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Abstract

Imagine that the accessibility of the population to public infrastructures
needs to be evaluated. A possible solution would be to calculate every
distance and analyse which percentage of the population is in less than
300 meters. However, this solution does not take into account issues
such as: the age distribution, functional diversity or people’s preferences
when transiting the city. It is in these cases when it is necessary to go a
step further and integrate Geographic Information Systems with other
perspectives such as Multi-Agent Systems which represent the particular
characteristics of each individual and their decision making processes.
This integration is known as Geosimulation and builds more accurate
simulations to model the physical reality together with social, demo-

graphic and economic components.

Geosimulations aim at modelling systems at the scale of individuals and
entity-level units of the built environment and provides a way to simulate
big amounts of agents interacting in a virtual geographic environment
and endowed with spatial cognitive capabilities (perception, navigation,
reasoning). This dissertation presents a new Geosimulation platform de-
sign and implementation that allows analysing and simulating different
urban infrastructures. The platform manages to put into practice the
latest theories in Multi-Agent Systems along with the new techniques
in cloud computing and asynchronism. The proposed design is evalu-
ated for three case studies; ubiquitous IoT, sustainable transport policies

and resilience of the power grid. The methodologies presented, provide



progress to their respective research areas by improving state-of-the-art

techniques or designing new mechanisms.

Furthermore, by connecting these Geosimulations to the real world by
sensors and actuators, the concept of mixed reality arises; simulations
where changes in the real world are transferred to the virtual world
through sensors and agents can influence the real world through ac-
tuators. Mixed realities allow developing distributed control systems,
which not only take into account the physical reality and social prefer-
ences but also the state, where to deploy intelligent agents that provide

services to citizens.



Acknowledgements

This research was partially funded by

¢ GREENTRAVELLING project (Era NET Transport 6/12/IN/2014/195
label) partially funded by Diputacién Foral de Bizkaia through the
Plan de Promocién de la Innovacién (6/12/-IN/2014/195) and the
Basque Government through the GAITEK program IG-2014/0000133)

¢ S-MILE project (Era NET Transport ENTIII Flagship 2015 label)
funded by Basque Government through the HAZITEK program (ZL-
2017/00081)

¢ Industrial Ph.D. grant given by the University of Deusto (2015-2018)

This dissertation uses icons and images provided by

¢ Icons made by www.flaticon.com free icon stock

¢ Icons made by DinosoftLabs for www.flaticon.com

¢ Icons made by Vectors Market for www.flaticon.com
¢ Icons made by Freepik for www.flaticon.com

¢ Icons made by Twitter for www.flaticon.com

ESRI codebase






Contents

Table of Contents i
List of Figures \Y
List of Tables
List of Listings kil
Acronyms it
1 Introduction m
1.1 Geographic InformationSystems . . . . ... ..... .. ... .....
1.2 Limitations of traditional GISanalyses . ... ............... [@
1.3 Multi-Agent Systems . . . . . . . . .. 1
1.4 JoiningGISandMAS . . . . . . . ... 5l
1.5 Objectives of the dissertation . . .. ... ... ... ............ 16l
2 Roadmap to Geosimulations 19
2.1 Operation and limitations . . . .. ... ... ................ 26l
2.2 Functionality implementations . . . . . ... .. ... .. ... ...... 31
2.3 Insearchofthereusable . . . . ... ... ... .. ... .. ... .. ... 35
3 Geosimulations design and implementation 39

3.1 Softwareplatform ... .. ... ... ... .. .. ... .. .. . ... A3l



3.2 Agents ...
3.3 Skills . ...

3.4 Behaviour .

3.5 Complete GWSAgent . . . . . . . .. ...t

3.6 Environment

GeoWorldSim ecosystem

4.1 SimulationsLauncher . ... ... ..... ... .. . .. .. .......

4.2 Authenticationmodule .. ... ... ... ... . . . . . .. ... ... .

43 Staticsmodule . . . . . . ...

4.4 Datasourcesmodule . .. ... ... ... ... . e

45 Socketsmodule . . ... ... ... ...

4.6 Historicalmodule . . . . . . ... ... ... ... . .. . . .. ...

47 Alertsmodule . . ... . ... ...

4.8 Intelligence buildingmodule . . ... ... .................
49 Dashboardsmodule ... ........... ... ... ... .. ...

Use-case 1 - Ubiquitous Smart Cities

5.1 Modelling socialbehaviour . .. .......... ... ... ......

5.2 Modelling physicalreality . . .. ........... ... ... ....

5.3 Human Behaviour modellingResults . . . ... ..............

5.4 Discussion .

5.5 Physicalmodelresults . . ... ... .. ... .. .. ... .. .. ...

Use-case 2 - Green Travelling

6.1 Modelling social behaviour . . ... .. ... .. ... ... ... .. ...

6.2 Modelling physicalreality . . . ... ...... ... ... ... ...

6.3 Results . ..

6.4 Conclusionsand Futurework . . . . ... ... ... .. ..........

6.5 Result tables

1169
1192
1193
2006



7 Use-case 3 - Long term Load forecasting

7.1 Modelling social behaviour . . ... ... ... .. ... .. ... .. ...

7.2 Modelling physicalreality . . . ... ... .. ... ... ... .....

7.3 Results of the

Geosimulation . .. ... .... ... ... . . . ... ...

7.4 Conclusionsand Futurework . . . .. ... ... ... ...........

8 Conclusions and Future

8.1 Achievements . . . . . ... .. ... ...

8.2 Discussion and Limitations . . . ... ... ... .. ............

8.3 Futureworkandopenissues . .............. .. ... .....

8.4 Finalpersonalremarks . . ... ... ... ... .. ... .. ... .. ...

Bibliography

A JavaScript Asynchrony

A.1 Lazyloading

B Web views mixed rendering methodology

C Publications
C.1 Awards . ..

C.2 Indexedjournalarticles . ... ........ ... ... .. ... .. ...

C.3 Conference papers . . . . . . . ..o v i ittt

C.4 Book sections

287
287
287
288]
289






List of Figures

1.1 Examples of vector and rastermaps . . . . . . . .. ... ..o ...
1.2 Example of map intersectionturns . . . . . .. ... ... ... .. .. .. O
2.1 GIS with MAS combination to build Geosimulations . . . ... ... .. 21
3.1 GeoWorldSim simulator’s mainelements . . . ... ............ [42]
3.2 GWSAgentinsideelements . . ... ... .................. 52
3.3 Financial productstaxonomy . . . . . .. ... ... ... 50
3.4 Partof GeoWorldSim agenttaxonomy . . . . . ... ... ......... ¥l
3.5 Representation of a quadtree for geometry indexation . . ... ... .. 31
3.6 Voronoidiagram . .. ........ .. ... ... 62
3.7 Service area accessible fromapoint . . .. ... ... . 0oL 63]
3.8 GeoWorldSim Behaviourblock . . ... ... ... ... .. .. .... 671
3.9 GeoWorldSim behaviour programming . . . . ... ............ 69
3.10 GWSAgent inside elementsloaded . . . . . .. ... ... ......... [71
3.11 Agent environment storage to indexbytype . ... ............ 74
3.12 Transport network Graphs . . . . . . ... ... ... .. .. ... [76l
3.13 Worker threadapproach . . . .. ... ... .. ... .. ... .. .. ... B3l
3.14 As many threads asagentsapproach . . . .. ... .. ........... B4
3.15 Mixed strategyapproach . . . . . ... ... ... .. ... .. . ... 85
3.16 Distributed simulation synchronisation. . . . ... ... ......... 87



4.1 GeoWorldSim platform architecture . . . . ... ... ... ........ OT]

4.2 Authentication modulemodel ... ..................... 96
4.3 Datasourcesmodulemodel . . ... ... ... .. ... .. ... .. ...
44 Socketsdataflow . ... ........ . ... ... ... 07
4.5 Intelligence buildingmodulemodel . . . . ... ... ...........
4.6 Intelligence operation blocksexamples . . . .. ... ... ........
4.7 Dashboards moduledatamodel . .. .................... 122]
4.8 Responsivegridlayout . . .. ... .... ... ... .. .. ... 1231
4.9 Exampleofadashboard . .............. ... ... ...... 124]
5.1 Conceptualdiagram . ............ ... .. ... .. ... ... [130]
5.2 Real and simulated architectures . . . . .. ... ... ... ... ... 142]
5.3 Diagram of FIWARE architecture . . . . ... ................ 143
5.4 Frequency of activation in single-user scenario . . ............ 47
5.5 Duration of activation sensors in single-user scenario . . .. .. .. .. @7
5.6 Frequency activation in multiple-user scenario . . ... ......... IER)
5.7 Duration of activation in multiple-user scenario . . . . ... ... .. .. 150]
5.8 Frequencyofactivation . .............. ... .. ........ 53
5.9 Duration of activation of twosensors . . . ... ... .. ... .. .... I3
5.10 Frequency of activation of two sensors . . . .. ... ... ........
5.11 Duration of activation fortwosensors . . . . . ... ... .. ... .... [156]
5.12 Distribution of not similarsensors . . . .. ... ... ........... 159
5.13 Distribution of similarsensors . . . .. ... .. ... ... .. ... ... [162]
5.14 Messages per time insimulation . . . ... ... ... ... ..., ... [165]
5.15 BandwidthinSmarcCity. . . . . . ... ... ... ... ...,
5.16 BandwidthinIoTJungle . . . . . .. .. ... ... .. ... . ... ... [167]
5.17 Bandwidth in UbiquitousWorld . . . . ... ... .. .. ... ...... [1638]
6.1 Transportlinks . . ... ... ... .. ... . ... . . 74
6.2 Modalsplits . .. .. ... ... .
6.3 Distribution of timeandlength . . . . ... ... ... ... ... .. ... [180]

6.4 Neuralnetwork . . . . .. ... . . . . e 182



6.5 Fuzzy input membership functions. . . . ... ... ............ 34

6.6 Fuzzyengine output . . . ... ... ... ... 84
6.7 Iterations of the co-evolutive algorithm . . . . ... ... ... .. .... o1
6.8 Transportnetworks . . . . . . . ..ttt 93l
6.9 Boxplotofmodelsaccuracy. ......................... 200]
6.10 Results Of ALLvS. ALL . . . . . . v vttt ittt e e e
6.11 Census and expert fuzzy logic modal splits . . . . . ... ... .. ....
6.12 Obtained commutes speed and duration . . . . ... ... ........ 203]
6.13 Obtained private carcommutes . . . . . .. .. ... ..ot .. 204
6.14 Obtained public transport commutes . . . . . ... ... .........
6.15 Obtained walking commutes . . . . ... .. ... .............
7.1 Probabilitydensity . ... ... ... ...
7.2 Heatmap of the new settlement for Elderly people and Hospitals. . . . P24
7.3 Heatmap of the new settlement for Families and Schools. . . .. .. .. 224]

7.4 Heatmap of the new settlement for Young People and Sports Centres. . 225

B.1 Layoutofwebviews .. ....... ... ... .. ... .. .. ... 2776l






1.1
1.2
1.3

2.1
2.2
2.3

3.1

4.1
4.2
4.3
4.4
4.5
4.6
4.7
4.8

5.1
5.2
5.3
5.4

List of Tables

GISdatatypes . . . . . oo v et e A
Exampleof GISdata . ............. .. ... ... ...... 51}
Geosimulation application domains in urban development . . . . . . . 16l
User functionality of general purpose MAS . . . . ... ... ... .... B1
Simulation core characteristics . . . ... ... ... ... ... ... ... 33
General purpose MAS’ strengths and limitations . . ... ... ... .. 38
GeoWorldSim characteristics . . .. ... ... ... ... ......... 43l
GeoWorldSimmodules. . . ... ....... ... ... . .. .. . ... Q0!
SimulationlauncherAPT . . . . . ... ... ... ... .. ... .. ... 94
Authentication module API . . .. ... ... .. ..... .. ....... 97
Staticsmodule APT . . .. ... ... ... . ... 99
Datasourcesmodule APT . . . . . .. ... ... ..., (104
Socketsmodule APT. . . . ... ... ... .. ... .. [108]
Historical module API . . ... ... .. ... ... .. ... I
Alertsmodule APT . . . . . . .. ... . e 113]
Example of activities . . . .. ... ... ... .. ... . ... ...
Definition of activity . . . ... ... ... ... . ... . 34
Definitionofaction . . . ... ... ... ... .. ...
Data-sets forvalidation ... ......................... 137

ix



5.5
5.6
5.7
5.8
5.9

6.1
6.2
6.3
6.4
6.5
6.6
6.7
6.8
6.9

7.1
7.2
7.3

8.1

Pre-processdata-sets . . . ... ....... .. ...
Internal consistency in single-user scenario . . ..............
Internal consistency in mutiple-user scenario . . . ............
Coherence with real measurements . . .. ... ..............

Coherence with real measurements . . . ..................

Itineraryfeatures . . ... ... ... ... .. ... ...
Itinerary featuresnotpresent . . . . .. ........ ... ........
Fuzzyenginerule-sets . . ... ... .. ... ... .. ... .. ...
Fuzzy engine rule-sets fromsurveys . . . . ... ... ...........
Incentives and what attributes theymodify . . . . . ... ... ... ...
Globalaccuracy . . . .. ... .. .. ...
Values of modal splitforecast . . ... ....................
Confusion matrices for five transports . . . . . . ... ...........

Confusion matrices for three transports . . . . . ... ... ... .....

Agentsand preferences . ... ..... ... ... . ... ...
Factorsconsidered . . ... .. ... .. ... ... .. ... .. .. ...
Experimental results for the different agent type composition. All mea-
sures arein %. . . . . . . .o e e e e

GeoWorldSim characteristics . . . . ... ... ... ... .. . .. ...,



List of Listings

3.1 Example code of signal and slots

3.2 Example of an agent from JSON-LD format

3.3 Qt’s MetaObject iteration for climbing up parent classes

3.4 Traditional structure of agent steps execution in[Multi-Agent System

4.5 Example response of request to datasource module

4.6 Datasource reading function

4.7 Behaviour execution code

4.8 Each Block execution

4.9 Block asyncrhonous and dynamically code

5.10 Headerexample. . . .. ... .. ...t

5.11 Payload example. . . . . . ... ... ... e

5.12 Control message example

6.13 Response from the multi-modal GTPlanner algorithm
A.14 Node]Js callback usage

A.15 Node]JS Promise usage

A.16 Node]JS Async/Await usage

A.17 Lazy loading interface adopted

B.18 Example HTML pug page

B.19 Result of pug rendered page

B.20 al-entities and al-repeat directives usage

197
2651
2661
2701

280






Acronyms

ABM Agent-Based Modelling.
ACL Agent Communication Language.
AI Artificial Intelligence.

API Application Programming Interface.

CA Cellular Automata.

CPU Central Processing Unit.
CSS Cascading Style Sheets.
CSV Comma Separated Value.

DOM Document Object Model.
DSO Distribution System Operator.

EDSS Environment Decision Support System.
FIPA Foundation for Intelligent Physical Agents.

GIS Geographic Information System.
GPS Global Positioning System.
GUI Graphical User Interface.

HTML Hypertext Markup Language.
HTTP Hypertext Transfer Protocol.

IoT Internet of Things.



JSON JavaScript Object Notation.
JSON-LD JavaScript Object Notation for Linked Data.
JVM Java Virtual Machine.

LSMAS Large Scale Multi-Agent System.
LSS Large Scale System.
LTLF Long Term Load Forecasting.

MAS Multi-Agent System.

SHP Shapefile format.

SLF Spatial Load Forecasting.
SQL Structured Query Language.
S§SO Single Sign-On.

SVM Super Vector Machines.

XML eXtended Mark-up Language.
XSS Cross-Site Scripting.



CHAPTER

Introduction

Urban planning is a technical and political process concerned with the design
and regulation of the urban space, economic functions, social impacts and activities
within it. Their evaluation and planning is a difficult task currently under considera-
tion by many research centres and commercial tools. It involves evaluating processes
and networks for managing power, water, transportation, communications or waste
networks among others. Urban planning concerns itself with both the improvement
of the public welfare as well as effects on everyday social and economic activities.
While there is widespread consensus on how each urban process should work by sep-
arate, when combining all, most major planning decisions involve trade-offs between
confronted objectives and thus conflicts emerge. Good urban planning implies goal
setting, data collection and analysis, forecasting, design, strategic thinking and public
consultation.

To this end, Geographic information technologies have been a standard to map
existing urban systems and to project the consequences of changes. It is an obligation

then to start with a brief introduction of what these are and how they work.



1. Introduction

1.1 Geographic Information Systems

Cartography is the art and science of making maps. From cave drawings to ancient
maps, people have used maps as essential tools to help them define, explain, and
navigate their way through the world. Maps are a product of human endeavour always
created to sever a purpose. These display only a few selected features with processed
information portrayed in highly symbolic styles according to a classification scheme
and certain basic assumptions which are not always true or verifiable, but useful.
Imagine a map where each ocean is coloured differently. It is not true that water
has those colours, but that differentiation would allow knowing the bounds of each
ocean. In these ways, all maps are estimations, generalisations and interpretations
of true geographic conditions and, as such, may be subject to unwitting errors,
misrepresentation, bias, or outright fraud. As the famous quote from George Box
(Box, |1979) states, “All models are wrong, but some are useful”. In this sense, maps
have proven to be remarkably adaptable and useful through several millennium of

human civilisation and are fundamentally important for modern society.

|Geographic Information Systems (GISs)|are software applications to deal with

spatial information on a computer, that is, to create digital maps, manage elements
in them and perform spatial analysis with such information. There is a generally
accepted assertion stating that around 80 percent of all world information is geo-
graphically referenced (Hahmann et al.}|2011).

GIS|make it possible to integrate different kinds of geographic information, such

as digital maps, aerial photographs, satellite images and|Global Positioning System|
(GPS)|data, along with associated tabular database information (e.g., attributes or

characteristics about geographic features). This geographical component brings

rich and pervasive information that enables a better understanding of the data,
more efficient operation and more competitive to institutions. help to perform
statistical analysis or spatial queries, to explore what-if scenarios, and to create

predictive models by execution operations such as:

¢ What exists at a given location?

¢ Where does something occur?
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¢ Which is the distance or area between two elements?
* What has changed since a specific point in time?

e How to reach from point A to B?

Institutions and companies have generated during the last decades new insights,
business models and knowledge by mapping location-specific data (known as
data) in fields such as natural resource management (Powar et al.,2018), infrastruc-
ture and transportation planning (Guerreiro et al., 2018; |Sierpinski et al., 2014) or
health and public safety (Rodrigues et al.}[2015). [GIS|data has tremendous potential
for facilitating decision-making process and for revealing the combined effect of in-
cremental decisions. Indeed, many have praised [GIS|for their ability to provide better
information - information that is faster, cheaper, more reliable, more readily avail-
able, and more understandable - which, in turn, might lead to better decision-making
(O’Looney,|1997).

1.1.1 |GIS|Data

improved traditional information data-sets extending the allowed data types
and operations to more than text or numbers. Depending on the system, the new
data types offered can be the ones described in Table[1.1] Using these types, data-
sets can be extended to host important information that otherwise would not be
possible. Table[.2]shows a (non-geographical) table extended with geographical data
containing the town hall location and boundary of a municipality. It is true that the
location of the town hall could have been stored with two number typed columns for
latitude and longitude but as soon as geometries become more complex (e.g. the case
of polygons) there would not be a clean way to manage them using standard data
types. In addition, [GIS|applications can store more than one geographical aspect
associated to one element, something that paper maps are not very good at. A[GIY
could draw the municipality boundaries from Table|1.2|adding a colour scale based
on population or on the calculated area of the boundary. So within a[GIS} maps’
appearance can be easily changed based on geographical and non-geographical data

associated to map elements.
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Table 1.1: data types. (Source: Own research)

Type Description

Point Single coordinate for representing the location of an element.
Ordered sequence of more than two points that defines linear fea-
tures such as rivers and roads.

A closed line delimiting an area or volume. It can contain holes
(represented as inner polygons) within.

Multipart Combination of any of the above three types.

Graph Set of points joined by lines so that they build a connected network.

Line

Polygon

Table 1.2: Example of Points and Polygons data types provided byfor municipalities
and town halls. (Source: Own research)

name population townhall boundary
text number point geometry
Balmaseda 7700 -3.2,43 -3.2,43-3.2,43 -3.2,43 ...
Arrigorriaga 12000 -2.9,43 -2.9,43-2.9,43-2.9,43 ...
Bilbao 350000 -2.9,43 -2.9,43-2.9,43 -2.9,43 ...

[GIS|data is often modelled in two different formats according to the level of detail

and the information to be represented:

Raster data: A grid surface composed of regular cells with a value associated to
each. A digital photograph is an example of a raster dataset where each pixel
value corresponds to a particular colour. Only the boundaries of the grid are
georeferenced and extracting the location of all inner cells is straightforward.
In [GIS} cell values may represent information that is continuous along the
area such as elevation above sea level, chemical concentrations, rainfall, etc.
Therefore, independently of the geometries to represent, a raster grid covering
the same area and amount of cells will always have the same size. However,
if zooming in too much on a raster image, it will start to appear blocky, as the

cells will get bigger without being spread into sub-cells.

4



1.1 Geographic Information Systems

Vector data: Spatial objects such as points, lines and polygons stored as a series of x,
y and z coordinates. Vector data stores all the coordinates that must be joined
in a particular order to recreate a geometry. This means that geometries will
not lose level of detail no matter how much zooming is applied to the map. In
GIS| vector data is used to shape information with discrete boundaries, such as
country borders, land parcels, or streets. However all these coordinates can be
excessive depending on the level of detail and amount of geometries leading to

unmanageable datasets.

Figure[1.1]shows the two types of data being viewed in a[GIS|application. Trans-
lation between the vector and raster data models can be done using a number of

conventional methods, though none is without error.

1111 ]e]4h]a a{a]afa]4]4

1 1117|1474 | 4|aj4(a|a(4|4]4
A AN BT

111 kAl 4]a el 3] 3]3]a]3]4]2

1[5 [shafea]Fa]s]s|3]a]a

5 |5 |5 (5|54 4| af3[3|3|4|4]a

5(5]5 (5 |als[a]alalata|a|s]s

5|96 |5 |5|5pd|4)|4|d|4]4]4

5 4 5 |5]5/5|a|s5]'% a]ajalalals]2
5(5[5[5|4s]5]8] afafafa}2]2]2

2 5 |6|5|5|s|s]|s| 4] a|ala|2]2]2

5 [5]5|s [a]s]s] 4l a[a]]z][2]2]2

Figure 1.1: Map displayed as vector (left) and raster (right). Note that the red lines in
the raster grid’s are for better viewing of the geometrical data but are not stored in the
file. (Source: |Center for International Earth Science Information Network - Columbial
University et al.|(2014))

1.1.2 |GIS|Analyses

processes automate tasks that were historically done manually. The main opera-
tions use the described data-types in Table[I.1and create new maps by transforming
or overlaying geometries on top of others. The main analyses perform are:

5



1. Introduction

Transformations: Geometric transformations are used to assign coordinates to map
featuresin a Such transformations adjust the coordinates of a data layer so
it can be correctly overlaid on another layer of the same area. For this purpose

two approaches are used, absolute and relative.

Relative Position: Refers to the location of features in relation to a geographic
coordinate system. A data layer or element is defined as correctly located
and then the remaining features are adjusted with links representing from
and to locations.

Absolute Position: The location in relation to the ground which requires trans-
forming all the individual features. The advantage of the absolute method-

ology is that it does not propagate errors from one layer to the next.

Geometric unions and intersections: Combining features with unions (joining area
A and B to create another one covering the area of both) and intersections
(extracting the only part shared by two different areas A and B) is a widely used
technique to create spatial information. For example, the intersection of a river
area and highway line would determine the area where a bridge should be
built.

Containment: Testing if a features is contained within another is a topological pro-
cedure which determines the spatial coincidence of points, lines and polygons.
Geometries can be assigned the attributes of the polygons within they fall. For
example, this function can be used to analyse an address and find out if it
(point) is located within a certain zip code area (polygon) or the total miles of
state highways within the boundaries of a certain county. Using vector data,
the identification of points and lines contained within a polygon area is a ge-
ographical function comparing all the coordinates of both features. On the
contrary, in raster data it is essentially an overlay operation, with the polygons
in one data layer and the points and/or lines in a second data layer.

Buffer: Buffering is commonly used with proximity analysis to indicate the sphere of
influence of a given element. Buffering involves creating a zone around a given

point, line, or polygon of a specified distance. It is useful for further analysis
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testing if features rely within the calculated area. For example, a 1000 m buffer
could be generated around a school to then use overlay analysis to find out
how many libraries are within 1000 m of that school.

Distances: Some distance analyses require the measurements to be constrained to a
road, stream, or other linear network. This requires building a network graph
where the nodes represent the physical points, edges represent the available
connections (roads, pipes, etc) between those nodes and each edge contains
the cost (distance, price, speed) of travelling using such.

Service area: Following with graph distances, a network service area is a region that
encompasses all accessible points of a graph without exceeding a certain cost.
It can be understood as the buffer operation from a point in a graph (that is,
streets that are within a specified impedance). For instance, the 5 min service
area for a point on a network includes all the streets that can be reached within
5min from that point. Concentric service areas show how accessibility varies

with impedance.

1.2 Limitations of traditional GIS analyses

When working with[GIS} as knowledge about them grows, their limitations are rapidly
glimpsed. It is not necessarily that[GIS|have shortcomings, but that their scope holds
on to the representation and operation of geographical factors. All the analyses de-
scribed in Section[I.1Jwork with a static capture of the data which does not change
in time and with objective spatial factors that do not give rise to different interpreta-
tions. The following sections will provide some insides about the limitations that[GIS
technology have and why they do not provide complete results.

1.2.1 Representing relations

Some features usually have spatial relations and constraints that can improve or
even be critical for obtaining the results. There are many neighbouring and spatial

calculations to detect these relations but sometimes they are not calculable with
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just geometries comparing processes. In order to represent such relations between
elements, |GIS|use the concept of Topology. It assumes that geographic feature rela-
tions are represented as nodes (points) and edges (connecting arcs between points).
Thereby, nodes connected by an edge have a certain relation. However topology us-
age is limited to specific cases where geometries share some part (e.g. two polygons
that touch themselves) or for binary element relations (e.g. being able to travel from
one point to another).

While there are several standards for representing unitary geometries, there is no
consensus on how to model spatial relations. Mappers create their custom topolo-
gies for their needs trying to fit all relations as pair of nodes connected by an edge.
Figure[1.2]illustrates a graph with an intersection inside. Within the intersection,
travellers arriving from B can not turn left to A and the ones arriving from D can
not turn right to C. There is no standard way to represent said restrictions. A first
approach to avoid computers sending a car ignoring those restrictions could be
removing the intersecting point, but this point is necessary to model that there is
an actual intersection (otherwise a computer could understand it as a crossing at
two different levels). According to their necessities,[GIS|modellers have created their
own custom ways of defining turn restrictions (Jiang et al.};2002) but implies creating
complicated fictional road segments that require extra costly processing and blur
the network. Furthermore, when relations imply many different elements (e.g. turn
restrictions depending on the day, vehicle type and occupation) it will be even more

difficult to define a schema to represent them.
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Figure 1.2: Example of a map where intersection turns must be restricted. (Source: Own
research)

1.2.2 Centralised control

Many|[GIS|techniques were formulated in a time in which urban areas had different
shape than what they do today. In terms of scenarios, the conceptualisation was
that cities were structurally monocentric, organised with a dominant centre and
dispersing homogeneously with distance from the urban core and, thus, dispersion
models were created based on these assumptions. This centralised approach does not
adjust appropriately for urban dispersion models since many areas are decentralised
in terms of activity, population or structure. Consequently, geo-processes need to
escape from the traditional centralised view to bottom-up approaches in which cities

have distributed rates of expansion that work in a decentralised way.

1.2.3 The world is not static

[GIS|work with a capture in time of current or past situation of a scenario. Geographic
calculations may require big time and, knowing that the world changes during those
experiments, for when results are obtained these may not be useful. To solve this,
there are already some tools that add a time-stamp to the geographical features so
that it is possible to know at what moment each one existed. However, going back

and forth in time in these tools is simply turning elements off and on without really
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evolving and modelling that transformation process for each feature. have failed
to representing the temporal and evolutionary component of a territory.

This issue is probably due to the fact that developers and scientists have primed
the modelling of objects over processes, so|GIS|are good at representing the map but
not the processes (the model) that give rise to the map. This makes|GIS|tools very
precise but also very cold. They do now take into consideration the social or physical
processes that transform the map layout which are often more scientifically relevant
than the map itself. On the one hand, a simple example of the physical dynamism
would be mountain erosion where material is redistributed across the landscape over
time. On the other, social dynamism could be water supply network where citizens

consuming water results in water flows to be in constant redistribution.

Moreover, within the|Internet of Things (IoT)|paradigm (Xia et al.,|2012), technolo-

gies are focusing on creating processes that actively monitor the real situation of the
world, process it and in return actuate on it. These active listeners must understand
the process that is behind the signals they receive in order to give a coherent and

useful response.

Having identified all these limitations, it is clear that extending to accommo-
date non-geographic factors would result in losing their primary mission and going
against the KIS{] (Terano, |2008) principle. KISS states that most systems work best
if they are kept simple rather than made complicated; therefore simplicity should
be a key goal in design and unnecessary complexity should be avoided. So bounded
expertise has lead[GIS|to perfectly couple with other domain specific software in a
mixed-methods relationship to improve environmental, economic or health care
analyses. The question at this point was how to go a step further and integrate sub-
jective aspects that each person understands in different ways. This is where

came to the rescue.

IKeep it simple stupid!
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1.3 Multi-Agent Systems

1.3 Multi-Agent Systems

Problems involving many interacting features are large in size, dynamic and stochas-

tic by nature. Such [Large Scale Systems (LSSs)|are intricately multifarious, with

multiple objectives that can lead to conflicts among the multiple decision makers
present in the problem. A system can be considered as a if one (or both) of the

following perspectives holds:

e It can be decomposed into a number of interconnected subsystems, either
for practical reasons (design) or because computation needs to be distributed
(performance);

e Its high dimensionality leads to a combinatorial explosion in its space of possi-
ble behaviours, so that the usual methods for modelling analysing, controlling
or designing cannot find a solution in a reasonable amount of time. As a re-
sult, these systems require the control of the data and/or computation to be

decentralised over the subsystems.

Over the last decades, many universal approaches have been widely used for
modelling stochastic processes, such as Monte Carlo techniques (Rubinstein and
Kroese} |[2016), Markov Chain models (Keilson,2012) or Queuing Theory methods
(Allen} 2014). Creating software representations of these problems allows having
risk-free ways to explore the performance of said processes to extract knowledge
before making real-world changes. In this sense,[MAS have been an active area of
research in the last three decades (Wooldridge and Jennings,|1995). What started
as isolated systems for simple problem-solving have turned into full-scale simula-
tion platforms that are able to integrate several state of the art technologies.
are computer systems composed by agents capable of interacting with each other.
aim at capturing collective behaviour of human decision-makers within the
environment that supports their activities. In particular, are a natural approach
for modelling and implementing[LSS|because they rely on decentralised control by
means of agents. Each intelligent agent comprises an independent program that

emulates a behaviour and can move within the environment in order to fulfil its

11
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objectives. Agents can communicate, negotiate, and learn; they can perceive their
environment, process perceptions and respond or act in a rational manner as would
the entity they represent. According toMacal and North|(2010),[MAS|are composed
of the following:

1. Aset of agents, their attributes and behaviours.
2. Asetof agent relationships and methods of interaction: An underlying topology
of connections defines how and with whom agents interact.

3. The agent’s environment where they live in and interact with it.

Macal and North| (2010) also state that Agent is the definition applied to an entity
that can be simulated by means of a computer. They are independent systems that
try to fulfil a set of goals and emulate a certain behaviour. All these agents are situated
in an environment they can sense and act upon, and are executed in parallel either
competing with each other or cooperating to achieve a common goal. In this way, it
is possible to create networks of agents working together to give response to complex
problems that may need a collective result beyond what can be achieved with the
individual knowledge of each agent.

The classic example of this is calculating the travel time of a large number of
workers who leave at the same time to return from their working places to their
homes by car. Calculating the time independently for each traveller would give a
more than acceptable result. However, a large number of vehicles always involve
delays and heavy traffic. Being able to simulate all the vehicles travelling at the same
time and competing with each other to be the first vehicle to leave, reproduces traffic
delays in a much more reliable way and consequently the journey times are closer to
reality.

However, simulations are of high dimension (lots of interacting features),

large in size and often stochastic by nature. Bottlenecks in an|Large Scale Multi-Agent|

[Systems (LSMASs)|are usually related to the size of the system in terms of the number

of agents, amount of messages exchanged, computational needs and the amount of
data in the system. Indeed, regardless of the application domain, each additional

agent requires some computational resources. Therefore, the[MAS|should be able to
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accept new agents without compromising its functioning. To limit the exponential
need for computational resources, simulation models target an accuracy and scope,

being classified as:

Micro-simulation models: Describe the world with a high level of detail and distin-
guish separate elements that live in it. Though the use of this high level of detail
entails very precise analysis, it must be limited to a small area or intersection
due to its complexity.

Meso-simulation models: Describe the world with an intermediate level of detail,
for example by distinguishing separate elements in the traffic flow but not
taking into account the interactions between them. They are less precise and
can be applied to cover larger areas than those of the micro-simulation.

Macro-simulation models: Describe the world with a high level of aggregation, as a
uniform flow. Macroscopic simulations have been traditionally developed to

model large-scale areas or systems.

1.3.1 The agent environment

It has already been said that, agents in a[MAS|run and coexist in a so called agent
environment as described by[Weyns et al| (2005). Within[MAS|technologies, the agent
environment concept has been recognised as an independent and living element
which is essential to model dynamic real world problems. More than ten years ago,
Weyns et al.| (2005) already defined the scope and differences between the agent
environment and agents that inhabit it. The real world environment is inherently
dynamic as it changes beyond the humans’ control. This dynamism is the main
lack in traditional and must be modelled explicitly as part of the simulated
environment by implementing processes that can change its own state.

The agent environment is now broadly recognised as a first class abstraction for
building a[MAS)} especially because it mediates interactions between agents and their
access to resources. In an[LSMAS] the number of interactions and resources could be

very large, hence the design of the agent environment is even more crucial because
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it directly impacts scaling issues and plays an important role in managing potential
bottlenecks. Their foremost characteristics are:

Scalable Structure: refers to distributing the computation and state of the agent en-
vironment. The agent environment may have different structures: multi-level
or hierarchical, multi-stage or dynamic. For example, the agent environment
may be structured in segments, each representing a local view on the physical
environment; segments may be connected via a Peer to Peer (P2P) network.

Access to Resources: Typically,[LSMAS|are composed of heterogeneous agents de-
ployed in an agent environment, which defines laws that regulate access to
resources. At a large scale, monitoring, trust, and security aspects are to be
carefully designed so that the cost induced by managing access to resources
does not become a bottleneck.

Scalable Communication: When coordination among thousands of entities is re-
quired, the agent environment should provide means for communication
between agents that do not involve any central point of access or control.

Interaction model: to achieve scalable agent environments, it is important to pro-
vide agents with efficient means for perceptions, actions, and interactions.
Central here are suitable abstractions, e.g., the agent environment should offer
high-level primitives to agents for perception, coordination etc., that support
efficient processing by the agents.

Regarding its implementation, there is plenty of literature describing the philoso-
phy behind agent environments and how these should be structured. [Weyns et al.
(2007a) define a suitable software architecture that highlights the core functionalities

that should be present in every agent environment such as:

¢ A deployment context that comprises sensors and actuators with which the
interacts.

¢ An abstraction level that bridges the conceptual gap between agent abstraction
and low-level details.

¢ An interaction-mediation level that regulates the access to shared resources

and mediates the interaction between agents.

14



1.4 Joining GIS and MAS

Steiner et al.[(2006) establish a design and implementation of an environment as a
first-class entity for a geographically based simulation system. Finally,|Valckenaers
etal,(2007) establish thatMAS|applications can be heavily influenced by the structure
of the environment in which their agents operate. An appropriate environment
definition can help and bring together real world scenarios and applications by
addressing key issues as time management, sensor processing, augmented reality

and virtual actuators.

1.4 Joining GIS and MAS

Evaluating urban developments requires building more accurate maps that bring the
physical reality together with social, demographic and economic components. Urban
scenarios are the result of interactions between actors, over time, with feedback that
changes the scenario in a continuous loop. In this sense, twenty years ago the first
voices emerged stating that joining[GIS and[MAS|would be beneficial for improving
spatial sciences (Batty,|1999). It did not take long until the so called Geosimulations
(Benenson et al., |2004) paradigm was born to improve the quality of the urban
analyses that were done back then. The essence of the Geosimulations is to carry
out a series of computational experiments of the real system and to generate output
data that characterises the subject system. These can be distinguished from other
simulation methodologies by its explicit attention to space and geography (hence the
geo). Geosimulations allow to check, monitor and evaluate the behaviour of the real
systems under different realistic conditions in an artificial computer based world.
However, the use of Geosimulations emerged small and not equitably for all
research areas. Table[I.3]summarises how much effort and operational software has
been carried out for building simulations by scientific area. More precisely, while[GIS]
are transversal in all urban planning processes, surprisingly the use of differs
depending on the research area (Ouyang, |2014) and is even lower when simulating

human behaviour regarding their interaction and resilience to urban systems.

15



1. Introduction

Table 1.3: Geosimulation application domains in urban development. (Source: Own
research)

Research area Use of Geosimulations

Urban growth Big (Chen,|2012)
Transportation modelling Big (Bazzan and Kliigl, [2014)
Power networks evaluation Medium (Sujil et al.,[2018)
Water networks evaluation Medium (Teodosiu et al.;,|2009)

Waste management evaluation Low (Karadimas et al.,|{2006)
IoT Communications evaluation Low (Karnouskos and De Holandaj |2009)
Human activity modelling Low (Chen and Khalil,[2011)

1.5 Objectives of the dissertation

In view of the effective results achieved by Geosimulations for some sectors (e.g.
transportation, logistics, telecomms) (Miiller and Fischer, 2014), it is time to think
how to improve current Geosimulations and extend them to cover research areas
that have been left out of these developments. The primary objective of this study
is to design a generalist Urban Systems simulation methodology and evaluate how it
can be applied to different urban planning problems. On this premise, the hypothesis
of the thesis is constructed to prove that:

Time-asynchronous, distributed and intelligent environment
based Geosimulations could allow a better description of Urban
Systems.

This objective is intended to be addressed from a social and physical dimension
to simulate all the interactions and feelings that occur while interacting with the

urban environment and help in decision-making processes.

16



1.5 Objectives of the dissertation

1.5.1 Structure of the thesis

The current dissertation proposes a simulation framework called GeoWorldSim (Pi/
joan,|[2017) for carrying out the experimentation. The motivation and architectural
design of the system is discussed as follows: Firstly chapter [2|reviews the existing
trends, strengths and weaknesses in Geosimulation platforms to identify how to
model Urban Systems. Secondly, in deep description of the GeoWorldSim core is
written in Chapter [3|together with the physical and logical architecture of all the
platform tools described in Chapter[d] Finally three applications of GeoWorldSim are
detailed in Chapters[5|to[7]applying the platform in three urban problems:

* how to approach IoT communications and their impact (Chapter|[5),
* sustainable transport fostering (Chapter|[6) and
* power networks resiliency in the city (Chapter[7).

Each of these chapters contains a full description of the problem, solution pro-
posed together with results and specific use-case conclusions gathered. Finally Chap-
ter[8|brings to light conclusions, new challenges and future research areas regarding
Geosimulations.

The work here contained, yields a useful tool for urban planners and decision-
makers, who can study and develop efficient simulations that can capture the nature

of the process involved in their own complex decision-making objectives.
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CHAPTER

Roadmap to
Geosimulations

Societies and territories are interrelated and in constant evolution; even the
smallest actions have an impact on the dynamics of both. Change is only noticeable
when different patterns become discernible, but before change at the macro-level
can be seen, it is taking place at many micro-levels simultaneously. All of these micro-
level subsystems interact separately forming a complex network of interactions. In
essence, urban dynamics are more than a simple sum of their parts and to understand
them, it is necessary to deeply study the individual entities that make up said system.

A clear example is that, although geographical properties are objective measures,
as soon as adding the society (human beings) together with their preferences and
skills, a territory takes on different interpretations. The slope of a road is an objective
datum, but whether this is accessible or not completely depends on the person who
has to cross it. That is why urban developments analysis and models need to go into

more detail level and consider those components that influence urban dynamics
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2. Roadmap to Geosimulations

such as social, demographic or economic factors. If these factors are already complex
to understand, these are even more difficult to recreate within a computer system.

This complexity emerges mainly due to its stochastic nature where a large number
of variables and personal preferences come into play. Facilities building and urban
developments are highly expensive and if the solution does not fit the necessities of
the citizens, the infrastructure might need to be upgraded, increasing the cost or even
worse, becoming a worthless investment. Therefore, a cheap and flexible method for
testing future infrastructures is to use computer simulations supported by advanced
mathematical models.

Geosimulations represent a new spatial model approach that allows to develop
simulations of urban development bringing together a great diversity of theories
and techniques (Sengupta and Sieber, |2007). These represent one of the most inno-
vative attempts to go beyond traditional spatial analyses by understanding urban
phenomena as a consequence of the collective micro-dynamics of complex entities
that interact with each other. Entities inside a Geosimulation are often represented at
the scale of individual homes, humans or everyday objects and in time measures that
approach real time. Enriching|GIS|with[MAS] (Figure[2.1) merges both the geographi-
cal and the socio-economic reality of a territory in a Win-Win relationship making it
possible to model a dynamical complex heterogeneous real-world system with its
geographic and social components.

Research in Geosimulations has been active in urban applications in the last
twenty years (Batty, |1999; Behnisch and Meinel, 2018) where this technique has

expanded the range of analyses that can be achieved through simulation. Early

efforts in urban development simulations started by using|Cellular Automata (CA)|

models (White, [1998). Initial models had several weaknesses in handling detail, due
to alack of data available at fine-scale spatial resolutions and only being able to create
homogeneous behaviour, which made it difficult to model different entity preferences,
travel to work costs, and so forth. Following improvements started joining[CA|with
(Torrens}[2003). In these, [CAlwere best used to represent the dispersal of activity
and characteristics between discrete spatial units of urban infrastructure and[MAS|

simulated urban population as collectives of individuals with associated behaviours,
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Spatial modelling ‘ Individuals modelling

Geosimulations

Figure 2.1: withcornbination to build Geosimulations. (Source: Own research)

traits, mobility and communication. The advance of introducing[MAS| supposed
a great improvement to further explore the evolution of urban developments with
heterogeneous behaviour and population.

Since then, the concept of Geosimulations has begun to gain popularity in the
literature, facilitated even more by the improvements in computation power and data
acquisition. It is noted again that most researchers have created their own software

tailored for their needs rather than using or developing a general framework. These

explains the huge amount of platforms and [Environment Decision Support]

Systems (EDSSs)|found by Rendon Sallard and Sanchez-Marre|(2006). Most of these
are not publicly available for inspection of the code. Accessing these platforms openly

would have been of incredible help for knowing different methodologies to address

Geosimulations.

The modelling urban processes is inherently different to traditional systems. As
every[LSS} dealing with software that simulates huge amounts of interacting sub-
processes causes problems in both the engineering and deploy phases. Mainly have
to deal with:
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Engineering: Being able to program all the functionality a Geosimulation must
provide.

Data harmonisation: Transforming data and objects between different formats and
protocols.

Scale: Make use of the computation capacities to run as fast and big as possible.

Real-time: Performing the calculations in acceptable time.

Messaging: Transferring information and commands between separated objects.

Uncertainty: Managing the stochastic nature of Geosimulations.

Knowledge: Digesting the big data of simulation attributes and results into useful
information.

Further, Geosimulations need to address several key challenges for urban mod-
elling as identified by|Crooks et al. (2008a):

Purpose of the model: Correctly capture the purpose of the simulation.

Theory: The simulation should be based on proven theories and techniques.
Agent and Dynamics: Defining the type, behaviour and interactions between agents.
Calibration and Validation: Fine-tuning the model until it reaches optimal results.

On this chapter the existing Geosimulation works will be reviewed to identify
tools and functionality that set the standards for providing Geosimulations. At this
point first on the user functionality is analysed, that is, what usability the software
provides and secondly on how it is implemented behind.

Reviewing state-of-the-art[MAS] a wide ecosystem can be found that models the
urban problem using an agent-oriented approach (Rendoén Sallard and Sanchez{
Marre, [2006; [Kravari and Bassiliades} |2015; |Nikolai and Madey, 2009; Change} [2000).
In this sense, the extensive review from [Nikolai and Madey| (2009) identifies more
than fifty toolkits for building[MAS] Within these, some have been already proposed
by [Torrens| (2010) for being used in Geosimulations development. Most[MAS] are
strongly linked to their specific use case, would require heavy changes to be used in
other contexts and seem to be in a permanent experimental status within an aca-

demic domain. However, there exist a few operational and active general purpose
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multi-agent platforms that assist with an all-in-one toolkit for building Geosimula-
tions and tackling any research area (Marceau and Benenson, |2011). These general
purpose[MAS) primarily focus on the orchestration of agents providing a run-time
environment for executing simulations and allowing experts to focus on modelling
rather than programming issues. Above this, said platforms differ on the levels of
completion they offer according to the additional built-in characteristics for graphical

user interfaces, distributed executions or results processing they integrate.

The most mentioned state of the art general purpose platforms are:

Netlogo (Tisue and Wilensky,|2004): Toolkit designed for simulating complex natu-
ral and social phenomena. It enables the user to model any number of agents
in a variable-size environment using a simple programming language derived
from Logo.

Jade (Bellifemine et al.,}[1999): A software framework to develop agent-based ap-

plications in compliance with the[Foundation for Intelligent Physical Agents|
(FIPA)|specifications (Fipa,2002) for inter-operable intelligent multi-agent sys-
tems. It is a middleware to simplify the development while ensuring standard

compliance through a comprehensive set of system services and agents.

Repast (North et al.,2005): A widely used agent-based modelling and simulation
toolkit with multiple implementations in several languages and built-in adap-
tive features, such as genetic algorithms and regression.

Gama (Taillandier et al.,2010): A more recently created platform, Gama is a mod-
elling and simulation development environment for building spatially explicit
agent-based simulations.

Mason (Luke et al.,2004): A fast discrete-event multi-agent simulation library de-
signed to be the foundation for large custom-purpose simulations and to pro-
vide more than enough functionality for many lightweight simulation needs.
MASON contains both a model library and an optional suite of visualisation
tools in 2D and 3D.

Anylogic (Grigoryev,[2012): A multi-method simulation modelling tool for agent-

based, discrete event and system dynamics simulation methodologies. It has
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several extension libraries for simulating specific use cases such as health-care,
transportation or social dynamics.

UrbanSim (Waddell, 2002): A simulation platform for supporting planning and anal-
ysis of urban development, incorporating the interactions between land use,
transportation, the economy, and the environment.

REGISTA (Blecic et al., 2009): Reality Emulating Geographical Information System
for Territorial Analysis. It joins[GIS|and [CA]in a general-purpose platform to
model and simulate real-world territorial systems.

MAGI (Blecic et al.,[2008): A Geosimulation Infrastructure relevant for strongly geo-
spatially oriented agent-based simulations. MAGI is an effective modelling
environment for building and executing simulation models and a class library
based on open source components.

OBEUS (Benenson et al.,[2001): A Geographic Automata System for urban simu-
lation, a research-oriented framework to allow users create simulations
through [CA] It allows to formulate and code relationships between [GIS| ele-

ments and behaviours for the automatas.
Each of these platforms has its simulation niche throughout the literature:

Netlogo and UrbanSim: Found for many urban growth research that models spatial
growth patterns and land-use change. The work from|Ma et al.[(2012),Martinez
and Morales| (2012) and |Albrecht| (2005) use them to build Geosimulations
integrating urban plans together with economic and social development plans
on in order to study the dynamics of the population.

Jade: Conversely, seems to be more oriented to communicating agent system to
model urban infrastructure allocation such as security resources, as made by
Furtado and Vasconcelos|(2006), and flood devices, as/Rojas et al.| (2017) did.

Gama: Seems to be the de facto standard for crowd displacement simulations as
most works are focused in people movement, evacuation and urban emer-
gency resiliency simulation. This is the case of the works by|Claridades et al.
(2016) /Carcellar| (2017) and |Ruiz-Chavez and Salvador-Meneses| (2017) where
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they use Gama to geosimulate crowd movement inside buildings and urban
spaces.
Anylogic: Found mainly for many energy system modelling, optimisation and plan-
ning processes in the works by/Bahu et al.[(2014);[Menassa et al.| (2013).
Mason and Repast: In the bibliography there are no works in which Geosimulations
have been developed using these two platforms. They are mentioned in their
technical presentation articles and reviews of the state of the art in Geosimula-
tion techniques, but later the works choose to use another platform or develop
their own.

REGISTA, MAGI and OBEUS: Although sounding as promising approaches, these
are not actively maintained or their documentation is not publicly available to

search how they have addressed Geosimulations.

It is appreciated that many of the these Geosimulations make use of external
specialised toolkits. For example, if wanted to simulate the impact of a malfunction
on the water distribution network over the citizens, a simulator of the entire water
distribution network should be needed. Therefore, if Geosimulations want to cover
as many urban scenarios as possible, everything points to the need to integrate highly
specialised models. There are already such complex simulators in the literature:

e for fresh and waste water distribution networks, it would be interesting to
integrate EPANET (Rossman et al., 2000) and EPASWMM (Gironas et al., 2010;
Kamara-Esteban et al.} 2017b) software;

e for electric components, it would be desirable to integrate Matlab (Guide}|1998;
Kamara-Esteban et al., 2016);

» for transportation, it would be desirable to integrate SUMO (Krajzewicz et al.,
2012); and

 for power grids modelling, it would be desirable to integrate EnergyPLAN (Lund}
2011} @stergaard} [2015)

Reading all the above state-of-the-art, it is possible to glimpse the main areas in
which Geosimulations are most developed and how the current platforms help in

achieving these.
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2.1 Operation and limitations

In order to minimise the effort of re-discovering Geosimulations and re-inventing
the wheel, the main objective is always to reuse or extend already existing platforms
as much as possible. The aforementioned platforms make up the state-of-the-art
panorama in terms of Geosimulations. A good analysis of these, allows to discover
what functionality they provide to users and which of the platforms does it best. This
review will try to extract for reuse all key functionality that Geosimulations should
provide.

It must be noticed that the initial revision of the platforms was made at the start of
the thesis in 2013. Since then, some of the platforms have been greatly upgraded with
new functionality and error fixes. The functionality list contained in this document
has been updated to include all the new characteristics added to the platforms but
keep in mind that many of them did not exist back in 2013.

Complex simulation platforms tend to have steep learning curves and developers
must be familiar with the underlying abstractions or make an effort in understanding
those concepts. This entails that, depending on how large the framework is, getting
to know it in depth and the development of the necessary extensions time can exceed
the time required to develop a new custom one. It is here where the access to the
source code of the platform, technical reports and descriptive documentation, play a

vital role.

2.1.1 NetLogo and Anylogic

As soon as starting to dive in the source code and documentation it is quickly dis-
covered that two of the above identified platforms are not open-source (NetLogo
and Anylogic). This does not imply that they can not be tested (their characteristics
will continue to be analysed) but obviously discards them for reuse. It was a hard
blow having to discard Anylogic since it is probably the most mature and complete
platform in the market for Geosimulations. Anylogic surpasses all the expected func-
tionality of Geosimulations and seems to really be the leader in its field. It is also true

that this maturity has been achieved by orienting Anylogic into a cloud proprietary
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product that fulfils the main needs of the industry. Although it contains a free trial
period that has been used to test some of its cloud simulations, there is no public

information about the purchase costs of the platform.

2.1.2 Jade

Following the above order, Jade was next. Looking more in detail at its functionalities,

it is important to distinguish two opposite approaches found:

Agent-Based Simulators: All platforms except Jade are so called Agent-Based Sim-
ulators conceived for creating, analysing and experimenting with artificial
worlds populated by agents that interact in non-trivial ways. These deploy
a simulation infrastructure that schedules the execution steps of each agent
(called ticks), generally following a behaviour in which do not need to wait for
the arrival of messages or synchronising with others.

Agent System Builders: By cons, Jade is an Agent System framework intended for
building peer-to-peer agent systems but with no simulation infrastructure. In
other words, Jade is a powerful middleware ready model communication be-
tween distributed agents across machines but does not have an agent scheduler,
nor a notion of a clock. Jade agents are generally scheduled and synchronised
by message sharing itself instead of deploying an execution layer. This is more
typical for cooperation and conversation processes in which agents need to
constantly interchange complex messages and the execution steps are event-
driven, that is, subject to the arrival and sending of messages. Within Jade
platform, creating high level simulation controls are left for the programmer to
code.

This makes Jade the most complete platform in terms of communication function-
alities but also the one that more additional development would need for extending

it to model Geosimulations.
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2.1.3 Repast

Platform that started as a small scale simulations platform based on Java program-
ming language. Repast is a complete framework for running general purpose agent-
based simulations which includes classes for geographical and network functions.
In 2010 the Repast community launched RepastHPC (Collier and North, |2013) an
agent-based modelling system intended for large-scale distributed computing plat-
forms|Lopez-Novoa et al.| (2015). This new version implemented from scratch the
core Repast concepts but using C++ language in search of greater performance and to
work in parallel distributed computers. RepastHPC offers a suite facilitating creation,
execution and evaluation of agent-based models in distributed computers. However
this approach is for creating simulations in which agents do not need to share any
messages since RepastHPC does not provide communication support for remote

agents.

2.1.4 Gama

Gama, as stated by their developers|Taillandier et al.[(2010), emerged to fill the gaps
other platforms had for building spatially explicit agent-based simulations. For this
reason, a large part of its efforts have focused on providing advanced spatial op-
erations to both agents and the environment. It is undoubtedly one of the most
complete and advanced platforms for the simulation of generic spatial models. Gama
is constantly being enriched with new functionaltities but it seems that future devel-
opment is going to left aside taking the platform to the cloud paradigm or being able
to develop distributed simulations (Grignard et al.,[2013).

2.1.5 Mason

This is a robust and fast simulation tooltkit programmed in Java. Mason is a fast,
easily extendable, discrete event multi-agent simulation library designed to serve
as the basis for a wide range of multi-agent simulation tasks. Being a library, and

not a complete framework, makes the transition from ideas to working simulator
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more difficult than others. GeoMASON (Sullivan et al.,2010) is Masons’s version
dedicated to achieving Geosimulations. Comparisons carried out by/Barbosa and
Leitao| (2011); Railsback et al.| (2006) agree in entitling GeoMASON as the fastest
toolkit for building[MAS] However its inner programming environment is complex
and its spatial operations support are still being improved. GeoMASON still has some
pending limitations regarding[GIS|and distributed simulations as identified by|Luke
et al.|(2018).

2.1.6 UrbanSim

Finally, UrbanSim is a urban-growth linked platform that combines huge data-sets
with built-in models for: household and employment relocation; location choice;
real state pricing and renting; real state development; and travel. This seems great
base to be extended to accommodate other Geosimulation types. However it does
not seem to be an multi agent system. When using UrbanSim, users parameterise the
built-in models rather than defining agents, their behaviours and goals. Looking at
the code there is no agent class and the selected optimisation model would be the
active processes that makes the calculations, instead of having independent agent
elements competing or cooperating. In addition, UrbanSims further development
is conditioned by its programming language: the inability of Python to use more
than one computer processor at a time. Python contains a Global Interpreter Lock
(GIL) (Beazley, 2010) which protects access to objects, preventing multiple threads
from executing Python byte-codes at once. This lock, necessary mainly because
Python’s memory management is not thread-safe, will not be corrected in the short
term (Python user community} 2018). In the era in which computers have more
and more facilities to execute code in parallel the extension of UrbanSim to other
Geosimulations can lead to reaching a bottleneck or not being able to achieve the
expected performance. In this sense,|/Awaludin and Chen|(2007) already researched
about adding parallelism to UrbanSim introducing several approaches and all the
problems they found. Although achieving very promising results, they highlight the

infeasibility of going large scale due to the high memory it would require. Awaludin
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and Chen| (2007) propose several recommendations to be carried out for improving
UrbanSim parallelisation but it seems that these have not been still added and no

plans of doing is mentioned.

2.1.7 1dentified functionality

Parallel to inspecting the above platforms’ code, each was launched and operated to
try to grasp what options these offered to the users, reaching a minimum common
denominator of capacities that should be standard in all Geosimulation. [MAS[ com-
plexity is intimidating, with dozens of classes and hundreds of methods, and makes
it difficult to precisely determine all the possibilities offered by each tool. Even so,
Table[2.1]displays the user functionality offered by the selected general purpose

Mainly, the capacities analysed are:

¢ Distributed simulations.

¢ Built-in graphical interface for viewing the simulation course.

e Visual configuration of a simulation without programming knowledge.
* Results are processed into charts and graphs.

¢ Web based platform.

¢ Multiple user management.

Two development philosophies can be appreciated: platforms that try to integrate
all the expected to be helpful functionality and those leaving some important parts out

for programmers to implement as external modules or plugins (e.g. Jade simulation

[Graphical User Interface (GUI)|or Repast and Anylogic distributed communications).

Trying to put into the simulator as much functionality as possible is not always
the best option. While it is true that adding extra capabilities to a platform is a
good way to attract users and create more complex scenarios, additional load makes
simulations lose speed and performance. Having to render the status of an scenario
during execution, requires having a process that iterates all the agents at the end of
each simulation step and draws their situation. Moreover, if charts and graphs need

to be rendered, the process does not only need to iterate all agents but to run some
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Table 2.1: User functionality of general purpose (Source: Own research)

User functionality NetLogo Jade Repast Gama Mason Anylogic UrbanSim

Open Source X 4 4 v 4 X v
Programming language NetLogo Java Java, C++ Java, Gaml Java Java, UML-RT Python

Distributed simulations X v v X v 2 X
Simulation[GUT| v 1 v v v v v
Visual programming v X X 4 X 4 4
Charts v 1 v v v v v
Web based v X X X 3 v v
Multiple users X X X X X v/ v

1. [GUIfor visualising the execution of a simulation is not a native built-in feature. However Jade
implements mechanisms for reading the data and messages transmitted between agents for users
to program visualisation tools delegating in external Java[GUI|packages.

2. Repast and Anylogic platforms can run distributed simulations but relying on external messaging
tools (e.g. Active MQ) that are not directly built-in the simulation core. Using message queues these
two platforms can run distributed agents that synchronise through waiting for others’ messages.

3. Mason, despite not being a core functionality, offers the possibility for taking the agents to the web
environment by users programming their own Java Servlets that communicate with the platform.

calculations with these. Depending on the information to be charted, computation
can take more time than the one agents needed to execute the step of the simulation.
This is the reason why it is necessary to find a balance between the core functionality
that must be integrated within the simulation engine and other secondary processes,
which are not compulsory for the simulation to wait for their operations, that can be

delegated in external modules.

2.2 Functionality implementations

The implementation of each platform has been analysed also to understand how
these implement the above functionality. As mentioned, five of the platforms (Jade,
Gama, Mason, Repast and UrbanSim) are open source and thus, their inner code can
be inspected in search of how they have achieved Geosimulations. The remaining
two (NetLogo, Anylogic), despite being non open source are present in much of the

literature on Geosimulations so it seemed essential to take them into account.
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2.2.1 Intermediate languages

One of the first features interesting to mention, is how some platforms tend to ab-
stract users from the real programming of the agents. Using high-level languages,
they facilitate usage to non programmers and novice users through structures and
primitives that greatly reduce programming effort. A high-level language emerged to
standardise the behaviour modelling of agents, was the 3APL (Hindriks et al.,|1999),
an experimental language created to support a way of programming goal oriented
agents. However agent platforms seem not to have implemented it and some have
opted for using other high-level languages or developing their own. This can be found
in NetLogo, using the Logo (Tisue and Wilensky,[2004) general purpose programming
language; Gama, with their developed Gaml (Taillandier et al.,{2010); and Anylogic,
with the real time UML standard UML-RT (Fischer et al.;,2001).

2.2.2 Communication

Communication between agents has been an active research area. The[MAS|commu-
nity, has made great efforts in designing open systems and universal communication
mechanisms for them to speak together. In this sense, there has recently been in-
creasing interest in incorporating organisational concepts into and designing
organisation-centred designs (Rodriguez, [2001). When referring to agent commu-
nication, it is essential to talk about the[FIPA] This is an international organisation
dedicated to promoting the industry of intelligent agents by developing specifications

for interoperability among agents and applications. The[FIPAJAgent Communication|

Language (ACL)|messages are widely used when communicating distributed agents
and processes (Luck et al.;,[2012) and compliance is a reference point for many

researchers since it guarantees the agent cooperation and interoperability through
well-tested protocols. In this sense, Jade is a full compliant platform and only
NetLogo and Gama have plugins for integrating messages.
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2.2.3 Distribution

Communication is the basis to create distributed simulations which run on more
than one computer at the same time and in synchronisation. Most of the popular
agent platforms, started to be developed twenty years ago when computational power
was still scarce. In order to achieve computationally intensive simulations with many

agents or long run times, some decided to improve the execution in a single|Central

[Processing Unit (CPU)|architecture and others concentrated large part of their efforts

on getting simulations running distributed across several computers. Distributed
allow agents to be moved and controlled among machines synchronising all to
work together. Distributed simulations and how to synchronise them have been a

key factor to improve system scalability.

Abar et al.|(2017); Kravari and Bassiliades| (2015) performed two studies respec-
tively reviewing which platforms support distributed simulations and their perfor-
mance achieved. In this line, Jade, Mason and Anylogic have proven success in
implementing large-scale distributed simulations by using two approaches. On the
one hand, Jade and Mason determine a master simulation or control which deploys
additional functionality in order to federate the remaining slave simulations. On the
other, Anylogic uses the publisher-subscriber mechanism to provide two ways of coor-
dination. If the distributed simulations are not time regulating nor time constrained,
then these should not add any special time coordination services. Conversely, if
time regulated and/or time constrained federate regulation is needed, Anylogic uses
its next event request (Borshchev et al.,2002) service calls that synchronises all the
distributed systems. Nevertheless, although being a very useful feature for simu-
lating real world distributed mechanisms, improvements in hardware have made
distributed simulations no longer necessary for simulating large number of agents.
Current computing power and cloud computing capabilities have enabled single
[CPU]platforms to scale to computationally intensive simulations without needing to
go distributed.
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2.2.4 Coordination

Coordination of the execution in a[MAS]is designed to be either synchronous or
asynchronous. In synchronous models, all agents are assumed to change simultane-
ously. The calling order of the objects has no influence in this mode but conflicts can
arise when agents compete over limited resources. Conversely, with asynchronous
timing, agents change in turn, each observing the reality left by the previous agent
and mentioned conflicts are therefore resolved. This order of updating agents (often,
but not necessarily, random) is critical as it makes the model results stochastic. Tradi-
tionally in[MAS] each simulation step is known as a tick and within each, usually all
agents are given time to perform their behaviour. A simulation is a continuous loop
in which periodically calling the t ick () function, advances the agents’ situation.
Furthermore, agents traditionally have a t i ck () function to be called within the tick
loop and serving as the starting point for each decision process in their behaviour.
On the one hand, in NetLogo or Gama time passes in discrete steps with the same
length and all agents are ticked in said steps. On the other, in Jade, Mason or Repast

agents are event-driven, that is, programmed to be ticked at some time in the future.

2.2.5 Geographic operations

Finally, geographic operations are also an important functionality to include in a
Geosimulation engine. In this sense, although most platforms provide some simple
physical layer to situate and give geometries to agents, only Gama and UrbanSim add
rich support for complex geographical operations at agent level (e.g. moving an agent
inside a geometry, computing a shortest path between two points of this geometry or
on a network). In this sense, NetLogo and Mason can extend their[GIS|computation
through third party plugins providing the ability to load vector[GIS|data (points, lines,
and polygons) and raster[GIS|data (grids) into the model (Russell and Wilensky}[2008).
On a different approach other, UrbanSim contains a novel Temporal{GIS|model that
adds not only geographic features but also a location in time to agents (Shaw and Xin}
2003). These time proportions are used in a temporal[GIS|database to time-stamp

every datum to give it temporality. The valid time is the time period for which a
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spatial phenomenon is considered to be of the foremost concern to the[GIS users,
because it is the time-based information that supports spatio-temporal analysis.

Identified characteristics set the starting point for designing the Geosimulations
core. Table[2.2]summarises all these points.

Table 2.2: Simulation core characteristics. (Source: Own research)

Core functionality NetLogo Jade Gama Mason Repast Anylogic UrbanSim

Simulation infrastructure
FIPA messaging

Large-scale

Distributed executions
Asynchronous coordination
Integrated

Checkpoints

N RN
XX NN XN X%
NN XX N~
NN NN
NN I NN
R I NN N Y
x N % X%\ %S

1. Functionality that is not native of the simulation core but can be added through plugins.

2. Platforms that although not having an explicit checkpoint recovery method, do not seem to save
much information from previous states of simulation steps. Exporting the entire simulation at a
certain step (e.g. creating a Shapefile orfeXtended Mark-up Language (XML)) apparently could
work as a way of re-starting a new simulation at that checkpoint (loading the evolved Shapefile as
if it was the initial state).

2.3 In search of the reusable

In view of all these different approaches and limitations, it becomes clear why the
initial review of] discovered so many platforms developed from scratch to serve
their specific scientific purposes. It would have been really successful to reuse one of
the platforms and extend it to cover new Geosimulations. However when the plat-
forms where firstly analysed, at the beginning of this work in 2013, found drawbacks
and time needed to extend the platforms required a bigger effort than developing a
new general purpose toolkit.

The most important decisions that conditioned discarding the existing tools were:

* Geosimulations should take advantage of all the computational power offered
by multi-core computers, distributed simulations and the cloud computing

paradigm.
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¢ The platform should be user-friendly and try to provide visual non-programming
mechanisms for building the Geosimulations.

e It should be possible to provide complex Geosimulations through the web to
bring them closer to any audience and avoid user device limitations (as the
computation would be performed in the server).

¢ Geosimulations should integrate distributed systems (e.g. sensors, 10T, etc.)

into their environment in an efficient and transparent way:.

The review from Nikolai and Madey| (2009) highlights that the main programming
language most models have adopted is Java. Moreover, the best platforms identified
(Anylogic and Gama) are built upon Java. However, it is believed Java hauls some
limitations that could be a ceiling for the contribution of this work. This thesis seeks
to achieve effective Geosimulations that can be distributed in separate machines
and must integrate external expert models (e.g. water models, power models, trans-
portation models, etc.). The platform must also offer the whole life-cycle of creation,
simulation and result knowledge extraction across the web. These features are not
something imposed by the objectives of this work, they are also mentioned in some
of the above platforms’ future work agenda (Luke et al.,|2018;|/Awaludin and Chen,
2007;|Grignard et al.}|2013) but do not seem to be feasible in the short term.

Thus, this thesis decides to make a commitment in building a platform from
scratch using C++ programming language. As|Lextrait|(2018) states, ICT giants tend to

program their products and utilities using C++. Java provides higher-level abstraction

than C++ and uses a[Java Virtual Machine (JVM)|to be executed in any operating

system (Meyer and Downing, [1997). The[JVM|does some automatic optimisation

of the written code but, in contrast, requires a higher memory usage and does not
allow so fine-grained memory management. C++, although requiring specific com-
pilation, allows a higher memory efficiency and performance due to its lower-level
programming which is much closer to the operative system. This is also supported
by the direction adopted by two well established simulation platforms, Repast (with
RepastHPC) and Jade (with Jade’s SIM++), who decided to port their models to C++ in

order to achieve better performance and the ability to run distributed.
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Summarising, Table[2.3|describes how desirable it would have been to reuse the
tested platforms, their needed extensions and the why have been discarded.

All the work done in reviewing the above platforms does not fall on deaf ears.
Knowing the interiors of the platforms allows to think of a mental planning for
designing a new platform that combines identified success stories together with the
solution to the deficiencies found. As will be further explained, the conclusions other
platform developers have made, provide an important starting point for this research

work.
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General purpose strengths, limitations and reasons to be discarded.

(Source: Own research)

Table 2.3
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CHAPTER

Geosimulations design
and implementation

Based on the collected evidence, it was decided to design a new platform, Geo-
WorldSim (Pijoan,2017), for giving support to all the life-cycle of Geosimulations.
This is the result of all research and development made throughout this dissertation
and one of the biggest contributions. GeoWorldSim captures all the state-of-the-art
functionality a Geosimulation must provide and improves some limitations found.
Shaping urban systems through Geosimulations allows a bottom-up modelling to
streamline and complete many of the geographical analysis that are done regularly.
It makes possible dividing a problem into sub-problems and assigning an agent to
each of those sub-problems. All this process requires reversing the programming
flow of traditional analysis, building the models with a decentralised approach. The
fact of modelling firstly the behaviour of each individual entity for after analysing

and building logical aggregations, achieves significant advantages over traditional
models:
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3. Geosimulations design and implementation

Flexibility: Geosimulations speed up many of the usual spatial analysis. Given its
agent-based nature, once the logic of an agent is modelled, it is easy to auto-
matically add more instances (more agents) that replicate the process. This pro-
vides a natural framework to fine-tune the complexity of the agents: behaviour,
degree of rationality, ability to learn and evolve, the rules of interactions, etc.

Distributed control: Unlike traditional spatial analysis, the Geosimulations are dis-
tributed and concurrent processes. Each agent runs in its own thread parallel
to the others, not being able to predict the order in which they are going to act.
In the real world there is no central control in charge of deciding the order in
which each individual must carry out its activities, but each acts independently.
It is the the decisions as a whole of all the agents that have an effect on the
environment. In short, the Geosimulations provide the following features in

terms of execution:

Concurrence: It is necessary to take into account that agents are going to run
from parallel, so some critical sections and resources need concurrency
management.

Performance: Separating processes into agents involves that, in case of in-
creasing the number of tasks, the time needed for the consecution of the
process does not increase linearly.

Indeterminism: The order of execution of the agents is totally random so
depending on the type of simulation to be carried out, the final result
may have slight variations. This characteristic can suppose a negative
property for some researches if they want simulations to be reproductible

obtaining always the same result.

Spatial thinking: As already mentioned, agents must be spatially explicit. This im-
plies two concepts, on the one hand they must become entities located in a
georreferenced two-dimensional or three-dimensional environment. Although
years ago there were agents that simply internally contained a variable x and
y or the environment was divided into cells, it is now necessary for the envi-

ronment to locate the agent, which should be georreferenced in every moment
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so that space operations can be carried out with their location. In addition,
on the other hand agents must also have spatial capabilities in their decision
processes.

Discrete objects: Analysis built with a top-down approach generally make use of
spatial partitions either in the form of cells or by groupings of elements for
which it is assumed that all the entities contained within are homogeneous. The
fact of programming the simulations modelling the entities from bottom to top
through agents with their particularities, it achieves results with a behaviour

that is more natural and closer to reality.

Major Programming: This paradigm allows individual programming and con-
figuration of each of the different individuals that will interact with the
environment, whether people, vehicles, buildings, street lighting, etc.

More accurate: The exhaustive definition of the main characteristics of each
agent, as well as the modelling of behaviour and interaction between

them allows a more dynamic, natural and close to reality model.

Dynamic environment and quasi real time: Another of the great advantages and
possibilities that Geosimulations provide is the use of dynamic environments
and measures that approach the real time. Although, traditionally, static envi-
ronments have been used which contained a frozen snapshot of a territory at a
given moment. Geosimulation environments are also born from a snapshot
but evolve over time. Depending on how the agent environment is developed,
this can be directly connected to the real world, so that the changes in this last

one are reflected in the simulation.

Reading how other works have structured their simulations, it was decided to
build GeoWorldSim simulator on top of four basic pillars depicted in Figure[3.1}

Agents: Explained in Section[3.2} these are all elements that interfere in a simulation.

Environments: Explained in Section[3.6] first level entity for modelling collective
behaviours resultant of individual agents’ aggregations.

Skills: Explained in Section[3.3} abilities of agents to perceive their world and propa-

gate actions in it.
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Behaviours: Explained in Section[3.4} decision model for agents to orchestrate their
skills and achieve their goals.

GeoWorldSim

Environments
D
Collective behaviours

™ Agent (Human) g Agent (Traffic light)
-~ Q Agent (Human)
OBehaviours OBEhaviours
o @ ; OBehaviours
Skills Skills ® »
Skills
Agent (Sensor)
—
o Agent (Vehicle) OBehaviours ﬁAgent (Building)
[
Skills )
OBeha jours Behaviours
viou S
— Skills Skills

Figure 3.1: GeoWorldSim simulator’s main elements: Agents, Environments, Skills and
Behaviours. (Source: own research)

Additionally, during the research, a strong effort was made in compartmentalising
each sub-necessity of the platform in modules. The simulation core should only focus
on carrying out the evolution of a scenario, working with standardised formats and
not being in charge of custom visualisation of the results. Further functionality
should be taken out of the simulation engine’s scope and delegated to other pieces of
software.

This is put into practice by splitting the GeoWorldSim platform in ten modules

(simulation core and nine secondary modules) that build the architecture. The
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ecosystem detailed hereby allows to address the needs of Geosimulation platforms
by joining traditional concepts and mechanisms with some novel perspectives and
techniques. GeoWorldSim through all its components currently provides all the
requirements contained in Table

GeoWorldSim

Open Source v
Programming language JSON-LD, C++
FIPA messaging

Large-scale

Environment centric
Standard ontology based
Asynchronous coordination
GIS Integrated

Checkpoints

Distributed simulations
Sirnulation

Visual programming

Charts

Web based

Multiple users

SNSSSNSS =SSN %

Table 3.1: GeoWorldSim characteristics. (Source: own research)

In this chapter, the implementation of the simulation core will be fully detailed
while the remaining modules are left for chapter[4] In following sections, Section[3.1
describes the programming concepts on which the software has been built, Sec-
tion [3.2 writes about the agents of the simulation, Section [3.3|describes the skills
these agents can have, Section[3.4]details how to program an agent’s behaviour and
Section[3.6|describes in depth the technical and methodological aspects of GeoWorld-

Sim’s core environment.

3.1 Software platform

It was decided to be build the platform using Qt framework (Qt Company, 2018a),

an object-oriented application development framework based on C++ programming
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language. C++ is used in many everyday contexts, with key strengths in software
infrastructure and resource-constrained applications, such as desktop applications,
computing servers or performance-critical applications. In contrast with object-
oriented languages, traditional procedural-oriented languages (like C or FORTRAN)
suffer notable drawbacks in creating reusable software components. Procedural
programs are made up of a series of step by step instructions, with function as the
basic unit. They make use of functions prioritising logic rather than data, first figuring
out all the functions and then thinking how to represent data. Conversely in object-
oriented programming, importance is given to data rather than just writing variables
and instructions to complete a task. An Object is an entity or idea that is described,

implemented and reused in a program and provides the following features:

Classes and functions: Classes are a definition of objects of the same kind. In other
words, a class is a blueprint, template or prototype that defines and describes
the static attributes and dynamic behaviours common to all objects of the
same kind. Using these templates, an instance is a realisation of a particular
item of a class. In other words, an instance is an instantiation of a class. All the
instances of a class have the same attributes, as described in the class definition.
Classes allow hiding of attributes by declaring them public or private. Private
attributes can not be used outside of a class, avoiding outer code to change
important attributes. Functions declared inside classes have access to these
private attributes for the programmer to enable a controlled way of interacting
with private attributes.

Inheritance: Is a powerful feature of object-oriented programming languages which
helps in organising classes into a hierarchy and enabling these classes to in-
herit attributes and behaviour from above in the hierarchy. Inheritance de-
scribes an IS A relationship where the parent class can contain common at-
tributes/behaviour and later be specialised in child classes. It does not work
backward, that is, a parent will not have properties of the derived class. Inher-
itance is a mechanism for code reuse and can help in reducing duplication
of code. However, trying to force inheritance and adding multiple levels of

abstraction can lead to writing unnecessary code. It is therefore important to
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firstly identify common attributes and behaviour in the entities that are going
to be modelled and based on that define a suitable hierarchy.

Polymorphism: Is the concept that there can be many different implementations of
an executable unit and the difference happens all behind the scene without
the caller awareness. Polymorphism allows computer systems to be extended
with new specialised objects being created while allowing current part of the
system to interact with a new object without concern for specific properties of
the new objects. Using polymorphism a behaviour defined in a parent class

can be overridden by a child writing a custom implementation of the method.

Despite this efficient run-time environment, C++ general-purpose nature lacks of
additional utilities in certain event-based domains. This is where Qt provides some
extra power, by combining the speed of C++ with the flexibility of its own Qt Object
Model.

3.1.1 Objects

GWSObijects are the heart of every GeoWorldSim element, that is, their base Class.
They are built on top of Qt's QObject model (QODbjects) () inheriting really powerful

features from Qt. The only base attributes all GWSObject share in common are:

Id: Unique identifier which is used for indexing and identification. These are gener-
ated by combining the simulation identifier, the object type and an incremental
number e.g. SIM4-Agent-845, SIM4-Road-523 or SIM4-Sensor-816.

Class type: Object’s class type that can be found dynamically via its corresponding
metaObject ().

These two attributes are what define and identify any GWSObject in the platform.
The alluded native Qt functionalities need to be activated during compilation. For
this, GWSObjects must declare a Q_OBJECT macro in the object’s class. Even if not
needed, the use of this macro is strongly recommended in all sub-classes of QObject,
since failure to do so may lead certain functions to exhibit strange behaviour. The

great advantages of Qt are detailed below.
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3.1.2 Parent-child relationships

GWSObijects organise themselves in object trees, that is, when creating a new GW-
SObject another one can be appointed as a parent. The newly created object will
automatically add itself to the parent’s children () list. This is important in terms
of memory management and multi-threading since a parent takes ownership of its
child objects by on the one hand storing all them in the parent’s thread and, on the
other hand, by automatically deleting all children in the parent deletion. By cons, an
object with no parent will need to be deleted manually. Qt also uses these parent-
child relationships for user interfaces where hiding a parent hides the children or for
key and touch events that are propagate to the parent if the child does not handle

them.

3.1.3 Meta-properties

Qt provides a sophisticated property system to create and access on-the-fly class
attributes without previously having declared them. This is done through key-value
property storage which can be accessed through two methods: setProperty (name,
value) to store a value and getProperty (name) to retrieve it. Qt defines a
QVariant class (Qt Company}2018c) which is a union type for the most common data
types. Using QVariants, a meta-property holds a single value of a single t ype () ata
time such as boolean, integer, double, char, string, date, time, colour, etc. Additional
types can also be hosted inside meta-properties with the O_ DECLARE_METATYPE
primitive.

To retrieve the type of a QVariant and make transformations, all containa convert ()
method, many toT () functions (e.g. toInt (), toString () or toDouble ())
and a canConvert () to check whether the type can be transformed to another
type. If the conversion is possible, these t oT () methods return a copy of the stored
object that is, the original object inside the property remains unchanged. On the
other hand, if asked for a type that cannot be generated from the stored type, the

returned value will be different depending on the type.
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Meta-properties are a very useful way for serialising and deserialising objects.
Instead of writing a save and load code for every single class, a generic serialisation
mechanism has been designed using QObject’s introspection/reflection and the Fac-
tory design pattern. For every GWSODbiject, creating meta-properties on-the-fly, there
is no need to know all attributes an Agent has nor the getters () and setters ().
More about the GWSObject Factory is described in Section[3.2.1]

3.1.4 Signals and slots

The main new mechanism that enables bringing asynchrony to the GeoSimulation
world. Qt objects have this powerful mechanism for seamless object communication
called signals and slots which is included in the GWSObjects and can be used in a
direct way. The signals and slots are a key feature of the Qt Framework and probably
the part that differs most from other frameworks. This dissertation proposes defer-
ring intra-agent communication through the use of Signals and Slots to release
resource locking and create interactions more similar to those of the real world.
GWSObjects can declare signals, which are function names that can have param-
eters but have no implementation. A signal can be emitted anywhere and anytime
through the code by using the emit reserved word followed by the signal name and
the parameters to be sent in the signal. Conversely slots are declared as normal
functions and must match the arguments that are sent by the signal. Combining
both, GWSObjects can connect a signal to a slot (as a publisher-subscriber mech-
anism (Eugster et al.} [2003)) with connect () and destroy the connection with
disconnect (). Instead of agents calling functions, GWSAgents emit signals to
spread changes in a way similar to what is used in distributed simulations messaging.
This is a really central mechanism for modelling how humans perceive external
stimuli created from other entities who broadcast a message without needing to know
the receiver. A signal can be connected to 0 to N slots so many entities can listen the
message emitted from one object. Qt internally has an event loop (further explained
in Section[3.6.7) that asynchronously attends the arrival of signals, queues the slot

invocations and executes them. Within a slot, there is a special static method called
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GWSObject: :sender (), which returns a pointer to the object that activated the
signal, if automatically called through a connect () ; otherwise it returns 0. This
pointer is valid only during the execution of the slot, from this object’s thread context
and will become invalid if the sender is destroyed, or if the slot is disconnected from
the sender’s signal. Getting access to the sender is crucial when many signals are
connected to a single slot in order to know who triggered the code.

For a better understanding, Listing describes and example for modelling
Clients waiting for a reservation counter Indicator that announces whose
turn it is. The counter Indicator announces the next turn with a signal and the
Client whose turnis called, goes to the counter.

Finally, whenever a object is deleted, it will emit a destroyed () signal which

can be caught to avoid dangling references to deleted GWSObjects.
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public Indicator { // Reservation counter attending clients
Q_OBJECT // Needed macro
public:
Indicator(); // Constructor
signals:
void nextClSignal ( int turn_number );

public Client { // Person waiting to be attended
Q_OBJECT // Needed macro

public:

Client ( int my_turn ); // Constructor
slots:

void nextClNotification( int turn_number ) {

if ( turn_number == this->my_turn ) {

Indicatorx rs = dynamic cast<Indicatorx>( QObject::sender ()

rs—->disconnect ( rs , &Indicator::nextClSignal ,
this , &Client::nextClNotification );

} else {
// Do nothing

bi

int main () {
Indicator* rs = new Indicator();
Client* wl = new Client( 111 );
Client* w2 = new Client( 233 );

rs->connect ( rs , &Indicator::nextClSignal ,
wl , &Client::nextClNotification );
rs->connect ( rs , &Indicator::nextClSignal ,
wl , &Client::nextClNotification );

emit rs->nextClSignal( 111 );
// Client wl will head to the counter
// Client w2 will continue waiting

Code 3.1: Example code of signal and slots declaration and connection. (Source: own

research)
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3.1.5 Implicit sharing

Not all Qt’s functionalities show to be an advantage in all cases. Qt uses an optimisa-
tion called implicit sharing for many of its value classes to maximise resource usage
and minimise copying. Implicitly shared classes are both safe and efficient when
passed as arguments, because only a pointer to the data is passed around, and the
data is copied only when a function writes to it, that is, copy-on-write technique (Hitz
et al., 2005). This implies that all implicitly shared classes in Qt use atomic reference
counting to ensure the integrity of the data being shared and in how many objects it is
being referenced. E. g., when creating a QString sNew from another QString sOrig,
the created sNew is not a copy of the initial element but a shared reference to sOrig
which will have its reference counter to 2. When a different value wants to be given
to sNew, then a deep-copy of sOrig is performed, its counter is set back to 1 and

sNew finally becomes a new space in memory with the newly assigned value.

Usually implicit sharing and multi-threading are incompatible concepts, because
of the way the reference counting is typically done. Shared objects are often passed
between threads so, if a thread emits a signal, passes a QString to a target slot on an-
other thread and quickly changes that QString, there is a possibility that a task switch
could occur somewhere in this time frame and cause heap corruption. Although, Qt’s
atomic reference counting ensures the integrity of the shared data between different
threads, it does not guarantee the value to be thread-safe. Proper locking (mutexes)

must be used when sharing an instance of an implicitly shared class between threads.

Big discussion can be found about the benefits and drawbacks of different ap-
proaches for managing implicit sharing and how these affect the performance(Sutter,
1999). Mostly all experts agree that atomic reference counting is considerably slower
than normal integer reference counting which is to be expected; since it constantly
needs to read/set the reference count in memory and can only go as fast as the
memory bus allows. However, even with the extra cost of the atomic increments
and decrements, implicit sharing using atomic reference counting is more memory
efficient than not sharing at all. The decision was to combine best of both by using

Qt classes in most of the code but falling back to base C++ types and data structures
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in cases where data is moved through threads and therefore using lockers would
carry performance issues. One of this cases is the GWSUnit class (developed to repre-
sent resources and magnitudes) which is exchanged between objects belonging to
different threads and whose QStrings have been changed to char*.

There is no way for comparing the performance between the original and the
adopted solution since the original implicit sharing crashed any attempt to running
the software.

3.2 Agents

In all[MAS] agents are the actors that perform in the simulation. These actors are
pieces of software that contain a certain behaviour, objective and state.[MAS|agents
are programmed to operate autonomously without the direct intervention of any
kind and have control over their actions and internal state. Additionally, according
to their behaviour they can have functionalities of interacting with other agents and
humans, perceiving their environment and responding in a timely fashion to changes
occurring therein and performing a goal-directed behaviour by taking the initiative.

Inside GeoWorldSim, GWSAgent is the class for modelling entities and every
real world tangible thing is an agent. This class is derived from the GWSObject
parent skeleton that contains the basic mechanisms above described. Additionally,
all GWSAgents have a behaviour block and a set of skills even though they may be
empty. The internal structure of a GWSAgent is described depicted in fig. Agents
can be categorised in two different groups whether they have a proactive behaviour

or they just react to stimuli.

Autonomous agents: Constitute the traditional agents in a]MAS] They are proactive
actors in the simulation and are programmed to follow a certain behaviour.
Autonomous agents are scheduled to emulate a real world entity as deep as the
necessary level of detail of the results. They will contain a block of behaviour
that will be executed on each call of the tick () function. To access and

propagate their actions, autonomous agents will make use of their skills.
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Passive entities: On the other hand, Passive Entities are those agents who, although
having some logic inside, just react to the actions of others. Namely, they
provide or receive information from agents and other passive entities. Note
that passive entities can make use of skills to propagate their reactive behaviour

but this behaviour will be invoked by outer active agents and not through the

tick () function.

1k ® s
|V Skills
r;-\f Agent
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Internal_datetime

Time sub-environment Agent capabilities
Geometry

Physical sub-environment

MetaProperties

Dynamic properties system

Behaviours
O TODO list

Agent goals

Figure 3.2: Elements that compose a GWSAgent. (Source: own research)

3.2.1 Agent Ontology and Factory

Ontologies can be defined as explicit formal specifications of terms and relations

of a certain domain (Gruber, [1993). An ontology defines a common vocabulary
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for researchers who need to share information in a domain by including machine-
interpretable definitions of basic concepts and relations among them. In recent
years the development of ontologies has been expanding from academic areas to
the desktops mainly because of the Semantic Web (). The ontologies on the Web
range from large taxonomies categorising Web sites to categorisations of products
and features for sale in a site (e.g. Amazon.com). The underlying objective of the
Semantic Web is to provide a language for encoding knowledge on Web pages to
make it understandable to electronic agents searching for information. Today, many
organisations are building their own domain specific ontologies to share and enable
reuse of common understanding of the structure of information among people or

software agents.

In this sense, Schema.org (Ronallo, 2012) is a collaborative, community activity
with a mission to create, maintain, and promote ontologies for structured data on
the Internet and beyond. They are trying to define a general purpose vocabulary
that covers entities, relationships between entities and actions, and can easily be
extended through a well-documented extension model. Over 10 million sites and
applications use Schema.org to markup their data for computer systems to provide
richer experiences. Founded by Google, Microsoft, Yahoo and Yandex, Schema.org

vocabularies are developed by an open community process.

When modelling agents that represent real world entities, it is needed to go
through a compilation process about what attributes each agent should contain. Like
in object-oriented programming (where the base class is Object and child classes go
adding attributes and functions to this), real world element types also compound
a family tree (properly ontology) that groups common attributes and further goes
expanding child elements with their individual characteristics. Figure[3.3|shows the
part of the ontology tree for financial products. The Schema.org community, already
has done that big effort in identifying main real world entities, relations and which
attributes should these have. Following their schema avoids having to repeat the
identification process and contributes to using a common ontology already in place

in a large number of applications and systems.
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GWSAgents class hierarchy has been built according to the Schema.org ontology.
Logically not all the schema has been implemented, only the sections related to hu-
mans (Schema.org Community, 2018b), physical structures (Schema.org Community,
2018c) and some organisations (Schema.org Community, [2018a). Figure[3.4|depicts
part of the implemented class hierarchy in GeoWorldSim. As can be appreciated, for
example instancing a BusStation will result in having all the attributes of GWSODbject,
GWSAgent, Place, CivicStructure, which conform the inheritance tree, and BusStation.
If directly create one of these classes they will have by default an already created

behaviour and skills.

One of the big contributions of the platform is that it is possible to construct
any type of object starting from a Schema.org compliant file. Custom GWSAgent
creation, can be achieved by two means, directly coding in C++ an agent or using the
Schema.org ontology as high-level language. Instead of creating an own language (like
some state-of-the-art platforms do), it was decided to adopt Schema.org ontology as

high-level mechanism to build complex agents and behaviours.

To this end, GeoWorldSim provides an Object Factory mechanism for reading
[JavaScript Object Notation for Linked Data (JSON-LD)|files (Consortium et al.,[2014)
and build GWSObjects from them. It is programmed using the Factory pattern

(Gamma et al.,|1993) (one of the most popular programming design patterns). Said
pattern allows dynamically creating objects during runtime without exposing the
creation logic to the user and through a common interface no matter the type of
object to build.

As input for the factory,JSON-LD|is a Linked Data (Bizer et al.,[2009) format for
creating computer readable inter-operable entities. The factory reads Schema.org
ontology[JSON-LD|files to add context to the data and coerce values to be easier to
process. Software using[JSON-LD]usually results in data structures that look like
simple [JavaScript Object Notation (JSON)| (e.g. Section but are in fact full
Linked Data graphs. Inside the standard, properties that restrict or give

more than just properties information are preceded by the @ character. The most

used constraining keywords are @cont ext, to define the short-hand names or terms
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that are used throughout the document; @t ype, to restrict an instance to an object;
or @id to enforce the unique identifier of an element.

The GeoWorldSim Object Factory is key aspect for allowing distributed simu-
lations that need to share agents across different computers. It registers Qt meta-
objects that afterwards are matched to[JSON-LD|documents through the @t ype field.
Given a[JSON-LD]description of an object, the Object Factory will read the @t ype
value, go to its registered meta objects and, if said type exists, invoke Qt metaobject’s
newInstance () method to dynamically create a new entity.

The entities created will go through a deserialization process which firstly will
search for the @id keyword. If exists, this value is set as the objects unique iden-
tifier since the entity can come from another parallel simulation and it is neces-
sary that their identifiers coincide. If no @id is found, the simulator generates its
own identification based on the simulation identifier + type + number of object (e.g.
SIM4-CAR1, SIM3-PERSON34, SIM3-BANK35). Next, the rest of the keys of the
JSON-LD|document that do not start with the @ character are parsed and introduced
as meta-properties of the newly created entity. More complex objects, i.e. agents,
require some other control properties (further detailed in Sections[3.3]and[3.4) which
are transformed into not only properties but behaviour and capabilities.
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Figure 3.4: Part of GeoWorldSim agents taxonomy for transport modelling. (Source: own
research)

57



3. Geosimulations design and implementation

"@type" : "HumanAgent"

"waste_amount" : 124.28 ,

"@id" : "Citizen231" ,

"geo“ .

{ "Qtype" : "GWSGeometry"
“type" . "Point"
"coordinates" : [ -2.84024 , 43.28139 ] } ,

"@skills" : [

{ "Q@type" : "ViewSkill"
"view_agents_type" : "ContainerAgent" ,
"view_geom"

{

"Qtype" : "GWSGeometry"
"type" : "Polygon"
"coordinates" : [[ [-1, -1],([-1, 1],1[1, 1],[1, -1],[-1, -1]
}
} 4
{ "@type" : "MoveThroughRouteSkill"
"maxspeed" : 25
} ] 4
"Q@behaviours" : [
{ "Qtype" : "MoveThroughRouteBehaviour"
"@id" : "BH6" ,

"duration" : 1000

{ "Qtype" : "FindClosestBehaviour"
||@next" . "BH6" ,
"duration" : 1000

Code 3.2: Example of an agent creation from|[JSON-LD|format. (Source: Own research)
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3.3 Skills

The skill sets defined in GeoWorldSim are also a central point of the platform. Skills
are the degree of competence that differentiates and empowers people to perform
tasks and do so with agents and passive entities. The skills serve both to charac-
terise entities in the[MAS|and are the way to perceive or propagate actions into the
Environment and other entities.

Users building a Geosimulation will add skills to agents for them to be able
to perform e.g. movements, calculations, geographic transformations, changes in
others, etc. Taken to software, skills are the reusable code parts for agents to query
the environment, process those perceptions, perform calculations and spread them
back to others. Skills serve as reusable code pieces that stay with an agent during its
entire life and glue between the agent’s goal (modelled within the Behaviour) and the
real code that performs such. So generally Skills consists of third party pre-written
code, classes, procedures, scripts, configuration data and more.

Every skill needs to be contained within a context and behave under some re-
strictions. It is believed that the Environment needs to hold the responsibility of
ensuring that these constraints are met and limit the capabilities of each agent type.
So, although skills may change some agent properties (e.g. the geometry of an agent),
the Environment may reverse or modify this changes (e.g. an agent without a flying
skill setting its geometry to be several meters above the ground) to ensure real world

constraints are met.

3.3.1 Underlying libraries

To code all the current skills into GeoWorldSim, this agglutinates several third party
libraries. Using success proven external code avoids spending time and effort solving
problems that others already did and allows to focus programming on the environ-
ment and agent’s needs. Here is the list of used libraries:

Geometries: Developing a situated multi-agent system, geometries are a key part

of the code. All the spatial representation and operations of GeoWorldSim has

59



3. Geosimulations design and implementation

been delegate in GEOS - open source geometry engine (Ramsey). This library
offers an C++ implementations of all the simple features objects found in the

OpenGIS Simple Features for|Structured Query Language (SQL)specification

(Consortium et al.}|2003) and implementations of all the methods defined for
those objects. Topological calculations are easy to visualize, but hard to imple-
ment generally. The GEOS algorithms are robust for all the spatial predicates
(geometric comparisons which return true/false values) and also strong in the
spatial operators (geometric functions which produce geometric results).

Projections: Geometries usually require coordinate transformations from one geo-
desic projection to another. For example, shaping geometries in latitude and
longitude coordinates is not useful for metric distance calculations. This is
where PROJ library (Evenden, 2005) has been used as it offers a generic software
to transforms geospatial coordinates from one coordinate reference system
(CRS) to another including cartographic projections as well as geodetic trans-
formations.

Spatial index: GEOS library comes also with built-in Quadtree (Kothuri et al.,|2002)
spatial index for fast accessing geometries by location. A quadtree is a spatial
index structure for efficient querying of 2D rectangles. All spatial objects can
be represented by their envelopes (a rectangle) and the quadtree provides a pri-
mary filter for range rectangle queries. Figure|3.5|shows a descriptive image of
a quadtree. This starts creating a single rectangle where the first few geometries
are all together and while adding more it will explode those rectangles whose
number of geometries increases into sub-rectangles, automatically expanding
to accommodate any extent of data-set.

Graphs: Graphs creation in the Network Environment is also achieved through
GEOS and its Plannar Graph classes. They represents a directed graph which
is embeddable in a planar surface. These classes serve as a framework for
building planar graphs for specific algorithms and allows controlling the types
of graph components (edges and nodes) which can be added to the graph.

Voronoi: Voronoi diagrams and Delaunay triangulations (Fortune,|1995) are dual

processes for partitioning of a plane into regions based on distance to points
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Figure 3.5: Representation of a quadtree for geometry indexation. (Source: Lucidation
contributor to Wikipedia)

spread along the plane. Within the partitioning, each point (called seed, site, or
generator) will be contained in a polygon that delimits all the region consisting
of all points closer to that seed than to any other. These regions are called
Voronoi cells. Figure[3.6]shows an example of a Voronoi diagram where each
region has a different colour.

Dijkstra: Many of the operations an agent must perform entail finding the location
and route to resources. Shortest path problems involve modelling the environ-
ment as a network (graph edges and nodes) with the costs of travelling per each
edge. Dijkstra’s algorithm finds shortest paths from source node
to all nodes in the given graph and calculates the cost of performing such route.

The shortest-path calculations have been delegated to Lemon Graph library

(Dezsd et al.,[2011) a generic open source C++ library providing easy-to-use

and efficient implementations of graph and network algorithms and related

data structures. From a GEOS graph, GeoWorldSim generates a Lemon graph
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Figure 3.6: Voronoi diagram where seeds are contained in their region. (Source: Balu Ertl
contributor to Wikipedia)

for calculating shortest routes and travelling salesman problems
2018).

Service area: When using shortest path algorithms, another recurrent technique is
the so called Service area calculation. Given a source node, a network service
area is a region that encompasses all accessible nodes, that is that are within
a specified impedance. This performs shortest-paths on a network to expand
through all the reachable network edges until reaching the distance from the

source. It is a powerful mechanism to calculate the spread of an event or the
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range of operations. Figure[3.7]displays the reachable area within 30, 40 and 50

minutes from a point.
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Figure 3.7: Service area accessible from a point.

(Source: ESRI)

Neural networks: Neural networks 2005) are a series of algorithms that
attempt to identify underlying relationships in a set of data by using a process

that mimics the way the human brain operates. They have the ability to adapt

to changing input so the network produces the best possible result without
the need to redesign the output criteria. To this end, LibFann Fast Artificial
Neural Network Library (FANN) (Nissen et al.,[2006) is a free open source neural
network library, which implements multi-layer artificial neural networks. It
has been integrated into GeoWorldSim through its C support for both fully

connected and sparsely connected networks.
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Fuzzy logic: Dealing with human behaviour it is necessary to model complex decision-
making based on different weightings of facts. To this end, Fuzzy Logic (Berkan
and Trubatch}|1997) has proven to achieve high success in the emulation of indi-
vidual preferences (Tuzkaya and Oniit,|2008) enabling a wide level of parametri-
sation. Fuzzylite engine (Rada-Vilela, |2018) builds a discrete choice model
through a simple natural language rule-based approach. Classical logic only
allows conclusions to be True or False. In contrast, Fuzzy Logic defines a set of
rules that map numeric data into linguistic terms and create fuzzy sets indicat-
ing the extent to which each term is part of. That is, a variable can have several
values (called terms) that can be overlapped and shaped. Thereby, it is possible

to model how each feature sums or decreases the decision of an agent.

Support vector machines: [Super Vector Machiness (SVMs)|are supervised learning

algorithms well-established in the research community and are integrated in
GeoWorldSim through the LibSVM (Chang and Lin} |[2004) library. provide
classification and complex calculation skills. These algorithms are especially
good at data classification (i.e., identifying which category a new observation
belongs to based on a training set of data containing known observations) or
for extracting linear functions from discrete values (i.e., having some point

measurements, create the linear function to generate any measurement).

3.4 Behaviour

As said, all agents have a certain behaviour (which may be empty or complex) that
orders and orchestrates the use of skills. Agent platforms tend to iterate across all
agents’ behaviours by means of the t i ck () method: a function called periodically.
Using the tick () method, state-of-the-art agent platforms use different mecha-
nisms to model the operations an agent must perform. In this line, state-of-the-art
Jade platform implements Behaviour classes or blocks (Bellifemine et al.,[2018) that
can be chained to define an agent’s tasks. A quick look through these, shows up to

five extendable primary classes:

SimpleBehaviour: Task to be executed once.
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CyclicBehaviour: Task to be executed repeatedly.
OneShotBehaviour: Task executed once after a timeout.
ParallelBehaviour: Task that executes a set of child behaviours in parallel.

SequentialBehaviour: Task that executes a set of child behaviours in sequence.

At this point, GeoWorldSim’s behaviour model follows the well established hier-
archy of Activity and Action (Kamara-Esteban et al.,|2017a). Actions are short-timed
events executed by an agent, such as grabbing a cup of tea or opening a door. Activities
are seen as sequences of actions in a time frame ranging from minutes to hours, such
as preparing breakfast, making coffee or brushing teeth. The difference between an
Action and an Activity is not only the time lapse, but also the inherent higher semantic
level due to the existence of more complex interactions between objects and people.

The agent’s Behaviour is composed of a set of ordered Activities called the TODO
1ist. Activities are indivisible pieces of behaviour that that define a series of Actions
that need to be done before moving on to the next Activity. This inner Actions do
not need to follow any established order to fulfil their parent Activity and so can be
executed in parallel.

This simple scheme allows to combine the execution of behaviours both in se-
quence and in parallel. On the one hand, if a pure sequential conduct wants to be
modelled, then only Activities need to be loaded to the agent and this will finish one
after the other. On the other hand, if a complete disordered and parallel execution of
pieces of behaviour is wanted, then a single Activity with as many Actions as wanted
can be loaded into the agent.

Shaping this into code, GeoWorldSim implements a GWSBehaviour class which
does the function of both Activity and Action. In this way a GWSBehaviour represent-
ing an Activity can have a list of sub behaviours which would represent the Actions.

Every GWSBehaviour class contains the following methods and attributes (depicted

in Figure[3.8):

behave (): Virtual method to perform that Behaviour's specific code. This method

can access the behaving agent to alter its properties and skills. Through these
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last ones the behaviour can query the environment or provoke changes in
others.

duration: Duration of the Activity or Action. When executing this, the agent’s
execution will not be called again until said time has past. If more than one
Action is executed in parallel, the highest duration is taken.

sub_behaviours: A GWSBehaviour serves for modelling both Activities and Ac-
tions. To this difference these, a GWSBehaviour can have child GWSBehaviours
to shape the Actions belonging to an Activity.

finished (): Virtual method for the Behaviour to tell if it has finished. An agent
will search the Behaviours whose £inished () method returns false to
perform them.

finish_condition: Aparent GWSBehaviour’s completion, will depend on whether
its children have been completed. However there can exist Activities that do not
need all their Actions to be performed to finish. To this end, each parent GWS-
Behaviour contains a finish_condition number that states how many of
its sub_behaviours need to be finished to set the parent as completed.

next: A pointer to the next Behaviour that should be executed after this. It is used

both for defining sequential Activities or preconditions inside parallel Actions.

What Jade platform implements through five Behaviour classes (Bellifemine
et al., [2018), GeoWorldSim offers with a single GWSBehaviour class, the agent’s
internal_datetime and the parent-child relationship. Further explained; on the
one hand, Jade’s Cyclic behaviours can be achieved by setting the agent’s internal_-
datetime and the behaviour’s finished attribute to adjust the cyclic or one-shot
finished calling. On the other, Parallel behaviours are achieved by adding children
sub-behaviours to a GWSBehaviour and Sequential behaviours through the next

behaviour linking.
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Figure 3.8: GeoWorldSim’s behaviour block. (Source: Own research.)

Behaviour executing

Aswill be further explained in Section agents containtwobusyand internal_-

datet ime properties essential to manage their behaviour:

busy: A number that keeps track of how many Behaviours is the agent performing.
Avoids calling the next tick of the agent if any Behaviour is still pending, that is,
if the busy attribute is greater than 0.

internal_datetime: Datetime which tells, despite the simulations’ real time,
how much the agent has advanced in time. This internal_datetime sets
when will the agent be ticked once not busy anymore. When executing a
GWSBehavior, its duration will be added to the agent’s internal_datetime.
As mentioned, if Actions are run in parallel, the highest duration of them will
be added.

Whenever an agent is ticked, it will iterate the TODO 1ist checking each GWS-
Behaviour’s finished () method to find the next unfinished one. The Behaviour
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algorithm can be understood as a Decision Tree with backtracking and pruning (Quin{
lan} [1986) (as shown in Figure[3.9) that iterates Activities and Actions until finding
the non-finished ones to perform them. Every agent t i ck the algorithm will start
its search from the first Activity of the Behaviour deepening in the tree while it finds
finished activities. As mentioned, an Activity is a block with many Actions inside.
According to the the nature of the found behaviour, two different executions can
happen:

Non children containing GWSBehaviour: behave () method will be invoked to
perform the Activity that firstly increments the agent’s busy attribute and then
executes its code to query, process or modify some attributes from the agent or
Environment. Once the behaviour has been executed (may have ended or not),
the agent’s busy attribute will be decremented back to 0.

Children containing GWSBehaviour: behave () method will invoke all its unfin-
ished children’s behave () method in parallel. Each of these, will increment
and decrement the busy attribute to keep track of when all parallel Actions
have finished.

Figure[3.9 exemplifies a Behaviour that starts at A0. Green represents the finished
GWSBehaviours consulted by the algorithm (e.g 20, A1, A2) and red unfinished ones
(e.g. A4.2,A4.1.2,A5.2, A6). Notice how the decision tree algorithm together
with the parent-child GWSBehaviours would act in the depicted image:

¢ Asks if A3 has finished. This checks that all its children have finished and
returns true, so the algorithm can head to the followings (A5 and A6).

¢ Asks if A5 has finished, which will notice that one of its children has but it does
not reach the finish_condition = 2. As it has not been finished, the
algorithm will mark A5 for execution, and this execution will result in calling
A5.1'sbehave () method.

¢ Asks if A6 has finished and since it has not, marks it for execution.

¢ Asks if A2 has finished. It will notice that one of its children has and reaches
the finish_condition = 1 sono more children need to be queried and

the algorithm can head to the followings.
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* Asks if A4 has finished, which will ask its children. Only one child has finished
therefore the 24’s finished () method will return £alse and be marked for

execution.

So, once collected the Behaviours that need to be executed, the agent will call
behave () of:

e A5 and this will invoke A5 . 1.
* A6 which will perform its code.
¢ A4 and this will invoke A4 .2 and A4 .1. 2.

AO
Al A2 fc=1
A2.1 A2.2 A2.3
\
A3 | fe=2 *_|
A3.1 A3.2
A4 fc=2
A4.1 A4.2
\J
A5 fc=2 |
A5.1 A5.2 -
A4.1.2 Ab fe=1
A6.1 AG.2
Y
A7
v Y L L
A9 A6 A8 A0

Figure 3.9: An example of a TODO List composed of Activities and Actions inside them.
The green ones have finished and therefore the Behaviour algorithm iterates through the
next arrows for finding the unfinished ones. (Source: own research)
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Running a GWSBehaviour’s behave () method does not ensure that the goal
has been reached. Abehave () could be just to move a couple of metres closer to a
certain position and, therefore, must be ticked until reaching it. The achievement of
the behaviour’s goal is certified by the finished () method that checks if the goal
is met and, therefore, it is the agent’s duty to check at every fick if it should perform
an Activity not completed.

3.5 Complete GWSAgent

Following the Figure[3.2]and once loaded a set of Skills and Behaviours, an example
of a Citizen driving to a destination would be completed as depicted in Figure[3.10}

Its execution would go through the following steps:

1. First the Calculate walking route to vehicle behaviour would
requireits Calculate Route Skill to extract the route the agent should
follow until reaching the vehicle.

2. Ttwould follow said route usingitsMove SkilluntiltheWalk to vehicle
behaviour finishes.

3. Then the agent would proceed to the Calculate driving route to
destination behaviour to call again the Calculate Route Skill but
this time by passing its final destination and using the vehicle.

4. It would loop executing in parallel the View Cars and Drive behaviours.
The View Cars behaviour, usesthe View Skill tolook atthe preceding
vehicle in the road and decide the desired speed; and the Drive Vehicle
behaviour, alters the vehicle’s speed for it to use its own Move Skill thatwill
transport the agent.

5. When these last two behaviours return the finished () method as true, the

agent will have reached its final destination.
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Figure 3.10: Full inside elements that compound a GWSAgent driving to a destination.

(Source: own research)

3.6 Environment

The agent environment is the world where all active agents and passive entities live

together and interact. An appropriate environment definition must bring together

real world scenarios and applications by addressing key issues as time management,

agent registration and real world constraints assurance. In real life, the world is om-

nipresent and we access it instinctively and continuously through our senses. Same

happens in GeoWorldSim where the world is modelled through the GWSEnvironment

class. This virtual omnipresent world is programmed by a Singleton design pattern

(Gamma et al., [1993), concept that fits perfectly into how an agent environment

should be translated into software. Singletons are accessible from any part of the
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code, without needing a reference to it, through a static method and restrict the
instantiation of it to a single object. Therefore, any agent gets an access point to the
GWSEnvironment or any of its sub-environments to interact and provoke changes.

There are two big contributions on how the environment has been coded. Firstly,
GWSEnvironment is an agent itself willing to have a behaviour like any other through
itstick () function. Mostfail in treating the environment as a first class and
proactive entity with its own behaviour (Weyns et al.,|2007b). And secondly, within
GeoWorldSim the environment class contains a list of sub-environments that serve
to model the collective global behaviours in which the world decomposes.

When bringing to life or destroying an agent from the main environment, this
will cascade the agent to its child sub-environments so these can filter, modify or
add additional properties inherent to the type of the real world aspect they represent
(e.g. an agent being registered in the physical sub-environment will get attached a
geometry to it). Later when ficking the global GWSEnvironment (remember it is an
agent), this will call its child sublayers’ t ick () method.

Through these, the proposed powerful design allows extending the environment
by means of creating new sub-environment layers to model collective behaviours
and external tools (e.g. institution groups, routing networks, physical models, rain
models, weather models, power grid engines). Currently some sub-environments
have already been programmed, and they are further detailed bellow.

The mostimportant of the inside built-in layers, is the Execution sub-environment
in charge of ticking agents and with a new approach for running distributed Geosim-
ulations. The GWSEnvironment publishes its state through the external communi-
cation module Section[4.5]and likewise, it receives the status of other environments.
While the current state-of-the-art platforms need to explicitly deploy mechanisms
and messaging for time federating distributed simulations, the GWSEnvironment can
have inside external environments masked as normal agents. This masked agents,
will have no behaviour and their inner time will be updated from the outside. Combin-
ing the methodology bellow described in Section|[3.6.7]of the Execution Environment
(which waits for delayed slow agents) together with hiding external environments

as agents achieves a transparent synchronisation of distributed executions. Fig-
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ure shows in a more explanatory way the process of time synchronisation among
distributed simulations.

3.6.1 Agent sub-environment

Agents directory that organises and enables the search of agents by type or unique
identifier. The environment requires a full list of all its living beings for fast searching
and retrieving. This Agent Environment is the layer where agents are registered and
decomposed into their ontology tree, that is, agent indexes are structured from a
generic index with all of them to the most specific ones where only agents of a certain
type can be found. Figure[3.11]shows these ontology indexes that store the agents
and allow retrieving all that match a certain type.

To decompose an object into all its inheritance tree, the Agent Environment uses
the GWSODbject meta-objects. Qt’s object-model allows climbing up from one meta-
object to its super class and so on until receiving a null meta-object which will mean
having reached the base class. Section[3.6.1]illustrates the iteration since it is relevant

for many sub-environments of GeoWorldSim.

QOStringList GWSObject::getInheritanceTree () const{
QStringList 1;
const QMetaObjectx obj = this->metaObject ();
while( obj ){
1l.append( obj->className () );
obj = obj->superClass();
}

return 1;

Code 3.3: Qt's MetaObject iteration for climbing up parent classes. (Source: own research)
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Figure 3.11: Agent environment storage to index by type. (Source: own research)

3.6.2 Time sub-environment

Time is the progression of events and this is what this sub-environment is dedicated
to and what drives the simulation forward. The Time Environment is a simple class

that saves two key properties:

Simulation time: When created, the Time sub-environment saves a creation times-
tamp and the simulation speed. Using both it is possible globally access the
current date and time of the simulation by multiplying the time spent in the
real world by the desired speed of the simulation.

Agents’ internal time: As previously introduced, agents are not always in sync with

the simulation time (e.g. because of heavy processes, waiting for an external
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result, etc.). The time sub-environment contains the internal_datetime
of all registered agents and use it to increment said time according to their
progress.

3.6.3 Physical sub-environment

Physical layout where the agents live composed of a three dimensional terrain model
that delimits the study area and serves as a spatial index to place all existing agents.
Every agent needs an attached geometry representing its physical properties (e.g. a
pipeline modelled as a LineString, an accommodation as a Polygon, an entrance to a
building as a Point, etc.). GeoWorldSim contains a geometry engine built on top of
the third party GEOS library. When adding agents to the Environment, this physical
layer will ensure the agent fits inside the environment bounds and create a cascaded
spatial storage (just the same as with the Agent Environment but for spatial searches).

The updates of the geometries of agents, have to necessarily pass through this

component. It will verify that no agent is making trying to move or fly if not allowed.

3.6.4 Network sub-environment

When talking about urban developments it is inevitable not to think the networks.
Whether they are transport, sanitation, electricity, waste collection, etc. Urban de-
velopments are composed of a large set of networks. That is why GeoWorldSim’s
environment had to have a layer devoted to networks for registering all real world en-
tities that can be shaped as a graph where elements are connected between them. To
this end, two abstract classes have been created GWSGraphNode and GWSGraphEdge
for agents to extend them: GWSGraphNode contains a list of all incoming and out-
going edges whilst GWSGraphEdge requires two from and to GWSGraphNodes. For
example, fig. depicts the class hierarchy tree for transport networks inside Ge-
oWorldSim. A TransportLine would need two TransportNodes to be created since it
represents a simple Highway and a PublicTransportSegment would need two Public-

TransportStops because it represents an available route between two stops.
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Figure 3.12: Transport network Graphs by extending GWSGraphNode and GWS-
GraphEdge. (Source: own research)

Joining both components several GWSGraphs are built inside the Network En-
vironment. Whenever an agent is registered in the environment, it is passed to the
Network Environment who checks if the agent can be cast to a graph edge or node. If
so, the function iterates all the inheritance tree of the agent creating a GWSGraph and
inserting the agent in it. Through this process, several graphs are created, ranging
from the most generic agent types to the most specialised. The Network Environment,
exposes spatial search methods for easy network building and reuse of elements. Us-

ing these graphs created, GeoWorldSim
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3.6.5 Social sub-environment

Many Geosimulations require modelling principles or norms that govern agents’
behaviour, understanding that these are based on implicit or explicit agreements
(e.g. institutions, family, affinity). This sub-environment focuses on modelling social
groups and hierarchies between agents. To this end, it creates a set of social graphs
(Ugander et al., 2011) to represent how each pair of agents are socially connected
(e.g. hierarchy in a company, friendship, family tree). Using these, the Social sub-
environment allows to check if a certain relation exists between two agents, for
example if AgentA is FRIEND of AgentB or AgentA is EMPLOYEE of AgentB.

3.6.6 Messaging sub-environment

Geosimulations recreate worlds where agents compete or cooperate with each other
and messaging plays a vital role. Inside GeoWorldSim, this sub-environment enables
an active listener to orchestrate messages emerged within and outer distributed
Geosimulations:

Messages emerged within the simulation: Agents living together in the same Envi-
ronment propagate messages to other. A set of messaging Skills will emit said
messages to this sub-environment who will connect them to other agents’ slots.
Using the Signal-slot mechanism, ensures the asynchrony of messaging and
that the processing of emission and reception is done both in their respective
agents’ threads.

Messages coming from the outside: Distributed simulations can be a source for
messages that need to provoke changes or are expecting to receive a reply.
The Messaging sub-environment opens as many active listeners as required us-
ing Websockets (and the module in Section[4.5) that forward messages to their
recipient agent’s slot. This messages can be either generated from distributed
simulations or created on the fly by third party applications and sensors (with
no simulation infrastructure). The messaging layer will find no difference as

long as these are well formatted.

77



3. Geosimulations design and implementation

In carried out simulations agents only compete with each other and still no ne-
gotiation mechanisms have been implemented. Therefore, messaging is currently
limited only to the alteration of attributes of one agent by another (e.g. a driver chang-
ing the speed of a car, commuters hoping on a bus, turning on and off a household
appliance). This dissertation has very present that to extend communication and
interoperability among different agents, the (Fipa,2002) messaging proto-
col is the universal mechanism in the[MAS|world. Inside[FIPAls communicative acts,
there are already message types for operations such as making proposals, agreeing or
rejecting between agents. It is intended to endow GeoWorldSim with|[FIPA|messaging
capabilities in the short run. To this end, it is expected to use existing communication

library implemented in C++ (Roehr,2018) which includes a message parser and a
message generator for bit-efficient messages.

3.6.7 Execution sub-environment

This logical layer for time management and asynchronism contains all the active
agents that are alive and performing a certain task. Section[3.6.7]depicts the typical
shape of a simulation loop in[MAS] The loop ensures that all agents are synchronised
and given an opportunity to behave at each simulation step. All GWSAgents have
also been designed with a t ick () function which serves as wrapper for calling the
behave () method that runs its behaviour. This behave () is an abstract method
enabling new agent types to implement their own specific function to emulate the
real world entity, so that calling all agents’s t ick () results in different behaviours.
Ticking all the agents at each simulation step, like in NetLogo or Gama platforms,
means reducing the agents’ reasoning to the same unit of time and losing any asyn-
chrony. In order to improve this, firstly the centralised control has been discarded
in favour of giving agents autonomy to t ick () themselves whenever wanted, as
event-driven platforms do. Taking into consideration that the objective is to run
Geosimulations with thousands of agents in computers that rarely have more than 50
processors, it is unavoidable to go beyond software and start analysing the hardware

layer. Only a few (equal to the number of processors) tasks can be really executed in
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int ticks = 0;

Simulation loop
while( !finished ) {
for(int 1 = 0 ; i < agents.size() ; 1i++){
agents[ i J.tick();
}
ticks++;

Code 3.4: Traditional structure of agent steps execution in (Source: own research)

parallel by the computer and here comes into play the way in which the operating
system implements multitasking and thread scheduling. Computers run several
processes in parallel and within a process several threads. When running a process, it
always starts with a single thread (usually called main thread) and during its execu-
tion may decide to create more of them (called worker threads). Operative systems
use different scheduling algorithms that attach a priority to threads alternating the
execution of these so that, a higher priority has more potential to receive resources
from the operative system. This means that, even if several agents can invoke a
tick () tobe executed at the same time, the operating system will go sequentially
turning on and off their execution.

The work here had to face how to make GeoWorldSim agents to run in a fast, asyn-
chronous and concurrent way and this is where the need for a Execution Environment
layer emerged as a mechanism to control (not to synchronise) the asynchronous exe-
cution of the agents.

Qt provides easy thread management by means of four low and high level tech-
niques (Qt Company, |[2018b) for creating concurrent pieces of code. Some of these
are oriented for launching short life-cycle worker threads to delegate single tasks
and are not what is needed. Agents must be hosted in their own long-living thread
that can perform different tasks upon requests and react to new data and stimuli.
To this end, low level QThread class is the foundation of all thread handling in Qt, is

the most flexible way of obtaining full control of concurrency and each QThread has
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its own event-loop for signals/slots triggering. Recommended use is to instantiate
a new QThread instance and then go through the moveToThread () method to
transfer a parent QObject instance (with all its child objects) to the newly created
thread. When moving objects to threads, pointers and data are shared across all
QThreads, i.e. no separate memory spaces are created. Therefore, having concurrent
agents accessing shared data in a disorderly way, it is hard to ensure that all remains
consistent. Problems are often hard to find because they only show up occasionally
or on specific hardware configurations.

Per newly created QThread, Qt creates an event-loop. These are used to queue and
schedule slots to be invoked immediately or after a certain time. It is not necessary to
queue them in order of execution, the user can schedule them in a disorderly way
and the event-loop will order and trigger the functions as scheduled. It is important
to remark that there is only a single event-loop per thread, therefore if two slots are
scheduled to be triggered at the same time, the first will be firstly executed and once
finished, the second. Due to this, for a correct orchestration of the ticks, threads and

agents, three approaches emerged:

Single worker thread: As mentioned, each program has only one thread when it is
started. The usual procedure in Qt is leaving the main thread for user input
catching and creating secondary worker threads to send these inputs’ process-
ing. It is fair to think that the most equitable way for active agents to receive the
same thread priority and opportunities is keeping them all in the same worker
thread. In this approach a single worker thread is created to move all the active
agents to. Active agents’ t ick () function is a slot, and in this approach each
agent used a timer that asynchronously triggered these slots.

Imagine an agent that emulates a train driver performing its itinerary. Inside
the tick () function, the first task would be driving to the next train station
until arriving there. Once at the station, if the driver had to obligatorily wait 15
seconds before departing, it would create a timer to queue for 15 seconds in
the event loop the call to the t ick () function again. This avoids busy-waiting
with the agent in a loop asking whether it is time for calling tick () again

or sleeping a thread (that may be shared and needed to be awake by another

80



3.6 Environment

resources). Doing so, Qt’s event-loop works as an dispatcher in which ticks are
queued and fired with no need to to implement a new execution controller.
However, even though agents receive an equal allocation of resources, this
technique does not take advantage of multitasking since there only exists one
single event loop executing all agents’ behaviours sequentially.

As many threads as agents: The opposite approach is creating and assigning one
thread per agent for each to have its own event loop where to queue the ticks’
executions. In this case, the allocation of resources to agents is delegated to
the operating system which would assign threads to hardware cores using
its scheduling algorithms. Because there will probably be more agents than
cores in the computer, this alternative makes full use of multitasking and
runs the ticks completely in parallel. However, concurrency is achieved by
repeatedly pausing a thread, saving its memory state and reloading another
thread’s saved memory into the core; known as context switch. Context switches
are usually computationally expensive since pausing a thread and awaking
another requires a certain amount of time for doing the administration (e.g.
saving and loading registers and memory maps, updating various tables and
lists, etc.). Besides, Qt's moveToThread () function is also time consuming
making no sense to move simple passive entities that have no active role in the
simulation. These two issues, affect the performance and speed of a simulation
resulting in agents receiving not balanced processor time. If some agents are
forced to wait by the operative system while other receive more computation
time, all entities in the simulation will go desynchronised in date and time.
Imagine the simulation of the evacuation of a building, where people run to
the emergency exits. Having agents that can execute more ticks than others
being delayed by the operative system would suppose to have people for whom
time passes at a speed different from that of others.

Mixed strategy: As always, mixing strategies brings the advantages of both approaches.
The GeoWorldSim Execution environment has been modelled as a layer con-
taining only the agents that requested to perform an active role in the simula-

tion. Thislayer is a singleton provinding two runAgent () and stopAgent ()
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methods which will give agents capacity to invoke ticks and concurrency. When
the execution layer is firstly created, it also creates a Parallelism Controller, util-
ity to manage multi-threading, that queries the number of processor cores a in
the system, both real and logical, to create new a — 1 QThreads. New threads
plus the one already existing in the application sum the number of cores in the
system and therefore the maximum number of operations that can actually be
executed in parallel. Whenever an agent is passed to runAgent () function,
the execution environment relies on the Parallelism Controller to randomly
assign one of the newly created threads to the agent and register it in the exe-
cution layer. Now agents living in the same QThread will share an event-loop
for triggering their t ick () functions. The main thread is kept for the main
application necessities and the passive entities (as they do not need to actively
runany tick ()).

In spite of using a mixed strategy to distribute all the agents across the comput-
ing capacity, it is not possible to know in advance the load each agent will need.
Recall that the agents are scheduling the tick () calls in their event-loop with no
centralised control. This generates situations where agents with high computational
needs block their event-loop while other loops dispatch lighter tasks faster. Even
more, GeoWorldSim is designed to execute simulations distributedly across several
computers and these may have different hardware configurations. Agents within
faster computers or none blocked event-loops will go faster in time just like occurred
with the as many threads as agents approach. The difference is that in this case the
platform is not delegating thread scheduling to the operative system and it is possible
to implement at code level mechanisms for managing desynchronisation.

A new multi-agent execution management technique is proposed supported by a
new Execution Environment. This new logical layer, sets up a moving time-window
for asynchronously executing agent behaviour ensuring that lagging agents are not
left behind. It has been designed and implemented, creating a new sub-environment
inside the global Environment and which will attach two internal_datetime
and busy properties to agents. In this novel technique, instead of explicitly queuing

the next t ick () inside the event-loop to be triggered after several seconds, agents
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Figure 3.13: Worker thread approach for scheduling agent ticks. (Source: own research)

seta internal_datetime property indicating when they need their next oper-
ation to be triggered. It is responsibility of the Execution Environment to serve as
link between the event-loops, agents and the Time Environment synchronising the

moment all are simulating.

Whenever an agent wakes up, is run to execute its behaviour, it is registered in
the Execution Environment layer, set its internal_datet ime property to now
and sent to a randomly selected worker thread and event-loop. The Execution En-
vironment has a tick() method invoked periodically that will follow the procedure
described in Algorithm{tickl The sliding time-window progresses over the time but
can be delayed if agents are late because of a heavy behaviour. All agents whose

internal_datetime fall inside the time-window, will have their scheduled time
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Figure 3.14: As many threads as agents approach for scheduling agent ticks. (Source:

own research)

recalculated and, now yes, the tick () queued in the event-loop. All agent ticks

within the time-window will be executed before calling again the next t ick () itera-

tion of the Execution Environment. This is one of the biggest innovations contained

in this dissertation and allows the transparent synchronisation of the distributed

simulations and all the agents within each of them.

Additionally this internal_datetime serves as bridge for including external

agents that federate time across distributed simulations. Another of the impor-

tant contributions of this Execution Environment layer, is that synchronisation

between distributed simulations is achieved by default at the moment in which

external environments are mask as agents. As mentioned in Section[3.6]distributed
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Figure 3.15: Mixed strategy approach for scheduling agent ticks. (Source: own research)

environments running in external computers are modelled here as empty behaviour
agents which are updated from the outside. The empty agents havea internal_ -
datetime that does not advance (because they have no behaviour) until the update
takes place from the external environment through the Sockets module Section[4.5]
The Execution Environment will treat it as another agent and make all agents wait
until the external agent reaches this environment’s time. Within this approach it is
not needed to deploy additional synchronisation mechanisms (as Anylogic or Jade
do) nor asking what time does the external environment have (as FIPA does). The
GeoWorldSim environment tackles distributed time federation with this simple and

straightforward mechanism.



3. Geosimulations design and implementation

In turn the masked agents could introduce new problems if the distributed sys-
tems are waiting for messages from others to advance their internal_datetime.
More precisely, in distributed simulations, where messages determine the turn each
simulation needs to advance, there might be cases of interlocking if not well coded or
amessage is lost. A simulation may stay in a loop with no time advance (e.g. waiting
for data, because of an erroneous calculation) and consequently freeze the rest of the
systems.

Figuredepicts three distributed simulations (Simulation A,Simulation
Band Simulation C)connected to execute the same time. Simulation Ahas
the slowest agents and Agent —Al is currently ballasting the advance of simulations
B and C time-window. In this case, Simulation B hasa wide time-window which
allows other more advanced agents to receive execution time even though the sim-
ulation is waiting for Agent-Al to update its internal_datetime. By cons,
Simulation C has anarrower time-window so while waiting for Agent-2A1 to

advance its agents have already surpassed the highest time instant that will be ticked.
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3. Geosimulations design and implementation

Data: CURRENT_DATETIME from Time Environment
Data: MIN_TICK = CURRENT_DATETIME

Data: WIDTH of the time-window

for eventloop in eventloops do

for agent in eventloop.agents do

if agent.BUSY == 0 then
CURRENT_DATETIME = MIN( CURRENT_DATETIME ,

agent.INTERNAL_DATETIME )
end
end
end
if MIN_TICK < CURRENT_DATETIME then
DELAY-TIME-ENVIRONMENT( MIN_TICK)
end
for eventloop in eventloops do

for agent in eventloop.agents do
if agent.INTERNAL DATETIME < MIN_TICK + WIDTH and agent.BUSY

== (0 then
scheduled = CALCULATE-SCHEDULED ( MIN_TICK , WIDTH ,
agent.INTERNAL_DATETIME )
eventloop.TRIGGER( scheduled , agent.tick() )
end
end
end
call_again = CALCULATE-ALL-FINISHED ()
this. TRIGGER( call_again , this.TICK() )
Procedure tick function of the Execution Environment. (Source: own research)
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CHAPTER

GeoWorldSim ecosystem

Once fully described the simulation core, it is time to connect the simulations to
the world. Although the initial attempts of the platform were conceived as a single
software containing all the functionality built-in, going to a full scalable product re-
quired an effort in modularisation. We humans are limited when managing complex
problems all at once and the same happens when trying to design a code that does
everything. It is well-known in software development that decomposing a complex
problem into a number of simpler individual problems helps building piece-by-piece
the desired solution and improves specialisation, maintenance and clash avoidance.

Throughout this time, the software has gone through different stages until becom-
ing a full web-based, distributed and general purpose Geosimulations framework.
The GeoWorldSim simulation core, has been surrounded by nine enabler modules
(which some have already been mentioned briefly) that take secondary functionality
out from the simulation engine to third party proven technologies. Each module is
dedicated to independently covering one basic need in evaluating urban develop-
ments. Table[4.1]identifies all the modules of the proposed GeoWorldSim platform
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4. GeoWorldSim ecosystem

together with Figure[4.1|that depicts the overall architecture of the framework and
how all the parts communicate.

Within this chapter all the secondary modules that compound the GeoWorld-
Sim platform are described along with how each supports a necessity for running
complex Geosimulations. The following sections describe these nine parts that are
key to round up the needs of the framework and provide:

Table 4.1: GeoWorldSim modules. (Source: own research)

Module Task

Simulations Launcher =~ Web management of simulations
Authentication Identity manager

Statics File storage

Datasources Data harmonisation

Sockets Real time data bus for communication
Historical Time history storage

Alerts Notification

Intelligence building Graphically building complex operations
Dashboards Visualisation of executions and results
Simulations Geosimulations core

Simulation launching: Section[4.1|presents the web Simulation Launcher for online
managing executions.

User Authentication: Section[4.2]introduces the module designed for identity and
profiles management serving as user database for the rest of the modules.

Statics: Section[d.3|presents a file storage service.

Datasources: Section[4.4describes the module responsible for the harmonisation of

different data sources (e.g. databases, files,[Application Programming Interface]

into a single format to avoid creating many importers in the simulation
core.

Sockets: Section[4.5|introduces the a communication bus for message sharing across
distributed simulations and others.

Historical: Section[4.6|presents a novel mechanism for storing the results of simula-

tions allowing time searches and richer knowledge extraction.
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Figure 4.1: GeoWorldSim platform architecture. (Source: own research)

Historical

Alerts: Section4.7|introduces a simple user alert storage for all modules to report

errors and messages into a single endpoint.
Intelligence building: Section[4.8|presents a powerful tool for programming com-

plex operations without needing to code by chaining functionality blocks.
Dashboards: Section [4.9] describes the graphical user interface module to create

custom visualisations of running simulations and results.

4.1 Simulations Launcher

As mentioned in Chapter[3} while originally it was though to develop GeoWorldSim
as a single desktop software, soon the necessity to be able to run several simulations
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4. GeoWorldSim ecosystem

through the web and in parallel managing the collision in data emerged. Besides, like
any web based software, there was the need for a server that constantly waited ready
for receiving new requests and giving response to them. Taking into consideration
simulations need to be created and destroyed, soon became clear the necessity to
create an upper level process that orchestrated these Geosimulations.

The Simulations Launcher is an active enabler to bring to life, manage and kill
simulations acting as a process-dispatcher. The Simulations Launcher deploys a web
server with an interface and a REST[APIlto answer user needs in terms of simulations.
Through the web interface, a user can send the configuration to start a new simulation,
view or destroy existing ones.

It has been coded in C++ for which the community has developed several tools
to take this language to the web environment. This is the case of a third party li-

brary called QHttp (Amir,[2018) for opening a[Hypertext Transfer Protocol (HL L P)

server and receiving requests. These serve as protocol for invoking all operations a

traditional web server would provide such as returning[Hypertext Markup Language|

(HTML)|rendered pages, files or executing commands. By matching requests to their
processes, this module provides a REST[APIfor simulations orchestration described
in Table[4.21

Using C++ allows easy operative system process creation and management. The
Simulations Launcher contains a folder with all the available simulation executables
and launches them according to the received requests. To parameterise a simula-
tion, the[API|must receive a configuration[JSON|payload with at least the following

parameters:

target: Simulation type that wants to be run to fetch the executable file.
name: Given to a simulation for better identification.
start: UNIX time-stamp of when the simulation takes place.

speed: Number from 0 to 1000 representing the speed of the Geosimulation.

This configuration can be extended for each type of simulation since the received
payload will be passed to the simulation executable for it to parse additional

values.
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4.1 Simulations Launcher

When requested to start a new Geosimulation, the launcher firstly assigns the
simulation’s unique identifier that is globally used across all Geosimulation modules.
It is also in charge of registering the identifier in all additional modules, that is,
creating a database in Historical module, opening the communication bus in Sockets
module and creating two dashboard to see the simulation functioning and results
in Dashboards module. Once done, Simulation Launcher will prepare a folder with
received configuration files and redirect the simulation’s working directory, standard
output and console to this folder. Thereby, all simulations write their results and
console messages in an isolated and restricted folder, in spite of sharing the same
executable file. Finally, the launcher will open a terminal and run the simulation

executable in a detached way.
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Simulation launcher|AP]| (Source: own research)

Table 4.2
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4.2 Authentication module

4.2 Authentication module

The authentication module centralises all aspects involving user profiles and their
access to Geosimulations, including secure and private authentication and[Single|
The Authentication module is the only component that stores all users
of the platform, assigns their identifiers (ID), relates which modules they have access,

and provides foreign services to access personal data providing a secure environment.

This module has been developed on top of Django (Holovaty and Kaplan-Moss,
2009), an open source development framework which allows creating web servers
written in Python. It comes with built-in modules for programming the business
logic, designing the datamodel, database interaction and user authorisation, auto-
matically deploying the processes and user interfaces to manage them. Regarding
the databases, Django supports communication with main engines thus providing
an abstraction of the model and allowing to migrate from one system to another
with relative ease. This makes Django the most appropriate option to build modules
where complex business logic and database models are needed.

Django’s built-in user authentication system, which already handles user ac-
counts, groups, permissions and cookie-based user sessions, has been extended.
This reduces the effort for account creation and management, as it supports the
enforcement of policies and procedures for user registration, user profile manage-
ment and the modification of user accounts. This built-in user authentication system
allows administrators to quickly create customised pages for users, registration of
tenant applications with access to user profile data and the handling of error notifica-
tions. Additionally, the default user data model has been extended by adding Suites,
Applications and linking them for users to access to (as shown in Figure[4.2). Suites
are aggregates of applications that serve to cover several needs of a common goal.
Applications are all the modules described here and, according to the Suite they are

associated with, users will have access to or limit on the use of said modules.

For users to[SSO|across all modules, the sharing of the authorisation, identifica-
tion and role privileges is done through OAuth2 protocol (Yang et al.} 2016). This

is integrated within the previously described Django user system. Whenever an
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anonymous user tries to log in another module of the Geosimulation ecosystem, the
module derives the authentication process to this central login service. Doing so,
full user information (e.g. name, address, phone, e-mail) is only stored in here while,
remaining modules will only store a unique identifier for this user together with the
locally needed attributes.

The Authentication module is also in charge of providing the user navigation bar
described in Appendix[B.0.1} globally used in all graphical user interfaces. This is so,
because each navigation bar is personal since it contains the links to all the accessible
suites and applications for a user. This module therefore, enables an[API] endpoint for
obtaining the rendered navigation bar as an injectable piece of code. This HTMI]code
comes with controls for logging in, out and links to all suites and services assigned to

the user providing a unified look and feel over all the Geosimulation modules.

Auth Module
Q Django built-in 1.% o )
User system o Application Suite
Al I I
1
User profile Roles Service
0.* 0.*|o.x
'
0”*
OAuth grants — Action

Figure 4.2: Authentication module model. (Source: own research)
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Authentication module|API| (Source: own research)

Table 4.3
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4.3 Statics module

This component is a global file storage built to centralise where to put files resources
from all the modules and websites of the Geosimulation ecosystem. It is intended
to host and retrieve static files providing a user security layer when uploading and
making the data globally available for downloading. The Statics server is private and
simple module but one of the most used tools by the rest of components since all web
files (e.g. [Cascading Style Sheets (CSS)} JavaScript,[XMIL) and data files (e.g.
[Separated Value (CSV)}[Shapefile format (SHP)} J[SON) are uploaded and read from
here. It offers a simple[AP]|for file uploading, accessing and deleting files, described
in Table[4.4l
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Statics module|API| (Source: own research)

Table 4.4
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4.4 Datasources module

Data-set registration and harmonisation module, whose purpose is being able to
globally access any piece of information converted to a homogeneous format, no
matter how or where it is read from. Doing so, when a simulation requires data from
different sources and formats (e.g. buildings from an online[AP]} transport network
from a database, travel matrices from aﬁle) it does not need to implement the
corresponding readers and converters. This task is delegated to Datasources module

and all the connectors developed to read from main used sources.

The module has been programmed using the Node]S framework (Tilkov and
Vinoski, 2010). Based on Google’s V8 Engine, NodeJs is an open source applica-
tion runtime environment that allows creating server-side applications in JavaScript.
NodeJS takes Javascript coding to the server-side for easily programming scalable,
lightweight and efficient backends. One of its most notable features and advantages,
is the non-blocking I/O model which, on the one hand, requires all intensive opera-
tions to be performed asynchronously and, on the other, allows delegating operations
to external tools and invoking methods once they have finished. This makes NodeJS
a really powerful option to build tools that mostly need to dispatch and redirect

requests among other services.

The Datasources module exposes both a[GUI|for registering new data-sets and
a REST[AP]| (Richardson and Ruby, [2008) for other modules to retrieve said data in
standard [J[SON|format. Using the[GUT users can go through the registration process
by selecting a datasource type, configuring its parameters and uploading a data file if
needed. The internal model is depicted in Figure[4.3] Any data-set registered in the
Datasources module will be globally available for reading using a single endpoint:
/api/datasource/:id/read/offset/:o0ffset/limit/:1imit. Theend-
point allows data pagination with the of fset and 1imit parameters and returns
any dataset in the format depicted in Section[4.4]

The following description, details currently implemented datasource types, their

needed parameters and how they internally work.
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4.4 Datasources module

PostgreSQL: Required parameters are HOST, PORT, USER, PASSWORD, DATABASE,
TABLE. Using the access point (HOST, PORT); authentication (USER, PASSWORD)
and where to read from (DATABASE, TABLE), whenever the datasource is read
the connector will firstly perform a count of all the existing records in the
table and thena SELECT » FROM <table> LIMIT <limit> OFFSET
<offset>[SQIquery.

PostGIS: Required parameters are HOST, PORT, USER, PASSWORD, DATABASE,
TABLE, GEOMETRY_COLUMN. Follows the same process to connect and query
as the PostgreSQL connector but this will add a geojson conversion to the geom-
etrycolumn SELECT % , ST_ASGEOJSON( geom ) FROM <table> LIMIT
<limit> OFFSET <offset>.

OpenStreetMap: Required parameters are BOUNDS, TAGS, NODE, WAY, RELATION.
Heads to OpenStreetMap (OSM) data download[AP]| (Overpass (Overpass
API,|2018) and performs an Overpass QL query to retrieve geographical data.
OSM data is structured in nodes, ways, and relations and metadata in key-value
pairs. This datasource requires the bounds of the area, key-value pairs and type
of the elements to look up for. Nodes will be transformed into geojson points
whilst ways and relations will be transformed to lines or polygons depending if
they are closed or not.

RESTAPL: Required parameters are URL, METHOD, HEADERS. Using the access
point (URL), when reading it will make an[HTTP|request (METHOD) and con-
verts the result to[JSON|format. It is important to notice that this connector
does not count and return the amount of existing elements. If pagination would
like to be used with this connector it would be necessary to update the URL or
HEADERS parameters to manually write the paginated request.

FIWARE (Moltchanov and Rocha, 2014): Required parameters are URL, ENTITIES_—
TYPE, SERVICE, SERVICE_PATH, HEADERS. It will query a FIWARE Context
Broker access point (URL) with the service and path headers and the FIWARE
query format for type queryingURL + /entities?type=types&offset=offsetslimit=1im:
If user authentication wants to be added, it can be done by adding user tokens

to the headers of the request.
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[CSVifile: Required parameters are FILE, DELIMITER. In the registration phase the
user will provide the file and the module will upload it to the Statics server.
Once stored, whenever the datasource is read, it will retrieve the file from
Statics module and parse it using the specified delimiter character.

JSON file: Required parameter is F ILE. Just the same as with[CSV|files, the origin
file will be uploaded to Statics module and when reading, in this case the file

will be downloaded and returned verbatim.

"count" : 100,
"data" : [
{ "id" : 4430 , "name" : "Cafe Plaza" , "type" : "cafe" ,
"geom" : {"type":"Point","coordinates":[-5.921,36.1908]} },
{ "id" : 1968 , "type" : "parking" ,
"geom" : {"type":"Point","coordinates":[-5.9256,36.1950]} 1},
{ "id" : 4261 , "name" : "Tony's" , "type" : "bar" ,
"geom" : {"type":"Point", "coordinates":[-6.1469,36.4186]} }

]

Code 4.5: Example response of executing : /api/datasource/DS23/read/offset/0/limit/3.
Notice that although the count attribute telling that there exist 100 records, the limit
parameter has requested only 3 of them. (Source: own research)

Datasources
Module

. 0..
- User Datasource Source Type

Figure 4.3: Datasources module model. (Source: own research)

The module has been designed ready for adding new datasource types extending
its capabilities. It contains a /static/sourcetypes directory where new types
can be added by creating a new folder and putting an icon.svg and read. js

files in it. The icon file serves as a representative symbol for faster datasource type
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4.4 Datasources module

identification and the read. js file contains the Javascript asynchronous function to
be executed when reading the source type. This process strongly relies on Javascript’s
Async/Await, Promise and Eval techniques. For a better understanding of these
techniques, please consult Appendix[A] Every datasource type has the same function
headers and implements its inner process to gather and transform the data. Thereby,
the asynchronous function and Promise all source types must comply with in their
read. js file is depicted in Listing[4.6}

module.exports = async function( params={}, offset=0, 1imit=100 ) {
return new Promise( ( resolve , reject ) => {
try {
Implement the reading procedure
/ If success return the resul 1sing the resolve callback

let results = { data : [] , count : 0 };
resolve ( results );

} catch ( err ) {

If error return the message using the reject callback
reject ( err );

Code 4.6: Datasource reading function (read. js) all types must comply with. (Source:
own research)

To briefly summarise, the functionality exposed by the module is collected in

Table[4.5
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Datasources module|API| (Source: own research)

Table 4.5
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4.5 Sockets module

GeoWorldSim’s simulation core provides the main source of information for the
rest of the modules. Additionally, as said, the decision to avoid spending any effort
in rendering inside the simulation engine was adopted for it to be fast and only
dedicated to emulating the behaviour of agents. Thus, Geosimulations need a way to
spread the state of their agents into other modules. To this end, the Sockets module
enables a publisher-subscriber (Eugster et al.,2003) pattern based on Websockets for

each simulation to open its own communication channel.

The WebSocket Protocol (Fette and Melnikov, |2011) is a widely supported open
standard included in the latests specifications for creating full-duplex connec-
tions. It is widely used in real-time web applications where data wants to be pushed
from the server without needing a client request. Previous methods for simulating
full-duplex connections were based on polling (Loreto et al., 2011), a synchronous
method wherein the client makes a request to the server to see if there is any infor-
mation available. Polling is acceptable for cases with fixed time interval of message
availability. However, it requires the client to open and close many unnecessary
connections or holding requests open until there is some information to be sent (e.g

hanging-GET or pending-POST techniques).

Websockets take traditional socket usage to the web environment, allowing per-
sistent and low latency connections that support transactions originated by either
the client or the server. When connecting, both sides make a handshake over TCP
Protocol in which the clients informs it wishes to upgrade to the WebSocket Protocol.
This issue is not always documented in web socket libraries and requires extra tuning
the web environment and proxies to support the upgrade header. Once the connec-
tion has been established, messages can be sent back and forth using the methods
defined by the WebSocket simple interface.

The WebSocket standard is simple. A WebSocket object has only send () method;
close () method; and triggers events on opening, closing, message arrival and er-
ror occurring. Over these, a service protocol has been designed to spread agent

changes and notifications, all modules must fulfil. The Geosimulation Sockets pro-
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tocol establishes that all message must contain a signal, socket_idand body
fields:

signal: It comes to represent the reason of the message. Currently allowed values

are:

join: Torequest joining, that is subscribing to, the communication bus of a
simulation.

entity: To communicate a newly updated entity inside the body payload.

message: To inform using plain text about the state or error of a simulation

inside the body payload.

socket_id: Unique identifier (ID) of the socket, matches the simulation’s unique
identifier who emitted this message. It is useful when receiving messages from
many sources.

body: J[SON|object with the main content of the message. When receivinga join
signal, it is expected to receive a socket_id parameter containing the simu-
lation to listen to. For the ent ity signal, a fullyJSON-LD]serialised entity is
expected following the agent ontology described in Section[3.2.1} Finally, with
me s sage signal a simple string is expected as body.

When opening a socket, a client can send a join signal with the identifiers of
the simulations it wants to receive messages from. Geosimulation Sockets module
enables connecting to as many busses as desired and receiving communications
from different sources through the same socket. Figure[4.4]depicts the message flow
between the communication bus and subscribers. Notice that the Sockets server
does not perform any user credentials validation, so a valid simulation ID is enough
to join and watch data sent through a simulation’s socket. Malicious users may try
to broadcast fake values to the modules involved. This is why this module is hidden
from the user and interaction is done through others. Even so, simulations IDs use
128 bits long numbers based on the algorithm of|Leach et al.| (2013) whose probability
of being guessed is rather low. This is a minimum risk in favour of simplifying and
speeding up information sharing over the bus.
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4.5 Sockets module

Sockets Module

Wants to join Joined “sim3”

WS connection

Receives signals whose

Emit { signal : “join” , socket_id : “sim5"} socket_id = “sim3

Web Sockets A

|( signal : “message” , socket_id : “sim2” , body : “Error” }

|{ signal : “entity” , socket_id : “sim3” , body : { id : “C23" , type : “DepositPoint” , fill : 0.93 } }|

{ signal : “entity” , socket_id : “sim5” , body : { id : “A123" , type : “Car” , speed : “3.43" , geometry : {..} } }|

{ signal : “message” , socket_id : “sim3” , body : “Simulation finished” }

O SN Fot e, . 8] .
00 Sim2 00 Sim3 OO Sim5

Figure 4.4: Sockets data flow. (Source: own research)
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4. GeoWorldSim ecosystem

Sockets module|API} (Source: own research)

Table 4.6
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4.6 Historical module

4.6 Historical module

The already mentioned Sockets module provides a way of knowing the current state
of a simulation at the moment it takes place. However, users require to go back and
forth in time or watch a geosmulation days after this has concluded. Answer to this

requirement is given by the GeoWorldSing Historical module.

This tool connects a NodeJS server to an Influx DB (Persen and Winslow, |2016), a
time-series platform designed to handle metrics and events. Time series are simply
measurements or events that are tracked, monitored, downsampled, and aggregated
over a period of time. The key difference with time series data from regular data is
that queries will always ask questions about an element over time. With the arrival of
the IoT paradigm, these databases are uniquely positioned to solve the challenges of
millions of events coming in, filtering and analysing. A time series consist of a set of
values where time is a meaningful component of the data. Using a timestamp as a
primary first class attribute, Influx DB allows easily knowing and searching through
the state of an element over the time. Geosimulations time series data amount is
enormous and very concentrated in a short period of time. This scale has been one
of the primary drivers behind the creation of specialised stores which need to face

the challenges in:

Write throughput: As said, urban simulations can send thousands of new values per
second during their execution. Inserting such amount of data into a regular
relational database like MySQL and PostgreSQL, quickly knocks over most
systems without careful tuning. Even then, relational databases have limits for
the amount of data a system can accept at one time.

Query throughput: One aspect of time series data is that new data is almost always
more valuable than the old data. The real-time nature of time series makes it
necessary to expose last received data in queries as fast as possible. Additionally,
most time series data can be summarised into intermediate values since trends
provide more information than individual data points. Time series engines

must provide mechanisms and optimisation for these operations.
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4. GeoWorldSim ecosystem

Influx DB is a high performance Time Series Database. It is designed for storing
hundreds of thousands of points per second and has its own InfluxDB[SQI}like query
language built specifically for time series. The Historical module makes use of the
Influx DB engine to store the entire course of a urban simulation. It specialises in
processing timestamped data and implements optimisation to address data manag-
ing. Although Influx DB sets up its own REST[AP]} an intermediate NodeJS dispatcher
was developed for defining an own and adding WebSocket communications.
Updated and Inserts in the module are done both using the[API|described in Table[4.7]
or whenever an ent ity signal is received through its simulation socket. Thereby, all
agent evolution is recorded into its own independent database and made available

for back and forth searching any state in time.
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Historical module|API| (Source: own research)

Table 4.7
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4. GeoWorldSim ecosystem

4.7 Alerts module

Simple tool for storing emerged alerts and messages in their own database. It provides
a mere endpoint where users can list received messages, discard and forward them
to an email or[API] Developed using Node]S this module deploys a very simplistic

and datamodel where every alert/message is composed of:

Status: Flag for storing whether the alert has been attended or it is still pending.

Level: Number for describing criticallity of the message.

Title: Title of the message/alert.

Description: Description of the message/alert.

Generator type: Type of who generated this message/alert. It can be a simulation or
the Logic building module.

Generator id: Id of who generated the message/alert, for the user to be able to
identify the source with the generator type and id.

View link: Optional link referencing the element who generated the message/alert.
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4.7 Alerts module

Alerts module|API| (Source: own research)

Table 4.8
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4. GeoWorldSim ecosystem

4.8 Intelligence building module

A complex Logic building tool designed to build data processes in a visual and intu-
itive way. This module is able to receive input event data in real-time, make a series
of calculations and generate instantaneous data/alerts in reply to changing condi-
tions. It comes in relation to reactive programming (Czaplicki and Chong,[2013), a
paradigm concerned with data flows and the propagation of change. While standard
computation tend to employ synchronous, request-response interactions, reactive
programming aims at creating observers which are subscribed to data changes. When-
ever a change is emitted, the observer will perform calculations to process the change
and obtain more meaningful information about a situation. This calculus can include
analysing the sequence of the value changed, aggregating all the values or comparing
with some thresholds (e.g. for generating alerts).

The GeoWorldSim Logic Building module is a complex tool for creating asyn-
chronous functions, called Behaviours, that chain simple operations blocks. Each
code block has several input and output parameters which need to be connected
to their prior and post. When a Behaviour function is invoked, it will go through all
its blocks executing them in cascade and passing the parameters from one to the
next. These functions can be triggered in response to events, such as changes to
data in the Historical module, or invoked by an[HTTP|call from an agent in a sim-
ulation. Furthermore, if needed, there are function blocks for making requests out
of the tool to complete or notify some of their calculations. On the whole, the Logic
Building module provides a really sophisticated mechanism for business intelligence
implementing and asynchronous computing delegation.

The data-model shapes the construction of these Behaviours through Blocks and
Links. fig.[4.5|depicts the data-model and its classes:

User: Gathered the main information from the Authentication module, here addi-
tional configuration parameters are stored.

Behaviour: Users can create as many behaviours as required. A behaviour is a
concatenation of blocks that will be sequentially executed passing parameters

from one to another.
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4.8 Intelligence building module

Block: Collection of pre-coded procedures that serve as a basis for behaviours to
combine them. A block contains a set of configurable meta-parameters and a
piece of code that performs its duty.

Category: Blocks are grouped into categories according to their purpose for users to
better find them.

BehaviourBlock: Describes the code-block to be used within a behaviour and in
which position of the sequence.

BehaviourLink: Links an output of a block to an input of another block. The blocks
linked do not need to be continual; that is, an output of a very early executed
block in the sequence, can be sent to a block several positions later in the

sequence.
Intelligence
Building 1 0.* )
Module User Behaviour
AN ]
| oy 1 1
i 0.* —
BehaviourBlock BehaviourLink
0.* ]
1 1 1
1 0.*
Category Block
code.js

Figure 4.5: Intelligence building module data-model. (Source: own research)

Built using Node]JS, the tool enables users to visually drag and drop blocks of code
and construct what a function should compute and return. fig.
Invoking a Behaviour will result in executing all its Blocks in cascade. Firstly it

orders all execution indexes (as shown in section|4.8) and then enters a loop that:

115



4. GeoWorldSim ecosystem

Extract attribute

EEE 47 get MUNICIPALITY

Extract attribute

[—
Extract atrbute

N /4T get DEPOSIT POINTS

Extract attribute
ER iteic

DR e ss RESULT EEE 7o pointDistnce

Figure 4.6: Examples of two operation that request outer information, process them and
return the result to an agent. (Source: own research)

Gets the next behaviour block.

Gets the link to go and fetch the values from previous executed blocks (as
depicted in Section[4.8).
 Sets an object with all the input values.

Asynchronously loads and executes the Block code (as described in Section[4.8]
and appendix[A).
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4.8 Intelligence building module

let indexes = [];
let outputs {};

global.BehaviourBlock.findAll ({ where : { behaviour_id : behaviour.id }
order : [[ 'index' , 'ASC' 11 })
.then( blocks => {

for (var i in blocks) {
indexes.push( blocks[i].index );

return indexes.reduce( (promise, index) => {
return promise
.then( () => {
return behaviour.executeBlock( req , index , outputs );
1)
.then( result => {
outputs[ index ] = result;
})

.catch( console.error );

}, Promise.resolve( outputs ));
})
.then( () => {
res.send( { data : outputs|[ indexes[ indexes.length - 1 ] 1 } );

})
.catch( err => {
res.send( { error : err } );

}) i

’

Code 4.7: Behaviour execution code that asynchronous and sequentially executes each
block. (Source: own research)
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Behaviour.prototype.executeBlock = function( req , index , previous_outputs = {} ){
return new Promise( (resolve, reject) => {

const behaviour = this;
let behaviour_block;
let links;

global.BehaviourBlock. findOne ({
where : { behaviour_id : behaviour.id , index : index } ,
include : [{ model : global.Block , as: 'block' }] })
.then (bb => {

behaviour_block = bb;
return global.BehaviourLink.findAll ({
where : { behaviour_id : behaviour.id , to_index : index } });
})
.then(ls => {

links = 1ls;

let input = behaviour_block.values || {};
links.map( 1 => {
if ( outputs[ l.from_index ] ) {
input[ l.to_input ] = outputs[ 1l.from_index ][ 1l.from_output ];

i

return behaviour_block.block.execute( req , input );
1)
.then( output => {
resolve ( output );
})
.catch(e => {
reject (e);
)i
1)

Code 4.8: Each Block execution that fetches linked values from previous outputs. (Source:
own research)
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4.8 Intelligence building module

Block.prototype.execute = function( req = {} , input = {} ){
const block = this;

return new Promise( (resolve, reject) => {
try {

require ( path.join(
_ _dirname, oo [
'static' , 'blocks' ,
block.path , 'code.js' )

v v

)

( resolve , reject , req , input );

} catch( err ) {
reject ( { error : err } );

Code 4.9: Block asyncrhonous and dynamically code loading and execution. (Source:
own research)
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4.9 Dashboards module

All data visualisation has been decoupled into its own analytics and monitoring tool.
The Dashboards module is the main road for users to interact with data of almost
every part in the Geosimulation ecosystem providing a configurable viewport for the
information produced, collected or transformed. It is though for users to configure
multiple views, known as dashboards bringing different points of view of the system

state.

According to the dashboards nature, they are built to connect and display the
information of with different modules of the platform:

Live mode: Dashboards for displaying the current state of a simulation. They make
intensive use of the Sockets module for gathering changes in the attributes of
agents and display them in different meaningful visualisations. The most com-
mon way to represent a simulation’s state is by drawing a map with the agents
interacting in it but this dashboards can also display charts and aggregation of
values (e.g. visualising in real time the current position of vehicles, the filling
level of deposit points or the power demand in substations).

Historic mode: Intended to viewing all the evolution of a simulation enabling going
back and forth in time. They allow setting a start and end date between which
loading all the data or slide through time updating agents to the values they had
back then. The most common representations will consist of maps displaying
the agents interaction but also time charts and graphs are available (e.g. going
back and forth in simulated citizens water demand, comparing the initial
and finish state of a simulation, watching the complete route performed by a
vehicle, etc. ).

Event mode: Designed to monitor a certain event or attribute value which is signifi-
cant for the user or simulation carried. It uses the Sockets module for listening
the changes in the value to be monitored (e.g. listing substations whose power
demand is reaching a security threshold, locating in a map deposit points that

have been moved from their original position).
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4.9 Dashboards module

Alert mode: Dashboards for including information about pending alerts and provide
a gateway for users not needing to directly head to the Alerts module.

To accomplish easy construction and configuration of these, the Dashboards mod-
ule is based on NodeJs application with a simple but powerful data model depicted
in fig.[4.7] Each of the classes has the following assignment:

User: Gathered the main information from the Authentication module, here addi-
tional configuration parameters are stored.

Dashboard: Users can create as many dashboards as required. A dashboard is a
simple[HTMI] container to provide a layout for its widgets.

Widget Template: Collection of pre-designed templates that serve as a basis for
widgets to perform functions such as display key performance indicators, filter
dashboard results or visualise data using interactive charts or tables. A template
along with the configuration of its parameters, is what gives rise to a widget. To

this end, every widget contains a folder with three indispensable files:

config.html: When a user chooses the template of what type of widget it
wants to create, the config.html view will display a predefined form
to configure the required fields of the template. This config.html is
as much representative as possible of the later appearance the widget will
have.

prepare. js: Thought as a middle data processing point before the final
rendering of the widget. Some widgets may require big amounts of data
and complex processing in order to create aggregations or graphs. To this
end, before calling the render () function that transfers the configu-
ration parameters to the final rendered widget, this prepare. js can
perform some additional calculations also sent to the render.html
file.

render.html: The final HTMI]view of the compiled widget to be rendered
by the web browser. Depending on the widget it can just present data
received from the configuration and prepare. js or it could perform

its own requests to modules and third party[APIto gather information.

121
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Adding a new template and folder automatically exposes them for users to
create new widget types.

Widget: The basic building blocks of a dashboard. Choosing one of the templates,
a user can create as many widgets as wanted. A widget is just composed by
its parameterisation and the reference to its template. Widgets can be reused
across different dashboards, that is the reason why they do not directly belong
to a single dashboard.

Widget position: Relates a widget with a dashboard. As widgets can be used in
different dashboards, this class relates a widget with a dashboard and adds
some additional parameters such as width and height of said widget in
the dashboard. The widgets position will be auto adapted to the dashboard’s
viewport using the new[CSS|Grid layout mechanism (Atkins Jr et al.}[2013) and
different width and height according to device size (as shown in Figure[4.8).

Dashboards
Module 1 0.*% 1 0.%
. User Dashboard Widget Position
11X T |
1 0.* _ 0.*
Widget
0..*
1
Widget Template
config.html || prepare.js || render.html

Figure 4.7: Dashboards module data model. (Source: own research)

In the dashboard designer, users can add and create the widgets by drag-and-

dropping the templates to the desired position. All the dashboard customisation
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4.9 Dashboards module

Figure 4.8: Responsive grid layout. (Source: own research)

and widget parameterisation process has been programmed using the methodology
detailed in Appendix[B] fig.[4.9]shows the visual aspect for creating, managing and
final result of an example dashboards.
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Dashboard

€ > C [Q nupsi/wastesthink eu/Dashboara/overview

YERETE
think Dashboard

Mean Temp Caption
15§ Mode
Regord Start
e
Address Fill [Weigth Re=rE)
Salvatore Road n 2. 10% | 400kg @
Kamara Square No Number 100% [800Kg
Europe Street n 20 50% |400kg R
proe T
Unknown TashCan 10 60% [320kg Toge
Groups
Blank Filing to | ) <« P »p
keep Aspect ratiof
Thurday 20 of January 1991 23:00

Figure 4.9: Example of a dashboard. (Source: own research)
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CHAPTER

Use-case 1 - Ubiquitous
Smart Cities

Intelligent environments are thought to be a key resource in assisting older adults
and people with disabilities through their daily life by following the ambient assisted
living paradigm. The use of sensors and computing devices allows intelligent en-
vironments to monitor the activity of inhabitants and plan suitable interventions
depending on the activities and behaviour of the monitored person.

There are many challenges to face in the area of intelligent environments and
human activity recognition, such as the type and layout of the sensors to be used, or
the definition of accurate algorithms for activity recognition and behaviour modelling
(Kafal et al.}|2014), (Cvetkovi¢ et al., 2016). However, many of the research directed to
address these issues finds a common operational problem which, in the best case,
slows down the research, hindering the capability of running meaningful experiments

in intelligent environments.
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5. Use-case 1 - Ubiquitous Smart Cities

This operational problem has already been identified by many researchers (Helal
et al.|2012), (Rashidi and Cook,[2011), (Azkune et al.}|2015), (Buchmayr et al.,2011).
Intelligent environments are expensive to build and maintain. Whenever there is a
need to test new sensor layouts, it is generally difficult to reconfigure the environment,
thus researchers have to be very careful with the initial design. In addition, the
existence of a proper intelligent environment does not guarantee the generation of
needed data-sets, since recruiting humans for experiments is a troublesome process.
In consequence, many of the data-sets generated in intelligent environments do not
allow to test and verify complex theories concerning human behaviour (Helal et al.,}
2012).

The solution to this problem is not trivial. In this line, many researchers have
proposed the development of several simulation approaches for the definition of
intelligent environments. Simulated intelligent environments offer many positive
features, e.g. the generation of large data-sets, total control of the environment
and sensor layouts, cost-effective experiments and ability to define very specific
experiments. |Synnott et al.| (2015) divide simulators into two main groups: model-
based simulators and interactive simulators. The purpose of this chapter is to present
a model-based simulator to mitigate the problems of experimenting in intelligent
environments.

Specifically, this chapter presents a Geosimulation built using the GeoWorld-
Sim for human activities in sensorised spaces. The advantage of this approach is
the feasibility to parameterise different scenarios and evaluate how the agents be-
haviour and interactions are affected each time. This Geosimulation’s scope goes
far beyond the replication of human activities and is extended to test how different
smart city sensoring layouts affect the smart city infrastructure. This methodology
allows a myriad of researchers to benefit from it, for cases such as the evaluation
of electrical distribution systems, adequate sizing of water and sewerage networks,
accessibility studies or traffic simulations. Section|5.3|introduces a rigorous method-
ology to validate the activity data-sets generated by the simulator which also aims to

be used by other researchers to assess the validity of their approaches.
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5.1 Modelling social behaviour

The objective of our simulator is to provide a useful tool to generate all the
required realistic data for specific research questions. In this chapter, a Geosimulation

is tested for activity recognition data generation in two scenarios:

» Single-user scenarios, where only one person is being monitored. Sequential
and overlapping activities can be performed. The majority of the research in
intelligent environments has traditionally been focused on such scenarios, thus
the importance of proving the validity of the tool in these conditions.

e Multi-user scenarios, where multiple persons are monitored in the same in-
telligent environment. Those scenarios are more challenging. However, the
full potential of GeoWorldSim is shown in multi-user scenarios, due to the
agent-based approach adopted. To the best of our knowledge, this is the first
simulator to address the multi-user scenario for activity datasets.

5.1 Modelling social behaviour

Following the categorisation presented by|Synnott et al.|(2015), simulators for intelli-

gent environments can be classified into two main groups:

* Model-based approaches: these approaches use activity models, which can be
obtained by diverse ways, to create synthetic data-sets that store information
about the activation of sensors during the execution of activities.

* Interactive approaches: a human user can interact with virtual environments
and sensors set up by the simulation; depending on the actions executed by
the user, the state of the virtual environment and sensors changes accordingly,

storing that information in a synthetic data-set.

For a complete review of both approaches, it is recommended to read the work of
Synnott et al. (2015). Since this paper relies on the definition of a specific model-based
approach, the related work will be focused on exploring this perspective.

Model-based approaches for synthetic data generation using simulators demand

the specification of activity models explaining the generation of events over time, the
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5. Use-case 1 - Ubiquitous Smart Cities

probability of events occurring, the time taken for each event during the performance
of specific activities and the definition of the behaviour of monitored virtual people

as a generator of activities over time.

An early example of a simulator called DiaSim was developed by Bruneau et al.
(2009). The DiaSim simulator executes pervasive computing applications by creating
an emulation layer and developing simulation logic using a programming framework,
where the models are defined. It is more focused on simulating applications such as
fire situations, intrusions and so on to identify potential conflicts, hence it cannot
be used for human activity recognition. In contrast, using GeoWorldSim makes it
possible to model human activity/behaviour and simulate these type of situations
for analysis.

Helal et al.| (2011) developed a simulator called Persim, which has been enhanced
in the new version Persim-3D (Helal et al.,|2012). Persim is an event driven simulator
of human activities in intelligent environments. Persim is capable of capturing
elements of space, sensors, behaviours (activities), and their inter-relationships. The
simulator allowed users to define activities by specifying the sensors involved in
each activity, the order of sensor activations, the maximum and minimum typical
sensor values and activity duration. Based on these parameters a list of sensor data
could be generated in the Sensory data-set Description Language. In contrast with
the Geosimulation presented hereby, Persim only offers single-user single-activity
scenarios, activities are defined as fixed sequences of actions and dependencies
between activities cannot be modelled.

An earlier example of a model-based simulator was provided by|Bouchard et al.
(2010). They developed a simulator called SIMACT, where the activity models are
captured using a form-based interface for users. Those forms allow to specify scripts
that detail the series of steps involved in the performance of activities within an
environment. SIMACT users could define behaviour related parameters such as the
order of events, the time taken for each event and the objects involved in the event.
Besides, users could also define actions associated with the completion of each step
which modify the state of the environment. Activity scripts could be replayed in

real-time or fast-forwarded and could be replayed with adjustments to event timings.
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5.1 Modelling social behaviour

While SIMACT only applies an activity-based approach, the proposed Geosimulation
follows the idea of Persim of a sensor-based approach for simulation, which is more
realistic and provides richer information.

A different approach was presented by Mendez-Vazquez et al.[(2009), who demon-
strated the use of Markov chains describing the order of events, combined with
Poisson distribution to calculate a range of realistic activity times and probability
distributions to calculate a range of sensor values to generate a simulated activity
data-set. Their tool considered activities such as reading, sleeping, walking and sitting
together, adding interesting metrics including time and energy expenditure. A similar
approach was shown by|Okeyo et al.| (2012), who use a synthetic data generator tool
to simulate time intervals between sensor activations. Their research is focused on
sensor data stream segmentation, so the tool generates varying patterns of sensor
activations in order to verify their approach.

Kormanyos and Pataki (2013) developed a simulator to model the activity of a
single inhabitant within an intelligent environment. Individual behaviour profiles
allow modelling concepts like typical sleep amount, and the change in current state
such as thirst and tiredness, explicitly introducing the state of the monitored person as
an actor in the activity generation process. Their simulator was capable of outputting
data from simulated motion sensors, RFIDs and water consumption.

Finally, Azkune et al.|(2015) presented another model-based simulator, where
varying activity executions, time-lapses and sensor error models are included. They
provide an original way to capture realistic activity models using surveys to target
users.

The major problem of model-based simulators is their dependence on activity
models. This implies that the quality and accuracy of the resulting data-sets, heavily
relies on the quality of the activity description model and the associated parameters.
However, obtaining accurate activity models is complicated, since human behaviour
is very complex and full of details which are hard to capture. The work presented
hereby, builds on the experience of previous research in the field of human behaviour
by simplifying the process of the creation of activity data-sets. The purpose is to

provide a sensor-based simulation platform that generates activity data-sets based
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5. Use-case 1 - Ubiquitous Smart Cities

on previously defined expert definitions of human behaviour. By Geosimulating
the interaction between occupants and sensors when carrying out daily activities,
accurate data-sets can be produced to then be used not only for human activity
recognition -the main target of this work-, but also in diverse research domains, such
as simulating the energy demand within a building, proper sizing of water and energy
networks or load balancing.

5.1.1 Human Simulation Model

The ability to simulate human behaviour within intelligent environments, such as
smart homes or heavily monitored habitats, is closely related to the definition of a
descriptive model that outlines the interactions between human actions and the enti-
ties that are receivers of those actions, all the while preserving the nature of decision
making, inherent to human needs and desires. In this context, the human simulation
model conceived is defined by the concepts of Person, Intelligent Environment, Be-
haviour, Activity, Action, Object and Sensor. Figure[5.1)shows an overview of these

concepts along with the relationships among them.

Intelligent
Environment
lives

in

uses

has
attached
perceived
by

> Sensor

executes

Person

composed
by

Activity
has a

Behaviour
composed

by

Figure 5.1: Conceptual diagram for the Human Simulation Model. (Source : own re-
search)
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5.1 Modelling social behaviour

The Person is the central axis of the behaviour model, an entity that lives in
an Intelligent Environment (smart home, smart office, or even a smart city) whose
definition can be as complex as desired, and is governed by spatial and temporal
laws and constraints, such as the existence of physical barriers, sensors’ detection
ranges, availability of open/closed roads, business calendars, saving light periods,
etc. Specifically, for this research, our Intelligent Environment represents a smart
home that houses a set of inanimate objects with specific Sensors attached to them.
The designed methodology currently follows the dense sensing monitoring approach
which relies on miniaturised simple sensors installed on Objects of interest, such as
cabinets, drawers, or taps, that trace a Person’s interaction through a Boolean state
(i.e. activated/deactivated).

Objects, on their part, may also have their own set of constraints. For example,
when a Person opens a door (executes action open over an object of type door), the
state of the door changes to open and thus, can not be opened again by another
person until the state of the door changes again to c1osed. The main idea behind
this is the desire to maintain simplicity in the objects’ behaviour, really focusing on
the interaction initiated by a person or another object.

Each Person has a specific Behaviour that defines the characteristics of its inter-
action with the Intelligent Environment. As already mentioned in section 3.4} the
behaviour model follows the well established hierarchy of Behaviour, Activity and
Action (Chen et al.}|2012) which helps define the way in which the person performs
the Activities, in regards to order, relationships, and priorities according to both the
person’s personal preferences and the constraints of the Intelligent Environment in

which the person lives.

5.1.2 Parameterising the Human Behaviour Model

The selection of which activities to carry out during the day and the order in which to
perform them is driven not only by the person’s needs and preferences, but also by
any event that might take place in the intelligent environment and directly influence

the person’s behaviour. From the moment a person wakes up, they have a list of daily
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activities that must be fulfilled by the time the day comes to an end. The person will
then try to complete as many activities as possible, performing, at least, the most
essential in the impossibility of performing all of them. Therefore, the key point in
emulating a person’s behaviour is the capability to complete as many daily activities
as possible, taking into consideration different aspects and fitting them to the person’s
needs.

To this end, this Geosimulation extends GeoWorldSim’s behaviour model with

new attributes and capabilities based on three main concepts:

¢ Activities: These model every single possible activity in the use case. Activities
consist of a set of basic attributes that define their priorities, their approximate
duration or the conditions for their completion. Some examples of activities
include wake up, prepare dinner, do laundry and take shower. In addition,
each activity has a set of associated actions that establish the sensors that
can be activated during the activity execution. For example, performing the
preparing dinner activity may involve the execution of several actions such as
open cupboard, open fridge, and use microwave which are then perceived by
the corresponding sensors, as shown in Table5.1}

Table 5.1: Example of activities and their corresponding actions. (Source : own research)

Activity Actions

Preparing breakfast Open drawer | Open fridge | Open cabinet | Use microwave

Washing dishes Open drawer | Open cabinet | Use dishwasher

Shower Use toilet | Use shower faucet HOT | Use shower faucet COLD
Preparing dinner Use oven | Use drawer | Use cabinet | Use microwave | Use fridge
Do laundry Use door | Use hamper | Use washing machine | Use laundry dryer

e TODO list: Every person has a list of all the activities they need to perform
during the day. This list can be extended automatically since there are activities
that will add prerequisites and others that will generate new needs, e.g. the

preparing dinner activity generates a new washing dishes activity, even though
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5.1 Modelling social behaviour

it was not originally defined in the person’s TODO list. The TODO list is reset
every single day.

* DONE list: Every person keeps track of the activity that is being done at each
moment, as well as the activities that are already finished. It is necessary to
point out that the execution of certain activities may remove others from this
list. For example, after cooking food, a person will add the cooking activity to
the DONE list. However, when the person executes the eat activity, the cooking
activity will be removed from the DONE list, since the execution of another

cooking activity will be necessary if the agent wants to eat again.

The definition of these concepts is heavily influenced by the Belief-Desire-Intention
paradigm (BDI) which provides mechanisms for separating the process of selecting a
plan from the execution of other currently active plans (Velleman and Bratman,|1991).
In general, people tend to perform similar activities throughout the day, though they
do not execute them in the same order, invest the same amount of time, or give
them equal importance. When selecting an activity over others, there are several
factors that come into play, such as the priority of the activity, the amount of time it
is expected to take, any possible time restrictions (e.g. the person must perform a go
to work activity at a certain hour, so all the morning activities, or at least the most
important ones, should be finished by then), or even the existence of mandatory
preconditions must be fulfilled before the activity is carried out (e.g. the take shower
activity must be performed before the dressing activity). In order to allow greater
flexibility, I have selected those attributes that, to our consideration, influence most
the selection process. The attributes that parameterise each type of activity are shown
in Table[5.2]

As stated in Section each activity defines its own set of actions that are
directly related to the interaction between the person and the objects living in the
intelligent environment. When an activity is chosen for execution, the person per-
forms the actions within the activity. The execution of several actions is what defines
the degree of completion of an activity. Note that for an activity to be completed,
performing each and every single one of its actions is not always necessary. For

example, preparing lunch is related to actions such as use oven, use microwave or
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Table 5.2: Definition of activity attributes. (Source : own research)

Name

Description

Type
Attendance

Estimated
duration

Priority

Desirable
start time

Desirable
end time

Mandatory
start time

Mandatory
end time
Preconditions

Outcomes

Alphanumerical code that identifies the activity type.

Attribute for describing whether a person has to be physically present during
the execution of the activity. An attended activity will monopolise the attention
of the agent until it finishes (i.e. prepare dinner), whereas an unattended
activity will allow the agent to just initiate it and carry on with other activities
(i.e. watch TV). This attribute is key in enabling a concurrent behaviour among
agents and a more realistic representation of an intelligent environment where
the simultaneous activation of several sensors may take place.

Amount of time the activity will take, according to what the person estimates,
even though there may be some deviations in reality

Number that determines the importance an agent gives to a certain activity.
This priority is modified according to the preferences of the person and the
compliance with the daily schedule.

Indicative start time at which the person would like to start performing the
activity. If possible, the agent will try to schedule the start of the activity at this
time.

Indicative end time at which the agent would like to have the activity already
finished. If possible, the agent will try to schedule the end of the activity before
this time.

Compulsory time at which the activity must start. Necessary to model time
critical activities such as going to work or watching a certain TV show.

Compulsory time at which the activity must finish.

Activity codes for modelling prerequisites, i.e. other related activities that
must be already finished by the time this activity is chosen. These codes will
be checked against the person’s DONE list to ensure their fulfilment. If there
are pending preconditions, these missing activities will be added to the TODO
list and the person will choose once again which activity they will perform.

Performing some activities may lead to the appearance of other new activities,
like needing to take a shower after doing exercise, or toileting after having
lunch. For this purpose, there is a list of activity codes so that when an activity
finishes, these new outcomes are appended to the person’s TODO list.
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use burner, but they are not always used every time the activity is executed. In order
to differentiate and characterise how they help fulfil their associated activities, the
Geosimulation developed specifies a set of particular attributes for each action, as
shown in Table[5.3

Table 5.3: Definition of action attributes. (Source : own research)

Name Description

Duration mean Average duration of the action

Duration deviation = Deviation of the duration of the action.

Finish increment Amount of completion fulfilled with the execution of this action.

Frequency Defines how much an specific action within an activity is prone to be executed.

Associated sensor Sensor attached to the household appliances and that gets activated every
time a person uses them.

5.1.3 Human activity data-sets

In order to validate the methodology in both single-user and multiple-user paradigms,
I considered several reference data-sets. After a careful analysis, the data-sets that
were finally selected were those collected by (Tapia et al.} 2004) and (Cook and
Schmitter-Edgecombe, 2009), since they present two different implementations of
dense sensing monitoring approaches and the distribution of the sensors throughout

the household is accurately specified.

* Single-user: The data-set chosen to evaluate the single-user case provides
information about the activation of sensors located inside two different single-
person apartments, with about 77 and 84 reed switch sensors installed for
monitoring around 16 activities of daily living (see (Tapia et al.,[2004) for de-
tailed information). The first subject (DS;) was a 30-year-old professional
woman, whereas the second subject (DS») was an 80-year-old woman. Both

subjects spent most of their time at home and lived alone in their one-bedroom
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apartments. Once the sensors were installed, they started collecting data for
14 days. During the study, the subjects used a custom annotation tool to build
a detailed record of their activities. The data-sets are formatted in comma
separated files (CSV), where for each activity, the day, start time and end time
as annotated by the subject appear. Additionally, for each annotated activity
the activation and deactivation times for the involved sensors are listed.

¢ Multiple-user: The data-set chosen to evaluate the multiple-user case pro-
vides information about the activation of sensors located in the WSU smart
apartment testbed (Cook and Schmitter-Edgecombe; 2009) during the 2009-
2010 academic year. Specifically, the data-set provides information from 24th
August 2009 to 1st May 2010. At that time, the apartment housed two residents,
R1 and R2. Sensor events are annotated with the corresponding activity that
was being performed, distinguishing among 13 activities for R1 and 12 for R2.
WSU apartments rely on a slightly different monitoring approach, stressing
the usage of motion sensors all along the apartments. However, they also use

object-attached sensors.

Since both single-user and multiple-user scenarios are addressed, I believe the
combination of these data-sets provides a solid reference to evaluate the performance
of the Geosimulation in terms of human behaviour modelling. Furthermore, it is
also shown how it can model different intelligent environments, ranging from the
heavily sensorised apartments from (Tapia et al., 2004) to the lighter sensorised and
motion-based monitoring approach from (Cook and Schmitter-Edgecombe}2009).

In a pre-processing stage, the data-sets where analysed to identify the most
relevant information that helped building a human behaviour model. The objective
is that, when the behaviour model is executed in the Geosimulation, the resulting
data-set is similar to the original in terms of frequency, duration and hourly activation
of the sensors. First of all, the sequence of activities, time-slots and mean duration
for each data-set were monitored, so as to identify any behavioural patterns in terms
of the order in which the activities were executed and the sensors that were activated
each time. Table[5.5|contains an example of the activity model extracted from the

reference data-sets, used as input.
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Table 5.4: Format of the RAW data-sets used for validation. (Source: (Tapia et al.,[2004))

timestamp id sensor sensor action activity
2003/03/27 06:43:40 67 Cabinet_67 ON Toileting
2003-03-27 06:43:43 67 Cabinet_67 OFF Toileting
2003-03-27 06:44:06 100 Toilet Flush_100 ON Toileting
2003-03-27 06:44:20 101 Light switch_101 ON Toileting
2003-03-27 06:44:35 57 Medicine cabinet_57 ON Toileting
2003-03-27 06:44:36 58 Medicine cabinet_58 ON Toileting
2003-04-11 22:24:17 71 Drawer_71 ON Grooming
2003-04-11 22:24:17 71 Drawer_71 OFF Grooming

Table 5.5: Pre-process data-sets used for validation. (Source : own research)

activity sensor freq mean(s) deviation (s)
activity;  sensory f]; ui U’i
activity;  sensorp i T o]

sy n n n
activityy  sensorn  f] By ol
activity sensor fl 1 ol

m 1 m Hm m
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5.1.4 Validation Methodology

From now on, the data-set generated by the Geosimulation will be named as simu-
lated data-set and reference data-set to the data-set that it is wanted to replicate. The

validation methodology is based on the following definition:

Definition 1 (Similarity). Two persons are considered to behave similarly if and only
* The frequency and duration of every action within a certain activity are analo-

gous.

o The temporal distribution of the actions throughout the day is analogous.

Within the sense of similarity, I differentiate between two concepts: assessment

of the internal consistency and coherence with real measurements.

» Assessment of the internal consistency. The objective is to verify whether
Geosimulations are able to build data-sets that emulate the behaviour of a
certain activity model. For this analysis, I first built an empirical distribution of
the frequency and duration of the activation for each sensor available in the
reference data-sets. After defining a TODO list based on the activity patterns
of each subject, I ran several simulations to generate simulation data-sets by
recording the person’s interaction with sensors through the execution of ac-
tions within activities. The frequency and duration values obtained from the
simulations were then analysed to verify whether they lay inside the confidence
intervals for the expected values given by the reference data-sets. Since the
latter did not follow any particular distribution, the confidence intervals were
built using bootstrapping methods (Davison and Hinkley,|1997). In addition,
the existence of about 100 sensors made it compulsory to take into considera-
tion the look-elsewhere effect (Randall Munroe} [2011), overcome with the use of
the Bonferroni correction (Derrac et al., 2011).

¢ Coherence with real measurements. The objective is to verify whether the
simulator can replicate the reference data-set by following the evaluation
methodology proposed by Helal et al|(2011). In this case, I built a TODO
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list that detailed the activities to be performed for a period of 14 days. In this
context, the simulated and reference data-sets are similar if the distributions of
frequencies, duration and distributions of sensors’ activations are equivalent
(Robinson et al., 2005) with respect to a region of similarity, i.e. the percentage
of differences that can be considered experimental errors. This region should
be defined following expert advice or other (not statistical) procedures (Walker
and Nowacki, [2011). Since there is no clear procedure to fix this value within
this context, the relation between the length of the region of similarity and the
number of not similar sensors is plotted. Doing so provides more trustworthy
results over other tests like those of Kolmogorov-Smirnov or Anderson-Datrling,
since these methods can only assess the dissimilarity, but never the similarity.
After the region of similarity is defined, two one side confidence intervals for a
statistic are tested whether they lie within the region of similarity. In this case,
the null hypothesis is rejected and can be concluded that both samples come
from the same population, allowing to conclude the existence of equivalence.
Finally, as in the previous case, the Bonferroni correction is used to overcome

the look-elsewhere effect.

5.2 Modelling physical reality

Regarding the physical layout in which the behaviour model has been tested, the

Geosimulation recreates the dense sensing monitoring approach (Chen et al.;2012),

which relies on miniaturised simple sensors installed on objects of interest, such as

appliances, urban equipment, power generation plants, etc. These sensors are able to

trace invocations and can monitor boolean states (i.e. activated / deactivated) as well

as continuous values, such as those given by power consumption or power generation.

It is worth mentioning that objects may also have a behaviour. For example, when a

person turns on an appliance (executes action run over an object of type appliance),

the state of the appliance changes to running and thus, it can not be started again

by another person (until the state of the appliance changes again to st opped).

Following this approach several types of appliances have been defined:
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Urban equipment: These appliances refer to the devices deployed outside the houses
and along public spaces, such as lamp posts and recycling containers. Gen-
erally, this type of devices is associated with a public service. For example, a
waste container will issue a notification when the fill level is above a certain
threshold, or a lamp post will only be functioning during specific hours.

Common Appliances: These are tools that have a constant behaviour and need to
be manually started and stopped. Most of these appliances are used to carry
out activities that involve being in contact with the device and not leaving it
unattended, such as using an oven, a shower, or a sink faucet. Even though
there are people that may overlap the use of more than one common appliance
at a time (e.g. listening to the radio while having a shower or prepare a coffee
without turning off the television) it will be assumes that all people turn off an
appliance before carrying out another activity.

Countdown Appliances: These appliances have the capacity of auto stopping them-
selves, such as a microwave or a toilet flush. Therefore the activities involving
these appliances can be parallelised with other tasks since the initiator does
not have to stop them manually.

Program Appliances: Some Countdown Appliances may have different behaviours
throughout the cycles that make up their scheduling program. That is the
case of washing or coffee machines. This sequence of actions is emulated by
scheduling the activation and deactivation of inner components and having
each of them associated to a specific power consumption.

Idle Appliances: Appliances such as fridges or boilers usually remain idle, monitor-
ing some properties to verify whether they stay under a certain threshold. Once
this condition is surpassed, the appliance starts working and tries to bring that

property back to the desired state.

Finally, several appliances of Program and Idle type also have a behaviour. Ap-
pliances that emulate a certain intelligence are the ones that can be used by the
demand-response controller. The behaviour has been added to those appliances
which execution can be delayed to any other moment of the day, like for example

times at which the energy grid is not saturated or the energy price is lower.
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5.2.1 Generation/Consumption skills

In this way, the Geosimulation contains a set of skills upon creation that define
its main core functionality. Taking a Fridge for example, this device is given a
Temperature skill with methods to retrieve or change said temperature value. In
addition, skills can act upon skills, suchas Heating skilloraCooling skill
which can modify the Temperature skill by gradually simulating the increase
or decrease in temperature over time.

Considering the demand-response scenario where power demand monitoring
is the main pillar of this strategy, the set of skills assigned to an agent will not only
modify the attributes of the agent, but also implicitly demand an energy load. In
the Fridge example, the execution of a Heat ing or a Cooling skill will not only
modify the temperature inside the Fridge, but will also generate a load, i.e. the
energy needed in order to perform such change in temperature. The notation of the
method is common to all consuming skills in which each device is supplied power
and, depending on how the appliance works and what skills are defined, demands a

specific amount of power.

5.2.2 Ideal architecture for a demand-response strategy scenario

Figure[5.2]shows the ideal architecture of a demand-response scenario and how each
element is mapped to the simulation approach. The bottom layer of the architec-
ture represents a city which energy demand is constantly monitored. Information
regarding the energy consumption of devices within the city is sent to a common
communication middleware which centralises all the information, registering all the
events and notifying them to the Demand-Response Control. The Demand-Response
Control analyses all the data received and provides a set of signals back to the moni-
tored city so as to influence citizens behaviour with the objective of leveraging energy
demand and energy production.

Following these schema, the developed Geosimulation emulates the behaviour
of a city in terms of energy consumption, and evaluates the feasibility of deploying

several communication architectures depending on the amount and type of devices
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connected to the communication middleware chosen, in this case FIWARE. The
development and implementation of the Demand-Response Control will be carried

out in future research.

@oig Demand-response {Gom Demand-response
control s control

! |

-, Communication )
A’ Middleware @F“-UHRE
Monitored City GeoWorldSim

AR T s AR T s

Figure 5.2: Real architecture and its simulated version. (Source: Own research)

FIWARE Middleware

Some GeoWorldSim simulations rely on FIWARE as the central middleware for cre-
ating a link between the monitored devices and the core of the demand-response
control. FIWARE is a new cloud infrastructure created by the European Commission
and several major European ICT companies for the development and global deploy-
ment of services and applications of the Future Internet (Consortium, |2016). It is
based on a set of modules, known as General Enablers (GE), which provide services
such as shared cloud computing resources, big data analysis, data management,
modules for integrating web applications to the FIWARE infrastructure, and security
control.

Figure[5.3|depicts a general overview of FIWARE's architecture, with the central
core of the solution being the Orion Context Broker GE. This GE is a C++ imple-
mentation of the Publish/Subscribe mechanism, providing interfaces to the NGSI9
and NGSI10 APT’s with services such as registering context producer applications
(e.g. sensor humidity within a room), update control information (e.g. send updates
about changes in humidity), subscription and notification on changes on context

information (e.g. when the humidity changes) or with a given frequency (e.g. re-
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Figure 5.3: Diagram with the overall architecture of FIWARE (Consortium,|2016). (Source:
FIWARE)

trieve humidity values every hour), and query context information about registered

applications.

The Context Broker has the ability of managing Context Information at large
scale by keeping virtual representations of physical devices. The interaction with the
devices takes place on the event of modifying or updating their virtual representations
in the Context Broker. When a petition of registration or update is performed, the APIs
map each device to a specific Context Provider in order to retrieve all the necessary
information through a Uniform Resource Identification protocol. Device types are
grouped in domains according to their hierarchical schema and queries can be
done in less or more deepness of the hierarchy. Section[5.2.2describes in detail this

hierarchical representation and the messages needed for communication.

According to FIWARE documentation, the proper way to connect any device to
the platform is through the use of an entity called IoTAgent which bridges system
specific communication with FIWARE middleware, regardless of the protocol and
data representation. Specifically, in the system, a particular IoTAgent has been

implemented in charge of binding the REST API synchronous calls of the Context
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Broker to the asynchronous and non-blocking Qt Signal and Slots communication

architecture.

Messaging format

Each FIWARE message must contain a minimum set of properties for the Context
Broker to be able to identify the service, domain and device the message belongs to.
Therefore, the smallest piece of information to be sent will on average be of 180 bytes.

Additionally, messages can describe other entity attributes, values and control
commands. Each attribute must contain a name and type of value. An example of
such control command can be seen in Source Codes[5.10H5.12]

"content-type": "application/json",
"X-Auth-Token": "[TOKEN]",
"Fiware-Service": "HouseManager",
"Fiware - ServicePath ": " / "

Code 5.10: Header example.

"devices": [{
"device_id": "[DEV_ID]",
"entity_name": " [ENTITY_ID]",
"entity_type": "thing",
"protocol": "IoTA-UL",
"timezone": "Europe/Madrid",

Code 5.11: Payload example.

Entities are registered in FIWARE Context Broker using HTTP POST operations

and sending the entire headers and payload description. Updates, however, are
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"device_id":" [DEV_ID]",
"entity_name": " [ENTITY_ID]",
"entity_type": "thing",
"timezone": "Europe/Paris",
"endpoint™: "http://{{DEV_IP}}:{{PORT}}",
"attributes": [
{
"object_id": "t",
"name": "temperature",
"type": "int"
}
]!
"commands": [
{
"name": "ping",
"type": "command",
"value": " [Dev_ID]@ping|%s"

)7

Code 5.12: Control message example.

reported using a HTTP PATCH operation and just sending the headers together with
the attributes that need to be updated, reducing the size of the bandwidth needed.
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5.3 Human Behaviour modelling Results

For the assessment of internal consistency, a person’s activity model was defined and
ran 100 simulations to build the distribution of frequencies and duration of activation
for all the sensors in each of the single-user and multiple-user scenarios. In both
cases, every simulation configured a set of daily activities for each of the occupants
living in the smart home. Even though any random activity model could have been
chosen as reference, those obtained from the data-sets described in Section|5.1.3|are

used.

Single-user scenario

Figures[5.4|and5.5|show, respectively, a distribution of the frequency and duration
of activation of two sensors within the Bathing activity for the 100 simulations per-
formed in the single-user scenario. Clearly, the plots are quite irregular and do
not follow any standard distribution. Being a common issue among all the sensors
identified in the reference data-sets for the single-user scenario, I needed to use boot-
strapping techniques in order to build the confidence intervals needed to evaluate
the accuracy of the data-sets generated by the Geosimulation. In particular, for DS;
and DS», the attendance attribute gains importance, since several activities, like
WatchingTV or ToiletFlush, do not need for the person to be physically present,

allowing the simulation of parallel activities.

Table 5.6] contains an extract of the results of one of the simulations carried
out for DS;. In this example, the duration of activation (column duration) from
the reference data-set for all the sensors of the Bathing activity lie within the 0.05-
confidence interval (columns low C.I. (%) and upper C.I. (%)). On the other hand, for
8 sensors, the frequency of activation (column frequency) from the reference data-set
for the same sensors do not lay within the 0.05-confidence interval (columns low C.1I.
(s) and upper C.1. (s)).

Overall, for DS}, 94 % of the reference values for the frequencies of activation

lie within the 0.05-confidence interval, whereas, 88 % do so for DS,. Further, for
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Figure 5.4: Distribution of the frequency of activation of two sensors in DS; (single-user
scenario). (Source : own research)
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Figure 5.5: Distribution of the duration of activation of two sensors in DS; (single-user
scenario). (Source : own research)
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DSy, 98 % of the reference values for the durations of activation lie within the 0.05-
confidence interval, while 99 % do so for DS,.
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5. Use-case 1 - Ubiquitous Smart Cities

Table 5.6: Internal Consistency — Example of the results for one of the executions on DS;

(single-user scenario). (Source

own research)
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5.3 Human Behaviour modelling Results

Multiple-user scenario

Figures|[5.6|and[5.7]show, respectively, the frequency and duration of activation of two
sensors for the 100 simulations performed within the Bed toilet transition activity for
the two occupants of the smart home, R1 and R2. As in the single-user scenario, the
plots do not follow any standard distribution. Being a common issue among all the
sensors in the multi-user activity data-set, I used bootstrapping techniques in order
to build the confidence intervals needed to evaluate the accuracy of the generated
data-set.

Figure 5.6: Distribution for the frequency of activation of two sensors in DS3 (multiple-
user scenario). (Source : own research)
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Table[5.7lcontains an extract of the results of one of the simulations carried out
for DS3. In this example, all frequencies of activation from the reference data-set
for the sensors within the activities R1-Housekeeping and R2-Housekeeping (column
frequency) lie within the 0.05-confidence interval (columns low C.I. (%) and upper C.1.
(%)). On the other hand, for 6 sensors, the duration of activation (column duration)
from the reference data-set does not lay within the 0.05-confidence interval (columns
low C.I. (s) and upper C.I (s)).

Overall, for DSs3, 99 % of the reference values for frequencies of activations lie
within the 0.05-confidence interval, while for 88 % of the reference values for the

duration of activations lie within the 0.05-confidence interval.
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5. Use-case 1 - Ubiquitous Smart Cities

Figure 5.7: Distribution for the duration of activation of two sensors in DS3 (multiple-
user scenario). (Source : own research)
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5.3 Human Behaviour modelling Results

Internal Consistency — Example of the results for one of the executions on DS3
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(multiple-user scenario). Lower C.I. refers to Lower limit of the confidence interval and

Upper C.I. to Upper limit of the confidence interval. (Source : own research)

Table 5.7
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5. Use-case 1 - Ubiquitous Smart Cities

5.3.1 Coherence with real measurements

Regarding the coherence with real measurements, the objective is to asses whether the
proposed methodology is able to create data-sets that are similar to those recorded in
real conditions. To this end, I estimated the duration, frequency, and hourly execution
of daily activities in order to build a human behaviour model (see Section[5.1.1) for
the single-user and multiple-user scenarios. The Geosimulation was then configured

to simulate the execution of activities for a 14-day period in both cases.

Single-user scenario
Table[5.8|shows a comparison between the frequency and duration of activation for
sensors within the activities Grooming, PreparingBeverage, PreparingBreak f ast,
and PreparingLunch for the Geosimulation and DS; . Figure[5.8/compares the dis-
tributions for the frequency of activation of two sensors between the Geosimulation
and DS;. Figure5.9|compares the distributions for the duration of activation of two
sensors for the same data-sets. As can be seen, the distributions for the real and
simulated data-sets are similar, meaning that the proposed simulation is able to
replicate the original single-user data-set in terms of frequencies and durations of
activation.

Finally, Table[5.8/shows the results of the similarity test for the frequency and
duration for a extract of the sensors and activities taking as region of similarity a 15 %
of distance (see Section[5.1.4]for details).
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5.3 Human Behaviour modelling Results

Figure 5.8: Distribution for the frequency of activation for two sensors in the Geosimula-
tion and DS (single-user scenario). (Source : own research)
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Figure 5.9: Distribution for the duration of activation for two sensors in the Geosimula-
tion and DS (single-user scenario). (Source : own research)
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5. Use-case 1 - Ubiquitous Smart Cities

Coherence with real measurements — Extract of the results of the comparison

Table 5.8

Geosimulation vs DS; (single-user scenario). W refers to Reference data-set and M to

Geosimulated data-set. (Source : own research)
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5.3 Human Behaviour modelling Results

Multiple-user scenario

Table shows a comparison between the frequency and duration of activation
for sensors within the activities R1_Eating, R2_LeaveHome for the Geosimulation
and DSs. Figure[5.10|compares the distributions for the frequency of activation of two
sensors between the Geosimulation and DSs. Figure[5.9|compares the distributions
for the duration of activation of two sensors for the same data-sets. As can be seen,
the distributions for the real and simulated data-sets are similar, meaning that the
proposed simulation is able to replicate the original multiple-user data-set in terms

of frequencies and durations of activation.

Figure 5.10: Distribution for the frequency of activation for two sensors in the Geosimu-
lation and DS3 (multiple-user scenario). (Source : own research)
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5. Use-case 1 - Ubiquitous Smart Cities

Figure 5.11: Distribution for the duration of activation for two sensors in the Geosimula-
tion and DS3 (multiple-user scenario). (Source : own research)
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5.3 Human Behaviour modelling Results

Coherence with real measurements — Extract of the results of the comparison

Table 5.9

Geosimulation vs DS3 (multiple-user scenario). W refers to Reference data-set and M to

Geosimulated data-set. (Source : own research)
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5. Use-case 1 - Ubiquitous Smart Cities

5.4 Discussion

5.4.1 Overall assessment

Results validate that the Geosimulation is able to generate activity data-sets that
resemble those recorded and annotated in a smart home, regardless of the monitoring
approach and the number of occupants in the house. In this sense, the similarity
between the reference and the simulated data-sets is given by the resemblance of the
frequency and duration of activation of the sensors depending on the activity being
performed at each moment. The particular characteristics and significance of the

results obtained for the single-user and multiple-user scenarios are discussed next.

5.4.2 Single-user scenario

Figure[5.12]synthesises the performance of the Geosimulation regarding the con-
sistency with real measurements. In the general case, identifying the acceptable
threshold for the region of similarity is not feasible. The specific value may vary
depending on the research focus, the variability of human behaviour and the mon-
itoring time. Thus, every practitioner should check whether the results shown in
Figure[5.13]satisfy their requirements, before deciding whether they use the Geosim-
ulation for their experiments. However, taking into account the behaviour variability
I observed in DS; and DS;, as well as the low number of monitored days (14 days),
It is believed the Geosimulation’s performance is good. For a region of similarity of
20%, the failure rate of produced sensor activations and their duration is around 15%.
So the similarity between the simulated data-set and the real one is around 85% for a
reasonable region of similarity, under the conditions described. In scenarios where
activity models can be acquired more accurately, the Geosimulation’s performance is
expected to be even better.

Since the annotation of DS; and DS, included detailed information regarding
sensor activation per hour, I decided to perform an additional test to verify whether
the Geosimulation was able to reproduce this behaviour as well. Tableshows, for

every sensor in DS and for every hour of the day, whether the real hourly activations
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5.4 Discussion

Figure 5.12: Distribution of the amount of not similar sensors depending on the length
of the region of similarity (epsilon) and significance level (alpha) for DS; (single-user).
(Source : own research)
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of sensors matched those simulated. For example, for sensor Burnerygg, the Geosim-
ulation coincided with its activations for hours k1, hg, h11, B14, B17, hog, hoo and hos
while did not coincide with its activations for hours hy, h7, h15 and hys. Overall, the
hourly activations of the real data-set and that produced by the Geosimulation seem
to be quite different. The main cause is that the original data-set contains annota-
tions and monitoring for a short period of time (only 14 days). This causes some of
the activities to be wrongly annotated and the definition of actions within activities
to be somewhat sloppy. Moreover, the subjects did not follow any consistent patterns
neither throughout the day nor the week. Once again, this issue can be overcome by
increasing the monitoring period in order to achieve a better definition of behaviour

patterns and a more consistent outline of activities and related activation of sensors.
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5. Use-case 1 - Ubiquitous Smart Cities

Please note that, in the case of the duration of activation, the amount of variance
recorded from real environment (due to errors in the annotation methods). Moreover,
the Geosimulation is able to closely recreate data-sets recorded by humans since the
amount of sensors without similarity is low even with a small region of similarity. In
fact, to get a 15% of disagreement, the region of similarity should only be of 21 %.
Figure shows the distribution of the amount of sensors that are not similar
depending on the length of the region of similarity (epsilon) and the significance level
(alpha). As expected, an increment in both values produces a reduction of the failure
rate. Moreover, it can be observed that the failure rate is more sensitive to changes on

the region of similarity than to the significance level.

5.4.3 Multiple-user scenario

Figure[5.13|synthesises the performance of the Geosimulation regarding the consis-
tency with real measurements in a multiple-user scenario. It can be observed how
the failure rate for sensor activations is generally lower than in Figure which
describes the single-user scenario. For example, given a region of similarity of 10%
the Geosimulation achieves a failure rate of around 15%, taking into account the
different significance levels depicted in the graphic. Please, notice that to achieve a
similar failure rate in the single-user scenario, the region of similarity was around
20%, which shows that the performance of the simulator is better in the multiple-user
scenario.

In general, it can be argued that it is harder to simulate two persons instead of
one. However, I obtained better results in the multiple-user scenario. This can be

explained by three main factors:

¢ The monitoring time: in the case of DS3 I have around 9 months of sensor
activations and annotated activities, whereas for DS; and DS, I only have 14
days. A longer monitoring period allows us obtaining more accurate behaviour
models, which produces better simulations.

¢ Regularity of behaviours: although DSs presents two occupants in the same

house, their behaviour is more regular than DS; and DS,. Of course, this is also
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5.4 Discussion

related to the monitoring time, since longer periods usually show better the
behaviour patterns. As the proposed methodology relies on behaviour models,
more regular behaviours tend to make the simulation easier.

* The monitoring approach: DS3 uses motion sensors extensively to monitor
the occupants’ activities. As the Geosimulation models spatial and temporal
restrictions realistically, I can specify typical trajectories when performing
activities. I found that location- and motion-based monitoring approaches can

be simulated accurately.

Following the approach to validate the single-user scenario, I decided to perform
an additional test to verify whether the Geosimulation was able to reproduce the
hourly activations of sensors. Table|5.7|shows, for every sensor in DS3 and for ev-
ery hour of the day, whether the real hourly activations of sensors matched those
simulated. For example, for sensor M001, the Geosimulation coincided with its ac-
tivations for hours h7, his, hig, hig, h2g, h21, and hy, while did not coincide with
its activations for hours hg, h;3, and h14. The overall activations of the real data-set
and that produced by the Geosimulation, seem to be quite different. However, in
contrast with the results for the single-user scenario shown in Table[5.6] it seems that
the Geosimulation was able to perform better with the multiple-user data-set. These
results confirm again the importance of longer monitoring times, regular behaviours

and the monitoring approach for activities.
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5. Use-case 1 - Ubiquitous Smart Cities

Figure 5.13: Distribution of the amount of not similar sensors depending on the length
of the region of similarity (epsilon) and significance level (alpha) for DS3 (multiple-user).
(Source : own research)
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5.5 Physical model results

The FIWARE-LAB cloud environment provided a working production instance of
the FI-WARE stack without any Service Level Agreement. As in any other cloud
environment, the virtual instance is non-shared (namely, it can be guaranteed that
no one else is using that instance) but we share virtual machines with several other
users (it cannot be guaranteed the amount of bandwidth available nor the overall
load of the physical server). In order to asses the different middleware architectures,

we defined two Key Performance Indicators (KPI) of interest:

Bandwidth: number of bytes transmitted per unit of time. In this particular example,

Irecorded the number of bytes per message without including the overheads
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5.5 Physical model results

related to the specific protocols used to transport the information. The objec-
tive of this chapter is to estimate the real bandwidth needs in a real deployment
without assuming a simultaneity factor. Note that this value is specially rele-
vant in the Smart City scenario, as the deployment is traditionally performed
over SIGFOX or LoRa networks that have limited bandwidth (Adelantado et al.,
2016).

Number of Messages Lost: number of messages emitted by GeoWorldSim that are
not processed by the Context Broker because they may get lost during the
transmission. This value gives information about the quality of the service
provided by the architecture. In the experiments, none of the transmitted mes-
sages were lost due to the fact that the Context Broker uses an asynchronous
database storage, and therefore, during high load peaks, message insertion
gets asynchronously scheduled. This is a good indicator of the reliability of the

solution.

In order to accelerate the procurement of results and balance both the length of
the configuration file and RAM consumption, the simulation time was accelerated.
We can define that 1 second of the simulation corresponds to n second in terms of
real time. n have been taken accordingly to ease the deployment of the simulation.
Modification in # has a direct impact in the relation between the measured KPIs and
the real KPIs (i.e. if n = 1 have been used). In this sense, an speedup factor of n would

be equivalent to:

e multiply by n the number of houses
e divide by n the bandwidth

Several city sizes were tested for each of the scenarios defined in 22, specifically,
Village (250 houses), Small City (2500 houses), Medium City (25000 houses), Large
City (250 000 houses) and Megalopolis (2 500 000 houses). Each house accommodates
two persons that interact with 18 smart devices while performing their daily duties.
In addition, the scenarios were provided with (5 x #number of houses) streetlights

and (1 x #number of houses) recycling containers.
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5. Use-case 1 - Ubiquitous Smart Cities

The simulation has been carried out for 6 hours, the busiest of the day, thatis 3 in

the morning and 3 in the evening:

Morning: This portion of the simulation covers the time ranging from the moment
the citizens wake up to the moment they go to work. The appliances activated
are those related to the activities that involve getting ready for going outside
(showering, dressing, grooming), and preparing breakfast. The number of
appliances used is rather low but all of them are used almost at the same time.

Evening: This portion of the simulation covers the period of time between having
dinner and going to bed. This period includes the prime time. The appliances
activated range from the ones typically used in the kitchen to the ones used for
entertainment. In this time period, the number of appliances used is high and

diverse but their activation is more spread over time.

Since each simulation run is done over a long period of time, we consider that
there is no need to repeat the experimentation due to the fact that all the possible
variability that may appear will probably be already captured. A video of a complete
simulation can be foundinhttp://bit.ly/2fbX54p.

For each simulation we register two logs: the timestamp and types of message
sent by GeoWorldSim and the equivalent log from the FI-WARE Context Broker so as
to easily extract the KPIs values. For example, Figure[5.14]shows a graphical represen-
tation of the number of messages per device transmitted during the simulation time.
The bandwidth is measured by multiplying the number of messages by their length
and dividing the result by the unit of time.

Figure[5.15|shows several boxplots (Benjamini,[1988) depicting the bandwidth
distribution used per number of houses in the Smart City scenario. Please note that
this is a log-log plot. As can be seen, the bandwidth grows and its saturation takes
place at the Medium City level, with a saturation bandwidth around 1 MB/s. Take
into consideration that this scenario is the only one where the amount of messages
allows to perform a simulation of the Megalopolis. Clearly, even though we were
able to perform this simulation, the computational needs superseded the bandwidth

restrictions of this case.
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Figure 5.14: Evolution of the number and type of messages per time in a simulation.
(Source : own research)

The IoT Jungle represents the most problematic scenario. Figure shows, as

in the previous case, several boxplots describing the distribution of the bandwidth

used per size of the city. As can be seen, the saturation is reached under the same

case Medium City, but it uses 10 times more bandwidth than the Smart City scenario.

However, in this case, it seems that the bandwidth demands of the Large City have

produces a change of phase and the bandwidth collapses (Al-Bahadili, 2012).

Federation architectures need to have several Context Brokers operating simulta-
neously. Only access to a single instance of a Context Broker is available, therefore we
cannot directly asses this architecture. However, the simulation can be performed
in two steps. First, the behaviour is simulated on a node on the federation (a house)

and register all the messages that should have been sent to the federation. Then this
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Figure 5.15: Bandwidth distribution per number of houses in the Smart City scenario.
(Source : own research)

process is repeated for every node. Finally, the message record is replayed from the
nodes to the centralised Context Broker. Figure shows the bandwidth used per
number of houses in the Ubiquitous World scenario. In this case the saturation takes

place in the Large City case, in contrast with the previous two scenarios.
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Figure 5.16: Bandwidth used per number of houses in the IoT Jungle scenario. (Source :
own research)
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Figure 5.17: Bandwidth used per number of houses in the Ubiquitous World scenario.
(Source : own research)
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CHAPTER

Use-case 2 - Green
Travelling

Around a quarter of the greenhouse gas (GHG) emissions produced within the
European Union (EU) is direct responsibility of the transportation sector, making it
the second largest GHG emitter after the energy sector. The transportation sector is
typically divided in five modes, namely road, rail, maritime, aviation and pipelines.
Out of these modes, road transportation is considered the largest source of GHGs as
it stands for one-fifth of the total CO2 emissions of the EU (COM-EU-Commission
et al.,|2007). In fact, far from diminishing, these emissions are still growing.

The majority of GHG emissions from road transportation are derived from the
combustion of petroleum based-products, such as gasoline and diesel, in internal
combustion engines. The largest sources of transportation-related GHG emissions
include passenger cars and light-duty trucks, such as sport utility vehicles, pickup

trucks, and minivans. The remainder of the GHG emissions comes from other means
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6. Use-case 2 - Green Travelling

of transportation, including freight trucks, commercial aircraft, ships, boats, and

trains as well as pipelines and lubricants.

The EU has so far put a range of policies in place aiming at lowering emissions
in the transportation sector, including strategies to reduce emissions from vehicles,
minimise GHG intensity related to fuels or require public authorities to take account
of lifetime energy use and CO2 procuring vehicles (Skinner, |[2014). However, imple-
menting these policies without a prior analysis can caught the authorities off guard
and backfire the efforts to reduce environmental and social impact. As occurred with
the Norwegian incentives model (Holtsmark and Skonhoft,|2014), allowing electric
vehicles to use public infrastructure has resulted in saturating bus lanes where time
lost by thousands of bus passengers became far greater than that gained by a few

electric car drivers.

Therefore, the precise quantification of the impact resultant from sustainable
transport policies is essential in order to take the right decisions and not creating
a future problem. One of the most common approaches used for this purpose is
traffic modeling, which consists in emulating an entire road network with vehicles
travelling through in order to be used in decision support tools. These tools are
typically employed by infrastructure managers and public administrations to evaluate
different parameterizable scenarios (e.g. with electric vehicles usage quotes, electric
vehicles features, incentive policies, etc.) according to several costs, as well as social

and environmental impacts.

Traditional approaches that calculate the impact of the travelling sector consist on
creating a specific, whether fixed or approximated, amount of vehicles that represent
a vehicle fleet, schedule their itineraries throughout the city, estimate the global
impact derived from the configuration of a single scenario, and compare the results

with those obtained from the simulation of other scenarios.

Multi-agent systems have been an active area of research in the last three decades
for transportation modelling. The literature shows a great amount of research con-
cerning traffic simulation through agent-based systems. The most important projects

in this area are detailed as follows.
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Sumo (Krajzewicz et al.,2012): An open-source, microscopic and multi-modal traf-
fic simulation package designed to handle large road networks and establish a
common test-bed for algorithms and models from traffic research. It facilitates
interoperability with external applications during run time, using TraCl (Traffic
Control Interface). SUMO comes with a mechanism to import cartographic
material and automatically generate an input for traffic simulation taking data
directly from OpenStreetMap. The main drawback of SUMO is having to ex-
plicitly define by hand multi-modal route steps for each citizen instead of the
simulation being able to calculate them according to the existing available
public transport vehicles.

MATSim (Horni et al.,2016): An open-source, agent-based transportation simula-
tion that is able to simulate large-scale scenarios. Currently, MATSim offers a
framework for demand-modelling, agent-based mobility-simulation (traffic
flow simulation), re-planning, a controller to iteratively run simulations as well
as methods to analyse the output generated by the modules. Originally MatSim
only considers simulations for private car traffic, trimming its capabilities to
answer sophisticated questions posed to advanced models that include several
types of vehicles. However, in later versions the functionality was extended to
all kinds of public transports, including pedestrians and cyclists.

Vissim (Fellendorf,|1994): A microscopic, time step and behaviour based simula-
tion model developed to analyse the full range of functionally classified road-
ways and public transportation operations. It models cars with a high-fidelity
model based on the Wiedemann-Model. and allows to very accurately cre-
ate traffic simulations defining the amount of vehicles and types that travel
through its network. It is very recommended for highly realistic studies but not
suitable for large scale simulation studies.

PRIMES-TREMOVE (Siskos and Capros)2014): An economic model for transporta-
tion simulation that combines modelling of micro-economic behaviour con-
cerning distribution of mobility and vehicle choices. It contains a transport

demand module based on decision trees emulating the decision process of dif-
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6. Use-case 2 - Green Travelling

ferent profiles choosing their best transport method according to their income

constraints.

These methodologies are relatively easy to follow and have have many proven suc-
cess stories but have a fundamental problem: they focus primarily on the calculation
and estimation of routes and congestion avoidance, but fail to consider the social
behaviour which influences the decision of using one transport method or the other.
Simulations need to consider this previous step to include how the social behaviour
affects the output of the evaluation of a scenario. This implies modelling social pref-
erences when travelling such as time cost, comfort, monetary cost or environment
friendly awareness.

Actual platforms for road simulation do not cover these needs, either due to the
impossibility to parameterise the initial system configuration according to social vari-
ables, or due to the distribution of such modules as additional commercial packages.
In order to overcome these issues, this chapter designs and implements a methodology
on GeoWorldSim. Everyday commutes follow the conventional four-step structure
consisting on trip generation, destination choice, transport mode choice and route
choice. In order to achieve a simulation that faithfully represents this reality, the

following sections describe the structure of the Geosimulations.

6.1 Modelling social behaviour

In order to generate the information to model everyday decision making when travel-
ling, I created a Geosimulation where the main characters were citizens commuting
from their houses to working or studying place. Each citizen agent had a set of per-
sonal preferences that directly influenced the transport choice for travelling. For
the generation and distribution of the trips for the experimentation, two data sets
were used. On the one hand, Biscay’s commute data (depicted in Figure[6.1a and
Figure[6.2p) was extracted from the census performed every 10 years by the Spanish
National Statistics Institute (Instituto Nacional de Estadistica, |2011). This data set
covers the region of Biscay, in the Basque Country, with an area of 2200km?. The

census also details the points of origin and destination of travelling for the most
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6.1 Modelling social behaviour

populated 11 municipalities of the region, with a total population of about 1,100,000
citizens. This data set will be used to train the different models. On the other hand,
Upper Silesia Conurbation’s commutes (depicted in Figure[6.1p and Figure[6.2b) were
extracted from the green travelling project’s surveys (Green Travelling Consortium,
2013). The data-set covers 19 cities of the Upper Silesian Conurbation with a popula-
tion of about 2 300 000 citizens and 4 700 000 commutes every day. This data set was
used to validate the results.

When the data set is brought to life by the simulation, each citizen agent registers
its point of origin, point of destination, departure time, and the itinerary for the five
transport modes. The platform preprocesses the input data to geolocate each citizen
agent on the environment through a weighted distribution. This process assigns
the origin of each citizen agent to household buildings in the municipality and the
destination to available amenities, commercial, or industrial buildings. The weighted
distributions are based on the buildings’ size and levels, i.e., the bigger and the
taller the building, the higher the probability of assigning a citizen agent to it. Once
located, citizens will calculate the five itineraries for CAR, MOTORCYCLE, TRANSIT,
BICYCLE, and WALK. For each itinerary, the main characteristics of every choice
(see Section[6.1.1|for details) will be stored in order to build their decision process.
Some itineraries might be null due to a lack of public transport stop nearby or an

inability to calculate the route.
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Figure 6.1: Area and transport links of Biscay (Spain) and Silesia (Poland) data sets.
(Source: own research generated from real boundaries and transport networks)

174



6.1 Modelling social behaviour

43.51%
6000 -
37.6%
4000 -
1%2]
f=4
(7]
N
5
15.04%
2000 -
1.75% 2.1%
.. I I
BICY‘CLE C/l\R MOTOR‘CYCLE TRA;\ISIT WAlLK
(a) Biscay
43.51%
6000 -
37.6%
4000 -
(%}
f=4
(7]
N
5
15.04%
2000 -
1.75% 2.1%
.. I I
BICY‘CLE C/l\R MOTOR‘CYCLE TRA;\ISIT WAlLK

(b) Silesia

Figure 6.2: Modal splits for the Biscay and Silesia data sets. (Source: own research from
the datasources of (Instituto Nacional de Estadisticaj 2011}/Green Travelling Consortium)

2013)
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6.1.1 Transport Mode Choice

There are many features that determine the modal split of a territory. More than
45 years ago, the authors of (Domencich and McFadden,(1975) identified the main
features that influence commuters’ choices, and since then other important char-
acteristics have been added to the list (Chiu Chuen et al.,2014). In spite of using
different techniques, researchers agree that itinerary dependent variables can be
grouped into four main categories that represent the physical and factual features
of a trip (Clauss and Doppe, |2016): duration, price, length, and environmental im-
pact. Table[6.1|describes these categories and shows how they are usually further
divided in other second-level features. Nonetheless, these four variables do not cover
some other features listed in the literature, which are directly linked to the traveller’s
background. These background variables, presented in Table[6.2]do not appear in
the census nor in the surveys and are therefore beyond the scope of this study (see
Section[6.4]for details).

Missing values have been the main source of problem. In these data sets, missing
values appear as NaN (not a number), representing that the itinerary is undefined.
There are valid reasons to have missing values in the data set (for example, it is not
possible to travel from one place to other using public transport), but a closer look
reveals that the missing values are randomly distributed and do not follow any logical
pattern (for example, itineraries that can be performed by MOTORCYCLE and not
by CAR). This suggests that missing values originated from the routing algorithm
time-out errors due to the inability to calculate complex routes. For this reason, all
NaN values were replaced with an arbitrary number that was greater than any of the
real measured values (in this case, all NaNs were replaced by the maximum value in

the data set).

The rest of the variables do not present any obvious problems. In fact, they clearly
show an expected distribution. For example, Figure|6.3|shows the length of the trips
made with BICYCLE. As expected, there is a point where the trips using BICYCLE are
too costly and fall sharply. Another expected result is, for example, the distribution of
time expended in CAR trips. As seen in the left panel of Figure[6.3} the distribution
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6.1 Modelling social behaviour

almost follows a y? distribution. As citizens tend to be normally geographically
distributed (Pijoan et al., 2015a), the distance traveled follows a y? distribution, as
does the time spent.

The influence of these variables on transport choice was modelled through eight
modelling techniques: k-nearest neighbours (KNNs) (Altman,|1992), multinomial
logit (M) (Lemeshow et al.,[2013), support vector machines (SVMs) (Cristianini and
Shawe-Taylor} 2000), neural networks (NNs) (Schalkoff,|1997), naive Bayes (B) (Lewis}
1998), fuzzy logic (CE) (Mendel, 2001), expert knowledge (EK) (Souche}2010), and

random search (RA).
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6.1 Modelling social behaviour

Table 6.2: Itinerary features are not present in the data sets and are beyond the scope
of the study. (Source: own research, conducted by analysing the features mentioned in
(Domencich and McFadden,[1975), which are not present in the data sets.)

Feature Description Encompasses

Citizen age
Citizen gender
Personal demographic, socio-economical, and cultural ~ Socio-economic profile

Profil
rome attributes of the user. Cultural profile
Family size
Trip type
Car ownership
Ownership Vehicle(s) under the property of the user. Motorcycle ownership

Bicycle ownership

Variables that may have a direct impact on the physical
Climatology  variables of the trip, i.e., if it rains, the duration of a trip  Environment climatology
may take longer than usual.
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Figure 6.3: Distribution of time (left) and length (right) for CAR and BICYCLE transport
modes in Silesian Voivodeship. (Source : own research)
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Multinomial Logit Models

Following the so-called latent construct interpretation, multinomial models work by
adjusting a helper function p that takes as input a vector of external factors that affect
the choice and gives as output the selected one. For a two class case, the function p

takes the form:
1 BX+e>0
p(X):=
0 else
where X is a vector of the variables considered to make the regression, f is the vector
of regressors to be estimated, and ¢ is a random variable following the logistic (logit)

or normal (probit) distribution. Details can be consulted in (Lemeshow et al.,2013).

Support Vector Machines

This technique builds a black-box model that can be tailored for classification and re-
gression problems (Cristianini and Shawe-Taylor, [2000). A more detailed explanation
is beyond the scope of this document and readers interested can consult (Cristianini
and Shawe-Taylor, [2000) for details. Since the transport choice is a classification
problem, the default approach e-classification was followed. This technique features
three hyper-parameters: C controls the penalisation to the errors in the training
sample, € controls the margin of tolerance to errors, and y controls the bandwidth of
the radial function. These hyper-parameters have been optimised using a grid search
following the advice given in (Chang and Lin} 2011).

Neural Networks

Technique that creates a black-box model that tries to mimic the behaviour of the
natural neurons. This way, a neural network is composed of a set of artificial networks
arranged into three layers: an input layer, a hidden layer, and an output layer (see Fig-
ure[6.4). The outputs of one layer are connected to the inputs of the subsequent

layers, building in this way a network of neurons. Finally, each neuron computes the
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6. Use-case 2 - Green Travelling

following function:
m
Vi=@ (bi +) Wkixk)
k=0

where x is the input vector w, b are the parameters of the model (wights and bias),
and ¢ := ﬁ denotes the sigmoid function . Further details can be
consulted in [1997). The hidden layer features several numbers of neurons,
and the parameters of the model have been adjusted through back-propagation.

The main hyper-parameter of this model is the number of neurons m in the
hidden layer. In this case, a grid search has been followed to optimise this value such
that m =100 is the best value.

Hidden Layer

Input Layer

Figure 6.4: Structure of a neural network (NN).

The Naive Bayes (B) model

This model extends Bayes’ theorem to perform classifications. This way, this model
estimates a probability p.(X) of every transport mode given the vector of variables
considered to make the prediction X. For this end, the algorithm just needs to
calculate an estimation of the probability of X conditional of every transport mode
¢ and then use Bayes’ Theorem. The output class will be the one with the greatest
probability. Details of this model can be found in 1998).
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6.1 Modelling social behaviour

k-Nearest Neighbours

This method uses the notion of the closeness of the input to perform classifications.
This way, given a new element y to classify, the algorithm searches the k-nearest ele-
ments known in the training set with respect to a given metric (usually the Euclidean)
and classifies y as the weighted mean value of the nearest neighbours (in a regression
setting) or the most common class among the k-nearest elements (in a classification
setting as this one). Using a grid search procedure, it was found that k = 5 was the

best value for this project.

Fuzzy Logic

All methods presented above are black-box models or are not straightforward in
considering new transport modes or new input variables. Fuzzy logic (Mendel, [2001),
however, has been shown to achieve high success in the emulation of individual
preferences for transport mode choice (Kumar et al.}2013;Tuzkaya and Oniit, |2008),
therefore enabling a wider level of parameterisation for each citizen’s profile. A well
trained fuzzy logic engine and accurately defined rule sets are expected to provide
consistent results even in the case of variation in the characteristics of the transport
network.

Fuzzy logic engines build discrete choice models through a simple natural lan-
guage rule-based approach (Berkan and Trubatch}|1997). Classical logic only allows
conclusions to be true or false. In contrast, fuzzy logic defines a set of rules that map
numeric data into linguistic terms and creates fuzzy sets, indicating the extent to
which each term is part of. That is, a variable can have several values (called terms)
that can be overlapped and shaped. Thereby, it is possible to model how each feature
increases or decreases the likelihood of choosing a given transport mode. Fuzzy logic
engines are parameterised though their inputs, outputs, and rules. For this research,

the fuzzy logic was built as follows:

Inputs, terms, and membership functions: For the engine to translate from linguis-
tic terms to numbers, inputs are composed of a name that identifies the input,

the possible terms or values that the input can take, and a membership func-
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tion that limits the extent to which each term can be classified. The inputs
of the model presented here are built from the four previously mentioned
itinerary features: DURATION, PRICE, LENGTH, and ENVIRONMENTAL IM-
PACT. Each of these inputs feature a fixed set of three terms: LOW, MEDIUM,
and HIGH, shaped as triangles. The anchors of these triangles (a, §, y, and
6), shown in Figure[6.5} are key values that describe how citizens understand

these qualitative variables.

Duration membership function (a) Price membership function ()
W w 4 Low MEDIUM HIGH
[o] L] (1] To] L8] [1]

Length membership function (y) Environment membership function ()
LOW MEDIUM HIGH Low MEDIUM HIGH
[o] Lv] (2] [of [a] [1]

Figure 6.5: Fuzzy engine input membership functions, with the configurable anchors
that modify the shape of the terms. (Source: own research for better understanding the
input membership functions)

Outputs, terms, and membership functions: Similarly to the inputs, the outputs
are composed of a name that identifies the output, the possible terms or values
the output can take, and a membership function for each term. The model pre-
sented here features a single output with five fixed, non-overlapping terms that
represent the transport modes among which to choose: CAR, MOTORCYCLE,
PUBLIC TRANSPORT, BICYCLE, and WALK, as represented in Figure

CAR MOTORCYCLE |  TRANSIT | BICYCLE | WALK
o] (1] 2] 3] [ 4] 5]

Figure 6.6: Fuzzy engine output. Each term represents a mode of transport one may
choose. (Source: own research for better understanding the fuzzy logic output member-

ship function)

Rules: Rules follow the following structure: if INPUT is INPUT_TERM and ... then
OUTPUT is OUTPUT_TERM. The engine needs a set of rules, each with one
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output but with one or more terms, as depicted in Table[6.3} Additionally, the
engine provides fuzzy value modifiers or hedges through natural language
keywords to help describe border cases without the need to include additional
terms: ANY, NOT, EXTREMELY, SELDOM, SOMEWHAT, or VERY. The defuzzi-
fier will be the maximum value between the three terms, that is, the term that
receives the maximum value and thus the one chosen by the citizen. Please
note that only AND conjunctions will be used between rule terms, since dis-

junctions can be represented by splitting a rule in two or using the NOT hedge.

Table 6.3: Example of fuzzy engine rule sets. (Source: own research for explaining the
structure and examples of fuzzy logic rules)

if TRANSIT_DURATION is HIGH and TRANSIT_PRICE is HIGH then TRANSPORT is PRIVATE

if TRANSIT_DURATION is HIGH and PRIVATE_DURATION is LOW then TRANSPORT is PRIVATE

if PRIVATE_PRICE is HIGH and TRANSIT_PRICE is LOW and TRANSIT_DURATION is MEDIUM then TRANSPORT is TRANSIT
if WALK_LENGTH is LOW and TRANSIT_PRICE is HIGH then TRANSPORT is WALK

Expert Fuzzy Knowledge (EK) A first approach of the definition of the fuzzy logic
inputs and rules was created according to both literature (Souche,|2010) and internal
transport surveys carried out for the green travelling project (Staniek and Sierpiniski,
2017;|Sierpinski et al.}|2016). From this information, a simple set of rules was extracted.
These rules can be consulted in Table[6.4l

A Co-Evolutionary Fuzzy Logic Algorithm (CE) While expert knowledge can lead
to accurate solutions and is crucial for a better understanding of the problem, it is not
flexible enough to variations in the inputs used to build that knowledge. Therefore, it
is always advisable to further search whether a better solution can be reached. Trying
to manually improve the expert knowledge rules to match a wider number of citizens
from the census involves applying many changes to interrelated inputs and rule sets
in a very large search space. One of the approaches to automate this is to use an
evolutionary algorithm and to divide the search space in subsets of problems.
Genetic programming techniques have already been used to train fuzzy logic

models (Herrera, 2008). Here, a cooperative co-evolution programming method
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Table 6.4: Fuzzy engine rule sets extracted from surveys and expert knowledge. (Source:
own research generated from the surveys in (Staniek and Sierpinski}|2017;|Sierpinski et al.,
2016))

if CAR_PRICE is LOW then TRANSPORT is CAR

if CAR_TIME is LOW and TRANSIT_TIME is HIGH then TRANSPORT is CAR

if CAR_TIME is MEDIUM and TRANSIT_TIME is HIGH then TRANSPORT is CAR

if CAR_TIME is LOW and MOTORCYCLE_TIME is MEDIUM then TRANSPORT is CAR
if CAR_TIME is LOW and MOTORCYCLE_TIME is HIGH then TRANSPORT is CAR

if CAR_PRICE is LOW and TRANSIT_PRICE is LOW then TRANSPORT is CAR

if CAR_PRICE is LOW and TRANSIT_PRICE is MEDIUM then TRANSPORT is CAR

if CAR_PRICE is LOW and TRANSIT_PRICE is HIGH then TRANSPORT is CAR

if CAR_PRICE is MEDIUM and TRANSIT_PRICE is MEDIUM then TRANSPORT is CAR
if CAR_PRICE is MEDIUM and TRANSIT_PRICE is HIGH then TRANSPORT is CAR

if CAR_PRICE is HIGH and TRANSIT_PRICE is HIGH then TRANSPORT is CAR

if CAR_DISTANCE is MEDIUM and BICYCLE_DISTANCE is HIGH then TRANSPORT is CAR

if TRANSIT_PRICE is LOW and CAR_PRICE is MEDIUM then TRANSPORT is TRANSIT

if TRANSIT_PRICE is LOW and CAR_PRICE is HIGH then TRANSPORT is TRANSIT

if TRANSIT_PRICE is MEDIUM and CAR_PRICE is HIGH then TRANSPORT is TRANSIT

if TRANSIT_TIME is MEDIUM and CAR_TIME is MEDIUM then TRANSPORT is TRANSIT
if TRANSIT_TIME is MEDIUM and CAR_TIME is HIGH then TRANSPORT is TRANSIT

if TRANSIT_TIME is HIGH and CAR_TIME is HIGH then TRANSPORT is TRANSIT

if MOTORCYCLE_DISTANCE is LOW and CAR_PRICE is HIGH then TRANSPORT is MOTORCYCLE
if MOTORCYCLE_PRICE is MEDIUM and CAR_PRICE is HIGH then TRANSPORT is MOTORCYCLE

if WALK_DISTANCE is LOW then TRANSPORT is WALK

if BICYCLE_DISTANCE is LOW then TRANSPORT is BICYCLE
if BICYCLE_TIME is LOW then TRANSPORT is BICYCLE

(CE) is presented. CE is a form of evolutionary computation method that divides
a large problem into sub-components and solves them independently in order to
solve the large problem (Potter and De Jong, |1994). The sub-components are im-
plemented as sub-populations and the only interaction between sub-populations is
in the cooperative evaluation of each individual of the sub-populations. The coop-
erative evaluation of each individual in a sub-population is done by concatenating
the current individual with the best individuals from the rest of the sub-populations.
The algorithm presented hereby tackles both the adjustment of the input linguistic
variables membership functions and the search of the rule sets that most faithfully
fit the census data. These two variables are strongly related since any change in the

input terms’ extent requires adapting the rules to the new meaning of the linguistic
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6.1 Modelling social behaviour

variable. Thus, the CE algorithm suits perfectly the problem of the optimising two

interrelated variables in two sub-components:

Input-evolving sub-component: This is composed of a population of 200 input
sets. Each input set features the four input variables already mentioned—
DURATION, PRICE, LENGTH, and ENVIRONMENT. Each input has three fixed
and ordered terms—LOW, MEDIUM, and HIGH—whose triangle anchors «,
B,v,and 6 (see Figurefor details) can be modified in search of limits that
better fit the citizens’ appreciation for these qualitative terms.

Rule evolving sub-component: This is composed of a population of 200 rule sets.
Each rule set features a list with a variable number of rules, and, for each rule,
its terms and output are modified to extract the combination of rules that more
faithfully represents citizens’ transport choice from the census.

Each combination of input membership functions and rules defines what is called
a fuzzy experiment. On evaluation, each fuzzy experiment configures the fuzzy logic
engine to test how accurate the outputs of the engine are compared to the census.
On the evolution of the input sets, whenever a change is applied in any of the triangle
anchors, a fuzzy experiment will be created with corresponding input set, the fixed
output, and the best found rule set to calculate the input set’s fitness. Likewise, on
the evolution of the rule sets, whenever a change is applied to the rules (whether it
is an addition, a deletion, or a change in the terms), a fuzzy experiment will also be
created with a corresponding rule set, and the best input set for calculating its fitness
will be found.

Although evolutionary algorithm operators traditionally use mutation and crossover,
rule set mutations produce only slight changes in the population. Therefore, a more
abrupt approach has been designed by relying only on the crossover operator. The
crossover operators for evolving rule sets and evolving input sets are detailed below.

Operators used for Rules:

rule set slice crossover Given two rule sets, this operator creates a new rule
set, taking the first to n rules from the first set and the 7 to last rules from

the second set.
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rule set combine crossover Given two rule sets, this operator creates a new
rule set, appending for each position a randomly selected rule from the
same position of the two provided rule sets.

rule set slice terms crossover Given two rule sets, this operator clones the
first rule set and selects a p rule in the set. The p rule’s terms are replaced
by the first to n terms from the p rule of the first set and # to last from the
p rule of the second provided set.

Fuzzy Logic Input Membership Functions:

input set combine crossover Given two input sets, this function creates a
new input set, appending for each position a randomly selected element
from the same position of the two provided input sets.

input set shape mutation Given an input set, this function modifies one of
the a, B, y, or 6 values from the shapes in Figure It will displace at the
same time the first term’s triangle’s third point, the second term’s triangle’s

mid-point, and the third term’s triangle’s first point.

The fitness of a fuzzy experiment is given by the amount of citizens that match
the transport choice originally registered in the census (that is, the accuracy of the
forecasting model). The goal of the CE algorithm is, therefore, to maximize the
fitness in order to estimate as many correct transport choices as possible. For this, a
confusion matrix is calculated within each fitness evaluation. Confusion matrices are
square matrices with a number of rows and columns equal to the number of output
terms. Columns denote the amount of real elements, and rows denote the predicted
elements of that class, that is, a column contains a split of 100% of the elements.
Namely, cell m;; denotes the percentage of elements classified as i that are of class
j. The diagonal of this matrix (namely the elements m;;) describes the correctly
classified elements. For instance, in 22, 19.8004% of C (CAR) instances were forecast
correctly, but 14 % of C users were forecast as M (MOTORCYCLE) users. The global

fitness is composed of the best element of the input and rules populations as seen in

Figure
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6.1 Modelling social behaviour

Since the number of elements for each vehicle type is not balanced, a fuzzy exper-
iment that matched only CAR would obtain a better fitness than other operating on a
more distributed modal split. Therefore, the previously defined correctly classified
elements has been improved to include balanced correctly classified elements. In

this sense, let ;. denote the relative partial matches of class k, namely,

- Lizk Mik
ks
Z?:l Mmij

Then, the fitness function f is defined as the sum of the logarithm of the partial

matches #x. Namely,

n
f:=> InQ+.
k=1

Please note that I added 1 to the partial matches to avoid undefined values of the
fitness function when a model does not correctly classify any element. Thus, with
this approximation, not only are all vehicle types balanced, but rules that match the

census in a more distributive way also weigh more.

Additionally, a gradually growing subset of the census is used to calculate the
fitness. This subset is extended as the matched percentage of that subset increases.
That is, the first iteration’s fitness is calculated with a 10 % subset of the entire census
data set. Following iterations, the subset will be kept equal or increased parallel to the
matched percentage. In this way, as matched elements increase, more elements are
introduced in the census, against which the next iteration’s fitness can be evaluated.
Moreover, in order to go through all the elements of the census, at every 15 iterations,
the subset to extract from the census is moved by 10 %. This changes in the reference
data with which to evaluate the fitness and generates the repeating pattern visible in
Figure

As a summary, the pseudo code for the CE algorithm is described in ?2. The

algorithm is divided into two main procedures:

1. initialise the population of rule sets and input sets that will take part in the

co-evolutionary process, and

189



6. Use-case 2 - Green Travelling

2. initialise the co-evolutionary process itself where the rule sets and input sets
evolve together through the application of the evolutionary operators, the
calculation of the fuzzy experiments’ fitness on each iteration, and the update

of the percentage of census being used for evaluation.

Random Search (RA) In order to assess whether the results had been produced by
chance or, indeed, due to the evolutionary process, a simple yet powerful method,
random search, was also trained and validated. For this purpose, the same amount of
random fuzzy models as that of fitness evaluations for the CE were produced. As 200
rules are in the population and 200 generations have been made, 400,000 random
search rules have been generated. All models, in general, and the CE algorithm, in

particular, are expected to produce far better results than this method.
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Figure 6.7: Iterations of the co-evolutive fuzzy algorithm. (Source: own research by

plotting the evolution in time of the algorithm)
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6. Use-case 2 - Green Travelling

6.2 Modelling physical reality

In order to prepare an scenario as similar as possible to the real world where active
citizens must decide which transport to use, the simulation comprises the identifica-
tion, definition, connection and parameterisation of large amount of agents. In this

simulation the following passive entities have been modelled:

Administrative area: Geographical location of municipalities, neighbourhoods, or
administrative boundaries on which departure and arrival points for daily
commutes are defined.

Building: Buildings within the administrative areas for citizens to be distributed are
proportionately in accordance to the area and building levels.

Transport Lines: Network that enables the movement of agents through the envi-
ronment. A set of transport lines of the same type make up a specific transport
graph. GeoWorldSim creates several transport graphs according to the different
type of vehicles available in the simulation scenario (depicted in Figure[6.8).
Therefore, a graph is created for roads, another for railways and, finally, an-
other graph for pedestrians. Agents are only able to travel through one of
these graphs, depending on their type. Additionally, each TransportLine has
amaximum speed, length, allowed agent types, crossing
price and the skill to host one or more vehicles inside according to its length
and lanes.

Public Transport Stops: Represent special connection nodes shared by two graphs,
making it possible for people to change between means of transport. If the stop
is a Bus Stop, it will be connected to the Roads and Walk graphs whereas if it is
a Rail, Tram, Subway or Funicular stop, it will be connected to the Railway and
Walk graphs. It is important to note that people walking to public transport
stops cannot continue their journey by walking on the rail or roads. Stops have
the skill to contain waiting people and emit signals whenever a public transport
vehicle arrives or departs. These notifications contain information about the
vehicle arriving, its driver, and a list of remaining stops. Therefore, all users

that want to use a specific public transport, can enter the Public Transport
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6.2 Modelling physical reality

Stop, subscribe to its notifications, and wait for the train, bus, or tram, to
arrive. When the users receive a notification of vehicle arrival, they look for
their destination in the list of remaining stops, and decide whether to get on
the public transport vehicle or not.

Traffic Signals: These are connected to their nearest road graph node. They alter-
nately close and open all entering Roads and Walk Paths every 15 seconds, so
as to manage the crossing permissions of vehicles and pedestrians.
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Figure 6.8: Transport network according to their type: Roads, Railways and Footways.
(Source: own research)

Conversely in the simulation the active agents have been:

Private Transport Vehicles: Private vehicles (cars, electric cars, motorcycles, and
bicycles) that people can use to travel through the scenario. Vehicles have
two important skills: a move skill that allows them to change position along a
road, and a produce pollution skill that generates contaminant emissions and
consumes fuel according to the emissions model described in (Pijoan et al.,
2017b).

Public Transport Vehicles: An extension of normal vehicles, the public transport
vehicles emit signals to notify their occupants of the arrival to a public transport
stop. In this way, the passengers inside the vehicle will connect to know whether
they have arrived at their destination.

Public Transport Drivers: People that drive the public transport vehicles along the
transport lines. For public transport itineraries definition, drivers are created
from files supplied by the transport operators in General Transit Feed Specifica-
tion (GTFS) (Antrim et al.}[2013) format. These drivers will follow the theoretical
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timetable scheduled in the GTFS file, stopping at each public transport stop to
pick up or drop passengers.

Citizens: Agents that emulate persons in the daily travelling between their houses
and their work or study places. Section has already covered the main
description for their behaviour.

All these represent the minimum necessary baseline from which to emulate the
real world. The main characters of the Geosimulation, however, are the citizens.
Each person in the simulation will have a different profile based on their personal
preferences which will directly influence the transport mean selected for travelling.
For the experimentation, census data has been used in order to build these profiles.

A profile is composed of an origin point, a destination point, a departure time,
and a set of all the transport means available to the citizen. Prior to each simulation,
the platform preprocesses the input data to geolocate each Citizen agent on the
environment by performing a weighted distribution. This process assigns the origin
of each Citizen agent to buildings in the municipality and the destination to available
amenities, commercial or industrial buildings, based on the building size and levels,
i.e. the bigger and taller the building, the bigger the probability of assigning a citizen
to it. Once located, Citizen agents are scheduled to wake up at an specific time and
initiate their daily commutes by selecting the appropriate transports that meet their
needs.

All Citizen agents are executed together to emerge everyday traffic congestion,
traffic light stopping times and how these affect time travels and emissions. The
Geosimulation also makes possible to compare the estimated travel times with the
real ones resultant from bringing together all the commutes.

6.2.1 Multi-modal router and incentives

Getting to make the right decision involves having precise data of all available trans-
port options each citizen has. Citizens need to calculate the travelling options they
have available and are willing to use, for which their itineraries will be calculated. All

the itineraries a citizen can perform from its departure to arrival points have been
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calculated using GTPlanner. This is a multi-modal algorithm (Sierpinski et al.,2016)
that is capable of providing routes which combine transfers between vehicles and
transport modes. GTPlanner calculates itineraries for CAR, MOTORCYCLE, PUBLIC
TRANSPORT, BICYCLE, WALK, ELECTRIC CAR, PARK & RIDE, BIKE & RIDE, URBAN
CAR and URBAN BICYCLE. It returns itineraries divided into legs according to the
type of vehicles being combined. For each leg, the algorithm sets a starting and an
ending point, a transport mean, journey duration, journey length, journey price,
and estimated pollutant emissions. A simplified public transport itinerary response
contains the information shown in Listing[6.13}

While Citizen agents calculate their itinerary legs, the objective of the Geosimula-
tion is to quantify how the application of different incentives or restrictions over these
legs affect their final choice. It is important to take into consideration that the current
research focuses on the evaluation of non-physical incentives, such as changes in
the price of the journey, whether it is a discount for using public transport or an
additional tax for using private vehicles, reductions in the duration of the journey, or
the application of congestion charges. Even if GeoWorldSim allows to assess physical
changes like modifying public transport lines or modifying infrastructures, there is
no option for applying on-the-fly network changes to the multi-modal algorithm.

Table[6.5] describes some of the objectives (Council, [2012) different City Town
Halls in Biscay plan to apply in order to foster the use of greener means of transport
and avoid congestion inside the city. Incentives are loaded into GeoWorldSim using
a set of keywords that modify the features of the itinerary legs calculated by the
multi-modal algorithm. For example, reducing public transport price would alter
only the legs concerning public transport or having to pay a 54Cii congestion charge
to enter the city, would increase private car leg costs. Once all the incentives have
been applied to each itinerary leg, it is time for the transport selection model to chose

the transportation for each citizen according to their preferences.
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Incentive/Restriction Feature altered

Reduce public transport price by half put_price:=put_price*0.5
Make all public transport free put_price:=0

Reduce transfer waiting time by half transfer_time:=transfer_timex0.5
Free parking for electric vehicles electric_parking:=0

A 5€ congestion charge to vehicles entering the city car_price:=car_price+5

Table 6.5: Incentives and what attributes they modify
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"itinerary":
{
"duration" 4211, "startTime" : 1490257800000,
"endTime" 1490260211000, "walkTime" 1092,
"transitTime" 1311, "waitingTime" 8,
"walkDistance" 1273.6906992374816, "transfers" 1,
"pollution_CC" : 0.003567395424801314,
lllegsll: [
{
"mode" "WALK", "start" : 1490257800000,
"end" 1490258546000, "distance" 911.814,
"from" { "lon" -3.0082774176765663, "lat" 43.30321750209903
"to" { "lon" -3.0137010338329, "lat" : 43.2989136508072 }
)7
{
"mode" "BUS", "start" : 1490258547000,
"end" 1490258827000, "distance" 4823.12,
"from" { "lon" -3.0137010338329, "lat" : 43.2989136508072 },
"to" { "lon" -2.98918424176295, "lat"™ : 43.2932903929508 }
}7
{
"mode" "WALK", "start" : 1490258828000,
"end" 1490258968000, "distance" 294 .23,
"from" { "lon" —-2.98918424176295, "lat" : 43.2932903929508 },
"to" { "lon" -2.98936, "lat" 43.2956 }
}I
{
"mode" "SUBWAY", "start" : 1490258973000,
"end" 1490260004000, "distance" 2173.905,
"from" { "lon" -2.98936, "lat":43.2956 },
"to" { "lon" -2.92071, "lat" 43.2597 }
}7
{
"mode" "WALK", "start" : 1490260005000,
"end" 1490260211000, "distance" 305.04,
"from" { "lon" -2.92071, "lat" 43.2597 },
"to" { "lat" 43.25731364536219, "arrival" 1490260211000 1},

Code 6.13: Response from the multi-modal GTPlanner algorithm.
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6.3 Results

This section presents the results for comparing the eight data science methods de-
scribed in Section and afterwards executing the Geosimulation using the Fuzzy
Logic model. The experiments were carried out using the following:

¢ The GeoWorldSim platform (Pijoan et al.,[2015b) with the open-source fuzzy
logic library Fuzzylite (Rada-Vilela, 2018).

¢ The Caret package (Kuhn,2017) of the R Statistical Suite (R Core Team,|2017).
This package uniforms the access to several libraries and stages needed to
build data-based models. For example, it provides a uniform way to tune
the hyper-parameters, train the models, and produce a forecast among other

facilities.

Simulations were executed on two computers: large experiments were run on a
system with an AMD Opteron 6168 CPU and 32 GB of RAM, and short experiments
were run on a system with an Intel Core i7-2600 CPU and 16 GB of RAM.

Table[6.6]shows the global accuracy results, that is, the number of trips correctly
classified. The first row (5-TM) shows the results with the five transport modes, while
the second row (3-TM) shows the results after grouping CAR and MOTORCYCLE into
PRIVATE VEHICLE as well as WALK and BICYCLE into WALK.

Table 6.6: Global accuracy (%) of the algorithm. Column T (testing) shows the results for
Biscay’s data set and Column V (validation) for Silesia. (Source: own research by extracting
the forecast accuracy of the different models in Table[6.8] EK: expert knowledge; CE: fuzzy

logic; SVM: support vector machine; M: multinomial logit; NN: neural network; B: naive
Bayes; KNN: knearest neighbor; RA: random search.)

EK CE SVM M NN B KNN RA

T vT VTV TV TV TV T VTV

5-TM 24 22 37 40 51 50 50 49 50 48 36 28 63 47 14 2.7
3-TM 47 45 49 46 51 49 51 51 51 46 38 34 64 48 31 26

As seen, all techniques are able to transfer the results almost seamlessly since

the differences between the accuracy of the training (T) and validation (V) sets are
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rather small. As explained previously, each method was trained with data from the
census of Biscay (Basque Country, Spain) and validated over the data set of Silesian
Voivodeship (Poland). The models can be classified in three groups: the cluster of
the best models, the contrast models, and the rest of the models. As expected, the
worst model is the random search (RA). The best models are the most complex ones:
SVM, NN, and M. Surprisingly, the KNN method, while being very simple, achieves
the best results. The rest of the models—EK, CE, and B—complete the clusters of the
other models. In all cases, the best models can correctly predict the transport choice

of almost half of the trips registered in the data set.

For more detail, Table[6.8 contains the confusion matrices of all models included
in this article. As previously stated, within these matrices, columns show the observed
modes, and rows show the forecast real modes. In theses tables, it is clear that some
of the models have difficulties differentiating between CAR - MOTORCYCLE and
WALK - BICYCLE. This may be caused by the existence of other additional variables,
such as socio-demographics, car/motorcycle ownership, or climatology factors that
are not taken into consideration in this article. Therefore, since the census lacked
information about these features, the five transport modes were grouped into three
categories. This way, CAR and MOTORCYCLE were gathered into PRIVATE VEHICLE,
WALK - BICYCLE into WALK, and TRANSIT is maintained as its own class.

With these three transport modes, all techniques are able to correctly transfer the
results from the training to the validation set (Table[6.6). As before, three clusters of
techniques appear. On the one hand, RA continues to be the worst method, but it is
close to B. On the other hand, EK has greatly improved its performance and produces
the best cluster. In any case, the best models have not improved their performance,
yet they are still able to correctly predict the transport choice of half of the trips made.

In order to validate the previous claims, a bootstrapping validation was used (Efron]
1979). Thus, 100 samples were randomly built following the original distribution for
the Silesia data sets. Figure[6.9)shows a box plot with the results of the different mod-
els bringing to light the significant differences among them. In fact, a Friedman test
confirms this hypothesis (p-value < 10716). In order to assess the differences among

the different models, a post-hoc analysis has been made following the procedure

199



6. Use-case 2 - Green Travelling

described in (Piephol |[2004). This procedure clusters all methods with similar results
and gives them the same letter.

It should be taken into consideration that these groups are not sorted, namely,
the best algorithms are not labeled with an a. The results are shown in Figure[6.10}
In this figure, the mean value of the different algorithms is plotted and groups are
identified with a letter. As can be seen, the test confirm our claims. The three groups

are clearly visible.

Accuracy (%)
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Figure 6.9: Box plot of the distribution of the models’ accuracy of the three transport
modes on 100 bootstrapping samples. In Biscay, the probability of using BICYCLE, CAR,
MOTORCYCLE, TRANSIT, and WALK is 1.75%, 43.51%, 2.1%, 37.6%, and 15.04%, respec-
tively. In Silesia, the probability of using BICYCLE, CAR, MOTORCYCLE, TRANSIT, and
WALK is 0.82%, 53.96%, 0.12%, 36.33%, and 8.75%, respectively. Therefore, if a model
can produce such a forecast, it will achieve an accuracy of 100 %. (Source: own research
generated from R Statistical Suite (R Core Team)}|2017))
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Figure 6.10: Results of an ALL vs. ALL post-hoc analysis of the accuracy of the models.
(Source: own research by plotting the results from R Statistical Suite (R Core Team)}2017))

Again, when analysing the results in detail, problems arise for some of the models.
Looking at the confusion matrices (Table[6.9) highlights the fact that some models
continue to have problems with some of the classes. For example, the SVM cannot
correctly predict any WALK trip (even if it has correctly predicted half of the trips).
The same problem occurs, when looking at the M and NN models, though it is not as
acute. In the end, it seems that only the KNN, EK, and CE models do not suffer these
problems in the setting.

Finally, Tableshows the forecasts that the different models share. As before,
100 bootstrapping samples were built from the Silesia data set. Column Real shows
the results of the survey carried out in 2015 (Green Travelling Consortium,|2013), and
Columns L.C.I. and U.C.I. contain the lower and upper confidence interval at the
0.050 significant level (a = 0.5) for the forecast value made. As expected, given the
low variance of the bootstrapped samples (see Figure[6.9) the modal split forecasts of
all models are quite similar (the confidence intervals are quite narrow). Nevertheless,

the real value is not included in the confidence interval.
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Model  Transport Mean Real L.CI U.C.L

EK WALK 9.57 31.10 31.12
EK TRANSIT 36.33 0.08 0.08
EK PRIVATE 54.10 68.80 68.85
CE WALK 9.57 6.89 6.90
CE TRANSIT 36.33 19.20 19.23
CE PRIVATE 54.10 73.87 73.91
SVM WALK 9.57 0.00 0.00
SVM TRANSIT 36.33 41.15 41.17
SVM PRIVATE 54.10 58.81 58.85
M WALK 9.57 0.11 0.11
M TRANSIT 36.33 33.11 33.16
M PRIVATE 54.10 66.75 66.77
NN WALK 9.57 4.36 4.38
NN TRANSIT 36.33 49.63 49.65
NN PRIVATE 54.10 45.99 46.01
B WALK 9.57 46.14 46.16
B TRANSIT 36.33 21.79 21.81
B PRIVATE 54.10 32.05 32.08
KNN WALK 9.57 7.47 7.48
KNN TRANSIT 36.33 35.61 35.65
KNN PRIVATE 54.10 56.88 56.92
RA WALK 9.57 44.46 44.48
RA TRANSIT 36.33 35.57 35.59
RA PRIVATE 54.10 19.94 19.96

Table 6.7: Bootstraping values (in %) for the modal split forecast by the different models.
(Source: own research)

6.3.1 Geosimulation results

Once modelled the transport choice of agents, this subsection presents the results
obtained by Geosimulating the base scenario of Biscay using the expert fuzzy logic
rules and how much it behaves as the real citizens. The Geosimulation yields the
following results in terms of modal split Figure[6.11]and travel times Figure[6.12]

Comparing the two modal splits, the amount of citizens that choose CAR is
somewhat higher than that of the real census. In the same way the amount that
choose WALK is higher, contrasting heavily with the amount of citizens that choose
MOTORCYCLE or BICYCLE. 1 believe that the transport choice model is pushing
private vehicle users to CAR instead of MOTORCYCLE due to the fact that the values
for distance and time are similar. The same concept with distances and prices can be
applied to people being pushed from BICYCLE to WALK.
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Census modal split

\:A:lI:ID

Fuzzy Logic modal split

7

00 01 02 03 04 05 06
00 01 02 03 04 05 06

CAR MOTOR ~ BICYCLE ~ WALK  TRANSIT CAR MOTOR  BICYCLE ~ WALK  TRANSIT

Figure 6.11: Census real modal split and expert fuzzy logic obtained modal split. (Source:
Spanish National Statistics Institute (Instituto Nacional de Estadistica,2011) and own
research)

Regarding travel time and duration, launching the Geosimulation achieves a
scenario where all agents run in parallel generating traffic jams with more reliable
results. Figure[6.12]outlines that private vehicle is the less time consuming option for
home-to-work commutes. However, these do not maintain the best average speed,
since that position belongs to SUBWAY which does not lose time in traffic jams,
crossings and signals. Thanks to traffic jams, MOTORCYCLE achieves a slightly higher

average speed as they can overtake stopped cars.

Speed (km/h) Duration (min)

5
100

S N
SI=l=h J o H -

R =

T
BUS

Speed (km/h)
Duration (min)

T T T T T T T T T T
CAR MOTO BUS  SUBWAY BICYCLE WALK CcAR MOTO SUBWAY BICYCLE ~ WALK

Figure 6.12: Obtained commutes speed and duration per vehicle type (Source: own
research)
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Figure highlights the hegemony of private vehicle both for inter and extra
municipal displacements. All private vehicle commutes (CAR and MOTORCYCLE)
can be made in less than 40 minutes, a result consistent with the distance to the
municipalities evaluated. It can be seen that quite a few people also choose the

private car as a means of transportation for inter-municipal trips.

CAR (All)

duration

Figure 6.13: Obtained private car commutes geolocated (Source: own research)

Figure[6.14]that there is a large part of the population of the census that chooses
public transport for inter-municipal and extra-municipal commutes. Unlike with
private vehicle, journey times take much longer according to the distance to public
transport stops and frequency of the service. This last one is the factor why individ-
uals who depart from similar locations take a very different time in completing the
commutes as they have to wait for their specific BUS or SUBWAY to arrive.

Finally, Figure[6.15|shows that walking option has only been chosen for mainly
inter-municipal commutes that is for short commutes. However some walking times
exceed one-and-a-half hours which suggests having to improve the fuzzy logic trans-
port choice model.
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TRANSIT (All)

duration

Figure 6.14: Obtained public transport commutes geolocated (Source: own research)

duration

l 100
K}

Figure 6.15: Obtained walking commutes geolocated (Source: own research)
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6.4 Conclusions and Future work

These results, though at an early stage, suggest that the methodology here proposed is
promising for evaluating the impact of applying green travelling policies. As explained
in Section[6.3} the results suggest the existence of three groups of models: On the one
hand, as expected, the most complex models tested (SVM, CE, and M) perform quite
well, hitting almost half of the trips. Next, there is another set of complex algorithms
but with slightly worse results (NN, EK, and KNN). The results of the KNN algorithm
was in fact unexpected, as it is a very simple algorithm. On the other hand, the control
methods (B and RA) do not achieve good results, as expected.

In order to draw meaningful conclusions, a qualitative analysis should also be

made:

¢ Some of the models produce unbalanced predictions, like M, SVM and NN,
which completely ignore some of the transport modes. Therefore, given the
similar prediction capabilities, the models with more balanced predictions
should be used, namely, the EK, CE, and KNN models.

e The number of parameters and complexity of the models are not the same
either. In this sense, simpler models should be preferred to more complex
models. However, EK, CE, and KNN are non-parametric, and their complexity
is difficult to assess. On the one hand, the number of parameters of KNN is
indeed the amount of points in the training data set, but the complexity of
the model is quite low (understanding here the complexity in terms of its VC
dimension or similar measures (Vapnik and Chervonenkis} [1971)). On the
other hand, the amount of parameters in the EK and CE models is quite low
(compared to the number of parameters of KNN), but the complexity of the
model is higher (Chen and Wang, |[2003).

¢ Comparing the EK and CE fuzzy rule sets, both have similar amounts of rules
(EK has 33 and CE has 30). However, the EK rules are only composed of one
or two terms, which makes it easy to follow and modify, while the CE evolved
rules usually have about 10 or more terms with a relation between them that is

not very clear.
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e It is always better to use a model that is easy to be understood than a data-
driven model. Following this advice, EK and M should be preferred to the rest

of the models.

Based on the above considerations, it is clear that the best model is EK, as it is
possible to be understood, is easy to be extended so as to cover new transport policies,
has a complexity that is similar to other models that produce similar numerical results,
and its predictions are well balanced among the classes.

Even though the results are good, the models need to be improved. At the moment,
the methodology does not take into account socio-economic variables, which are
not present on the tested data sets (see Table[6.2). Recent works ((Khattak et al.,
2017;|Ding and Zhang, |2016)) have achieved successful results by using demographic
and socio-economic features. As shown in (Ding and Zhang, [2016) (where they
have almost reached a 90 % chance of success), socio-economic information from
commuters enables the clustering and creation of custom utility functions for each
group. Furthermore, climatic variables have been identified as relevant (Chiu Chuen
et al., 2014). Future refinements of the model may introduce both sets of variables
in search of reducing error. A first approach should consist of adding these non-trip
related features to the global census models and evaluate their improvement. In
case this is not satisfactory, the next step will be to try clustering the commuters and
adjusting the models for each group.

Additionally, the ownership of private vehicles is a relevant parameter not detailed
in the used data sets. In order to introduce this information, the model will use Monte
Carlo simulations so that several distributions of these variables are simulated and
the results assessed.

Finally, once the transport choice model is fitted, the next step is to determine the
extent to which different non-physical incentives, such as changes in the price of the
journey, discounts on public transport, additional taxes on the use of private vehicles,
reductions in the duration of the journey, and congestion charges, affect commuters’
choices. These incentives alter the features of the itineraries, resulting in a different
modal split. In order to check the suitability of these incentives, the citizen agents

within the simulation will be given a set of preferences that will determine whether
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6. Use-case 2 - Green Travelling

they are prone to accept or ignore a certain policy, based on the itinerary features
already modelled in the transport choice model. This approach will involve defining
the thresholds at which the applications of transport policies will be effective, all the
while seeking an equilibrium between the objectives of the policies and the citizens’

preferences in order to avoid social rejection or oversizing.

6.5 Result tables

Table 6.8: Confusion matrices for all the models for the five transport modes (in %).
(Source: own research)

(a) Expert Knowledge Confusion Matrix (b) Co-evolutionary Fuzzy Algorithm Confusion Matrix
Biscay Silesia Biscay Silesia
Observed Observed Observed Observed
BCMTWBOCM T w BCMTWB C M T w
B 21 26 14 17 23 40 6.3 0 0.00050 0.0051 B 26 18 29 23 21 43 3.7 3.2 4.1 5.2
z C 14201219 69 3.6 24 85 5.1 54 % C 5.0 26 3.9 5.0 3.7 43 56 21 50 14
§ M 19 14 24 21 23 13 8.2 21 1.7 12 é MO 0O 0O O O 46 36 65 40 48
S T 13181514 4.2 16 12 60 24 34 S T 24 31 25 29 5.7 039 0.14 0 0.14 0.55
W 33 22 36 29 43 27 49 10 69 0.69 W 45 24 43 43 70 57 4.9 11 5.4 32
(c) Support Vector Machine Confusion Matrix (d) Multinomial Confusion Matrix
Biscay Silesia Biscay Silesia
Observed Observed Observed Observed
BCMTWBCM T w B C M T W B C M T w
BO0OOOOOOODO 0 0 B30 0 0 0 0 0 0 0 0 0
?é C 34 64 37 38 11 62 69 44 66 77 % C 34 65 1202300 250 63 71 44 68 16
§ MO0OOOOODOU OO 0 0 § M 0 0 0 0 0 0.18 0.65 0 0.53 0.0051
2 T 66 36 63 62 89 38 31 56 34 23 £ T 63 35 190 3200 2000 37 28 56 31 84
WO0O0OO0OUOTOOUO0O0 0 0 W 0 0.078 0 1 0 0.11 0.074 0 0.072 0.44
(e) Neural Network Confusion Matrix (f) Naive Bayesian Confusion Matrix
Biscay Silesia Biscay Silesia
Observed Observed Observed Observed
B C M T W B cC M T w B C M TWIB CMT W

B 0 0016 0 0 0 0.026 0.023 0 0.032 0.049
C 33 64 1202300 300 43 52 26 49 17
MO0 0 0 0 0 0.11 0062 0 0.059 0.25
T 62 36 190 3300 1900 57 47 73 51 81
W15 034 2 36 36 037 045 098 051 1.1

B 3.4 028032022 0 092 24 1.6 1.1 0.85
C94 30 7.7 75 42 27 32 18 31 18
MO O O O 0 076056 0 0.60 0.70
T 19 27 20 26 51 19 24 7.8 22 0.12
W68 43 72 66 91 53 41 73 46 8l

Forecast
Forecast

(8) k-Nearest Neighbours Confusion Matrix (h) Random Search Confusion Matrix

Biscay Silesia Biscay Silesia

Observed Observed Observed Observed
BCMTWBUCM T W B CMTWB CMT W
BOOOOOOOO 0 0 B O 0O 0O 0O 0O O 0O 0 0 O
% C 33 64 37 33 21 53 62 38 59 27 E C 100 100 100 100 100 0 0.14 2.0 5.2 23
§MO 0 0 0 00 OO 0 0 §M 0 0 O O 0 100 8 98 91 76
&2 T 54 32 55 61 61 45 36 59 39 62 gT 0 0 0 0 0 O 0 037 0
W1239816.118232129 23 12 wo o 0 0O 0O O 14 0 0077
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6.5 Result tables

Table 6.9: Confusion matrices for all the models for the three transport modes (in %).

(Source: own research)

(a) Expert Knowledge Confusion Matrix

Biscay Silesia
Observed Observed

P TW P T W

P 27 86 11 64 60 33
T 48 52 28 0.053 0.059 0.47
W 25 40 62 36 39 67

Forecast

(c) Suport Vector Machine Confusion Matrix

Biscay Silesia
Observed Observed

PT W PT w

P 64 40 14 64 60 20
T 36 60 86 36 40 80
W o0 0012 0 0 0

Forecast

e) Neural Network Confusion Matrix

Biscay Silesia
Observed Observed

P T WPT W

P 58 36 15 47 47 25
T 42 63 84 52 52 71
W 039 041 1.1 1.1 1.0 43

Forecast

(g) Random Search Confusion Matrix

Biscay Silesia
Observed Observed

P T WPT W

P 100 100 100 22 100 100
T 0 0 0 78 0 0
W 0.063 0.057 0 0 0 O

Forecast
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(b) Co-evolutionary Confusion Matrix

Biscay Silesia
Observed Observed

P T WPT w

28 7.0 5.3 23 26 15
45 46 21 41 55 60
27 47 74 36 18 25

(d) Multinomial Confusion Matrix

Forecast
=RC R

Biscay Silesia
Observed Observed

p T W P T W

P 66 44 15 77 74 23
T 34 56 85 23 26 77
W 0.074 0.018 0 0.12 0.13 0.48

Forecast

(f) Naive Bayes Confusion Matrix

Biscay Silesia
Observed  Observed

P TWPT W

P 29 7.7 48 35 32 20
T 27 26 6.6 24 22 1.8
W 44 66 89 41 46 78

Forecast

(h) K-Nearest Neighbours Confusion Matrix

Biscay Silesia
Observed Observed
P TWP T w
% P 66 36 25 64 61 32
§ T 29 56 53 33 36 55
S W49 75 21 28 3.0 13




6. Use-case 2 - Green Travelling

210



CHAPTER

Use-case 3 - Long term
Load forecasting

Electrical distribution companies, face a big challenge when trying to predict
and evaluate the growth in demand for electrical power. Under the current volatile
economic conditions, this problematic boosts exponentially: distribution companies
aim at getting the most out of the existing infrastructures, especially when their reno-
vation can be really expensive. Thus, long term load forecasts are extremely useful

for energy suppliers, [Distribution System Operator (DSO)} financial institutions, and

other participants in the electric energy generation, distribution, and retail sectors.

The concept of[Long Term Load Forecasting (LTLF)|involves social, economic,

policy and technical issues to which we must add the problems of having limited
amounts of information and the the difficulty to operate with the scarce data avail-
able (Willis,|1996). In this sense, |[LTLE|is closely linked to urban evolution since its

main models derive from the fields of geography and sociology. Nowadays, these

models are being combined with others stemming from[Artificial Intelligence (AI)}
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7. Use-case 3 - Long term Load forecasting

This integration brings together the best qualities of both areas: |Al| provides the
learning ability and the capacity to interpret the available data, while social and
spatial models define the natural behaviour and characteristics of the problem at
hand. The technical literature shows a wide range of methodologies and models for
[CTLEwhich can generally be classified into two broad categories: statistical methods
and artificial-intelligence-based methods. Statistical load forecasting methods com-
prise approaches mainly based on time series and regression models (Alfares and
Nazeeruddin}|[2002). In turn, artificial intelligence methods comprise methodologies
like networks (Senjyu et al.,2002), genetic algorithms (Lai, [1998), support vector
machines (Pai and Hong, 2005), and fuzzy logic (Farahat,|[2004).

The growth in demand for electric power can be decomposed into two axes. On
the one hand, there is the so-called vertical growth, which represents a boost in power
demand due to an increment in the electrification of the existing households. On the
other hand, the horizontal growth involves the appearance of new settlements on an
specific area, motivated by the natural evolution of the population. The analysis of
these phenomena is crucial since an improper estimation may lead to the saturation
of the electrical infrastructure and the loss of power supply, along with the consequent

economic losses and social distress.

In this venue, there is a special type of[LTLF|that deserves a closer look due to
its economic importance: [Spatial Load Forecasting (SLF)} Usually, uses a model
built over a to get together data related to electric distribution, land use, and

development indicators. In this way, urban infrastructure engineers will be able

to predict, years in advance, any new load and how it affects the electric system,
helping them to determine whether the current infrastructure should be upgraded
or not. Failing to do so leads to the inability to cope with load peaks, appearance
of brownouts, blackouts and, in general, low-quality supply. Furthermore, there
is a lengthy amount of previous research on agent-based simulations using[GIS|
whether it is a geographic phenomena or a phenomena with an important geographic
component, covering several aspects of Urban Modelling (Li and Muller,[2007;/Crooks
et al.,2008b) and Housing (Jordan et al.,|2010). [Agent-Based Modelling (ABM)|has
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also experimented a notable boost in the[SLF|field due to its capacity to model the
future evolution of energy demand on a certain zone.

The Geosimulation built on GeoWorldSim presented in this chapter is able to
simulate the variation in the load of the transformers and electrical substations located
on a certain city. To this end,we have modelled the behaviour, evaluations and
decisions a human takes when choosing a new place to live. The configuration is
based on the environmental approach proposed by Russel and Norvig (Russell et al.}
2003; Weyns et al.,2004) being:

Accessible: The agents have access to the whole environment.

Non-deterministic: A change in the state of the environment depends on the man-
agement of threads by the Operating System on which the simulation is run-
ning.

Dynamic: The environment can change while the agent deliberated.

Discrete: The number of percepts is limited and centralised.

The Environment is populated by both Passive Entities, used for representing
the city infrastructure like substations, transformers and existing buildings, and
Autonomous Agents in the form of greenfields and buyers. In line with this model,

the pseudo code can be described as follows:
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7. Use-case 3 - Long term Load forecasting

Data: Initial state of the environment

while /termination(state) do

for greenfield in greenfields do

PERCEPT1|[greenfield] = Get-Around-Facilities(greenfield, state)

PERCEPT2|[greenfield] = Get-Around-Constructed-Buildings(greenfield,
state)

ACTIONI1|greenfield] =
Determine-Dwelling-Characteristics[PERCEPT1,PERCEPT2 (agent)]

ACTIONZ2|greenfield] = Set-Dwelling-Price[ACTION1 (agent)]

end

for agent in agents do

PERCEPT[agent] = Get-List-Greenfields(agent, state)

ACTIONI1[agent] = Evaluate-Greenfields[PERCEPT (agent)]

while assigned && greenfields-available do
‘ ACTION2[agent] = Get-Greenfield[ACTION1 (agent)]

end

ACTION3[CT] = Add-Load[ACTION2 (agent)]
end
state = UPDATE-FN (actions, agent, state)

end
Procedure RUN-ENVIRONMENT (state, UPDATE-FN, agents, termination)

7.1 Modelling social behaviour

The buyers are agents that emulate the people looking for a new house. Since every
person has different preferences about the presence of (or distance to) a particular
public facility, these have been encoded in a vector a; that describes how important
each infrastructure is to a particular agent i. Moreover, agents have an individual
budget limit and a degree of greediness depending on which, they will query a
different number of greenfield. Further, we have identified three primary target
groups sharing a common preference pattern: Elderlies, Families and Singles. The
accurate values of the preference vector have been issued using a uniform random
variable with the mean described in Table[Z.1land a 10% of standard deviation.
When the agents have been loaded into the Environment, they select a number

of greenfields that will be asked for information. The agent will then select the plot
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7.1 Modelling social behaviour

Table 7.1: Agents types and their preferences. Average values. (Source : own research)

Type HEALTH EDUCATION SPORTS CULTURAL FOOD AFFORD

ELDERLIES 1 0.2 0 0.7 0.8 1800€
FAMILIES 0.9 1 0.7 0.3 0.5 1750€
SINGLES 0.2 0.2 1 1 0.8 1700€

that maximises the following function f:

-1 if plot price > agent budget
fla,d):= 5 aij

jes “i

in other case,

where a; is the preference vector of the agent i, d; is the distance from each building
to the infrastructure j (see Table and J are the categories in Table Next, the
agent will try to buy this plot. In case some other agent has already bought it, the
current agent will try to acquire its next preferred option until the plots reach the
minimum desired quality set. Please note that it may be possible for an agent not to
get a greenfield. Finally, the electrical load generated by each agent is added to the
corresponding electrical infrastructure following the function I:

la,d):=E;+1,-S;-A-Pg,

where E is the previous load in that particular electrical infrastructure, I, is the
electrical intensity of agent a (i.e. how much power will the new settlement need), S;
is the simultaneity factor of the loads in that particular infrastructure, A is the area

covered by this plot, and P, is the power intensity of the area, measured as:

[Bsool Y. Pe

ceCspo

ICs00l ), Sp
b€B300

P.:

where Bsqy is the set of buildings within 300 meter radius, Csgy is the set of clients

within a 300 meters radius, | -| denotes the set cardinality, p, is the contracted power
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by client ¢, and sy, is the total surface of the building (measured as the constructed
area times the floor count).

By combining these data, when an agent is assigned to an available greenfield,
the system analyses the consumption of the neighbouring parcels and size of the
buildings in order to predict how much power this new settlement will need. This

amount is then added to the total load of the transformer from which the plot feeds.

7.2 Modelling physical reality

Physical and electric elements involved in long term load forecasting were modelled
into the simulation for agents to be able to query, select the best greenfields that

suited their preferences and connect their settlements to the power network.

7.2.1 Substations and transformers

Substations and transformers are modelled as Passive Entities as their only function is

to receive the power demands of the new households (see 22 below for more details).

Each transformer ¢ and substation s has a nominal power, a demanded power
(E; and E;) and a simultaneity factor (S; and S;). Since the electric grid and its
elements need to size their nominal power in order to manage demand peaks, the
simultaneity factor is critical. Itis calculated comparing the maximum power demand
with the contracted power of the clients. In that way, it adjusts the theoretical total
consumption of the clients to real conditions. Unfortunately, the dataset did not
include power measurements for the transformers. In fact, the lowest level where real
measures were accessible was at substation outputs. Therefore, the research had to
calculate the simultaneity factor S; at this level, inheriting the simultaneity factor to

all the transformers connected to it. The formula used is:

Spi=
Y X

teTs ceCy
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7.2 Modelling physical reality

where r; denotes the maximum measure registered at the substations output s, T
denotes the set of transformers connected to that substation output, C; denotes the
set of clients connected to transformer ¢ and finally p. denotes the contracted power

of client c.

7.2.2 Buildings

Buildings are those residential dwellings situated in the environment. Every building
has its physical representation, concerning location, area, building levels, and the
electrical information regarding the amount of clients, the transformer they are
connected to and how much power they demand. Buildings are modelled as Passive
Entities, so that greenfields (Autonomous Agents) can ask them in order to forecast

which type of construction they will harbour.

7.2.3 Greenfields

Greenfields are modelled as agents that emulate the land plots where new buildings
can be constructed. Local authorities define a location as accessible to citizens if it
is within 5 minutes walking. That is, considering that the speed of a pedestrian is 4
km/h, this distance corresponds to 300 meters. Therefore, every greenfield has the
skill to perceive its surroundings up to 300 meters. As a first approximation, these
agents will search and calculate the straight-line distance d; to several public facilities
(e.g. green zones, public transports, parking spaces, and the like). Table[7.2|shows a
comprehensive list of these public facilities.

One of the problems faced when working with developable land use, is that,
though not yet urbanised, some of these areas have already been split into smaller
parcels while others comprise a whole rural area. Although clipped greenfields give
some clues about the type of buildings they may contain, without such information,
it is still hard to determine the type of construction and how many citizens will host
each greenfield. So, as next step, in order to overcome this problem the greenfield

estimates, using a spatial moving window smoothing (Kiesel and Wenkel, [2007), the
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type of building, number of dwellings and building levels expected according to all
adjacent buildings within 300 meters.

Finally, based on the loaded information, each plot establishes its price per square
meter and searches for its nearest transformer substation, which the new settlements
will connect to. The process is as follows: first a Voronoi diagram is calculated from
the set of transformers that serve more than one client (single-client transformers
are owned individually, which means that they are not accessible by the DSO). Then,
the plot makes the connection with the transformer whose area of influence presents

the largest intersection with its own surface.

Table 7.2: Factors considered. (Source : own research)

Factor Infrastructures considered

HEALTH Hospitals, clinics

EDUCATION Schools, colleges, kindergartens, universities

SPORTS Public swimming pools, pitch, stadiums

CULTURAL Art centres, theatres, community centres, conference centres, museums, libraries, cinemas

FOOD SHOPS  Food and convenience shops, department stores, supermarkets

7.3 Results of the Geosimulation

For each independent year which electrical growth, the validation process creates
a historical map that describes the status of the buildings of the city. In addition, it
creates several distributions of agents in order to contrast the process outcome with
the real settlements:

Environment: The validation process identifies the buildings that were registered
as such from a given year onward and marks them as available greenfields,
considering the date in which the building was created is the same as the oldest
settlement registered.

Agent System: All the scenarios will create the same amount of agents as new possi-
ble settlements that may appeared on that year. The main difference will be

the amount of agents of each type created at each case.
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Greediness: Ihave validated the system considering agents with and without greedi-
ness. Obviously, the experiments that do not consider agent’s greediness obtain
better results as the agents are aware of the whole environment. However, the
experiments where the greediness is considered are provide as it is a more
realistic scenario.

Plots’ price: The unitary price of the plots is estimated using recent appraisals per-

formed by the appraiser Tasamadrid.

I defined different metrics in order to test the results obtained with this model.

The error can be split into two categories: spatial errors and effective errors.

Spatial Errors: Errors related to the spatial component of the forecast. Namely, how
many agents correctly select the year y in which a greenfield has been built
(hitsy), how many agents incorrectly select the year y in which a greenfield has
been built (semiy) and how many agents have completely failed by selecting a

greenfield that even today has not been built (failsy). Thus, it is measured as:

Rits. = ay . Ty Do =1 hi
ll'Sy.— b—, semiy := Wb" fdl Sy:=1- its,
y j=y+17]

where a, denotes the number of agents that correctly select a plot that is built in
the year y, fj, denotes the number of agents that incorrectly set on a plot in the
year y which in reality was built in the following years, b; denotes the number
of plots that have indeed been built in the year y. The variables hits, semi and
fails are just mean values over of hitsy, semiy and fail, respectively.
Effective Errors: In this category the load forecasting error is measured. Tradition-
ally, this error is calculated using the MAPE error (Hyndman and Koehler,

2006): 2010 |75 — s
y~ Pyl

mape:= — —
615l seSy=2005 Ty

where S denotes the set of transformers, |- | denotes the set cardinality operator,
py denotes the model’s forecast for the maximum load of substation s at year y

and sz, denotes the real one.
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Please note that, in this model, MAPE is not a reliable source of error as there is a
large variability among the experiments. This situation is due to technical or electrical
infrastructure exploitation issues that force a building to not be always connected to
its nearest transformer. In order to mitigate this problem, a possibility solution is to
measure the error one level higher in the electrical infrastructure, that is, at substation
level. However, this measurement would blur the results and hinder the possibility
to identify zones where the model is not working correctly. Moreover, in terms of
performance, the calculation of this value is quite complex due to the number of
database queries that would need to be performed which, in turn, increases the
execution time of each simulation.

The forecasting ability of the model in two situations was also tested: for one year
ahead and five years ahead forecasts. Moreover, as a contrast method I used random
assignation of agents to greenfields. In order to calculate an approximated p-value
I used a Monte Carlo approach. Namely, I have repeated 100 times the random
assignation for every year to approximate the density function of the random variable
hits+ semi under the null hypothesis that our method and the random Monte Carlo
approach would derive the same results. From the approximate density function I
calculate the associated p — value (see pval in Table[7.3)

In the first case, each year is evaluated independently, and the outcome is not
considered for the following evaluation. Figure[7.1(a)]shows the empirical probability
density function constructed with 100 repetitions of the contrast method. Table[7.3|
shows the numerical results for 1 year ahead forecast (mean value of the 5 years). The
first three columns represent the percentage of agent of every type created in that
particular experiment. Please note that the 0/0/0 row represents the Monte Carlo
approach.

On the other hand, for the 5 year forecasting, I used a rolling forecast approach (Hyn-
dman and Athanasopoulos,|[2014). Namely, I use the forecast results of the previous
years to predict the following year. As for the 1 year ahead case, Figure shows
the empirical probability density function constructed with 100 repetition of the
contrast method and Table[7.3|shows the numerical results of the five years ahead

forecast.
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Figure 7.1: Probability density function of the random variable hits+ semi. (Source :
own research)
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Table 7.3: Experimental results for the different agent type composition. All measures
are in %.

1 year forecast 5 years forecast
Elderly Families Young | hits semi fails pval|hits semi fails pval
0 0 0 |0.14 044 042 041|018 025 0.57 0.45
100 0 0 0.17 049 034 0.00|0.34 031 035 0.00
0 100 0 0.22 050 0.28 0.00|0.34 035 032 0.00
0 0 100 [0.19 055 0.26 0.00 |0.29 0.37 0.34 0.00
50 25 25 |0.17 0.51 0.31 0.00 030 035 0.35 0.00
25 50 25 021 049 0.30 0.00 [0.33 034 0.34 0.00
25 25 50 |0.17 0.55 0.28 0.00|0.27 037 036 0.00
80 10 10 |0.18 049 033 0.00 034 031 0.35 0.00
10 80 10 (0.22 049 0.29 0.00 034 035 0.32 0.00
10 10 80 |0.19 0.55 0.26 0.00 [0.29 036 0.34 0.00
60 20 20 |0.17 0.50 0.33 0.00 [0.34 032 0.35 0.00
20 60 20 (021 0.49 030 0.00 033 034 033 0.00
20 20 60 |0.18 054 0.28 0.00|0.28 037 035 0.00

Figure[7.1|shows, as expected, a large difference between the errors of the exper-
iment in the 1 year ahead forecasting and the 5 years ahead forecasting. Not only
do the results of the random assignation are better in the 1 year ahead forecasting,
but they also have considerably less variance. Table[7.3|confirms this expectation.
In the case of the 1 year ahead forecasting the mean value of hits+ semi is around
70 %, while in the case of 5 years forecasting it is around 66 %. Please note that this
value is quite high considering that the random assignation has achieved 58 and 43 %
(respectively) in those experiments. The results of using the proposed MAS model
are in all cases significantly better than those corresponding to the random Monte
Carlo approach. Take into account that the first row corresponds to the Monte Carlo

approach, so in this particular case, the same results are being compared.

The distribution of hits and semi in both experiments is also interesting. While

in the 1 year ahead forecasting experiment semi is quite high (around 50 %) in
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the 5 years ahead forecasting experiment is near 30 %. The explanation of these
results is straightforward: in the 1 year ahead forecasting experiment, the number of
greenfields that (if occupied) score a semi decrease with every year, while in the case
of 5 years ahead forecasting they are constant. Please note that it is impossible to
score a semi in the last year of the 1 year ahead forecasting experiment since I do not
have information of the next year and all the houses of previous years have already
been occupied.

The results show how different agent type distributions affect the accuracy of the
prediction delivered by our model. As the typical house buyers in Spain are families,
it is expected that models with a high percentage of families agents will perform
better. The results from the 5 years ahead forecasting confirm that hypothesis. The
best agent mix consists of considering only agents of Family type while in the mixed
cases, those with high percentage of Family agents perform at least as well as the
other. On the contrary, it seems that in the short term (1 year ahead forecasting), the
Young are the main variable. This can be explained as Young frequently change their
homes, so in the short term, buildings near their favourite places are occupied in a
short time.

Qualitatively, it can be seen that the layout follows the logic imposed by the vector
of preferences in the settlement of the agents. Figures[7.2|to[7.4]show the distribution
of Elderly, Families and Young agents through three different heatmaps. The first one
shows how the final distribution of the Elderly and the localisation of Clinics and
Hospitals. In the second one, I present the final distribution of Families and the local-
isation of Schools. Finally, in the third one, I present the final distribution of Young
agents and the localisation of Sport Centres. In the three cases the final distribution

loosely approximate to the localisation of the corresponding infrastructures.
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Figure 7.3: Heatmap of the new settlement for Families and Schools.
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Figure 7.4: Heatmap of the new settlement for Young People and Sports Centres.

7.4 Conclusions and Future work

The methodology described and its implementation in the GeoWorldSim framework
has achieved successful results in the urban Long Term Load Forecasting process. By
Geosimulating the social preferences that affect house buying with dynamic offer
and demand, the success rate when issuing 1 year ahead forecast is above 70 % and
66 % when issuing a 5 years ahead forecasting. These results allow to obtain a better
representation of how our urban demography will change and the resilience of the
electrical network to it. Additionally, the analysed problem emphasises some research
challenges that are important for the further exploration of spatial load forecasting

within Geosimulations.

* New smart power grids demand a huge effort in redesigning and enhancing
current power networks, as well as integrating distributed generation, renew-
able energies and the electric vehicle. Contrary to the previous centralised and

unidirectional model (i.e., from centralised generation via the transmission
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and distribution grids to the customers), smart girds will change to a bidirec-
tional power flow model that will include distributed generation (mainly from
renewable sources) and the electric vehicle.

* The power network operation needs to be safe, reliable and, as long as possible,
cost effective. The new scenario enabled by the massive adoption of distributed
generation and storage and the intensive application of information technolo-
gies render the old centralised and static architecture unfeasible. The main
reason is that gathering the complete information to achieve optimal manage-
ment, if possible at all, would entail a prohibitive cost in infrastructure and time.
Therefore, a trade-off must be found between distributing the intelligence and
the costs associated to this decision.

* The grid computing paradigm presents inspiring characteristics for modelling
agent environments that will help the smart grid vision come true. Indeed, grid
computing applications are based on a group of distributed nodes carrying
out a task coordinated by a central entity: power networks do have many
nodes (e.g., meters and substations) and tasks that require participation and
coordination (e.g., invoicing: demands retrieving the consumption data from
all clients, applying the corresponding prices, and notifying the clients) among
all of the nodes. MAS and agent environments can tackle this challenge by
distributing the intelligence all over the grid by means of individual intelligent
agents controlling a number of assets.

¢ The management and configuration of power grids is closely linked with urban
evolution. Social dynamics dictate the appearance of new settlements as well
as the amount of energy demanded depending on the economic availability,
the age and preferences of new costumers and the own evolution of the city.
The edification of new infrastructures such as hospitals, schools, parks, malls;
even the construction of new roads heavily influence the citizens’ decisions

and mobility.
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CHAPTER

Conclusions and Future

The dissertation presented hereby has described what Geosimulations are and
why this paradigm is starting to gain prominence in diverse areas. Although[MAS|and
[GIS|technologies are well established tools in the research community and industry
there are still many urban analyses in which these have not been still introduced.
This is the reason why this research set the goal of proving that using Geosimulations
and empowering them with more proactive, distributed and asynchronous Agent En-
vironments would allow a better description of urban scenarios. This closing chapter
contains the lessons learned through the research, summarises the limitations found

and sketches some future lines of work.

8.1 Achievements

Throughout all the research process, several contributions have been made in the
Geosimulation field, relying on previous works and proposing some new mechanisms

in order to enhance the processes involved. To this end, a new framework for Geosim-

227



8. Conclusions and Future

ulation, GeoWorldSim, has been presented in Chapters[3|and[4which contributes

to improve the current state-of-the-art. GeoWorldSim simulation core manages to
put into practice the latest theories in[MAS|along with the new techniques in cloud

computing and asynchronism. Below is shown a list with the tasks and challenges

addressed,

together with the designed approaches:

* Design of a new general purpose Geosimulation framework based on C++ and

cloud computing.

¢ Environment oriented with Environments that are first class proactive entities.

¢ Design of the software architecture for the framework in 9 enabler modules that

facilitate GeoWorldSim’s deployment in the cloud paradigm. The architecture

provides:

- JSON-LD|compliant platform to serialise and deserialise any type entity.

Decoupling of the simulation and rendering.

Use of asynchronous message passing in all the framework to lighten up
the performance.

Distributed simulations.

A novel transparent mechanism for distributed simulations synchronisa-
tion.

Real time monitor and interactions with the simulations.

A visual logic composer module for none experts to build complex intelli-
gence.

Seamless integration with[loT|frameworks, such as FIWARE (Consortium)
2016), LinkSmart (Souza and Amazonas}|[2013) and Sentilo (Bain,|2014).

¢ Integration with third party domain models such as Matlab, R, EPASWMM,
EPA-NET.

Parallel to the development of the simulation core, GeoWorldSim was split in

ten modules to build resilient cloud the architecture. In order to achieve effective

Geosimulations, it was decided to focus the core on only carrying out the evolution of

a scenario and delegate data transformations and visualisation in secondary modules.
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GeoWorldSim has become a platform to address the needs of Geosimulations meeting
the characteristics contained in Table[8.1]

Functionality

Open Source v
Programming language JSON-LD, C++
FIPA messaging

Large-scale

Environment centric
Standard ontology based
Asynchronous coordination
GIS Integrated

Checkpoints

Distributed simulations
Sirnulation

Visual programming

Charts

Web based

Multiple users

NN N N N N N

Table 8.1: GeoWorldSim characteristics. (Source: own research)

Once the platform was built, it was tested and extended in the three use-cases
described in Chapters[5|to[7] Long Term Load Forecasting use-case, Chapter
became the starting point for the development of a Geosimulation platform. It
required going further than traditional[GIS|analyses and developing a housing search
competitive[MAS|with geographic capabilities. The contributions here have been:

* Deep analysis of the state-of-the-art in Geosimulations.

e Foundation of GeoWorldSim and implementation of its primitives Agents, En-
vironments, Behaviours and Skills.

* Geosimulation of the factors that affect house buying with dynamic offer and
demand.

¢ Geosimulating how our urban demography will change and the resilience of

the electrical network to it.
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¢ Success rate above 70 % when issuing 1 year ahead forecast and 66 % when
issuing a 5 years ahead forecasting.

¢ Best demo award in the AAMAS (International Foundation for Autonomous
Agents and Multiagent Systems (IFAAMAS), [2014) 2014 Demo track.

Green Travelling, Chapter[6] meant an extension of GeoWorldSim in the trans-
portation modelling area. It contributed with a deep analysing and implementation
of an entire four step transportation model. This is the traditional behaviour all
travellers follow when commuting from house to work including the selection of

mode of transport and performing the travel itself. The contributions here have been:

¢ Extend GeoWorldSim with the Network Environment capabilities, Graph ele-
ments and Routing models.

* Adding a Fuzzy Logic model for agents to use in their decision processes.

¢ Deep analysis and comparison of eight data science methods for transport
choice modelling.

¢ Geosimulation of citizens transport choice in their everyday commuting and
travel execution.

* Geosimulating the impact of applying green travelling policies to urban travels.

* Success rate about 45 % for plain Expert Knowledge and above 50 % when real

data to train models for transport choice forecasting.

Ubiquitous Smart Cities, Chapter 5} entailed the design of a novel Human Be-
haviour model and a test-bed for measuring the impact of Smart City infrastructures.
The developed Behaviour model was then set up in GeoWorldSim as its mechanism

for Behaviours construction. The Geosimulation achieved:

¢ Extend GeoWorldSim with a novel Human Behaviour model.

* Geosimulating the impact [[oT]infrastructures have in network communica-
tions.

¢ Success rate between 88 % and 94 % for emulation of Behaviour and 98 % and

99 % for emulation of Behaviour duration.
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Therefore, it can be concluded that the research hypothesis (please refer to sec-
tion|1.5) is validated, as it has been demonstrated that the designed Geosimulations
have achieved better modelling of the studied Urban Systems. All the research empha-
sises the crucial role Geosimulations have in evaluating urban scenarios and proves
that there are many areas in which GeoWorldSim has a great potential to improve

traditional analyses.

8.2 Discussion and Limitations

Research is an iterative process that can never be thought of as a concluded task.
Obstacles found throughout the process may require a turn in the methodology and
advances made always lead to the emergence of new questions. One of the most
recurrent question always emerges is: if going back to the beginning of this research
would it have taken the same decisions and assumptions? In this sense, the main

questions and limitations found have been:

8.2.1 Create or reuse

Long has been discussed about whether this effort and research should have been
used to improve some of the existing platforms instead of developing a new one from
scratch. Furthermore, taking into consideration how the GeoWorldSim framework
has finally been modularised, nothing prevented from using one existing platform
as simulation core and just implementing the drivers to connect it to the rest of the
modules. In chapter[2]a revision of the existing platforms was made as of 2013 and
their development status at that time. At that time it was decided to leave them aside
and develop an own framework in which the hypothesis presented hereby could be
validated and whose problems would try to solve. This scope toke some assumptions
that guided and constrained the research approach.

While this research had to struggle with basic programming issues, state-of-
the-art platforms had said problems already solved and were being improved with

the identified as missing. Probably at present with the current evolution of the
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existing platforms, this research would have opted to use Gama (Taillandier et al.,
2010) as a simulation core and develop additional external modules as the ones in
GeoWorldSim.

It is impossible to know if that change in the research would have led to a dead
end regarding implementing the required functionalities in Gama platform for several

reasons:

¢ Gama’s internal simulation engine may require a complete refactor not allow
to implement the desired functions.

* Gama developer and user community could find the desired implementations
out of the scope of the platform and not willing to include them.

¢ The performance obtained once implemented could not be as good as ex-

pected.

Whatever could have been, the decision was made to create an own framework
with full control of the code and the obtained results, though at an early stage, suggest
that GeoWorldSim is promising for becoming a great tool to compete with current

platforms.

8.2.2 Data-sets

In every research, information plays a very important role and obtaining reliable[GIS|
and social data is often the most difficult and costly part of a Geosimulation. Results
obtained in this dissertation have been as good as the data it was possible work with.
Not only when designing the simulation but also in order to calibrate and further
test how good the model is. GeoWorldSIm framework could be extended to cover
new use-cases in urban evaluations if data can be found to model the Agents and
Environments.

Although authorities have opened many open data repositories many are out-
dated or lacking in detail which makes necessary to look for other sources of infor-
mation. In this sense, some communities have collected their own specific data in

initiatives such as OpenStreetMap (OSM). The OSM project aims at creating an open
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source world map based on volunteer geographic information. The OSM community
is in charge of constantly keeping the data-set up to date and creating tools to operate
said data. Similar collaborative initiatives in other areas (e.g. consumption patterns,
smart metering data, traffic data) would greatly expand the range of Geosimulations
that could be built.

8.3 Future work and open issues

Geosimulations have a bright future ahead. This research believes that their destiny
is not only to be implemented in decision making systems for experts (e.g. techni-
cians, policy makers, consultancy) but into everyday services’ background citizens
use recurrently (e.g. transport, shopping, leisure). While the above use-cases have
focused in evaluating what-if scenarios, the goal of a Geosimulation can also be
to run in parallel and in sync with the real world providing services to real world
users. Emerging technologies such as wireless sensor networks and the[[oT|provide
a whole new virtual layer where the physical world can be accessed or modified by
any computational system. This information gathering capabilities from distributed
sources is poised to revolutionise the way[MASk environments interact with the real
world by putting humans in the loop. Furthermore, artificial intelligence will trans-
form everyday objects into pro-active actors. Geosimulations appear as an effective
approach for modelling and designing the systems that give answer to user needs
through these active objects.

Future research should make efforts in designing these live Geosimulations for
situations where it will be necessary that real-world humans become an integral part
of the system and live together within the same virtual environment with intelligent
agents. This is one of the open challenges that emerges when bringing urban planning
simulations to the limit. A new type of agent environments that henceforth will be
referred to as mixed environments is proposed to realise mixed multi-agent systems
populated by both human and artificial agents.

Mixed environments need to face complex decisions in to how model humans,

design a human-aware communication infrastructure, provide decision and co-
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ordination support, and how to implement laws. Open challenges in that path

include:

¢ Devising effective environment mechanisms effectively modelling human-
agent interaction and coordination, paying particular attention to providing
decision and coordination support;

e The introduction of high-level environment abstractions and mechanism
to effectively model and design augmented realities and worlds where (hu-
man/software) agents live in;

* Methodologies for designing and developing scalable agent environment tech-
nology stacks to deal with open, large-scale human-agent environments, even-
tually integrating mainstream architectures and technologies related to e.g.

Internet-of-Things and the cloud.

This new line of research (Ricci et al., 2015a) was identified during the course
of EAMAS (Weyns) 2014) held at the 13th International Conference on Autonomous
Agents and Multiagent Systems (International Foundation for Autonomous Agents
and Multiagent Systems (IFAAMAS),2014).

In this sense, GeoWorldSim has been prepared to face this challenge by adding
some flags and features to run in /ive mode. Currently, non-live simulations would
finish their execution once all agents have finished performing and achieved their
goals. However, running GeoWorldSim in /ive mode makes the Execution and Time
Environments stick to real world’s date, time and speeds in a continuous execution
that has no end. Using the infrastructure created for distributed simulations, a live
Geosimulation can receive real world human information just as if it were from

another distributed instance of GeoWorldSim. This mechanism enables:

¢ Keeping real world passive entities (e.g. roads, waste deposit points, water
networks) information updated from sensor data. The Messaging Environment
would listen for changes in entity attributes and propagate them to each of the
entities in the Geosimulation.

¢ Creating on-the-fly intelligent agents that are born inside the Geosimulation on

demand to act as virtual assistants whenever a real world user requires a service
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to be provided. Through the Messaging Environment a complete agent, with
its behaviour and skills, can be created from any|[JSON-LD|compliant message
created by an[oT|device. This assistant would be registered in all environments

and executed in order to calculate the desired result for the user.

Bringing together all the virtual assistants in a common Geosimulation rather
than isolated calculations, would allow to be able to put into cooperation or competi-
tion these assistant agents. Centralising the current state of the real world together
with the queries of what users want to perform allow knowing in advance changes

that will happen in that real world state. Some interesting applications could be:

Scheduling applications: Current itinerary scheduling systems, such as the ones
for traffic management, use real data together with forecasts to route traffic
through different paths according to real or expected congestion. However,
since the routes are calculated in isolated requests, all people asking for a route
at the same time would receive the same itinerary, resulting in subsequent
traffic congestion. Having an active Geosimulation with virtual assistants can
greatly improve the service. Requesting big amounts of itineraries for the same
time would make the virtual assistants compete with each other in a shared
environment provisioning roads, public transport seats or even space in the
sidewalk and therefore returning different routes avoiding sending all users
through the same itinerary.

Resources procurement: Many of the collaborative economy tools are based on
putting people in contact so that they can collaborate for getting a better
purchase of some resource such as energy auctions, joint holiday planning
or circular economy initiatives. The scope of these tools usually ends when
the users get in touch and it is up to them to negotiate and agree on the final
decision. have been modelling autonomous auction and cooperation
processes for years (Parsons et al.,|2011) what can improve these collaborative
platforms with capabilities of delegating users decisions into these virtual

assistants.
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Existing explorations and visions about these mixed environments and assis-
tant agents can be considered just as a starting point and the way forward to bring

Geosimulations to a general public.

8.4 Final personal remarks

The presented work, is the result of a five year long pre-doctoral period. This research
arises from the personal concerns of the doctoral student aligned with the objec-
tives and tasks it has been developing in DeustoTech’s Energy and Environment Unit
(de Deusto, ja,b) at the University of Deusto. These five year research is expected to
contribute in a broader use and understanding of[MASk and especially Geosimula-
tions. This is a research field that the doctoral student considers of great relevance for
the decision making in physical and organisational aspects of any process in which
citizens or individuals are involved. Within the Energy and Environment Unit, all
this knowledge will be adopted and GeoWorldSim will become one of its core tools.
Similarly, it is wished that the extracted conclusions, together with the drafted future
lines of work will inspire other researchers to develop their own ideas, contributing

to the subject and improving the world of Geosimulations.
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APPENDIX

JavaScript Asynchrony

Many of the GeoWorldSim modules allow functionality extension by dynami-
cally loading and asyncrhonously execution pieces of code in JavaScript. In order
to achieve such, it is important to understand how this programming language’s
internals. JavaScript is an event-driven and non-blocking I/0 programming language
which uses a single thread per process. This is a very deliberate design decision that
eliminates the need to deal with locking semantics. Asynchronous functions, request
external software to perform some computation (e.g. a database to fetch records,
an web server to response, file system to read a file) and decouple the control from
the execution flow of Javascript. It is done so, to avoid heavy processes blocking the
single Javascript event loop waiting for the response of the external software. In an
asynchronous function, it is not possible to execute the refurn statement, since values
are not ready in time. This asynchronous world control has led programmers to find
different approaches for managing how to return the result back to the execution

flow.
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A. JavaScript Asynchrony

Because functions are first-class objects, it is possible to pass a function as an
argument for another function and later execute that passed-in function. Passing a
callback function has been for several years a widely used mechanism in NodeJS for
returning asynchronous results following the Continuation Passing paradigm (Appel
and Jim, 1989). It consists of passing the control explicitly as an argument in the form
of a continuation, that s, a callback function. As the name says, callback functions are
created for an activity to take place whenever a previous event completes. Therefore,
a callback is passed to the the external software so when finishing the asynchronous
computation it can invoke the callback and send the result in it. Listing[A.14]shows a
small example of an external asyncrhnous database call which needs to be passed a
callback function to return the query result. Callbacks are ordinary functions that can
receive several arguments. In NodeJS the error-first technique has been for several
years adopted as a standard for managing callbacks establishing that callbacks will
return in the first place the error (if happened) and then the rest of results.

Having to pass a callback at the end of each function, derived in the known as
callback hell. It happens when programmers start nesting functions trying to write
JavaScript in a way where execution happens visually from top to bottom, the code
takes a pyramid shape and it becomes difficult to follow and debug. In 2015, the
ECMAScript 6 Standard (Leprohon, 2017) added support for the concept of Promises,
a first class representation of a value that may be made asynchronously and be
available in the future. It became popular after several Javascript libraries such as
Dojo, Q or Jquery had created their own similar method for receiving deferred results.
Promises finally suppose a native mechanism for managing asynchrony and enable
programmers to chain asynchronous computations as if they were sequential pro-
viding a direct correspondence between synchronous functions and asynchronous

functions.

Promise users can chain two methods to handle the fulfilled value or the reason
for rejection, acting as a black box. The code looks sequential by chaining promises
through the then (), if the promise had no error, and catch (), if there was an error,
statements. For this to work, Promises are a wrapper for asynchronous code that

always receive two resolve () and reject () methods. These methods provide
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transparent result and error returning in the asynchronous world. Programmers
can chose between resolve () (to return the asynchronously obtained value) or
reject () (to notify the occurred error) and pass a single value to them, which will
be passed to the functions chained with then () and catch (). Chaining promises,
fulfilment and rejection will compose just like their synchronous counterparts, with
fulfilment flowing up a composition chain and being interrupted at any time by a
rejection. Listing[A.15|shows the implementation of an asynchronous process by
chaining promises.

Inside GeoWorldSim’s ecosystem, many modules wrap the extensible functional-

ity in Promises as interface for other users to extend. This is the case of:

Datasources module connectors: Code for reading data (e.g. database drivers, file
readers) are put inside Promises and extracted out of the main software into
external files for users to be able to add more new connectors.

Logic building module blocks: Any logic block is wrapped inside a Promise. Then
all these are executed in sequence and passing the results from one to the other
in order to create complex logic flows. All blocks are external files injected into
the sequence for users to be able to add more new of them.

Alerts module forwarders: When an alert arrives, it is possible to forward it to an-
other software (e.g. email account, SMS sender, endpoint). To this end, Alerts
module’s forwarders are Promise based external files for users to create more

ways of forwarding or processing an alert.

Promises are a great mechanism for better asynchronous coding but also a far
cry from the DRYF_] principle. When using a Promise a big piece of code needs to be
repeated to properly manage the application’s flow. Lastly, within the ECMAScript 8
standard (Ecma International} |2018), new Async and Awa it statements have been
added to JavaScript for better reading and writing of code. In spite of using Promises
underneath, async/await keywords allow writing Promise-based code as if it were
synchronous (as shown in listing[A.16), but without blocking the main thread. This

IDon't Repeat Yourself
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new advance, has become the best tool for asynchronous and elegant JavaScript

programming.
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function getRecords () {
database.query (
/' Th latab

e aat

function printRecords( error , records ) {
if( error ) {
console.error( 'Error when querying
} else if( !records ){
console.error ( 'Empty records' );
} else {
filseystem.writeFile( records , finished );

+ err );

function finished( err ) {
if( error ) {

console.error( 'Error when printing : ' + err );
} else {
console.log( 'All finished!' );

Code A.14: Node]JS function calling an external database engine and passing a callback.
Once launching the query, NodeJs decouples the execution flow and continues serv-
ing other requests. When the database engine finishes fetching the results, it invokes
printRecords () callback function with the returning arguments and NodeJS will
serve it as another emerged request. The printing function then calls the filesystem to
asynchronously print a file and when it finished to calla finished () callback to check
if there were errors. (Source: own research)
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database.query( "SELECT x FROM clients" )
.then( records => {

if( !'records ){

throw 'Empty records';

}

return filseystem.writeFile( records );
})
.then( () => {

console.log( 'All finished!' );
})
.catch( err => {

console.error( 'Error when querying or printing : ' + err );

i

Code A.15: The same above example but implemented using Promises. These can be
chained using the then () method and the interruption can be attended at any moment
of the flow. (Source: own research)

const records = await database.query( "SELECT % FROM clients" );
if( !records ) {
throw 'Empty records';
}
await filseystem.writeFile( records );
console.log( 'All finished!"' );

Code A.16: The same above example but implemented using Async/Await. (Source: own
research)
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A.1 Lazy loading

A.1 Lazyloading

Above has been presented how the asynchronous code should look for being pro-
cessed by the server but it is still pending to know how to read this code from a file.
JavaScript contains several mechanisms for defining modules such that the module
and its dependencies can be asynchronously loaded. This is particularly well suited
for the browser environment where synchronous loading of modules incurs perfor-
mance, usability, debugging, and cross-domain access problems. The most basic
form is using the native eval () function which takes a string and runs it as if it was
plain JavaScript code. This functionality is as powerful as dangerous since it provide
access to the JavaScript compiler. It is sometimes necessary, but in most cases it

indicates the presence of extremely bad coding (Yue and Wang, |2009) given that:

Debugging: It makes harder to work with a debugger because it is like running code
into a black box and then out of it. Even despite knowing with certainty that the
stringed code works, using eval () requires extra effort to debug the real code
together with the one generated by eval (). Even more, eval () disables the
possibility of using code minimisers or compressors. These tend to shorten
variable names that are in scope of the call to eval () but do not change
them inside the stringed code. Since eval () can access any of those variables
directly, renaming them would introduce errors.

Performance: The script compiler cannot pre-compile code in eval () as it does
not know what the code will contain until it gets there. Many JavaScript engines
can run code in one of two ways: fast path or slow path. Fast path refers to
code that is stable and predictable, and can therefore be compiled for faster
execution. Slow path code is unpredictable, making it hard to compile and
may still be run with an interpreter. The mere presence of eval () in the
code makes it unpredictable and therefore will run in the interpreter, making it
run at old browser speed instead of modern browser speed (once again, a 10x
difference).

Security: Hackers love this function because it is always easier to inject a string into

a program than to inject code. [Cross-Site Scripting (XSS)|is a type of computer

267



A. JavaScript Asynchrony

security vulnerability typically found in web applications. It enables, on the
one hand, attackers to inject client-side scripts into web pages viewed by other
users and, on the other, users to alter the functioning of a web by injecting code.
The first, refers to downloading a script that needs to be eval () ed to perform
some functionality. Browsers usually make cross-domain checks to ensure that
downloaded and injected code comes from trustful sources. However having a
man-in-the-middle attack could send and make any type of code run in a user’s
browser. The second vulnerability, is the same case as with the well-known[SQL]
injection: if users know the underlying eval () function thatis being executed
(just like knowing the underlying[SQI]statement), they can enter a code that
uses the function to perform a different operation from what it was supposed
to do.

Speaking more specifically about JavaScript for servers, with Node]JS contains
a require () built-in function for lazy-loading of all its native and external re-
quirements. Modules are the fundamental building blocks of the code structure
and NodeJS implements a core system called module. js to manage these which
controls the loading, compiling, and caching of every file imported. The require ()
function is the method for lazy-loading a file from a string literal. The Module System
handles:

Finding Resolves the absolute path of the required file by checking in the project
directory, installed modules and paths specified by module.paths.

Loading It determines the type of content of the file to load whether it is JavaScript,
[SON]data or even a C++ file.

Scoping Wrapping the file in its private scope by hiding information and only expos-
ing the public interface of the code using the module.exports structure. In
any module, export s is a special object to store functions and properties that
will be public to the code requiring this module.

Evaluating Compile the code and populate the exports of the module with the

loaded functionality.
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Caching the module so that when it is required again it does not need to repeat all the
steps. If circular dependency between modules occurs (e.g. modulel requires
module2 and vice-verse) Node]S manages it simple. During the loading of a
module, it builds the exports empty object which will gradually be completed.
Code requiring the module before it has done loading and will receive a partial
(but existing) exports object with whatever was defined so far.

Therefore, behind the scenes, require () function makes an evaluation of code
or data inside a file loads it just the same way as eval () would do. However it
brings several important additions like easy file loading, scoping the evaluated code
into a module block or caching. Wrapping the code ensures it can only access its
resources and exposes only desired data for others to use. Solves in a way some of the
problems of the eval () function while providing access to all the native and third
party modules of the NodeJS ecosystem.

Combining lazy-loading of code into modules plus the power of asynchronous
functions, GeoWorldSim tools make possible their extension and adding of new
functionality. Extensions only need to be programmed as an async function that
creates and returns Promise inside. The Promise will perform the desired working
and then results and errors are returned through the resolve () and reject ()
methods as described in listing[A.17}
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// Code inside the server
const data_to_process = [...];
const processor_file = 'my-custom-processor.js';

// Load the custom implementation from a file and execute with await
const data_processed = await require( processor_file ) ( data_to_process
if ( !data_processed ){ 'Error occurred'; }

// Load the custom implementation from a file and execute with promises
require ( processor_file ) ( data_to_process )
.then( data_processed => {
[...]1;
}
.catch( err => {
console.log( 'Error ocurred' , err );

)i

// Code inside my-custom-processor.js

module.exports = async function( data_to_process ) {
return new Promise( ( resolve , reject ) => {
try {

// Implement the processing procedure

// If success return the result using the resolve callback
let data_processed = [];

resolve ( data_processed );

} catch ( err ){

// If error return the message using the reject callback
reject ( err );

Code A.17: Combination of asynchronous functions with lazy-loading of extensions.
(Source: own research)
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APPENDIX

Web views mixed
rendering methodology

Using a website by us humans, requires transforming the information into read-
able content, lists and illustrations. For this purpose the web server generates the
required[HTMI]and the necessary programming for a user to view a web page. This is
typically achieved using server-side rendering, that is, when a web browser requests
data, the server gathers it, writes the entire code and returns the rendered
webpage. With this, web browsers need to only remove the previous page and straight
display the received rendered page. When server-side rendering, there is no distinc-
tion whether the new page only has a few items that are different than the current
page, the browser will ask for the entire new page and will re-render everything from
the ground up. These implementations transmit significant amounts of data to the

client device, and force the browser to create[Document Object Model (DOM)| (Docu-

ment Object Model) objects for every markup element generated by the server. As
these trees get larger web browser performance deteriorates.
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Client-side rendering, refers to the technique of rendering content in the browser
using JavaScript. Instead of getting all of the content rendered in the HTML]document
itself, the server sends a bare-bones document with a JavaScript file that will
afterwards alter the document in the browser to inject the rest of the site. It is not a
new approach () but it did not become really popular until JavaScript libraries started
incorporating it into their style of development. Some notable examples of these are
Angular.js (Jain et al.}2015), Vue.js (Passaglia,[2017) and React.js (Fedosejev}2015).

All the web views of the GeoWorldSim platform use a mix of server and client side
rendering methodology for a better user experience. Combining both contributes to
a better user experience since every page only requires loading a very small section
of the page to display the new content, instead of loading the entire page at every
interaction. To this end every time a user accesses any module, the browser firstly
downloads an empty[HTMI]skeleton further detailed in Appendix[B.0.1lwith some
basic structure and the Javascript logic for rendering the page. This combined server

and client side rendering brings advantages in:

Reduce server load: Servers only need to render a little amount of views
speeding the initial load. The computation power needed to process and
render data is gathered from the user devices instead of the server. This is very
related with the Edge computing method (Satyanarayanan,|[2017) which tries
to optimise resources by taking computation out of the central nodes to the
edges where data is produced or requested.

Faster navigation: During the initial web load, users rapidly receive the root page
where then all the internal sections go asynchronously loading. Afterwards,
users also feel a more fluent navigation as the majority of the page remains still
and only few sections change when interacting with them.

Lazy loading: Client-side rendering supports postponing section and elements load-
ing until when the user needs to visualise them (e.g. on scrolling down, on
searching) reducing bandwidth. If some information it is not needed, there
server will not be queried about.

Reach interaction: Client-side rendering supports animated interactions and transi-

tions. In server side rendering each navigation loads the entire page again and
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therefore Javascript initialises all variables again losing prior state not being
able to animate transitions. Despite not being a critical feature, eye catching

animations are always a plus when it comes to making an attractive product.

I took the decision of limiting to 5 the amount of views that would be rendered
at the server side, which are the generic views all modules have in common (the
traditional CRUD operations). Additional module specific web views must be done
in the client accessing the data through the REST For server side is
compilation GeoWorldSim modules use Pug and Django templates. Pug (Krause,
2017) is a high-performance template engine implemented with JavaScript for Node]Js.
involves major code repetition since every element is named twice: once to
delimit the start of its content and once to delimit the end. Pug avoids all of this by
relying on indentation to determine where elements and blocks of code begin and
end. Not only does this result in smaller code writing, it makes the code much cleaner
to look at. Pug and Django templates both allow splitting templates into separate
files and contain instructions to dynamically generate content and maximise code
reuse. Imagine a complex[HTMI]form which needs to appear in several pages, these
template engines permit writing this code once in a separate single file and then
importing it in all the pages where it is needed. Listing[B.18|shows an example pug
file which results in the compiled Listing[B.19] So, this technology renders at the
server the following views:

* Root index page with the[HTML]skeleton where to inject all the content.

e List view to depending on the module display the data-sets, static files, simula-
tions, etc of a user. Sharing the same view ensures that list style and interfaces
are homogeneous among modules.

 Creation / updating view to set up a new element (e.g static file, datasource or
simulation). Using the template structure each module contains its customized
view.

* Read view to see the status and attributes of an element.

¢ Delete view to remove one element from the module.
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html (lang="en")
head
title Pug
body
hl Pug - node template engine
fcontainer.bordered

p.hoverFlip.underlined You are amazing

Code B.18: Example[HTML|page written in pug template engine. (Source: own research)

<html lang="en">
<head>
<title>Pug</title>
</head>
<body>

<h1>Pug - node template engine</hl>
<div id="container" class="bordered">

<p class="hoverFlip underlined">You are amazing</p>

</div>
</body>
</html>

B.0.1

Code B.19: Result of the pug compiled page. (Source: own research)

HTML|skeleton

All web sites usually contain an index page (located at the root / of the page) from

which to navigate through other sections. The index page of GeoWorldSim modules,

is built as a skeleton composed of three sections where information is injected from

several modules and sources:

Header: Rendered at the top, it contains the title, description and logo image of the

page together with navigation menus, or other navigation functionality. All
headers, regardless of which module they belong, are loaded from the Auth
module. This module is who identifies users and what services they have
access to, therefore it is logical to retrieve the rendered navigation menus and

links to resources from the Auth module. Initially, if the user has yet not been
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identified, the Auth module will return an anonymous navigation bar with
with no user information nor menus. When the user identifies, the module
sends the information to the Auth server and this returns a user identification
token which will be used for requesting the navigation bar in all subsequent
navigation. Using this token, the personalised navigation bar will be obtained
from the Auth module for injecting it in the[HTMI]skeleton header.

Main content: Section where the content changes at every user navigation or el-
ement transformation. It consists of several server-side rendered views are
injected at this point and then modified by the client side logic. The code at the
web browser makes use of Angular Light framework, more explained bellow.

Footer: Footer is rendered by the server of each module at the bottom of the skeleton,

containing copyright and attribution notices.

In order to establish a unique user experience and style across all modules, their
websites must comply with the Material Design principles (). Material is a design
normative developed in 2014 by Google intended to unify interfaces across platforms,
devices, and input methods. It uses card components and z-axis elevation imitation
to design all the components and usage in an intuitive user experience. To satisfying
the Material Design philosophy GeoWorldSim makes use of MaterializeCSS, a library
combining[HTMI] and JavaScript code designed to help build user interface
components. It contains well defined [CSS]styles providing out-of-the-box principles
for good design and elegant styling.
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Figure B.1: Layout of the web views that constitute the user interface. (Source: own
research)

B.0.2 Angular Light

Angular.js is one of the most demanded JavaScript front-end structural framework for
dynamic web apps. It takes many server-side typical operations to the browser and
allows using[HTMI]as template language extending the syntax into a more expressive
and readable format. Angular’s data binding and dependency injection eliminates
much of the code that is commonly repeated in every web application. It uses a
construct called directive which allows to decorate[H-TMI] with special markup that
synchronises with JavaScript variables enabling not only describing content in the
[HTMI]but also logic. However, its data binding model and extent list of tools makes

it big in size and can get the graphical interface to run severely slow. In search for
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a lighter solution, Oleg Nechaev developed in 2014 the Angular Light framework
(Alight) (Nechaev,|2018) based on several web frameworks and similar to a simplified
Angular version. This is the key technology that shapes the logic in the web browser.

Alight extends the declarative language in[HTMI]documents teaching the browser
new syntax through a construct of directives. Examples include:

e Data binding, using {{}}.

¢ [DOM]control structures for repeating, showing and hiding[DOM]fragments.
* Attaching new behaviour to elements, such as[DOM]event handling.

» Support for forms and input validation.

At a high level, directives are markers on a[DOM]|element (such as an attribute,
element name, comment or class) that tell Alight’s compiler to attach a
certain behaviour to that element (e.g. via event listeners) or even to transform the
element and its children. Whenever the web browser finds a known directive, it will
execute the associated behaviour. Alight comes with several built-in directives such
as: al-model, two-way binding to user input elements; al-repeat, for iterating
an element and rendering all its elements; a1 -1 f, to render this element if the given
condition is fulfilled; and al-htm1, to include a block of[HTMI] User created direc-
tives can contain variables and functions which be available within the entire block
they are attached to, that is to itsDOM]|element and all the children. For every direc-
tive, a scope structure is created in which every variable and function of the scope
is double bind in the Javascript code and[DOM] Changes in the value at Javascript
level will be propagated to the[HIMI]view and vice verse. Scopes of directives are
inherited to child element directives, that is if a parent[DOM]|element has a directive
attached to it, a directive attached to a child element will have its parents data
inside its scope. This methodology ensures all functionality is encapsulated to be

only available in the code it is needed.

B.0.3 Directives

GeoWorldSim web views make extensive use of Alights built-in and custom developed

directives for client side rendering and data manipulation. Every directive has a
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scope object in which to insert the double binded data, an e 1m object containing
the[DOM|element it has been attached to and a env object with Alight's functions to
interact with the (e.g. env.takaAttr () provides access to attributes of the
[DOMJelement, env . apply () spreads the changes made in the code to the[HTMI]
view). Listing[B.20]presents the[HTMI]usage of two directives.

al-entities: Adding this directive results in automatically executing a request
to fetch the entities from the server using its REST[API] The directive requires
the name of the entities to fetch and the pagination. It will load in the scope

structure both the downloaded entities and the total count returned by the[AP]}

alight.directives.al.entities = function(scope, elm, exp, env) {
scope.page_size = env.takeAttr( 'page-size' ) || 9;
scope.page = env.takeAttr( 'page' ) || 0;
scope.entity_name_plural = env.takeAttr( 'entity-name-plural' );
$.ajax ({
url : '/api/' + scope.entity_name_plural + '/offset/'

+ scope.page * scope.page_size + '/limit/'
+ scope.page_size ,
type : 'GET'
}
.then( res => {
scope.count = res.count;
scope[scope.entity_name_plural] = res[scope.entity_name_plurall;
env.scan|();
}

.catch( err => { console.log });

al-entity: It will automatically request an entity to the REST[API] It needs the
entity type and id to make the request.

al-entityops: The element and children who get attached this directive
will be able to invoke entity create, update and deletecalls. Creating and
updating require the entire entity to be passed while for deleting only entity
type and ID are needed. It allows sending an extra parameter for redirection

after the operation has succeeded.
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alight.directives.al.entity = function( scope, elm, exp, env ) {

scope.id = env.takeAttr('id');
scope.entity_name_singular = env.takeAttr( 'entity-name-singular' );

$.ajax ({
url : '"/api/' + scope.entity_name_singular + '/' + scope.id ,
type : 'GET'

b

.then( res => {

scope[scope.entity_name_singular] = res;
env.scan();

})

.catch( err => { console.log });

al-login: Makes login, logout and isloggedin functions available for the block of
code attached. For any of these operations a success-redirect and fail-redirect
paths can be defined to customise redirection after execution.

al-fileread: Adds an event listener for changes in a file input field. When
selecting a file the directive will create a FileReader to get the local file, parse it
and store it in the scope.

al-map: Automatically create a Leaflet (Agafonkin) interactive map in the attached
element. The map is loaded with the Wikimedia, OpenStreetMap, Toner
and Satelite layers and inserted in the scope for later manipulation. Additionally
the directive exposes functions to draw elements in the map (e.g. draw an agent,
draw a point, draw a polygon) and retrieve information from it (e.g. get map
bounds, get map zoom level).

al-websocket: Contains all the logic to open a WebSocket listenning the com-
munication bus of a simulation. It requires the simulation ID and being child
of a al-map directive as it will call the map functions to render the agents.
Additionally, displays socket messages using Materialize’s Toasts.

al-jsontable: Readsa complex[JSON|object from the scope and renders it as
a table (<table>) in the attached DOM]element. The directive iterates all
the keys of the object and creates a table row (<t r>) with the key at
the first column (<th>) and the value at the second (<t d>). If this value is
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another object or array inside the cell a new table is be created and the value is
recursively iterated repeating the above process.
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alight.directives.al.entityops =

scope.entity_name_singular =

scope.create

bi

function( scope, elm, exp,

env.takeAttr (
function( data

) 1

// Create entity

S.ajax ({
url : '/api/' + scope.entity_name_singular ,
type : 'POST',

b

data : JSON.stringify( data ),

dataType: "json"

.then( res => {

2

location = env.takeAttr(

'then-redirect' ) ||

.catch( err => { console.log });

env )

{

'entity-name-singular'

'/view/"'
+ scope.entity_name_singular + '/view?id=' + res.id ;

scope.update = function( id , data ) {
// Update entity
S.ajax ({
url : '/api/' + scope.entity_name_singular + '/' + id ,
type : 'PUT',

bi

b

data : JSON.stringify( data ),

dataType: "json"

.then( res => {

2

location = env.takeAttr( 'then-redirect' ) || '/'
.catch( err => { console.log });
scope.delete = function( id ) {
if( confirm("Are you sure?") ) {
// Delete entity
S.ajax ({
url : '/api/' + scope.entity_name_singular +

type : 'DELETE'

}
.then( res => {

location = env.takeAttr( 'then-redirect'

}

.catch( err => { console.log });

)

v/

LAl

+ id,

7

)i

281



B. Web views mixed rendering methodology

alight.directives.al.loginbuttons = function(scope, elm, exp, env)

scope.login = function( data ) {

S.ajax ({
url : '"/api/login' ,
type : 'POST',

data : data
1)

.then( res => {
location = env.takeAttr( 'then-redirect' ) || '/' ;

b

.catch( err => { console.log( err ); });
bi

scope.logout = function () {

$.ajax ({
url : '/api/logout/' ,
type : 'GET'
})
.then( res => { location = "'/'; })

.catch( err => { console.log( err ); });
}i
Vi

alight.directives.al.isloggedin = function( scope, elm, exp, env)

S.ajax ({
url : 'http://auth.deusto.io/api/me’',
type : 'GET'

}
.then( res => {
console.log( res );
location = env.takeAttr( 'then-redirect' ) || '/';
}
.catch( err => {
console.log( err );

{

{

location = env.takeAttr( 'catch-redirect' ) || '/view/login';

b
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alight.directives.al.fileread = function (scope, elm, exp, env)
var store_var = exp || 'file';
elm.addEventListener ("change" , function(evt) ({

var file = evt.currentTarget.files[0];
var reader = new FileReader();
reader.onload = function (evt) {

var json_read = JSON.parse( evt.target.result );
if ( json_read ) {

scope| store_var ] = Jjson_read;
env.scan();
} else {

alert ( 'Could not parse file' );

}i
reader.readAsText ( file );
1)
bi

{

alight.directives.al.map = function(scope, elm, exp, env) {

[l 'map';

var map_name = env.takeAttr( 'map-name' )
var map_container_id = exp;

scope.overlays = scope.overlays || {};

scope[ map_name ] = L.map( map_container_id ,
{ fullscreenControl : true , zoomSnap : 0 })
.setView([46.058, 14.304], 4);

var baselayers = {...};
// Add scale
L.control.scale().addTo( scope[ map_name ] );

// Layer switcher
scope.layerSwitcher =
L.control

.layers( baselayers , scope.overlays , { position : 'bottomleft'
.addTo( scope[ map_name ] );
ctrl.addTo( scope[ map_name ] );

b
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alight.directives.al.mapEntities = function (scope, elm, exp, env) {
scope.overlays = scope.overlays || {};
var layers = {};
var map_name = env.takeAttr( 'map-name' ) || 'map';

scope.mapEntity = function( entity ) {
var id = entity.id;
var type = entity.type;

// If new entity class
if( !layers[type] ) {
layers[ type ] = {};
scope.overlays|[ type ] = L.featureGroup();
scope.overlays|[ type ].addTo( scope[ map_name ] )
scope.layerSwitcher.addOverlay( scope.overlays|[ type ] , type );
}

// Delete if existing layer

if ( layers[typel] [id] ) {
scope.overlays| type ].removelayer( layers|[ type ][ id ] );
delete layers[ type ][ id ];

}

// Create geojson layer and add it to scope.overlays
if ( entity.geometry ) {
var geojson =

{ "type": "Feature" , "properties": {} , "geometry" : entity.geometry.value };

for (var p in entity){ // Set properties
if( p != 'geometry' ){ geojson.properties[p] = entitylpl; }
}

var layer = L.geoJdson( geojson ,

{ style : st , pointTolLayer : ptl , onEachFeature : oef } );
layers|[ type ][ id 1 = layer;

scope.overlays| type ].addLayer( layer );

bi

var st = function( f ){
var style = f.properties.style || {};
return {
fillColor : style.color ? style.color.value : '#666"',
fillOpacity : 0.2,
color : style.border_color ? style.border_color.value : '#000°',

weight : style.weight ? style.weight.value : 3,
iconSize : [46, 46],
radius: 5,

var ptl = function (feature, latlng) {
//return L.circleMarker( latlng , { style : st , onE 1\Feature : oef }
return L.marker( latlng , { icon : L.icon( getStyle(feature) ) });
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alight.directives.al.websocketListener = {
link : function(scope, elm, exp, env) {
var id = exp;
id = env.takeAttr ('id'");
var waited = 5;
var connectSocket = function () {

$S.get ('http://sockets.geoworldsim.com/api/socket/"' + socket_id)
.then( res => {

if( !'res || !res.socket ){ throw 'Socket not open' }
M.toast ({ html : 'Simulation is active' });

var socket = new WebSocket ('ws://sockets.deusto.io');

socket.onopen = function () {

socket.send( JSON.stringify( { signal : 'join' , socket_id
}
socket.onmessage = function (ev) {

var json = JSON.parse( ev.data ) || {};

var signal = Jjson.signal;

var body = json.body;
if( signal == 'entity' ){ scope.mapEntity( body ); }
if( signal == 'message' ) {

M.toast ({ html : body });

if

signal == 'tick' ) {
var divs = document.querySelectorAll ('.timestamp');
for(var i in divs) {
if( divs[i].innerHTML ) {
divs[i] .innerHTML = new Date( body.time );
}
bi

}i
socket.onerror = function (err) { M.toast({ html : err }); };

}
.catch( err => {
M.toast ({ html : 'Simulation is not active.' });
setTimeout ( connectSocket , waited++ % 1000 );
)i

bi
connectSocket () ;

id }
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alight.directives.al. jsontotable = function (scope, elm, exp, env) {
var data_path = env.takeAttr( 'data-path' );
var jdata = scope[ data_path ];
if( jdata.length <= 0 ){ return; }

var tbody = document.createElement ("tbody");

var table = document.createElement ("table");
table.className = "table highlight";

var colnames = Object.keys( jdata[0] );

var tr = document.createElement ("tr");

colnames.map( c => {
var th = document.createElement ("th");
th.innerHTML = c;
tr.append( th );

1) i

tbody.append( tr );

jdata.map( d => {
var tr = document.createElement ("tr");
colnames.map( c => {
var td = document.createElement ("td");

td.innerHTML = JSON.stringify( d[c] );

tr.append( td );
i
tbody.append( tr );
b

table.append( tbody );
elm.append( table );
bi

<div al-entities page-size="20" page="0" entity-name-plural="datasources">
<p> You requested {{page_size}} datasources but there
are total {{count}}.</p>
<ul>
<li al-repeat="d in datasources">{{ d.id }} - {{d.name}}</1i>
</ul>
</div>

Code B.20: and Javascript code using the al-entities created and
al-repeat built-in directive. When Alight finds the al-entities directive, it will ex-
ecute the Javascript code setting the scope accessible variables, and fetching entities. The
response is stored in the scope too and env. scan () is invoked to spread the changes.
Now that there are datasources in the scope, the al-repeat directive will iterate them
rendering the list item for every datasource.
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