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Abstract. This paper demonstrates an ongoing research investigation, which
is the continuation of the author’s doctoral research on a computer-based
design approach that is used for the generation of circulation diagrams, and the
spatial organization of functional areas in macro-scale design level. The paper
introduces a computer program that is based on the idea of particle behavior
modeling. The program simulates the human movement behavior in real time and
in parallel, based on simple rules of interaction between particles. The model is
called a ‘virtual force’ model, since the interaction between particles, and hence
human movement behavior modeling, is achieved by using various forces that are
acting upon each particle. Any changes on the rules of interaction can produce
different results, allowing architects to investigate various design possibilities
and study the human movement behavior in different design case studies. In
this paper the idea of modeling such movement behavior is investigated and
developed further, in order for it to be used for the design of circulation systems,
and to suggest solutions to problems that occur in public areas of cities.
Keywords. Circulation diagrams; human movement behavior; macro-scale
design.
Introduction
The idea of particle behavior modeling has been
used extensively in different fields of studies in order
to simulate the behavior of a large number of interacting components that are organized in complex
systems and structures. Different names and phrases describe such models, including agent-based
models, collective intelligence models, etc. Craig
W. Reynolds (1987) introduced an artificial life program to simulate the flocking behavior of birds using
forces of collision avoidance. Similar and interrelated
techniques have been used to investigate and solve

problems related to pedestrian movement behavior
in crowded areas, the evacuation of buildings, etc
(Helbing et al. 2005) and other scenarios that are
used for spatial analysis and investigation (Turner
and Penn, 2002).
When pedestrians move around their built environment, they interact with other pedestrians
as they try to find their destination, and this leads
to a number of phenomena like social interaction
and communication, or way-finding. Techniques of
modeling such pedestrian movement behavior are
divided in two main categories:
• Social interaction and communication
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Way-finding
In the first category issues include pedestrian
traffic and crowd control, congestion and evacuation, and social and economic interaction. The ‘social
force’ technique is one well known technique that
originated from the work of Dirk Helbing and Péter
Molnár, which is based on ‘field theory’ introduced
by Kurt Zadek Lewin (1957). Helbing and Molnár
(1994; 1995) gave a mathematical description of the
‘field theory’ by describing positions of pedestrians
in space that can change continuously over time.
The pedestrians are subjected to various forces,
which represent different influences from other pedestrians or the environment.
The ‘social force’ model has been used extensively in the area of pedestrian dynamics for the investigation of self-organized phenomena including
counter flow (pedestrians walking in different directions and creating lanes of uniform walking direction), bottlenecks, intersecting flows, lane formation
in corridors, fire evacuation (agents trying to find
their way towards the nearest exits), and so on. One
concept similar to the ‘social force’ model is the ‘magnetic force’ model, where magnetic forces are used
to simulate pedestrian movement behavior (Okazaki
and Matsushita, 1993); again the model is used to
evaluate pedestrian movement performance in their
built environment.
Pedestrian movement in space is influenced
not only by social interaction and communication
between pedestrians but also by the decision to
follow the route towards a particular destination. In
contrast with the social interaction and communication model, techniques applied in this category are
more complex than the simple rules of interaction
between particles. A global knowledge of the destination goal might be necessary in order to simulate
such behavior. In this category issues include collective intelligence models (Yoon and Maher, 2005),
route choice models (Hoogendoorn et al., 2001), and
space syntax models (Turner and Penn, 2002) where
a vision-based approach has been introduced based
on Gipson’s (1986) theory of visual perception.
•
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In all cases, people are treated as ‘automata’ with
desires to reach various destinations, and are subjected to different pressures and forces (Okazaki and
Matsushita, 1993; Helbing et al., 2001). In each instance different rules of behavior have been applied,
showing that the number of possible techniques can
be tremendous depending on the design problem
under investigation. Human movement behavior
models that evaluate pedestrian movement performance, or suggest movement behavior in the built
environment, are such models.
In most of the cases different models have been
applied focusing mainly on the evaluation of pedestrian movement performance in the built environment and little attention has been given on methods that can be used for the design of circulation
diagrams and the organization of functional relations. This becomes more important in cases where
circulation design is the central aspect of a design investigation influencing the design process from the
beginning. Obviously, in such cases the complexity
of circulation design demands the use of such human movement behavior models in parallel with
conventional design approaches.

Overview
This paper is divided into five parts: the second part
demonstrates the development of the computer
program and suggests further investigation by placing emphasis on macro-scale design; the third part
tests the computer program by using a case study,
it evaluates the results and it discuses possible improvements; the fourth part draws some general
conclusions; finally the fifth part discusses future
plans.

Computer program
The computer program and relevant information introduced in this part of the paper have
been initially developed and presented as part
of the author’s doctoral dissertation under the
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title ‘Computer-generated circulation diagrams’ (see
Kontovourkis, 2009, unpublished work).
The computer program has been developed
based on the idea of ‘virtual forces’ (virtual forces can
describe all forces, real and virtual, acting upon each
individual, and influencing its movement behavior).
The ‘virtual force’ model simulates the behavior of
people in real time and in parallel. The position of
individuals (the word ‘individual’ is used to describe
particle, agent, etc, and it shall be used in this part
of the paper) changes in each time step due to the
parallel interaction between individuals creating systems that are continuous in space.
The ‘virtual force’ model is coded mainly using
the C++ language with OpenGL graphics. The general flowchart of the computer code is shown below
[FIGURE 1].
Figure 1
General flowchart of the computer code

Figure 2
Left: Individual-sign geometry. The red circle represents
the individual and the gray
circle the sign.
Right: Path curve line generated by sign effect.

It consists of two main parts:
Setup: where all the input information such as
individual initial positions, velocity and time of
appearance are defined.
• Draw: where the program calculates the motion
and displays the results. Virtual or social forces
are calculated between each pair of people,
each person and each obstacle, and then added
to find the total force on each individual.
Each individual is subjected to a number of virtual forces, which cause the individual to move or to
interact with other individuals or the environment.
Different types of individuals exist within the system, and each one interacts with other types under

different behavioral rules. Diversity of individuals’
types reflects different human movement behavior.
The investigation starts by examining the simple
movement behavior where each individual is given
the same initial velocity. Local interactions between
individuals are achieved using a number of different
behavioral rules that produce a number of effects
or phenomena. These might include repulsive effect, obstacle avoidance effect, boundary avoidance
effect, attractive effect, string effect, etc. In case of
repulsive effect people tend to keep a distance from
others or they try to avoid obstacles or boundaries. The repulsive effect includes the repulsive social force and the repulsive real force when people
actually touch. This concept can be described by
diagrams of force-distance relations where repulsive
force dies away with distance.
The orientation of the individual’s movement is a
very important aspect of human movement behavior modeling. The ‘virtual force’ model introduced
the concept of sign effect, which apart from its actual meaning can include any visual clue that directs
people towards a particular goal. The sign effect allows individuals to be attracted towards an ‘active
line’ and then be directed by the ‘active line’ to the
next sign. The direction of ‘active line’ defines the direction of individual movement [FIGURE 2] (Williams

•

and Kontovourkis, 2008).
As in models based on social forces (Helbing et
al., 2005), the cumulative effects of different forces
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can be added together vectorially, which is the addition of the x and y components of force separately.
For instance, in our ‘virtual force’ model an individual
might be subjected to virtual social repulsive forces
from other individuals and virtual attraction-direction force from a sign.
In order to achieve natural movement apart
from local rules of interaction, route choice behavioral rules are also examined. Way-finding and route
choice behavior can be described as a spatial problem solving where decisions making actions are
defined (Arthur and Passini, 1992). In our research
investigation the cognitive map of actions is defined
by translating the tree of different actions into individuals’ movement behavior using signs (attractiondirection force) and destinations, which can lead
to the generation of complete circulation patterns.
Destination is the goal of movement action and can
be represented as functional unit, area, object, etc.
In order to capture the complexity of route
choice behavior, destinations are categorized as either compulsory or optional. Each individual’s list of
destinations might contain only one or both categories of destinations. Experiments might be categorized as follows:
• Experiment type 1. Each individual has a compulsory destination
• Experiment type 2. An individual’s list of optional
destinations
• Experiment type 3. An individual’s list of compulsory and optional destinations
In the experiment 1 each individual follows a
path towards different destinations. Each destination consists of a number of signs that lead to a compulsory destination [FIGURE 3].
In the experiment 2 the individual’s list contains
only optional destinations. Individuals tend to move
toward their destination following the signs closest
to them. Individuals are influenced by all signs of
their current destination, but this influence changes
according to their relative position from these signs.
Once the destination is reached, they switch their
movement to the next destination according to their
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list of optional destinations or they deactivate, if
their final destination has been reached.
Figure 3
Pattern produced by a compulsory destination for each
individual.

In the experiment 3 the individual’s list contains
compulsory and optional destinations. An individual
follows a specific sequence of compulsory destinations, but with local choice of their next destination.
Figure 4
Flow chart of the generic individual movement behavior
model.

A computer simulation of people movement can
be generated using the rules described in previous
paragraphs. The choice of rules depends on the design problem under investigation and on the judgment of the architect to capture both movement behavior and aesthetical design factors. The flow chart
of the generic movement behavior model is given as
below [FIGURE 4].
The rules can be summarized as follow:
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1. Individuals cannot simultaneously occupy the
same place in space.
2. Their movement towards destinations is defined
by their individual lists of destinations.
3. The generation of movement is achieved at a local level predominately by the sign that is closest
to the individual.
4. If the movement towards a destination is obstructed by an obstacle (other individuals,
boundaries, etc.) a virtual repulsive force is applied.
5. If an individual reaches a destination (that is his
or her distance from the destination is less than
the given length):
• If the destination is the last one in the destination list, then the individual is deactivated, otherwise,
• If the destination is not the last one, the individual switches to the next destination in his or her
destination list.
The choice of movement rules is arbitrary. Rules
might depend on specific circumstances, and also on
the level of investigation. In this paper, attention is
given on macro-scale design investigation using the
program to change or to add new behavior rules in
order to achieve certain results. As has already been
mentioned, our purpose is to further investigate the
existing computer program in order for it to be used
for the design of circulation systems in public areas
of cities. The aim is to use the computer program in
the initial conceptual stage of design investigation,
where circulation systems and functional relations
are important to be defined.
The following section examines the application
of the ‘virtual force’ model in the design and analysis
of circulation systems and human movement behavior within a macro-scale context.

Case study
Macro-scale design investigation examines the
design of circulation systems and the organization of functional areas in public sections of cities.

Circulation systems can provide solutions for the efficient use of space and at the same time can suggest
solutions to improve the spatial configuration of the
design.
The case study that follows examines an imaginary public area of a city. By generalizing the approach and by investigating an imaginary urban scenario, this paper tries to provide a framework where
different case studies (different problems under investigation) can be developed.
Procedure suggests the parallel use of computer
modeling and design allowing direct interaction between computer-generated outcomes and personal
intuition. Briefly the process includes the analysis of
the problem, the generation of a solution and the
evaluation of results according to human movement
criteria. The process is repeated for a number of
steps until the solution satisfies both, human movement behavior and aesthetical design criteria.

Initial organization of pedestrian flow
The investigation starts by defining the outline of
the public area including the initial location of spaces or points of interest. Points on the boundaries of
the public area are fixed representing possible entry
and destination points. Spaces within the public area
are initially distributed randomly.
Pedestrians (in this part of the paper individuals
shall be called pedestrians) move within the given
area according to different needs and desires and
they interact with each other. The interaction and
movement behavior of pedestrians is examined and
results are investigated.
A pedestrian flow diagram within a public area
of a city consists of different spaces or points of interest and movement scenarios. Each pedestrian can
select different spaces and movement scenarios.
The given movement scenarios are represented
by route choice strings. Each point on this route
choice string represents a space or a point of interest: pavilion, seating area, playground, etc. Spaces
are organized in a sequence of movement steps with
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Figure 5
Pedestrian’s route choice
strings (group A, B, and C).

one entry point and one destination point that is the
exit from the public area. The following figure shows
diagrams of all proposed route choice strings for the
given movement scenario [FIGURE 5].
Analytically three groups of pedestrians (group
A, B, and C) move inside the given area, each of them
related with three possible route choice strings.
Pedestrians from each group can randomly select
their route. The example of the first route choice
string of pedestrians in group A is as follows: 0. entry point, 1.passing point, 2.passing point, 3.crossing
point, 4.crossing point, 5.playground, 6.seating area,
7.passing point, 8.passing point, 9.passing point,
10.destination point.
Different groups of pedestrian can share the
same spaces or points of interests and this may influence their movement behavior. For instance, the
seating area or pavilion can act as crossing points
for more than one group of pedestrians. As a result
this creates a number of phenomena that occur in
common spaces like the intersection between pedestrians, a blockage of movement, etc. The current
investigation’s role is to study such phenomena and
suggest solutions for design improvements.

Pedestrian movement and interaction behavior
Pedestrian movement behavior rules include movement and interaction rules. Pedestrian movement
rules use the ‘Experiment type 1: Each individual
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has a compulsory destination’ (see section about
computer program). Signs and destinations are positioned based on the tree of route choice strings.
Spaces or points of interest are represented by signs
and they are organized in a sequence of movement
steps (entry, passing point, etc) including compulsory final destinations. A sign’s heading is specified
according to different criteria. In this case it is in the
direction of the current destination but also to provide an interesting path design, based on the architect’s aesthetical criteria.
Interaction behavior between pedestrians is
achieved by applying the repulsive effect. According to this, each pedestrian is subjected to a virtual
repulsive force in order to avoid collision with other
pedestrians.

Initial simulation
Computer-generated results from the initial pedestrian movement simulation are given in the following figure [FGURE 6]. These results show possible
generated circulation systems or routes that pedestrians might use to reach their final destinations. Further elaboration of circulation systems can suggest
initial organization of spaces.

Evaluation of the model
After the first organization of space according to the
circulation systems, the next attempt is to give an indication on how pathways and different spaces will
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Figure 6
Initial simulation and
computer-generated circulation diagrams (three basic
time steps)

be re-organized. In order to achieve this, the simulation results are evaluated.
Different observations are derives from these
first results [FIGURE 7]. The proposed arrangement
responds to path systems since all groups of pedestrians need to pass from Areas 1, 2, and 3 which
include the pavilion, the seating area, and the playground respectively. However, the way route choice
strings have been organized in relation to spaces or
Figure 7
Pedestrians’ flow diagrams
and areas of investigation
(Area 1, 2, and 3)

between the entrances or the boundaries of each
space in relation to pathways. Additional observations include the large number of intersection points
in different positions within the given area and the
small number of common pathways that influence
the movement criterion of efficient use of space.
The position and the number of passing points
close to entry and destination points are found to be
satisfactory.

Suggested solution

points of interest are influencing pedestrian movement and interaction behavior.
The initial simulated results in Areas 1 and 2 of
intersection between groups of pedestrians show
that this might cause problem in the movement of
pedestrians towards their destinations. This happens
mainly because pedestrians are directed through
the center of each space without a clear distinction

In order to improve the existing results a number of
alternative pedestrian movement behavior models
are investigated. Suggestions on how the model can
be improved include:
• Clear distinction between two categories of
pedestrian circulation systems: a. The main circulation system that supports the movement of
all groups of pedestrians towards and from all
destinations, b. The secondary circulation system that supports movement through spaces or
points of interest
• Re-arrangement of route choice strings (main
movement behavior) according to the boundaries of spaces or points of interests.
• Reduction of the actual pathway spaces by
merging together two or more route choice
strings.
• Reduction of intersecting pedestrians’ movement phenomena by re-locating spaces in dif-
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ferent levels. In this case the intersection of pedestrians in Area 1 can be avoided if the group A
and the group B flows are in different levels. One
possible solution might the location of pavilion
at the first floor in order to allow the smooth
flow of pedestrians in the ground floor. This can
be directly related with the function of pavilion,
which is a seating area (people stay for a longer
time period).
The following figures show one possible solution together with simulated results [FIGURE 8, 9].
Alternative solutions can be generated by modifying
various parameters in the computer program. These
include the number of pedestrians and their groups,
the type and number of route choice strings, different variables that influence pedestrian movement

behavior and the geometry of circulation diagrams,
etc.

Conclusions
The computer program can be used in different
levels of design investigation like macro, meso, and
micro providing that appropriate movement behavioral rules are applied. In this case, it has been used in
macro-scale level for circulation diagram generation
and spatial organization of functions in a public area
of a city. The program has been found useful to observe and evaluate movement behavior and hence
circulation design scenarios. This can be very helpful
particularly in the first stage of the design process
when important decisions on the selection of design
Figure 8
Pedestrians’ route choice
strings. Left: Main circulation system, Right: Secondary
circulation system

Figure 9
Pedestrians simulation and
circulation diagrams
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solutions are made. The program can assist the design process by allowing a variety of design possibilities to emerge. This assistance does not neglect the
role of the architect, which is major in any level of the
design investigation process.

Future plans
Research will continue in two directions. The first direction is towards the improvement of the existing
computer program. This can be achieved by developing new human movement behavioral rules or
by improving existing ones. The second direction is
towards the application of computer programs in
different case studies to test their ability to assist the
design process.
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