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The work presented in this paper is a continuation of previous research done by author on the development of 

computational techniques that allow the investigation of pedestrian movement behaviour in the built environment. Specifically, the 
work has been initiated by introducing a pedestrian modelling approach, which simulates pedestrian movement behaviour and 
generates circulation diagrams in two-dimensional built environment of urban areas and buildings, in different scales, degrees of 
complexity, as well as for different architectural design purposes. Current research attempts to move further by introducing ideas for 
the development of computer program towards its third-dimension. In order to achieve this, the paper will introduce the existing 
model giving an indication of its functional characteristics, rules and information. Then, suggestions for possible development 
towards the third-dimension will be demonstrated and discussed. The work aims to give emphasis on the creation of new objects, 
behavioural rules and information that can be applied in urban or architectural design problems in order to achieve pedestrian 
movement behaviour in three-dimensional built environment.  
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1. Introduction  

The simulation of pedestrian movement in parallel with the design of circulation diagrams can 
influence the development of any urban or architectural design task from the early conceptual till the final 
stage of the design process. Specifically, pedestrian movement behaviour modelling and circulation 
diagrams might be used in the conceptual stage, where the design is still unclear, by suggesting possible 
organization of functions and movement of pedestrians in the built environment. Also, pedestrian 
modelling and circulation diagrams might be used in the final stage, where the design is evaluated 
according to pedestrian movement criteria of effective flow and efficient use of spaces. The direct 
interaction between the movement of pedestrians and the geometry of environment allows investigation 
on the relationship between pedestrian movement behaviour modelling and design of public areas or 
buildings. Obviously, the way pedestrians are moving in a specific environment can influence the 
decision of architects and users to organize spatial relations according to pedestrian flow characteristics 
different in each case study.     

A number of different pedestrian modelling approaches have been developed, mainly used in a 
later stage of the design process where final design or existing built environments are evaluated according 
to pedestrian movement criteria. Pedestrian modelling techniques can be distinguished in different 
categories according to the method applied as well as the modelling outcomes. Turner and Penn [1] 
categorized three basic levels of pedestrian models: macro simulation, mesoscopic, and micro simulation. 
In microscopic level various methods can be found including ‘benefit cost cellular’ models, ‘magnetic 
force’ models, as well as ‘social force’ models [2].  

Research work done by the author is concentrated on the examination of pedestrian modelling 
techniques that are based on microscopic level and particularly on the idea of particle behaviour 
modelling. Such approach investigates the interaction behaviour between individual components in real 
time and in parallel that results the generation of self-organized, emergent systems and behaviours [3]. 
Techniques for the simulation of individual behaviour can be found, apart from the area of pedestrian 
simulation [1, 4], in the area of artificial life [5, 6]. In each case, different types of individuals and rules of 
behaviour are applied according to the problem under investigation but following the same principles, 
which are the interaction between individual components (pedestrians, agents, birds, fishes, social insects, 
etc.) that generate complex systems and structures. 

Current research investigates two main aspects of pedestrian modelling that are examined in 
parallel with the geometry of built environment. The first aspect focuses on the interaction behaviour of 
pedestrians with each other and the environment causing evacuation phenomena, traffic congestion and 
intersecting flow behaviour. In this category, models include the ‘social force’ model introduced by Dirk 
Helbing and Péter Molnár [7, 8] based on the idea of ‘field theory’ [9]. This technique calculates changes 
of pedestrians’ position in space in each time step and under the influence of various forces acting on 



COST TU0801. Workshop: "3D issues for Transport System" 

 

  420

them. Also, similar principles can be found in ‘magnetic force’ model, in this case, using magnetic forces 
[10]. The second aspect focuses on the route choice behaviour that is the choice of pedestrians to select 
particular destinations with specific goals of movement actions as well as human perception and 
cognition of space. In this category, models include ‘route choice’, ‘spatial cognition’ and ‘space syntax’ 
models [1, 11]. 

So far, the research developed by the author in the area of pedestrian movement behaviour 
modelling focuses on the investigation and use of modelling tools in two-dimensions [12, 13]. The model 
is called ‘virtual force’ model since the pedestrian behaviour is achieved by the application of forces that 
motivate movement and interaction behaviour between pedestrians and obstacles, boundaries, or any 
other component that consists the built environment. In this model, each pedestrian, obstacle, etc. is 
treated as an individual entity or object that carries certain rules and attributes that influence its behaviour, 
but always in the two-dimensional environment.  

Although, two-dimensional model simulates extensively pedestrian movement behaviour, and 
provide results of interaction and movement in the built environment, this can be done in a certain extent. 
Such behaviour is not characterized as complete example of movement that occurs in actual situations 
mainly due to the lack of the third-dimension, which influences:   

• Pedestrian vertical movement behaviour. 
• Pedestrian movement behaviour in multiple levels. 

It is well known that in the actual movement, the third-dimension is an indispensable part of such 
investigation making easier the examination and decision making in regards to the movement of 
pedestrians. For all the above, the development of model towards its third-dimension is important to be 
investigated. Such development will expand current program’s potential providing new tools and 
information that can be added on the existing model.  

Current work aims to introduce new concepts and ideas that will develop further the existing 
program towards its third-dimension. This might offer a complete and general framework of pedestrian 
movement behaviour in any given three-dimensional built environment and at the same time might allow 
useful conclusions to be drawn. In order to achieve this, new pedestrian movement behavioural rules will 
be added on the existing computer program aiming to achieve the movement of pedestrians in three-
dimensional environment. The method will be tested and conclusions will be drawn in order for it to be 
used as the starting point for any future development.   

The paper is divided in four parts. In the second part, the two-dimensional computer program is 
introduced in parallel with explanations on its development towards the third-dimension. In the third part, 
an overview of possible application in a specific case study is given. In the fourth part, general 
conclusions are drawn.  

2. Computer Program Development   

As it has been mentioned in the previous section, the aim of current research investigation is to 
examine the potential of current computer program to be used for pedestrian modelling in three-
dimensional environment. In order to achieve this, the investigation will start by introducing the existing 
computer program. In parallel, analytical explanations on the development of new rules and information 
that can be added on the program will be presented and discussed. All explanations related to the 
development of pedestrian model in two-dimensions are based on previous work done by author in this 
area, mainly during author’s doctoral studies on pedestrian modelling and on computer-generated 
circulation diagrams [12, 13].   

As it has been mentioned in the previous section the model under the title ‘virtual force’ calculates 
various forces that are acting on each individual component (pedestrian, obstacle, sign, etc.) resulting the 
interaction and movement behaviour. This can be the summation of all behavioural rules or effects that 
are used in each case study. It is important to stress that behavioural rules can change according to the 
problem under investigation, meaning that the architect or the user has the ability to apply different rules 
according to a specific situation and movement behaviour that he or she needs to achieve. This allows 
changes on the rules and variables of the model to be used under the influence of certain conditions 
resulting different computational outcomes. 

The computer program is scripted in C++ programming language and OpenGL graphics. The 
program consists of two main parts, the first part includes initial information and attributes of individual 
components and the second part includes all behavioural rules or effects that influence movement 
behaviour of each individual component.       

In this part of the paper, explanations on the existing computer program are given together with the 
development of new movement behavioural rules. Based on the existing research, the new developments 
are divided in two main categories. The first category examines behavioural rules that involve interaction 
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behaviour between individual components, mainly in local level. The second category examines 
behavioural rules that include apart from the interaction between individual components, pedestrian route 
choice behaviour that is the ability of individual components (in this case pedestrians) to move within a 
specific built environment according to different needs and desires (this might happen in global level).  

2.1. Pedestrian interaction behaviour 
In this category, interaction behaviour between individual components is examined. Behavioural 

rules or effects that have already investigated in previous research include repulsive effect, obstacle 
avoidance effect, boundary avoidance effect, and attractive effect [12, 13].  

In case of repulsive effect, behavioural rules are formulated based on the idea that during their 
movement pedestrians tend to repel or avoid each other when they are coming too close together. This 
can be modelled as the relationship between force and distance. The distance between pedestrians 
influences their repulsive force; longer distance between pedestrian components reduces their force 
magnitude and in combination with other forces acting on them, this influences their movement direction. 

This can be described using the exponential function   e
−

L2

a interperson repel
2

 where is L  the distance between 
individuals and     ainterperson repel is the constant given length [12] (Figure 1).  

 

 
Figure 1. Normal distribution [12, p. 109] 

Figure 2 shows repulsive behaviour, which occurs between two groups of pedestrians moving in 
different directions and interacting in two-dimensional built environment.  

 

 
 

Figure 2. Repulsive effect generated by two intersecting groups of pedestrians.  
The red group moves from the left to the right and the blue group from the bottom to the top   

Similar concepts are used in case of obstacle or boundary avoidance effect, again using repulsive 
forces. Although the investigation deals again with the interaction behaviour between individual 
components, the rules as well as the information that define each type of component, either pedestrian or 
obstacle, can be modified according to the problem under investigation. In this case, pedestrian 
component is the movable object and obstacle or boundary is the static object.  

The same concepts can be applied in three-dimensional environment by including the z direction of 
pedestrian’s or any other object’s position in space. In this new situation, the movement of pedestrians 
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apart from the one occurred in x and y coordinate systems, it includes movement in z direction. Following 
examples investigate different effects based on local interaction and movement of four groups of 
pedestrians, first in x, y coordinate system (different vertical levels), and second in x, y and z coordinate 
system. In this part of the paper different possibilities of movement and interaction are examined, initially 
in abstract level, providing results that might be useful for future simulation of movement based on actual 
three-dimensional movement scenarios (Figures 3, 4).   

 
Figure 3. Patterns generated by the movement and interaction between four groups of pedestrians in different vertical levels. 

Images show volumes that are occupied by pedestrians (three basic time steps) 

 
Figure 4. Patterns generated by the movement and interaction behaviour between four groups of pedestrians in x, y, and z 

coordinate system. Images show volumes that are occupied by pedestrians (three basic time steps) 

Another rule that influence the movement behaviour of each individual component is the one 
described as the sign effect. The sign effect is a behavioural rule that deals with the orientation of 
pedestrian movement since it accelerates the direction and movement of pedestrian according to the 
position and angle of sign object. Analytically, a pedestrian is attracted perpendicularly to the ‘active line’ 
of sign and then directed by the ‘active line’ to the next sign or to the final destination [12, 13, and 14]. 
This investigation is examined further by applying the third-dimension to the existing sign behaviour. 
According to this, an individual component that represents pedestrian is attracted vertically to the ‘active 
line’ again using concepts derived from the relationship between force and distance. Parameters that 
define sign effect can be modified resulting different outcomes. The Figure 5 shows a graphical 
explanation of this behaviour in tree-dimensional environment.       

 

 
 

Figure 5.Geometrical description of pedestrian-sign interaction in three-dimensional environment.  
Red point represents the position of pedestrian and grey circle the position of sign 
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The following examples show results derived from this behaviour. The way different signs are 
arranged can influence final outcomes (Figure 6).  

 
Figure 6. Circulation diagrams generated by the sign effect  

The summation of x, y and z force components as the result of various behavioural rules (repulsive 
effect, obstacle avoidance effect, sign effect, etc.) accelerates the movement behaviour of each individual 
component. The resultant force of pedestrian model can be defined either in two-dimensional or in three-
dimensional built environments and in different levels of complexity.     

2.2. Pedestrian movement behaviour  

Although, the interaction behaviour that occurs between individual components in local level can 
provide possible basic movement behaviour in three-dimensional built environment, previous and current 
research work suggest further development of the model for the simulation of advance movement 
behaviour. In previous work this has been called route choice behaviour, which was the selection of 
specific signs and destinations by each individual component in order to achieve a complete movement 
according to personal movement scenario.   

In the previous research investigation, the complexity of pedestrian route choice behaviour was 
coded using signs and destinations. Specifically, each pedestrian was influenced by a list of signs and 
destinations that motivated its movement behaviour or goals of movement action. The way different 
destinations were categorized was according to pedestrians needs, briefly described as compulsory and 
optional. According to this, each pedestrian was able to select from a ‘pool’ of different destinations, 
optional, compulsory or a combinations between optional and compulsory destinations. In pedestrian 
model that deals with the two-dimensions of built environment, three categories of experiments were 
investigated covering all possible aspects of movement behaviour. According to previous research 
investigation, the experiments were named as follows (in this case individuals represents pedestrians): a. 
Experiment type 1: Each individual has a compulsory destination, b. Experiment type 2: An individual’s 
list of optional destinations, and c. Experiment type 3: An individual’s list of compulsory and optional 
destinations [12, 13].   

The current research examines new pedestrian movement behaviour by adding on the existing 
route choice behavioural model a number of new rules that will achieve the vertical movement of 
pedestrians. Vertical movement rules can be summarized in three main categories according to pedestrian 
actual movement that is motivated by different environments and according to the influence of different 
building components: a. elevators, b. stairs, and c. ramps.  

In the first case, pedestrian movement is ninety degrees vertical, which means that each pedestrian 
once he or she reaches the next sign or destination, is moving vertically, upwards or downwards. In this 
case the time needed to move from one level to the other is shorter than any other movement that occurs 
between vertical levels. In the second case, the direction of movement is defined by the angle and 
dimension of stair. In the third case, the direction of movement is nearly horizontal meaning that each 
pedestrian needs to walk longer distance and spend more time in order to reach the next sign or 
destination that is located in different level. 

The experiments are developed according to the same principles introduced in two-dimensional 
environment but now additional rules are applied that combines horizontal and vertical movement 
together with movement in different levels.  

Vertical movement based on experiment 1: In the first case the movement of each pedestrian is 
defined in a list of signs and a compulsory final destination. In order to capture the vertical movement in 
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tree-dimensional environment, signs and destinations might be positioned either in the same or in 
different levels motivating different types of vertical movement. Figure 7 shows circulation diagrams 
generated based on experiment 1. Initial information related to the x, y position of signs, destinations, and 
pedestrians have been taken from previous research work [12, 13]. In this case, the z position of signs, 
destinations, and pedestrians has been modified in order to capture vertical movement in three-
dimensional environment. 

 
Figure 7. Circulation diagrams generated by the movement of pedestrian based on experiment 1  

Vertical movement based on experiment 2: In the second case the movement of each pedestrian is 
defined in a list with signs and optional destinations. A number of destinations and corresponded signs 
are defined for each pedestrian. His or her vertical movement is captured if signs are distributed in such a 
way that the relation between sign-pedestrian can be activated and hence to influence pedestrian 
movement in any three-dimensional level. Pedestrian can switch his or her movement in the next optional 
destinations when his or her distance from current destination is less than a given length (Figure 8).   

 

 
 

Figure 8. Circulation diagrams generated by the movement of pedestrian based on experiment 2   

Vertical movement based on the experiment 3: In the third case the movement of each pedestrian is 
defined in a list with optional and compulsory destinations. The distribution of signs and destinations 
follows same principles as the previous experiment. Pedestrian can switch his or her movement, either 
vertically or horizontally, following a list of compulsory destinations in global level, but with local 
selection of optional destinations.       

As it has been already shown in previous paragraphs, a number of new movement behavioural 
rules are developed in order to model the movement of pedestrians in the three-dimensional built 
environment and in different levels of complexity. Such rules are added on the existing model allowing its 
enrichment beyond two-dimensions aiming to be effectively used for the simulation of pedestrian 
movement behaviour. Purpose is to use the model not only as mechanism of circulation design evaluation 
but also as mechanism that can assist design in the initial stage of the design process. The selection of 
rules applied in each three-dimensional case study depends on the level of complexity and on the scale of 
investigation.  

Following paragraphs is a synopsis of different rules and behaviours that motivate pedestrian 
movement in three-dimensions, again based on the existing flow chart that has been demonstrated in 
previous research works [12, 13] (Figure 9).  
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Figure 9. Flow chart of the three-dimensional pedestrian model 

The description of pedestrian model that consists of the existing and new rules and behaviours are 
given as follows:   

1. Pedestrian occupies a specific three-dimensional position in space. ‘Time of appearance’ 
variable can control the starting time of each pedestrian in space   

2. The movement of each pedestrian in the three-dimensional built environment is defined by his 
or her list of signs and destinations   

3. Each pedestrian is influenced by the sign closer to his or her position. Interaction with the 
current sign motivates his or her movement behaviour to the next sign either in the same or in different 
vertical level  

4. Obstacles or boundaries might obstruct pedestrian movement behaviour in three-dimensional 
space. Obstacle avoidance effects or boundary avoidance effects are activated influencing pedestrian’s 
overall behaviour  

5. If the distance between the three-dimensional position of any pedestrian and his or her  
destination is less than a given length following possibilities are emerged:  

- Pedestrian is deactivated if the destination is the last one in the list of his or her destinations. In 
actual movement behaviour this might be the vertical movement of pedestrians from one level to 
the other (in case of elevators). Pedestrian can be re-activated in different destination and vertical 
level based on the ‘time of appearance’ variable  

- Pedestrian switches his or her movement to the next destination, either in the same or in different 
vertical level and according to his or her list of destinations. In actual movement behaviour this 
can be translated as the vertical movement of pedestrians from one level to the other (in case of 
stairs and ramps)     

The work presented in this section attempts to investigate further the way pedestrian movement 
behaviour can be modelled in three-dimensional built environment. Also, it attempts to examine different 
possibilities of generating circulation systems using new rules of movement behaviour. Obviously, 
movement behavioural rules and results that can be derived from this initial investigation are tremendous 
allowing further research in various levels and degrees of complexity. Such investigation can be used for 
further development and discussion. Following paragraphs give the general framework of the testing 
process in order to examine the potential of the new pedestrian model to be used for pedestrian modelling 
in three-dimensional built environment.    

3. Case Study Overview  

As it has been mentioned in the beginning of current work, our attempt is to develop new 
behavioural rules that can be used for pedestrian modelling in any given three-dimensional built 
environment. In order for the computer program to be tested, an application into real example is necessary 
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to be investigated. Current section will provide the framework where such investigation will be initially 
developed. In future work, a number of simulated results based on the same principles will be derived and 
analysed. 

The case study is developed around the idea of movement that occurs in public buildings where a 
large number of occupants move in and out during the whole day. The building of the department of 
architecture has been selected since it offers all those movement criteria that are important to be examined 
and compared with pedestrian movement behaviour in actual situations. A number of characteristics that 
make it relevant to be used in current research investigation are given below:  

- Public building with a large number of people moving in and out in daily base  
- Building with movement of pedestrians in different levels that combines vertical movement 

through elevator and stairs  
- Building located in the centre of city and in a public position  
- Entrance in proximity with public pathway and continues flow of pedestrians  
- Interaction behaviour between large number of people including students, visitors, pedestrians in 

the shopping street    
For all the above the example is found relevant to be examined using pedestrian modelling in 

three-dimensional environment. Following paragraphs provide the framework where simulation 
procedure will be developed. Similar steps can be found in other research works presented by the author 
[12, 13].  

The first step in this procedure includes encoding of existing geometry in three-dimensional 
environment and translating pedestrian flow characteristics that will serve as input information for the 
development of pedestrian modelling. Initial geometrical and flow characteristics that can be encoded 
include:  

- Outline of building and public area  
- Entry and destination points as entrance and exit in the area of investigation  
- Destination points within the area of investigation that represent different functions of building 

and public area  
- Organization of pedestrian movement scenarios based on route choice strings or list of 

destinations (this depends on the selected route choice movement behaviour method)  
- Initial input related to the number of pedestrians, vertical level of appearance, time of 

appearance, etc.  
- Distribution of pedestrians according to various route choice strings or list of destinations 

The second step involves encoding of pedestrian movement behaviour. A number of interaction 
and movement rules are applied always according to the level of investigation. Propose starting point 
include the following behavioural rules:  

- Pedestrian interaction rules of repulsion and attraction  
- Pedestrian interaction rules of obstacle and boundary avoidance   
- Pedestrian vertical movement rules that combine compulsory and optional destinations in 

pedestrian’s list of destinations (these might include one or more of the experiments described in 
the section deals with computer program)   

The third step involves initial simulation of the model and computer-generated circulation 
diagrams outputs. Results can provide an indication of pedestrian movement in the specific area allowing 
observations and discussion.  

Finally, the fourth step deals with the evaluation of simulated results based on the initial 
configuration and encoding of three-dimensional built environment. This is done in parallel with the 
movement behavioural rules that has been applied.  

The procedure can be repeated several times by including changes or modifications of the initial 
input information in regards to the configuration of the environment and pedestrian flow characteristics as 
well as pedestrian movement behavioural rules. In each cycle of investigation results are examined and 
useful conclusions are drawn in order to find correlations with the actual movement behaviour in the 
given built environment. In addition, results might include analytical information, which in combination 
with qualitative results, can be the starting point for any further development and design improvement of 
the given problem under investigation.   

4. Conclusions  

Our attempt to develop the existing pedestrian model and to simulate pedestrian movement 
behaviour in three-dimensional environment is examined from the architectural point of view. Purpose of 
this paper is, apart from developing and simulating pedestrian movement behaviour, to initiate the 
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investigation on the behaviour of each individual pedestrian component under the influence of vertical 
movement. This will provide us with first results and conclusions that can be taken further in order to 
examine the potential of specific computer program to be used for the simulation and circulation design 
investigation in the three-dimensional built environment.     

5. Future Work  

As it has been already mentioned the section deals with case study, future work will include 
various simulation tests that can be done in the above example in order to investigate and analyse 
pedestrian movement performance in the three-dimensional built environment. Such examples can 
provide the framework where actual movement behaviour can be investigated. Also, correlation with 
results derived from current pedestrian model will be drawn. In addition, future issues might include the 
simulation of pedestrian movement behaviour in case of emergency situations, and simulation that 
examines effective movement behaviour and efficient use of space.    
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