicles following daytime
traffic. Plots show that pollutant emissions become stationary after one day of
simulation and correlated to the evolution of the number of vehicles.

6.7 Effect of pedestrian area scenario

The ultimate objective of this section is to explore the impact of the various
pedestrian area scenarios on the AQI. We thus launched simulations with the
pedestrian area scenario parameter taken values among {no pedestrian area,
current scenario, extended area}, for both traffic scenarios (daytime or constant
traffic). In addition, as the user is able to change the pedestrian area in the
interactive mode, it appears necessary to check the impact of this change on
indicators to prevent unstable states; this will also be conducted on both traffic
scenarios.

Sitmulations of the pedestrian area scenario in constant traffic mode. In this
experiment, we set the traffic mode to constant traffic, and thus set the simulation
step duration to its default value (16s). We launched 10 replications for each
pedestrian area scenario. Results are summarized in Figures 16.

A first notable observation is that the mean values of AQI are not significantly
different among the three pedestrian scenarios. More generally, the 2 scenarios
no pedestrian area and current scenario produce very similar results on all the
indicators; the main difference is on the max AQI, which is higher for the current
scenario. But as the extreme values intervals overlap, this difference is not really
significant. The extended area scenario produces some differences in its results:
the main one being a standard deviation value that is higher than for the 2 other
scenarios and a slightly higher maximum of AQI. As a consequence, the extended
area scenario is the one producing the most change, with higher maximum of
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Fig.16: Simulation results for the three scenarios of pedestrian area: green line
for no pedestrian area, purple for current scenario, and indigo blue for extended
scenario, with a constant number of vehicles. Figures show that the application
of any of the pedestriation scenario does not change qualitatively the pollutant
emissions, but only increase the maximum value and the spatial distribution
heterogeneity.

AQI and a distribution of AQI among the buildings that is more heterogeneous
than for the other scenarios.

Simulations of the pedestrian area scenario in daytime traffic mode. In this
experiment, we set the traffic mode to daytime traffic, and thus the simulation
step duration to 5 min. We launched 10 replications for each pedestrian area
scenario. Results are summarized in Figures 17.

Once again, we can observe that no pedestrian area and current scenario
produce very similar results on all the indicators. The only slight difference is
that during rush hours, the mean AQI is a little bit higher when pedestrian area
is activated. Contrarily to the previous experiment, when the daytime traffic is
activated, all the indicators increase when the extended scenario is activated:
the AQI is higher in average, and so are the max and standard deviation. In
this specific configuration, we can conclude that the extended pedestrian area
increases not only the peak of AQI but also the overall pollutant quantities.

Effects of pedestrian area scenarios changes. During simulations, through the
remote control, users can decide to change the pedestrian area scenario to ob-
serve the impacts of alternatives. To assess the impact of this switch between
scenarios, we implement a new experiment in which the scenario is initialized to
no pedestrian area. During the simulation, every 864 steps (in daytime mode,
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Fig. 17: Simulation results for the three scenarios of pedestrian area: green line
for no pedestrian area, purple for current scenario, and indigo blue for extended
scenario. In a situation of varying traffic, the application of each of the sce-
nario from the beginning of the simulation highlight the fact that the situations
without any pedestrian area and with the current scenario show both quantita-
tively and qualitatively similar results. In contrary, the extended scenario show
an increase of the amount of the air pollutants and of their spatial distribution
heterogeneity.
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i.e. 3 days) or 800 steps (in constant traffic mode), the scenario is changed:
if the current scenario is no pedestrian area then it becomes current scenario
(resp. extended area), otherwise it becomes no pedestrian area. As we run 3000
simulation steps, we will observe the alternation: no pedestrian area-current sce-
nario-no pedestrian area-current scenario. Results are summarized in Figures 18
for the current traffic mode and Figures 19 for the daytime traffic mode.
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Fig. 18: Simulation (in constant traffic mode) results when the scenario of pedes-
trian area changes during the simulation (green line represents results with for
current scenario and purple lines with extended scenario). In a hypothetical sit-
uation of constant traffic, these figures show that the application of the two
alternative scenarios does not change the overall quantity of air pollutant but
induces an increase of the maximum peak value. The application of the extended
scenario is also characterized by a huge increase of the spatial distribution het-
erogeneity.

When the traffic mode is set to constant traffic, we observe, as previously,
that the activation of any pedestrian scenario does not modify significantly the
mean of AQI (even if a very small increase can be observed on the time series
in Figure 18a). The change is more significant for the standard deviation (when
activating the extended area scenario) and the max value of AQI (with a higher
max value for the extended area scenario). Finally, we can observe that, when
the pedestrian area scenario is switched from current or extended area scenario
to no pedestrian area, the indicator values does go back to the baseline value
immediately: on average it will take around 100 step to reach the step without
scenario switch.
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Fig. 19: Simulation (in daytime traffic mode) results when the scenario of pedes-
trian area changes during the simulation: green line represents results with for
current scenario and green lines with extended scenario. In a situation of traffic
varying over the day, these figures show that the extended scenario application
induces an increase of the amount of air pollutants and of their spatial distribu-
tion heterogeneity. Conversely, the application of the current scenario does not
show significant modification on these indicators.
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When the daytime traffic mode is activated, we observe similar results to the
previous experiment concerning the impact of the pedestrian area scenario on
the indicators. The mean AQI is not significantly impacted by the scenario as
Figure 19a does not show clear difference between the period without pedestrian
area (3 first days, i.e. before step 850) and period with a pedestrian area (next 3
days, roughly between steps 850 and 1700). Conversely, when the extended area
scenario is activated, an increase in all the indicators is visible.

More interestingly, we can observe that, if we omit the initial bootstrap
phase of the first day (that has been identified in the previous experiment), no
transition phase appears later when switching between no pedestrian area and
current scenarto. In particular, it would have been possible to have an unstable
period after each transition between pedestrian area scenarios, but the results
of the first day of a period appears very similar to the other days of the period.
Nevertheless, when the extended area scenario is deactivated, we can observe
that the mean AQI values of the two series are slightly different during the first
day after the switch, meaning that simulation requires one day to fully recovered
from the pedestrian area scenario change (even if the difference between both
series is not huge).

7 Conclusion

This article presents the HoanKiemAir project that aims at providing a tangible
and interactive simulation to represent the impact of various pedestrian area sce-
narios around the Hoan Kiem lake (Hanoi, Vietnam), on traffic and emitted air
pollutants. It is expected to help authorities and people audiences to understand
the interrelations and feedback loops between these dynamics using a 3D map
as a screen for the simulation and a tablet application to control it. Whereas
the model is described in details in [28], this paper focuses on the analysis of the
simulator and in particular on the sensibility of the results when exploring the
parameter space.

The results of experiments presented here tend to show that the step dura-
tion can be changed without changing qualitatively the results, and that there is
a threshold above which, it does not have any quantitative impact either. Con-
versely, not such a threshold can be identified on the number of vehicles: the
increase of the number of vehicles induces a linear increase on the AQI indica-
tors. As far as the traffic scenario is concerned, the evolution of AQI is coherent
with the traffic evolution in the daytime traffic and a bootstrap period of 1 day
as been identified. Finally, the activation of the current pedestrian area does not
significantly impact the AQI (even if we can notice a small increase of the max-
imum of AQI) in both constant and daytime traffic configurations. Concerning
the extended area scenario, its activation definitely increases the maximum of
AQI and the standard deviation (i.e. increases the heterogeneity of the spatial
AQI distribution). In the case of the daytime traffic, it also increases the mean
AQI (and thus the overall quantity of pollutants in the system). When a switch
is made between the extended area and the no pedestrian area, we can observe
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that a period of time is necessary to come back to state before the activation of
the pedestrian area (around 100 steps in constant traffic and 1 day for daytime
traffic).

The analysis of the simulation behaviour when exploring the parameter values
reinforce the trust we can have on the use of the simulator in an interactive way
with various audience. Obviously the model still need to be improved both with
additional data about the real traffic in the area and the other pollution sources
(factory, agriculture, etc), and additional dynamics, and in particular a weather
model and how it interacts with the pollution diffusion model. Finally, we still
need to calibrate the model more accurately with real data, mainly coming from
sensors localized in the area.

In the end, apart from this theoretical analysis of the model, the full setup has
been demonstrated several times to diverse audiences. Preliminary observations
show that the use of a 3D printed map definitely attracts people and arouses
their interest and curiosity. Feedback were very positive. Nevertheless, we have
observed that the full setup in its current state is not fully self-content: when
users are alone (i.e. without any facilitator around) in front of the map and
simulation, they are not able, in general, to fully understand what they observe.
There is still a need to improve contextual information (either on the simulation
or around the table). A second point is that the tablet application is not naturally
used by the users. An interesting alternative could be to build a physical remote
control with actual sliders and buttons to evaluate if users are more likely to use
it rather than the Android application.

The simulation (in an extended version) could be used by both decision-
makers and urban planners to test several scenarios of pedestrian areas and
compare their results in an interactive way. Extensions of the interactions with
the model could allow the user to define interactively the pedestrian area to
test, at the scale of the single road. This would give insights about the amount
of roads that can be closed before the appearance of critical consequences in
the other areas of the district and even in other districts. This could also allow
decision-makers to identify key roads, roads which will highly and even qualita-
tively impact the overall traffic and air pollution emission. As far as the public
is concerned, the simulation results would help it to understand the complex
feedback loop between the urban-planning decisions and traffic and air pollu-
tants emission. This could help it to accept a debatable or provide it elements to
factually criticize it. We could also imagine using the setup to let people propose
new pedestrian plans in a crowd sourcing approach.
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