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toward the goal. Several path choice heuristics have been identified that people 
apply when planning a trip on a map or in a real environment. These movement 
decisions are influenced by a number of factors, including familiarity with the 
environment. However, people when they differ in their moving behaviour, this 
implies that the movement patterns formed by them are fundamentally different. 

4. This point arises because of two constraints imposed by the underlying 
purpose of this subject, which is movement simulation in an outdoor 
environment. First, the proposed algorithms must be sufficiently powerful to 
simulate a large number of entities, in order to manage crowds of people 
microscopically. Second, these algorithms must be realistic enough to allow an 
evaluation and a validation by comparison with real situations, and to produce 
data which can be studied. 

Some commercial software already exists to simulate and analyze crowd movement. 
Nevertheless, these applications do not completely answer our problem, especially concerning 
the first and the third points. 

The Proposed Approach 

In order to design a model of an urban environment, dedicated to simulating pedestrian 
pathfinding behaviour with a high level of realism, we started from the assumption that it 
would be interesting to implement theoretical views from two fields: spatial cognition and 
space syntax. Spatial cognition research is concerned with the acquisition, organization, 
utilization, and revision of knowledge about spatial environments. It is interested in both the 
representational format of spatial information as well as in the mental operations that translate 
such information into navigation behaviour. Space syntax is a term that is used to describe a 
family of theories and techniques concerning the relationship between space and society. 
Space syntax research has developed quantitative descriptors of the topological form of 
settings that are good predictors of where people will be found walking. 

The proposed approach is inspired from these two domains, in order to achieve naturally 
crowd navigation. Thus, we propose a method and associated algorithms to generate virtual 
environment model populated with autonomous agents. For these agents to be realistic, they 
handle the necessary behavioural procedures to be able to move and so to plan a path. This 
model is based on an informed hierarchical abstract graph. This description is enriched with 
some pre-computations such as potential visual field characteristics, or densities of people, 
which can be used individually by simulated entities. Furthermore, the way to accesses and to 
use this informed graph to perform a realistic and efficient path planning, which takes care of 
individual knowledge of the environment as well as individual preferences. The environment 
description is also used to endow agents with mental maps which contain the regions 
supposed to be experienced by them without going through a learning phase. Moreover, the 
path planning method we propose is influenced by the familiarity of the entity with the 
environment, which allows the entity to adapt its pathfinding strategy in consequence.  
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Chapter 5 presents our incremental path planning algorithm which leverages the 
hierarchical topologic graph resulting from the abstraction process. It details how we 
support spatial agents' navigation in informed virtual environments. 

The model presented is then implemented and tested on a test dataset. The 
computational implementation and the results of the tests are discussed in Chapter 6. 

Finally, conclusion and perspective section draws conclusions from our work, discusses the 
main contributions of the thesis, outlines its limits, and discusses avenues for future research 
and applications.  
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Figure I-2: Acquisition of spatial knowledge. A person perceives the environment, learns its layout, and stores this 
knowledge in a mental representation. 

I.3.1 Conceptualisation of Space 

A number of studies have examined the role of cognitive maps on wayfinding behaviour, 
notably on how information is ordered and depicted. In cognitive neuroscience, recent 
researches found that there are three types of cells representing different types of spaces: 
place cells describing where, head direction cells on the direction, and grid cells reflecting the 
distance (Dalton, Hoelscher & Spiers 2015). Although, following the representational theory 
of mind, the basic elements of mental representations are called concepts (Margolis & 
Laurence 2010). Concepts are the result of a cognitive process of categorization of the 
knowledge acquired while perceiving the world (Rosch 1978). The goal of the cognitive 
process is to create a simplified, abstract model of the knowledge acquired, in order to reduce 
its complexity and thus the mental effort required to store it. Furthermore, conceptualizations 
allow generalizations and abstract reasoning about the domain of knowledge processed. 

An important contribution to the conceptualization of space is the work of the urbanist Kevin 
Lynch, studying the phenomenon of imageability of urban environments. Lynch (1960) 
interviewed residents of three cities and found out that people build their mental model of a 
city based on five spatial elements. These elements present the basic concepts in the static 
spatial mental representations, i.e. the image of the city people retain after experiencing it. 
Briefly, Lynch defines the elements of the city form as follows: 

1. Landmarks, distinct points in a city that serve as reference to the user. 
2. Paths, channels of movement. 
3. Nodes, strategic spots in the city where the observer can enter. 
4. Edges are linear but do not facilitate movement. They form physical barriers. 
5. Districts are areas in a city that have some common characteristics such as a particular 

architectural style. 

I.3.2 Scale of environment 

Scale is an essential component in the process of navigation because different size spaces 
result in qualitatively distinct knowledge acquisition (Bell 2002). The widely accepted 
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I.3.4 Graph-based models of space 

In spatial cognition and artificial intelligence, graphs have been used for decades as model for 
mental representations of environments. For example, in 1979, Byrne suggested that the 
memory for urban environments is realized in a network of places. Ever since, a multitude of 
such graph-like models of spatial memory have been developed (Franz et al. 2005). 

The particular appeal of graph structures as models for spatial memory arises from their 
superior flexibility as compared to map-like representations of space. For example, while 
basically being topological structures, by labelling or weighting single edges of graphs, 
distance and direction information can be included that allow for metric navigation abilities 
such as short-cutting behaviour (Hübner & Mallot 2002). Additionally, various non spatial 
information can be attached to the nodes, for example, places can be labelled with emotional 
or episodic information (Franz et al. 2005) . Also, graph structures permit the representation 
of inconsistencies and incomplete knowledge, factors that appear necessary to explain several 
empirical findings in human spatial cognition. Taken together, due to their minimalism and 
efficiency, graph-like mental representations of space are ecologically plausible, sufficient for 
the explanation of a wide range of behaviour, and, last but not least, they fit well to the neural 
structure of human brains (Franz et al. 2005). 

I.3.5 Hierarchical Structure of Spatial Mental Representations 

Human spatial memory has a certain property, namely its hierarchical organization that lately 
has been shown to influence route planning and navigation behaviour (Wiener & Mallot 
2003). Hierarchical theories of spatial representations state that spatial memory contains 
nested levels of detail. Such a memory structure can be expressed in graph like 
representations of space in which locations are grouped together and form super ordinate 
nodes. 

I.3.6 Experiential Hierarchies 

Experiential hierarchies form in mental representations as a product of the interaction of 
wayfinders with the environment. The intensity of experience of a spatial feature is related to 
its functional, structural or semantic (individual) prominence in a specific environment. This 
experience of prominence establishes a partial order between the mental representations of the 
individual spatial features, and an experiential hierarchy emerges (Tomko, Winter & 
Claramunt 2008). 

I.4 Spatial reasoning and decision making 

Spatial reasoning involves a variety of decision-making methods and choice behavior. 
Decision theory covers a large range of models with different foci on describing how 
decisions could or should be made and on specifying decisions that are made (Golledge 
1997). Mathematically, a decision rule is a function that assigns a value to each alternative, 
showing what will happen when a particular strategy is adopted. Decision-making criteria are 
a set of procedural rules that oversee the evaluation of the outcome when decision rules are 
applied to a task situation. A strategy contains decision rules that seek a result from all 
possible ways of making a relevant decision. Golledge (1997) argues that in many cases 
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Chapter II Spatial syntax and wayfinding 

II.1 Introduction  
As part of our work we have been brought to direct our attention to the different areas dealing 
with the analysis of space and more specifically of urban space. Indeed, as we mentioned in 
the introduction of this document, the purpose of our work has been to model an informed 
urban environment dedicated to the autonomous agent movement simulation. To do this, we 
needed to capture environmental determiners of individual human navigation decisions and to 
formally describe them in the environment model. This led us, to be interested to theories and 
techniques offered by Space syntax.   

This chapter provides a theoretical background to the thesis by reviewing the body of relevant 
literature across the field of space syntax. The review is grouped into four sections: first, 
section II.2 introduces space syntax theory. Then, section II.3 presents environment and space 
representation in space syntax domain. Section II.4 summarizes methods and measures used 
to analyse the spatial configuration of the environment. Section II.5 highlights some 
researches in space syntax domain about wayfinding. Finally, we end this chapter with a 
conclusion in section II.6.  

II.2 Space syntax theory  
Space syntax, originated and developed in the 1970s at the Bartlett Unit for Architectural 
studies, University College, London, is a theories and techniques that can be used to describe 
and analyse patterns of architectural space both at the building and urban level. It grew out of 
a desire to understand the social logic of space (Hillier & Hanson 1984), that is, how the 
environment shapes us and in turn how society shapes the environment (Hillier & Leaman 
1973). The book The Social Logic of Space was published in 1984. It deals with the theory of 
the impact of spatial configuration on the social life and vice versa (Hillier & Hanson 1984). 
Space syntax attempts to explain human behaviours and social activities from a spatial 
configuration point of view (Hillier 1997). 

From its beginnings the method was used as a tool to help architects to simulate the likely 
effects of their social projects. Since then the methodology has been developed as a design 
method, which can determine the nature of space, help to understand how buildings, areas, 
and even entire cities operate. The most important factor in the SSA remains space 
configuration, and relations that occur in it. The theory proves that the way in which elements 
are brought together affects the behavior of its users (Hillier 1996). The theory is based on 
several principles described mathematically, which gives a possibility to generate graphs and 
numerical results, map and analyze linear space availability (spacesyntax.com 2019). 
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II.3 Space syntax environmental model 
Space syntax provides a set of techniques for producing an abstract model of an urban 
environment (a building interior or a part of an urban area); space syntax is concerned with 
how the continuous system of space can be broken down into discrete spaces. In an urban 
setting, a component space is what we inhabit at home or at the office. The city is the sum of 
all component spaces and is continuous; we can move from location to location by passing 
through a number of spaces. Cities can also be defined as large collections of buildings held 
together by a network of space: the street network. The network is the largest thing in the city. 
It is what holds it all together. It has an architecture, which is certain geometry and a certain 
topology and a certain scaling (Hillier 2014)(Figure II-1). Space is the unit within which all 
human activities occur. It reflects the social and cultural aspects of the city, in spaces much 
human behaviour like eating, gathering, interacting and dwelling occur, having their spatial 
form. 
 

  

  

Figure II-1: Cities with different grid street plans (Hillier 2014). 

The word syntax refers to the relationships between words in a sentence. It is the system by 
which we arrange words to create meaning. In the same way, space syntax is a method for 
describing and analyzing the relationships between spaces of urban areas and buildings. It 
deals with the question: how can be public and private spaces arranged so that they make 
sense to the people who use them? 

II.3.1 Space representation 

A space in the space syntax method is the basic building block of urban and building systems 
combined. There are a number of ways of describing space, which can be summarized in three 
geometric ideas: linearly when people move in it, convex space (in which every point can see 
each other) when they interact within it and finally isovist which from any point of space can 
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be seen as a variably shaped, often spiky visual field (Benedikt 1979). Figure II-2 presented 
below is a simple representation of the three different ways how people perceive space. 

 

Figure II-2:  (left) representation of the way people move, mostly along a line; (middle) convex space where users see 
each other and in which interactions take place; (right) the visibility filed (isovist), which has a different shape 

depending on where the observer is located (Hillier 2014). 

These three ways of representing space show the same thing from different perspectives. The 
first representation is mostly used in axial maps to analyze urban systems. The second one is 
the best one to analyze rooms, and other closed structures. Isovist encompasses the area that 
can be seen or perceived by a particular user from a particular point in space. It is mostly used 
to show different perspectives in squares and open public spaces. The type of analysis 
depends on the selection of the space representation. It is possible to run an analysis of an 
axial map, a convex map, a convex space, or analyze changes of the isovist fields. 

A. Axial map 

The space syntax urban network transforms the street grid into a set of lines, known as axial 
lines. Axial lines are defined as the longest and fewest lines of sight with potential for 
movement completing the network (Figure II-3). The ensuing network can be analysed as a 
graph. Initial space syntax methods were based on axial lines. This led to graph measures 
constructed around the topological properties of the grid. Analyses of urban environments 
have mostly been focussed on the layout of the street grid (rather than on three-dimensional 
representations); in space syntax research the street grid is often represented as the longest 
and fewest set of lines completing the network. In simple terms, every straight road on a map 
of a city is translated into a single line, so that the resulting map is formed solely of a network 
of interconnecting lines. 

B. Segment map 

In more recent years syntactic analysis has been refined in several ways. One major path of 
refinement has been to break axial lines into shorter segments, usually equivalent to road 
segments spanning between successive street intersections (each segment begins and ends at 
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an intersection with another line, see Figure II-4). The impetus for this change has been the 
desire to account for pronounced differences in pedestrian counts along different spots on the 
same axial line. 

 

Figure II-3: Axial map (otp.spacesyntax.net 2019). 

A refinement of the analysis allows the graph to be weighted according to angular 
displacement (Dalton 2001); (Turner & Dalton 2005); (Hillier & Iida 2005). The graph of the 
segment angular analysis has the segments as nodes and the intersections as the links 
connecting them. 

 

Figure II-4: Segment map (otp.spacesyntax.net 2019). 

The other major path of refinement has been the desire to the direct application of syntactic 
analysis to GIS-based street centre line maps, without constructing new representations such 
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spaces. We can say that the configuration of space has changed significantly from the left to 
the right hand image. This concept is easily grasped by comparing the graphs of the two 
instances, in which the spaces are depicted as nodes and the connections between the spaces 
as links. 

 

Figure II-9: Illustrating spatial configuration. 

II.4.1 Space configuration analysis   

 

(a) (b) (c) (d) 
 

Figure II-10: (a) fictive urban system; (b) axial map; (c) connectivity graph; (d) justified graph (Jiang & Claramunt 
2002). 

Space syntax offers a way of measuring spatial configuration that has proved to be a useful 
tool for practitioners. A common space syntax method represents an environment (indoor or 
outdoor) as a network of nodes and interconnecting links, which can then be analysed as a 
graph.  

The graph of availability (connectivity graphs) is obtained from an axial map (Figure II-10 
(b)). It represents the relationships of accessibility between all axial spaces of a layout model. 
Axial lines which represent spaces are presented as circles (nodes) which are linked by lines 
showing intersections with subsequent axes. Nodes are numbered according to the numbers 
on the axes (Figure II-10 (c)). 

A justified graph could be reconstructed afterwards so that a considered space is placed at its 
bottom (Figure II-10 (d)). Such a space is called the root space. At the first level above the 
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are, for instance, neighbourhood size (i.e. the number of directly connected graph vertices, 
corresponding to isovist area), clustering coefficient (i.e. the relative intervisibility within a 
neighbourhood), and similar to original space syntax, global topology-oriented characteristic 
values such as integration (e.g., mean shortest path length). Figure II-13 (a) shows the VGA 
mean depth calculated in the standard way for the Tate Gallery on Millbank.  

II.4.4 Angular analysis 

Angular analysis is essentially an extension of visibility graph analysis and axial analysis 
(Turner 2001). Angular analysis uses a weighted graph to calculate space syntactic metrics 
rather than the non-weighted standard measures. Figure II-13 (b) shows the angular VGA 
mean depth for the Tate Gallery on Millbank. In terms of an axial map, for example, when 
calculating the path length from A to B, as one would to calculate integration for example, 
rather than count the number of edges (that is, connections) between those locations calculates 
instead the weighted sum of the edges, where each edge is weighted by the angle of 
connection. An example of angular integration analysis is shown in Figure II-14. 

 

Figure II-13 : (Left) The Tate Gallery on Millbank analysed using VGA mean depth. Low values in white, high values 
in black. (Right) The gallery analysed using angular VGA mean depth (Turner 2001). 

II.4.5 Main application and objectives of space syntax analysis 

Initially, space syntax methods were developed in order to allow architectural space to be 
represented and its pattern properties quantified so that comparisons could be made between 
differently designed buildings or urban areas. The aim of the research was to develop an 
understanding of the way that spatial design and social function were related.  It was soon 
found that a primary effect of spatial configuration on social function resulted from the way 
that space patterns determined pedestrian movement patterns and so co-presence between 
people in space 

In its initial form, space syntax analysis focused mainly on patterns of pedestrian movement 
in cities. The basic aim has subsequently been extended to a number of other aspects, such as 
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modelling urban traffic, predicting air pollution levels, assessing the occurrence of burglaries 
in different neighbourhoods and estimating the potential for retail development in the streets 
(Ratti 2004). Although primarily space syntax analysis was used only for urban spaces, now it 
is possible to use it also at a micro level (for rooms or buildings). It is used in most cases to 
study pedestrian movement. 

 

Figure II-14 : Axial and angular relationship of four street segments (Van Nes & Yamu 2017). 

Syntactic measures and numerical results give a chance to draw conclusions about how the 
space functions. Each measure will identify structure in the network which can be made 
intuitively clear by using colours to represent mathematical values, as usual from red for high 
through to blue for low (Figure II-15). For example, a very isolated space characterized by a 
measure of integration is susceptible to increased risk of crime. Through such observation, it 
is possible to diagnose how to improve the quality of such space. Remodelling of the system, 
such as a change of connections in the space, generates opportunity to tackle the problem and 
predict how the newly designed space will function. 

 

Figure II-15 : Global Integration of Central London. 
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two disciplines complementary. The whole theory of space syntax is based on the rejection of 
the metric properties of space. Instead, spatial configuration is represented by topological 
data. Intrinsic properties are shown on topological graphs. 

To conclude, we made the choice of presenting in this chapter the theory of space syntax. This 
choice is motivated by the fact that first, space syntax provides us with a set of techniques for 
producing an abstract model of the configuration of a building interior or a part of an urban 
area. These models can represent and allow for analysis of salient social and cognitive aspects 
of building interiors and urban areas. Second, is in agreement with research in cognitive 
science 
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Chapter III Modelling pedestrian movement  

III.1 Introduction  

Pedestrian flow is inherently complex, more than vehicular flow, and development of models 
of pedestrian flow has been a daunting task for researchers. This chapter presents a critical 
study of the models used to simulate pedestrian movement and to represent virtual 
environments. The first objective of this study is to identify the advantages and the limits of 
these models with respect to the issue discussed in the introduction of this thesis. The second 
objective of this chapter is to identify modelling elements that promote more complete 
solutions.  

This chapter is organized as follows. Section III.2 starts by presenting a short survey on the 
different approaches used in pedestrian movement simulation. Next, section III.3 reviews 
approaches and techniques of modelling virtual environments and highlights the riches of the 
informed environments. Section III.4 introduces cognitive map models to address knowledge 
representation of the simulated entities in virtual urban environments. Finally, section III.5 
proposes a synthesis on path planning and spatial behaviours models in virtual environments 
while section III.6 concludes this chapter. 

III.2 Approaches used to model pedestrian movements 

A large number of models for pedestrian simulation have been developed over the years in 
both research and commercial applications and in a variety of disciplines including computer 
graphics, robotics, and evacuation dynamics. These can be grouped into three main 
approaches: macroscopic, and microscopic. Macroscopic models focus on the system as a 
whole, while microscopic models study the behavior and decisions of individual pedestrians 
and their interaction with the environment and the other pedestrians in the crowd.  

III.2.1 Macroscopic models  

Macroscopic simulation models are historically the first computer models that have enabled 
crowd simulations. In fact, they simulate the totality of individuals by a combination of 
mathematical functions, requiring only a relatively low computing power. Thus, these models 
abandon any evolved individual behavior, in favour of a very fast simulation of a large 
number of entities. 

 

 







Chapter 3                                                                                   Modelling pedestrian movement 
 

48 
 

 

Figure III-1: 3D environment and its corresponding grid of cells. 

Pedestrian transition to neighbouring cells is based on simple rules. Cellular automata 
transition rule could be simple mathematical equations which determine the next transition 
cell for each pedestrian. Since the rules are simple and flexible, and the calculations are 
performed for individual pedestrians almost independently from others (i.e. except checking 
the occupancy of grid cells by others), it is easy to integrate higher level behavioural models 
(e.g. way-finding, decisions and actions) and the simulations are fast.  

Among the researchers who have used cellular automata for the simulation of pedestrian 
movements Dijkstra, Timmermans & Jessurun (2001), and (Sarmady, Haron & Talib 2014)  
can be mentioned.  

III.3 Environmental Modelling 

A virtual environment is a computer generated scene, composed of objects, in which an 
autonomous agent operates (Badawi 2006). The geometric data, which makes up the virtual 
environment, may be provided by Computer Aided Geometric Design (CAGD) tools in order 
to design curves and figures in two-dimensional (2D) space, or surfaces and solids in three-
dimensional (3D) space for computer animations purposes (Farin, Hoschek & Kim 2002). 
Geometric data may also be provided by Geographic Information Systems (GIS).  

To enable virtual characters to interact with their virtual environment, made up of a great 
number of polygons, a suitable representation of the environment is indispensable in 
supporting efficient sensing, navigation, or path planning. While the first available 
environmental modelling techniques were developed in the robotics community for robot 
navigation, novel environmental models have then appeared in the field of computer 
animation with the growth in interest in autonomous agents and behavioural animation and 
microscopic approach. We briefly survey the different techniques in the remainder of this 
section. 

III.3.1 Spatial decomposition 

The space decomposition techniques consist to build a subdivision of space in which free and 
occupied regions denote navigable and impassable areas of the environment. Based on free 
and occupied regions, it is possible to support the agents' navigation and path planning 
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The quality of the navigation mesh depends on how well the free space is 
extracted from the 3D geometry (Van Toll et al. 2016). 

 
(a)                                               (b)                                                   (c)                                                   (d) 

 
Figure III-6 : Different representations of  an environment, and an example of its navigation mesh: (a) A 3D 

environment; (b) A walkable environment; (c) A multi-layered environment and  (d) A navigation mesh (Oliva & 
Pelechano 2013)). 

Many Voxel-based methods and tools have been proposed for a 3D space 
subdivision, among which: 

NEOGEN structure provides a near optimal 3D spatial subdivision from a 3D 
environment (Oliva & Pelechano 2013). This approach computes a GPU 
voxelization of the geometry in order to obtain a first approximation of the 
walkable area. Then, the potentially walkable area is subdivided into layers, using 
an ordered flooding where each layer is refined by using the fragment shader at 
higher resolution and the space decomposition is computed using the ANavMG 
generator (Automatic Navigation Mesh Generator) (Oliva & Pelechano 2011). 
Finally, all those individual decompositions are merged into a single one, which 
represents the walkable space of the entire scene (Figure III-7). 

 

Figure III-7 : NEOGEN subdivision. From left to right we can see the original scene, the result of the layer extraction 
step after the coarse voxelization, the 2D floor plan of each layer, and finally the near optimal navigation mesh (Oliva 

& Pelechano 2013). 

Exact methods  (Jorgensen & Lamarche 2011);(Van Toll, Cook & Geraerts 2011) 
require that the exact geometry of the space subdivision is already known, and 
that this free space has been pre-processed into one or more planar layers. In 
exchange, they represent their input precisely, and they often have provable worst-
case construction times and storage sizes, which implies better scalability to large 
environments. 

TopoPlan takes a triangle mesh as input (Lamarche 2009). The algorithm first 
obtains a prismatic spatial subdivision, which maps every point on the ground 
plane to every triangle above it. It then uses this subdivision to quickly determine 
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The topologic abstraction approach proposed by Lamarche & Donikian (2004) assigns to each 
node of the graph resulting from the space decomposition a topological qualification 
according to the number of connected edges given by its arity (Lamarche & Donikian 2004). 
This qualification enables the topological abstraction of the environment. For example, a 
sequence of corridor cells can be interpreted at a certain level of abstraction as a unique 
corridor.  

The primary advantage of the topological abstraction is that spatial analysis can be done 
without using coordinate data, because spatial relationships (operations such as contiguity and 
connectivity analyses) are easily derived from the graph structure. Topological approaches 
provide more compact representations than those generated by space decomposition 
techniques, which facilitates certain tasks, such as path planning, since this representation 
allows exploitation of efficient algorithms provided by graph theory. But on the other hand, it 
does not support detailed navigation due to its lack of metric information, such as absolute 
position. Topologic approaches combined with exact space decomposition techniques provide 
an accurate and compact representation of the virtual environment (Figure III-10). The 
resulting graph contains fewer nodes and preserves the topologic and geometric 
characteristics of the virtual environment. However, the topological characteristics are not 
sufficient to abstract a virtual environment when dealing with a complex environment 
involving areas with various qualifications (buildings, roads, parks, sidewalks, etc.). 
 

   
(a) Spatiale subdivision. (b) First abstraction. (c) Second abstraction. 

Figure III-10 : Topological abstraction of a virtual environment (a) Corresponds to the original model, (b) and (c) 
first and second level of abstraction respectively source (Paris, Donikian & Bonvalet 2006). 

III.3.3 Informed Environment 

To enable autonomous agents to interact with their environment and increase the realism of 
simulations, the notion of informed environment has been introduced. The idea is to associate 
a data structure with regions of the environment. This data structure stores information 
dedicated to the behaviour. Indeed, agents not only need the geometric and topologic data 
which describe the environment but also semantic information that qualifies regions of the 
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Figure III-12 : The spatial and semantic information hierarchies. (Left) Spatial information gathered by the robot 
sensors. (Right) Semantic information that models concepts in the domain and relations between them. Anchoring is 

used to establish the basic links between the two hierarchies (solid lines). Additional links can then be inferred by 
symbolic reasoning (dotted line), (Galindo et al. 2005). 

III.4.2 Absolute Space Representation and Memory for Immediate Surrounding 

Jefferies and Yeap have developed a cognitive map system (Yeap 1988; Yeap & Jefferies 
1999), coupled with a human memory system (Jefferies & Yeap 1998). To develop their 
system they start from theoretical consideration on the structure of a spatial cognitive map. 
Jefferies and Yeap have therefore created a data structure called ASR for Absolute Space 
Representation to represent the space immediately surrounding the individual. An ASR is a 
surface representation of an environment portion determined by the scope and occlusions of 
the visual field of the navigating entity, having boundaries and entry and exit points. For the 
global data structure they represent a set of ASR as a topological graph as shown in Figure 
III-13.  

However, one of the major problems is related to the problem of identifying ASRs. Indeed, as 
shown in Figure III-14 (b), it is difficult to determine when one enters a new space if this 
space has been visited before. To overcome this problem, they create the MFIS (for Memory 
For Immediate Surrounding). An MFIS is a limited-capacity memory structure for storing 
ASRs recently visited by the agent in its immediate vicinity (as shown in Figure III-14 (c)). 
Each new ASR created the MFIS system determines if this ASR is part of a pre-existing ASR. 
The navigation system generally consists of moving between the different ASRs from points 
of entry to exit points.  
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Figure III-13 : (a) The environment (b) The topological graph ASR (connections are based on the agent's navigation 
experience), (Jefferies & Yeap 1998). 

Details on the navigation system are not given; it generally consists in walking between the 
different ASRs, from point of entry to point of exit. 

  

Figure III-14 : Problem of identification of the ASR;(b) it is difficult to detect that the ASR-12 
  and the ASR-1 account for the same space (c) ASRs-12 and 1 should logically be grouped together (Jefferies & Yeap 

1998). 
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Figure III-16 : A simple cognitive map structure (Thomas & Donikian 2003). 

 

Figure III-17 : Database/CognitiveMap relation (Thomas & Donikian 2003). 

III.5 Path planning and spatial behaviour 

The path planning issue, which consists in finding an obstacle-free path between two distinct 
positions located in a virtual environment, has been extensively studied. A short survey of this 
topic is presented in this section. 

III.5.1 Path planning algorithms 

A classic method for doing this planning is to use graph traversal algorithms, although certain 
methods use other techniques (such as gradient descent for fields of potential). Different 
algorithms can be used in this context. The ones we describe here are based on a criterion of 
cost minimization to extract the shortest path. This cost often represents a notion of spatial 
distance, but we will see in section III.5.3 that more complex heuristics can be used. 
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A. Dijkstra Algorithm: 

  
(a) Dijkstra Algorithm exploring cells to find a  path in an obstacle-

free environment. 
(b) Dijkstra Algorithm explores more cells to find a path in a virtual 

environment with obstacles. 

Figure III-18 : Cells explored by the Dijkstra Algorithm to find a path to the destination node. The pink cell 
represents the source node; the dark blue cell represents the destination node. The gradient of blue corresponds to the 

increase of distance, the lightest being the farthest. 

Dijkstra's algorithm was conceived by Dutch computer scientist Edsger Dijkstra in 1959 
(Dijkstra 1959). This algorithm works by visiting vertices in the graph starting with the 
object's starting point. It then repeatedly examines the closest not-yet-examined vertex, 
adding its vertices to the set of vertices to be examined. It expands outwards from the starting 
point until it reaches the goal (Figure III-18). Dijkstra's algorithm is guaranteed to find a 
shortest path from the starting point to the goal, as long as none of the edges have a negative 
cost. The major interests of this algorithm are its robustness (if a path exists it will be 
necessarily found). Its weak point is its computational complexity, being of the order of O (A 
+ N. logN) where A is the number of arcs of the graph, and N is the number of nodes. 

B. A* Algorithm: 

  
(a) A* Algorithm exploring cells to find a path in an obstacle-free 

environment. 
(b) Dijkstra Algorithm explores more cells to find a path in a virtual 

environment with obstacles. 

Figure III-19 : The A*'s algorithm search for the shortest path. The pink cell represents the source node; the dark 
blue cell represents the destination node. The gradient of yellow to blue corresponds to the total cost of path distances 

(sum of the actual and predicted lengths). 

A* was developed in 1968 (Nilsson 2014). This algorithm works in a similar way to the 
Dijkstra algorithm, but adding a predictive cost to the nodes corresponding to the rest of the 
path to go. The total cost is the actual length of the path to the node, incremented by a 
predicted value for the path to the goal, calculated by a heuristic. The algorithm will thus 
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covered criterion and the path length. The character navigated mostly in covered zones and 
was also exposed to rain. 

 

Figure III-22 : Environment used for spatial reasoning test and path calculated in it out of three different requests 
(Jorgensen & Lamarche 2011). 

III.6 Conclusion  

Throughout this chapter, we have focused on the reproduction of human pedestrian 
movement. We have thus treated approaches used to model pedestrian movement, and the 
representation of the environment as well as its use to generate mental maps and exploitation 
during the path planning process.  

We started by introducing computer models that simulate crowds of pedestrians. The first 
models are all characterized by a total abstraction of the individual behavior, to concentrate on 
a quantitative macroscopic approach of the crowd. This is why these models have been used 
extensively in evacuation simulations, where the individual behavior can be almost ignored, 
being reduced to its simplest expression: to move to the nearest exit. This is why we can think 
that these models would be very difficult to exploit in more varied situations, where the 
impact of individual decisions would no longer be negligible. It would be interesting then to 
move towards a model allowing a fine control as with the microscopic models. 

Recent microscopic models are generally organized in the form of two steps to reproduce the 
phenomenon of pedestrian movement. First, represent the environment by some form of 
abstraction to facilitate its exploitation. Indeed, in the context of modelling autonomous 
characters, an environment model must go well beyond a representation that facilitates all 
perceptual processes, interpretation, and interaction. Second, analyze the environmental data 
that are available: the entity will evaluate its way through the planning process. 

Concerning the parameters to be taken into account when evaluating a path, some of these 
parameters are highlighted by different studies, but no comparison of their relative importance 
is available. It can nevertheless be deduced from psychological studies that many of these 
parameters must be taken into consideration simultaneously. 
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We can say that many computer models of mental representations of the environment exist, 
the majority of which were derived from experiments with human subjects. Some models are 
only formalizing a feature of the mental representation of the human environment. However, 
others propose a unified operational model of mental representation trying to include the 
maximum of notions and concepts from cognition. Nevertheless, because of their 
computational complexity, these models are generally only used for the simulation of a very 
limited number of humans, well below the size needed for a crowd. 
 
 
 
 
 
 
 
 
 
 









Discussion 
 

72 
 

the learning phase. Instead, we need a mechanism which will mimic the role of cognitive map 
without implementing all of its mechanisms. 

The last aspect that needs to be addressed is how to evaluate a path within the environment. 
This path planning can be achieved by graph traversal algorithms, now well known. However, 
what will really matter is the decision process and the influencing parameters considered. 
Agents should be able to perceive their environment; extract the visual, configurational 
characteristics of it, to support their spatial behaviours. In addition, they should be able to 
react to that perception, to make a decision according to individual knowledge, and finally to 
act on the environment. 
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Part II    Contributions 
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to its degree of connectivity c, with the following denomination: dead-end (c=1), corridor (c = 
2) and crossroad (c>=3). This first subdivision produces an enormous number of cells. Mainly 
for reasons of speed of calculation, but also for a question of ease of exploitation, it is not 
possible to directly exploit this graph. Therefore, we must propose a complementary process 
(the topological abstraction) allowing a simplification of the manipulated data. 

  
(a) Voxelization with walkable cells marked (b) Build watershed partitioning and filter out unwanted 

regions. 

  
(c) Regions traced contours (d) Triangulation. 

  
Figure IV-5 : Recast steps (from left to right) (Mononen 2009). 

IV.3.3 Topological abstraction  

This step, inspired by the work of Paris, Donikian & Bonvalet (2006), consists in regrouping 
polygons generated from the previous step according to their type. The topological abstraction 
will condense information about the navigable areas of the environment. Its goal is twofold: to 
reduce the number of elements necessary to describe the environment and to propose a more 
conceptual and intuitive definition of the navigable zones. The desired effect is to move away 
from the geometric definition provided at the base, to move closer to a more procedural 
definition, while seeking to retain essential information. 

The proposed abstraction is based on a mechanism of grouping. A new graph is constructed 
whose nodes will correspond to a subset of the source graph, thus producing a more abstract 
hierarchical graph. In order to allow the exploitation of this hierarchical graph, its transversal 
path is allowed: each basic element knows its abstract equivalent, and vice versa. 
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a. Dead end polygon. 

 
b. Polygons at the crossroad. 

  
c. Polygons at a street segment 

 
d. Informed topological abstraction 

Figure IV-6 : Example of the topological abstraction. 

We have chosen to propose only one level of abstraction from the subdivision graph, 
producing a two-layer hierarchical graph. We motivate this choice by the desire to produce 
more global zones, quickly characterizing the typology of the spaces, thus allowing an 
effective discrimination during the exploitation of the graph. Therefore, we propose to 
proceed as follows: 

1. Set to every polygon its type which depends to its number of connection c: dead end 
(c=1) (Figure IV-6 (a)), corridor (c = 2) (Figure IV-6 (b)), and intersection (c>=3) 
(Figure IV-6 (c)).  

2. Every intersection or dead end polygon represents a Crossroad bucket (Figure 
IV-6(d)). 

3. All connex corridor polygons are grouped into a Road bucket (Figure IV-6(d)). 
Thus, a connectivity graph is built, whose edges represent road buckets, and nodes 
represent crossroad buckets. We will call this graph: Bucket Graph. 

The main purpose of this method is to organize the topology as well as possible in order to be 
able to extract information from it, in particular the pre-calculations which will be stored in 
the graph. But also it improves performance when operating this environment, especially 
during path planning. 

Crossroad buckets 

Road buckets 

Regid border 

Free border 
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area, we can create a local typology (high familiarity level) that has a thorough knowledge of 
his environment, and a passing category (low familiarity level) that only knows the streets 
where there are shops. 

IV.5 Conclusion  
In this chapter, we have presented our topological representation of the environment and 
related information. We thus proposed an exact spatial subdivision of the free space of 
navigation in an urban environment: the street network. We performed a topological 
abstraction of this representation, producing a hierarchical graph, in order to improve its 
performances and to synthesize its expressivity. The major interest of this type of 
representation comes from the information that can be associated with it. Thus, we have 
integrated all the information necessary for the decision of our autonomous agents as the 
geometry and the topology of the places, in addition to the spatial configuration of the 
environment. The environment description also provides easy and fast access to a set of data, 
such as density of people or the characterization of visible spaces.  

In a second part, we have presented a model of mental map. The model is designed as a filter 
on the environment. It does not contain geometrical or semantic information about the urban 
objects encountered, but only controls the partial access to the environment database. This 
model remains simple to allow the generation of the mental maps for an important number of 
agents and without passing by the learning phase. That's why the central idea of this model 
was the prediction of the content of the agent mental map, in order to be efficient in 
computation time. 

To conclude, we strongly focused our environment representation and mental map model on 
behavioural realism, trying to build our models using theoretical results from the cognitive 
science field dedicated to human navigation, so most of our assumptions are cognitively 
justified.  
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interrogation, or by the direct perception, which consists of the direct interrogation by the 
agent of the database without filter. 

V.3.1 Direct perception 

We mean by direct perception the simulation of the visual perception of the agent in the 
simulation environment. This environment as we saw in the previous chapter is an informed 
graph. Information relating to the spaces of the environment is therefore completely contained 
in the graph which is the internal representation of the simulation environment. Thus the 
perception is simulated by a query of the simulation environment database by the pathfinding 
module of the agent. The internal representation of the direct perception is thus an 
interrogation of the decision-making module towards the Informed Bucket Graph. 

 

Figure V-3: Blue area defines the partial isovist of the green junction towards yellow junction. 

By the visual perception our autonomous agent aims at extracting information when moving. 
The perception mechanism is based on the partial isovist. Then it consists in accessing this 
structure and retrieving the necessary information. Let us remember that the partial isovist is 
the visible area in the direction of an outgoing street segment as shown in Figure V-3. 

The first type of information retrieved is directly related to the topology. So, each visible 
partial isovist is retained by the autonomous agent. This information is stored in a sorted list, 
and will be used to build a topological memory. This knowledge corresponds to a small subset 
of information; it is limited to 7 elements when the agent is visiting different crossroad 
buckets. We made this choice especially for memory occupancy issues, the humanoids to be 
simulated by thousands with limited storage capacity. Nevertheless, the agent needs this 
information to perform his task of optimising his path (see section Analysis and optimization 
of the evaluated path). 

The second type of information retrieved concerns the geometric characteristics of the visual 
field at the decision zone. As we indicated previously, pre-calculations are included in our 
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Algorithm 2 : Intermediate path selection (choose_route) 

Input: current_bucket, parent_segment, end_position 
Output: interm_bucket 

1: choices = select_alternatives (current_bucket, parent_segment); 
2: For each segment  choices do 
3:      extract_parameters (segment, param); 
4:      benefit_cost (param, end_position, cost_list); 
5: end  
6: interm_bucket = min_cost (cost_list); 

 

Regarding details on how this algorithm works. As the intermediate path is initialized with the 
crossroad bucket calculated in the previous step. This algorithm allows calculating the 
following intermediate crossroad buckets that will constitute the path that leads to the 
destination. The first step in this algorithm is to retrieve the route selection alternatives among 
the different segment choices available from the current crossroad bucket (decision point) 
(line 1). The parent segment as some other segments should be expected from this list for 
reasons that will be explained later. Once the list of choices is determined we have to extract 
the characteristics of each segment (line 3) in order to calculate the cost of passing through 
this segment (line 4). We will come back later in the next section on the evaluation of the 
benefit cost. Line 6 permits to know the optimal solution. This algorithm is repeated until the 
destination is reached.   

V.4.2 Multiple criteria route choice heuristic 

Although the proposed path planning is incremental, it also needs a cost function as the 
classical algorithms of pathfinding. The different stages of the incremental path planning are 
also based on graph traversal and it requires the cost function to quantify the crossing of each 
node, so that the quality of a path can be judged. The best path will be the one that, on 
reaching the destination, minimizes the quantifications of the nodes to be crossed. 

Indeed, the process of optimisation in classical algorithms is performed with the cost function. 
This function assigns each edge a numeric value indicating the cost or weight associated with 
the respective edge. In the simplest case, this measure of cost is usually the geometric distance 
covered. However as mentioned previously, some experimental research has shown that even 
if travelled distance impacts path planning, a certain number of other factors must be taken 
into account. Thus realistic pathfinding models often require more than a simple cost function, 
they need to consider a couple of different criteria simultaneously. Therefore, our proposed 
route choice cost function is multi-criteria; it takes into consideration various criteria 
conditioning the cost of travel. 
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The considered criteria are those we assume are the most critical in the decision process. In 
our selection of these criteria, we have taken inspiration from researches investigating the 
spatial cognitive properties of the navigation decision making. We remind that wayfinding 
behaviour is influenced by a number of factors which are heterogeneous and of various 
importance. They can be divided into two classes: physical environmental elements and 
human subjective elements. The physical environmental elements relate to the environment 
itself, such as spatial configuration and route characteristics. The human subjective elements 
relate specifically to the individual, such as whether he is familiar with the environment and 
trip purposes. 

In order to evaluate the cost of the different available choices, we will consider criteria from 
the two classes; which were chosen according to a number of reasons:  

1. To keep in line with the results from researches about factors influencing the 
route choices.  

2. To make the decision process as realistic as possible, reactive to the 
environment and more specific to each simulated entity. 

3. To have variables that might be critical in the pathfinding process and lead to 
credible results. 

Each of the chosen criteria is described in detail below. However, the method to take into 
account these factors simultaneously in the cost evaluation will be presented later. Thus, the 
considered criteria are: 

Familiarity:  

This criterion reflects the entity experience of the street network. We assume that pedestrians 
have a tendency to choose streets which they know and have experienced before. The lack of 
information may push them to take less risky routes and avoid time consuming detours, thus 
they prefer known streets as opposed to unknown ones.  

Destination direction:  

This criterion reflects the aim of the entity to find the route approximately in the direction of 
its destination. This criterion is related to the least-angle strategy (LA), with witch the 
navigator aims at maintaining track of the target direction throughout the trip (Hochmair & 
Karlsson 2004). 

Street length:  

This criterion reflects the aim of the entity to minimise its direction changes through the path 
by choosing the longest street. People prefer turning as late as possible in order to minimize 
the cognitive effort required for pathfinding. Additionally, in spatial cognition domain, it was 
argued that straight lines may be perceived as shorter than curved lines (Thorndyke 1981). 
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proposing a defined general mechanism supporting the extension of some of its constituents, 
such as cognitive tasks and affordances. 
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Figure VI-1 : Software architecture. 

VI.2.1 The Informed Bucket Graph builder (IBG Builder) 

The representation of the environment in the form of an informed graph is the main module of 
the software. Hence, we needed a module to create the environment description. We 
developed this software module that we called IBG-Builder which allows us to create the 
Informed Bucket Graph (Figure VI-2). Indeed, IBG-Builder defines the graph-based 
description of the virtual environment, and allows us to enrich the bucket graph with pre-
calculated data, leading to the creation of the Informed Bucket Graph.  

 

 

 

 

data 

 

 

 

 
Figure VI-2 : Creation of the Informed Bucket Graph. 

As illustrated in Figure VI-3, this module is based on two software packages: Data calculator 
and Topologic Environment. It also uses three software packages: External libraries (CGAL 
and BOOST); and Recast Tool. 
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one. In the low-level comparison, the pathfinding behaviour of real pedestrians is captured by 
tracking the complete set of routes chosen by them from a given starting point to a given 
destination. Then, the spatial-cognitive aspects of the model are validated by comparing the 
real routes to the simulated predictions in terms of route characteristics like complexity and 
efficiency. 

 

Figure VI-8 : A view in the 3D rendering of the simulation. 

 

Figure VI-9 : Simulation results in the form of a coloured map using a colour scheme that ranges from the most 
frequented streets (red) to least frequented (Blue & Adler). 
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the validity of the simulation results. We will see if our virtual pedestrians will show 
navigation behaviour similar to that of real pedestrians; are they going to be influenced by the 
spatial configuration of the environment. 

VI.4 Tests and Results  
In this section, we present the results obtained with our environment model and our 
incremental path planning algorithm. We propose to evaluate the performance of our model 
and validate its results by conducting some experiments. Our interest here is not the 
controversial discussion of factors influencing pedestrian's movement but confirmation of 
how well the model simulates pedestrian wayfinding behaviour. We investigate to fine tune 
our model's parameters such as the benefit cost function. 

All of the experiments were performed on a PC with a 4.20 GHz Intel Core i7-7700K 
processor, an NVIDIA GeForce GTX 1070 Graphics card, and 32 GB of RAM. The machine 
uses Windows 10 (64-bits). 

VI.4.1 Test environments 

In order to test the proposed models, we have chosen six different urban patterns (Figure 
VI-10). The chosen test environments are part of several cities in Algeria and Tunisia. Two of 
them with an almost orthogonal grid-like city plan. In this type of city plan, streets run at right 
angles to each other. We have also considered two irregular grid plans. A pattern is irregular 
when it lacks geometric properties such as repetition, symmetry, parallel elements, and 
alignment and so on. To supplement the study of labyrinthine networks, we have investigated 
these ones in Arab cities like Ksar Ghardaia in Algeria and La Medina in Tunisia. This type of 
irregular grid is known to be topologically deep (More details can be found in Table VI-1). 
The major criterion in choosing these examples is that the test environments should be of 
different grid plans and contain as large a variety of junction types as possible for two 
reasons. First, we aim to test our approach in generating the environment description and how 
well it detects decision areas. Second, we want to make entities to be presented with a range 
of alternative choice decisions at every junction. 

Environment Width 
(Km) 

 

Grid map Number 
of road 
buckets 

Number of 
crossroad 
buckets 

Abstraction 
memory size 

(KByte) 

Build 
time 

(s) 

Oran 1, Algeria 1.36  Irregular 506 312 59 1125  

Oran 2, Algeria 2.19  Orthogonal 499 292 57 1944.9  

Medina, Tunisia 1.93  Labyrinthine 789 577 99 1156  

Oran 3, Algeria 1.90  Irregular 434 271 51 403.9  

Algiers, Algeria 1.99  Orthogonal 635 434 77 1096  

Ksar Ghardaia, Algeria 1.16  Labyrinthine 286 193 35 135.4  
 

Table VI-1: Details of the chosen test environments. 
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(a) (b) 

 

 

(c) (d) 

 

 

(e) (f) 
  

Figure VI-10 : The chosen test environments maps from Open Street Map (a) Oran1 (b) Oran3 (c) Oran2 (d) Bordj El 
Bahri (e) Ksar Ghardaia (f) La Medina, Tunisia. 
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(a) (b) 

  

(c) (d) 

  

(c) (d) 
Figure VI-11: Close-up on the generated environment spatial subdivision (a) Oran1 (b) Oran3 (c) Oran2 (d) Bordj El 

Bahri (e) Ksar Ghardaia (f) La Medina, Tunisia. 
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(a) (b) 

  

(c) (d) 

  

(e) (f) 
Figure VI-12: Connectivity graph coloured with betweenness centrality using a colour scheme that ranges from the 

most prominent (dark red) to least prominent (dark blue) (a) Oran1 (b) Oran3 (c) Oran2 (d) Bordj El Bahri (e) Ksar 
Ghardaia (f) La Medina, Tunisia. 
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(a) (b) 

  
(c) (d) 

  
(e) (f) 

  
(g) (h) 

Figure VI-13 : Test of asymetry ( S : start location, D: destination location ). 



Chapter 6                                                                                                 Experiments and results 
 

133 
 

  
(a) Proposed strategy (b) Shortest path strategy. 

  
(c) Proposed strategy (d) Shortest path. 

  
(e) Proposed strategy (f) Shortest path. 

Figure VI-14 : Screenshots of the first test (a) and (b) Case of high familiarity; (c) and (d) case of medium familiarity; 
(e) and (f) case of low familiarity. 

In Table VI-5, we can notice that the frequency with which each street segment was chosen is 
significantly correlated to betweenness centrality; the highest correlation value obtained is 
0.80 whereas the lowest one is 0.42. However, the correlation in test C is lower as compared 
to the others, in all the environments except one, where it was lower only to the correlation of 
test A. It can therefore be argued that the routes chosen in test C were more efficient and 
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complex because the majority of agents (60% agents with high level of familiarity, see Table 
VI-2) have an excellent knowledge of the environment, thus they chose small streets 
(potential shortcuts) which have lower values of betweenness centrality. 

 Betweenness centrality 

Second 
test 

Oran1 Oran2 La 
Medina 

Oran3 Bordj El 
Bahri 

Ksar 
Ghardaia 

Test A 0.70 0.80 0.70 0.50 0.61 0.61 

Test B 0.69 0.77 0.69 0.49 0.42 0.64 

Test C 0.66 0.73 0.66 0.44 0.47 0.57 

Test D 0.69 0.70 0.50 0.48 0.57 0.61 

Table VI-5: Correlation between pedestrian movement simulation and betweenness centrality. 

  
(a) (b) 

 
(c) 

Figure VI-15 : Screenshots of the second test (a) A close up of the scene showing agents spawned at random locations 
(b) Certain streets are more frequented than others (c) Red dots represent agent destinations. 





Chapter 6                                                                                                 Experiments and results 
 

136 
 

 
(a) 

 
(b) 

 
(c) 

Figure VI-16: Screenshots of the third test (a) A close up of the scene showing agents spawned at random locations (b) 
Certain streets are more frequented than others (c) Red dots represent agent destinations. 
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evaluation and validation of results. The modular aspect of the software has allowed a 
progressive evolution of this architecture, and still allows the enrichment of its constituents. 

In this chapter, we have also presented the stages of validation during this thesis. The 
proposed approach of validation focused on the pathfinding model, which is one of the most 
important compared to the objective of this work. As we pointed out before, few tests have 
been conducted. We have nevertheless proposed another validation concerning the path 
finding model. We thus compared the results obtained with the observations and analyzes 
proposed in the literature, whether in the field of spatial cognition or the domain of spatial 
syntax. It is therefore envisaged to continue this validation by simulation of a real case, and its 
comparison with real data. 

The prospects for evolution in the application mainly concern the elaboration of a complete 
method for the automated generation of the environment model based on data provided by 
Geographic Information Systems (GIS). 
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