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Abstract
The estimation and validation of pedestrian behavioral models requires large amounts of detailed and appropriate data, the collection of which is a costly and time-consuming undertaking.
The identification and design of an appropriate data collection method therefore is of great importance, which, however, is an arduous and itself time-consuming task. This article describes
a software laboratory that facilitates the design of pedestrian data collection campaigns.
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1 Introduction
The design and development of pedestrian models is an arduous task that requires detailed and
appropriate data for model estimation and validation. The methodology presented in this paper
helps to analyze the walking behavior of pedestrians with substantially lower data requirements.
To that aim, a simulator serves as a pedestrian data generator. This has two advantages. First,
established models of walking behavior can be used as a synthetic reality from which new experimental models can be estimated prior to a real-world data collection campaign. Second,
the design of pedestrian experiments can be evaluated a priori. Of course, the need for real
data cannot be circumvented by the proposed system. However, it will help to minimize the
data collection efforts. The simulation system is designed in a generic way that allows to investigate pedestrian behavior at the strategic, tactical and operational level (Hoogendoorn et al.
(2002)), which requires the design of a generic pedestrian model interface. To test the system,
a pedestrian model from the literature is used to generate data in the synthetic reality.
The laboratory is built around a generic pedestrian simulator, which provides two major interfaces: The first interface links a pedestrian simulation model to the simulator that is used to
generate a synthetic reality. The second interface extracts data from the synthetic reality using
(equally simulated) sensors. This data is what would be costly to collect in a real experiment,
but in a synthetic environment it is available in abundant amounts and at arbitrary quality.
The model interface is designed to allow for various model implementations, for example of
the following types:
• Utility maximization: Hoogendoorn and Bovy (2004) proposes an utility maximization
model where destination and routes are strongly linked to the activities the pedestrians
want to perform. This model predicts the continuous trajectory of a pedestrian. Random
utility models have been used to predict behavior of pedestrians in a configuration where
the pedestrian selects her next action from a discrete set of alternatives (Antonini et al.
(2006)).
• Physical and social force: Helbing and Molnar (1995) present the social force model
derived from physical interactions. Yu et al. (2005) and Chraibi et al. (2009) present
force models for pedestrian dynamics based on centrifugal forces in mechanics.
• Cellular automata: Multi-dimensional cellular automata allow to model the flow of
pedestrians with simple rules (Burstedde et al. (2002), Schadschneider (2002)). The set
of behavioral alternatives is discrete.
• Queuing models are mainly developed for building evacuations (Lovas (1994)).
• Models designed with equations derived from gas-kinetic or fluid-dynamic theory
(Henderson (1971); Hughes (2002)): Although crowd dynamics can be efficiently captured, the resulting differential equations are not straightforward to solve (Helbing et al.
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(2002)).
Data diversity is necessary to deal with a variety of situations. In spite of numerous pedestrian
data collection methods, setting up pedestrian experiments remain arduous, and collected data
may be appropriate for only a specific study. The literature, particularly Bierlaire and Robin
(2009), describes various methods for the collection of empirical and experimental data:
• controlled walking experiments (Daamen and Hoogendoorn (2003))
• data collection with integrated pedestrian navigation systems such as GPS, Mobile
phones, PNM ("Pedestrian Navigation Modules") (Sohn et al. (2006), Liao et al. (2007),
Spassov et al. (2007))
• "manual" data collection: questionnaires, "following people" (Hill (1982), Verlander
(1997), Sisiopiku and Akin (2003))
Since most of these methods need time-consuming data post-processing, Kerridge et al. (2007)
develop a technique for tracking pedestrians with a special device (low cost infrared sensor)
in real-time. Spassov et al. (2007) describe the Pedestrian Navigation Module (PNM), which
provides accurate measures of pedestrian movement but needs to be associated with a map of
the movement area.
In this article, we propose a simulation laboratory that allows to assess the efficiency of a data
collection campaign within a synthetic reality prior to its actual implementation.
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2 Methodology description
Inspired by the evaluation framework for traffic simulations presented in Ben-Akiva et al.
(2001) and the modeling framework for pedestrians in Daamen (2004), the overall methodology illustrated in Figure 1 consists of three major components: a simulator that represents
the synthetic reality, synthetic data that is obtained from the simulator via synthetic sensors,
and the pedestrian models themselves. The latter stands for the models to be estimated and the
model used for simulation as well. The combination of a synthetic reality, a set of models, and
a setting of sensors is refered to as a "scenario".

Figure 1: Framework for data collection method evaluation

The three main processes of the methodology are illustrated in Figure 2. Evaluating data collection methods requires to derive effectiveness measures for a given scenario. For this purpose,
the scenario must be built, which is equivalent in the real world to the design of an experiment
involving agents or pedestrians, pedestrian facilities and devices for data collection. Depending
on the context, various measures of effectiveness are defined. The design of a data collection
campaign is an iterative process, where a user tests various specifications in the synthetic reality
until satisfying effectiveness measures area obtained.
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Figure 2: Evaluation process

3 System description
The laboratory is built around a generic pedestrian simulator. The simulator is written in Java
and exploits the object oriented features of this language for a modular and extensible design.
The main components of the program are illustrated in Figure 3. Each part of the system is
linked to a central simulator object through distinct interfaces. The interfaces associated to the
pedestrian model and the sensors are most relevant since they must allow the use of a broad
variety of pedestrian models and sensor technologies. This flexibility enables the system to
process diverse data at the microscopic and macroscopic level and on every pedestrian decision
level.

Figure 3: Main simulator components and their interaction. The corresponding Java class name
is given in brackets < >.

Much of what is described below can be configured through an XML file. An example of a
configuration for a bottleneck experiment is described in Section 4.3.

Agent

An interface and an implemented default class for a pedestrian agent are already pro-

vided in the program. The user is allowed to define her own pedestrian class if necessary. The
5
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class associated to a pedestrian, named Agent, permits to describe arbitrary pedestrian characteristics in its class field AgentState. By characteristics, we denote any attribute associated
to the pedestrian such as her personal characteristics (size, socio-economical attribute, etc),
the relation with the physical environment (coordinates, location label, speed, etc), and mental
notions like route preferences. In summary, the state of an agent is a comprehensive definition of all degrees of freedom it has. AgentState is designed to allow for greatest possible
flexibility in the modeling of a pedestrian.

Pedestrian model

Flexibility is required in order to harness state-of-the art models as well

as those that will only be designed in the future. The following function must be implemented
in each model:
public abstract AgentState nextState(AgentState currentState);
This function determines the next state of an agent according to its current state. Its implementation is specific to the definition of AgentState, which in turn depends on the deployed
pedestrian model.

Walking facility The walking facility consists of a set of objects that represent the physical
infrastructure. These objects can be linked with specific attributes and/or environmental factor
such the presence of noise in a particular area. The walking facility can be loaded from an
AutoCAD DXF file or can be directly defined in a Java class. The program is able to deal with
both a 2D and a 3D environment. On higher levels of abstraction, a graph representation of the
infrastructure topology will be implemented that can be exploited for the modeling of higher
decision levels such as route choice and destination choice.

Sensor

We denote as sensors any means of collecting data in the simulator. This comprises

both physically existing sensors (such as cameras) as well as idealized sensors that can only be
used for the analysis of a synthetic reality. Clearly, there is a large number of thinkable sensor
devices. For that reason, a specific XML parser is dedicated to each sensor specification, and a
generic interface is provided:
public interface Sensor<Data> {
public void collect(double time,
Interface_Facility world,
List<Agent> population);
public List<Data> getData();
}
6
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A simple implementation of the collect() function for a camera would be the following:
public void collect(double time,
Interface_Facility world,
List<Agent> population) {
if ( isRenderingTime(time) ) {
Frame frame = new Frame();
frame.time = time;
frame.population = population;
frame.world = world;
render(camera, frame);
renderingTime = nextRenderingTime();
}
}
This function is called at each simulation loop iteration and then allows the sensor class implementation to capture relevant system information. In fact, the system is fully described with the
walking infrastructure world and the population population specifying its entire state at
time time. The implementation of the collect() function for a camera will render a frame
(an image) of the scene (walking infrastructure and agents) at each rendering time according to
the camera object specification.
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4 Example: data collection in a bottleneck
The purpose of this test case is to demonstrate the system’s capability to provide useful and
proper data for the analysis of a given scenario. For the sake of illustration, the generation of
speed and density measurements at a bottleneck (see Figure 4) is explained. This study can be
extended to obtain a pedestrian fundamental diagram. A normal situation is considered, i.e.,
pedestrians are not in a rush and no herding behavior is modeled.
Various pedestrian studies in bottleneck scenarios have been conducted in the past
(Seyfried et al. (2009a), Hoogendoorn and Daamen (2005)). They mainly aim at revealing the
pedestrian behavior in such a situation and/or to evaluate the capacity of the facility. Typically,
a camera is used to capture the density in front of and the flow through the bottleneck. Often, an investigation of structural patterns (lane formation, zipper effect) is combined with a
quantitative analysis of pedestrian velocities, densities and flow.
The relation between velocities and densities, commonly called the fundamental diagram, is
a recurringly visited topic. Indeed, there is no agreement on a common fundamental diagram
and several parameters have been cited to explain the disagreement, including cultural differences or psychological factors (Seyfried et al. (2009a)). For these reasons, the understanding
of pedestrian fundamental diagrams is still limited (Seyfried et al. (2009b)).
In this section, the use of two kinds of sensors, namely video cameras and GPS devices, is
illustrated. For the first sensor type, one or two cameras recording the scene are specified.
Since video processing is not part of this study, this data collection is performed before frames
rendering, i.e., all facilities (walls, obstacles) and pedestrian coordinates are directly extracted
from the simulation. It also would be possible to record the scene from the (moving) perspective
of a particular pedestrian. For the second sensor type, a fraction of the pedestrians is assumed
to be carrying a GPS device. These devices record positions and velocities with a certain
inaccuracy due to the presence of noise and/or low signal transmissions.
The pedestrian model is a relevant part of the framework. The simulated model (the model
generating the synthetic reality) should be carefully selected since different pedestrian models
apply to different scenarios, for example for routing in complex environments, to reproduce
pedestrian behavior in congestion, at bottlenecks, etc. As stated in Section 3, the system is
able to consider different pedestrian models. A modified Centrifugal Force Model (CFM) for
pedestrian dynamics (Chraibi et al. (2009)) is employed for the data generation in this study.
The flexibility of the simulator has been tested by also using the discrete choice models of
pedestrian walking behavior presented by Antonini et al. (2006) and Robin (2009).
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4.1 Experimental setup
We reconstruct the experiment conducted in Seyfried et al. (2009a) and Seyfried et al. (2009b).
Figure 4 shows the bottleneck facility with its corresponding dimensions. The width of the bottleneck b is one of the controlled parameter handled in the referenced work, but for simplicity
we always use b = 1.2m in the current study. The length of the corridor right behind the bottleneck entrance is 2.8m. The walls composing the facility are high enough (2m) to be an opaque
obstacle that a pedestrian is unable to look through. N = 60 pedestrians are asked to start
from 3m in front of the entrance of the bottleneck at the beginning of the experiment. They
are arranged to occupy uniformly the holding area with width w = 4m, resulting in an initial
density of ρ = 3.3m−2 in this area. The pedestrians are required to walk through the bottleneck
in a normal way, with no rush but with resoluteness.

Figure 4: The bottleneck facility. Top view cameras are placed above the black dots.

In the original experiment, two top view cameras film in front of the bottleneck and in the
corridor. Their locations are represented by the black dots in figure 4.

4.2 The modified Centrifugal Force Model
The modified Centrifugal Force Model used for the simulation is a microscopic model that
is working at the operational level that is it deals with short term actions such as collision
avoidance and change in direction or speed. Further details about the specification can be
found in Chraibi et al. (2009). The model is derived from the original Centrifugal Force Model
9
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for pedestrian dynamics presented in Yu et al. (2005)). The movement of simulated pedestrians
results from an integration of driving and repulsive forces applied to each pedestrian i:
F~i = F~id +

X

F~ij +

X

F~iB = mi a~i ,

(1)

B

i6=j

where F~id , F~ij , and F~iB denote respectively the driving force of pedestrian i, the repulsive force
emerging from pedestrian j, and the repulsive force emerging from a border B. mi denotes the
mass of pedestrian i and a~i her acceleration based on Newton’s second law of motion.
The driving force F~id aims to achieve the pedestrian’s desired speed Vid toward her destination:
V~d − V~i
,
F~id = mi i
τ

(2)

where τ is a time constant and V~i is the current velocity.
The repulsive forces model the pedestrian’s desire to keep a certain distance from obstacles and
other pedestrians. The repulsive force acting on pedestrian i by another pedestrian j is defined
by

F~ij = −mi Kij



ν||V~id || + Vij
distij

2

e~ij ,

(3)

where
1
distij = ||R~ij || − (Di (Vi ) + Dj (Vj ))
2

(4)

and R~ij is the vector between pedestrians i and j:
~j − R
~ i,
R~ij = R

e~ij =

R~ij
.
||R~ij ||

(5)

Di is the pedestrian diameter as a function of the velocity Vi :
Di = da + db ||V~i ||.

(6)

This formulation is justified by the fact that faster pedestrians require more space than slower
pedestrians. da and db are free parameters.
The coefficient Kij represents the fact that repulsive forces from a pedestrian j or an obstacle
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take effect on a pedestrian i only when those are situated in her field of view (180◦ ):
~
~
1 Vi .e~ij + Vi .e~ij
.
Kij =
2
||V~i ||

(7)

Finally, the relative velocity
Vij =


1 ~
(Vi − V~j ).e~ij + |(V~i − V~j ).e~ij |
2

(8)

models the fact that slower pedestrians are not affected by faster ones.
Similar formulations are used to capture the repulsive forces emerging from borders.

4.3 Simulator configuration
The main parts of the simulator – the specification of the population, the pedestrian model, the
walking facility, and the sensors – have to be configured in an XML file.

Walking infrastructure

As mentioned in Section 3, there are several ways to define the

physical walking facility. For the bottleneck experiment, the specification is directly coded in
Java and is defined in the XML file configuration as follows:
<facility class="facility.Bottleneck"/>
The previous line notifies the program of loading the class Bottleneck in the package
facility as the walking facility. Thus, the shape and the dimensions of the bottleneck
are specified in the file Bottleneck.java. Alternatively, it can be loaded from a DXF file
by setting:
<facility dxffile="bottleneck.dxf"/>
In that case, a parser for DXF files is be called and builds the internal Java facility object.

Model selection This specification is compulsory. The pedestrian model class is determined
by:
<model class="model.CFM"/>
or
<model class="model.DCM"/>
11
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for the Centrifugal Force Model or the Discrete Choice Model, respectively. (Alternative model
implementations are of course possible.) In this specification, model corresponds to the Java
package containing the classes CFM and DCM. No further model details (type, level of operating...) need to be specified since all model implementations share the same interface.

Population The pedestrians’ plans and characteristics are also specified in the XML file configuration. This specification needs to be consistent with the scenario requirements. For the
given example, coordinates are sufficient to define the initial pedestrian positions and the destination. The following specification is used:
<agent count="20" agentSetID="1">
<plan>
<origins>
<box>
<vector>-1.8 -3.75 0.0</vector>
<vector>1.8 0.75 0.0</vector>
</box>
</origins>
<destinations>
<destination>
<vector>0 10 0</vector>
</destination>
</destinations>
<desiredSpeed>
<gaussian>1.34 0.26</gaussian>
</desiredSpeed>
<initialVelocity>
<vector>0 0 0</vector>
</initialVelocity>
</plan>
</agent>
The default implementation of a pedestrian agent provided by the program is used in this experiment. However, other classes can be defined for additional purposes, e.g., the need of a specific
pedestrian attribute or a new rendering function. In the previous specification, 20 agent objects
are be created. The attribute agentSetID associates an ID to the corresponding agent set.
This is particularly useful to link the set of pedestrians with a specific data collection device.
The initial pedestrian positions are uniformly distributed over the area determined by the box

12
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defined by the 2 corner points 1 associated with the XML element box. Several target points
can be specified with the XML <destination> element. When a pedestrian reaches its current target, the next target is assigned to the pedestrian. The desired speed follows a Gaussian
distribution with mean µ = 1.34m.s−1 and standard deviation σ = 0.26. The initial speed is
zero. Further pedestrian specifications are possible through additional XML elements.

Sensors The sensors specification is given in the <sensors> XML element. The specification of two cameras and a GPS device is illustrated in the following snippet:
<sensors>
<camera type="fixed" outfile="camera1">
<view>
<position>0 3.05 5</position>
<lookAt>0 3.05 0</lookAt>
</view>
</camera>
<camera type="fixed" outfile="camera2">
<view>
<position>0 6 5</position>
<lookAt>0 6 0</lookAt>
</view>
</camera>
<GPS agentSetID="1" stderror="0" frequency="1" outfile="GPS1"/>
...
</sensors>
The basic specification of a camera contains:
• the camera type: fixed, anchored to a particular pedestrian (this permits to extract
what the pedestrian is observing) or moving
• the camera location and its view target
A sequence of <view> elements can be stated for a moving camera. The user is also able to
declare further features such as the angle or the horizontal vector of the camera. To generate
the frames, the ray tracing program POV-Ray (http://www.povray.org) is used.
1

At the state of the system development, these 2 points must stand in a horizontal plan.
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4.4 Data generation
The objective of the experiment is to evaluate the usefulness of the collected data to measure
pedestrian density and speed. Two measurement areas, shown in Figure 5, are located in front
of and inside the bottleneck. The measurement area in front is 1m2 large and the measurement
area inside the bottleneck is 1 ∗ bm2 large.

Figure 5: Measurement areas in front and inside the bottleneck. Cameras are located above
these measurement areas (See also figure 4).

4.4.1 Camera
The top view cameras are located above the two measurement areas as illustrated in Figures
4 and 5. Density can be accurately computed from images provided by the cameras because
every pedestrian can be separately identified (there is no shadowing and no occlusion). In an
actual experiment, it is common to provide each participant with distinctive wear (a cap for
example) to facilitate her identification. In this particular case study, the orientation does not
matter, so the pedestrian is observed as a circle by the top camera. Figure 6 shows screenshots
of the scene from the two cameras as well as from a top view camera recording the whole scene.
The variable pedestrian diameter of the Centrifugal Force Model is captured in the image.
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Figure 6: View from three top cameras: in front of the bottleneck, inside the bottleneck, and
view of the whole.

4.4.2 GPS
For this case study, the use of GPS data for density estimation is difficult for several reasons.
First, the data provided by GPS devices is not accurate due to inherent noise. The intensity
of this noise can be specified in the simulation. Second, not all participant are furnished with
such a device; hence, the measured density must be accordingly scaled up. The density estimation error is expected to increase when the equipment proportion decreases. Finally, the
measurement area is small (≈ 1m2 ) with respect to the GPS data accuracy.

Noise threshold GPS noise is represented by an additive disturbance of the pedestrian coordinates in the sensor, following a Gaussian distribution. It turns out that inaccurate GPS devices
are not appropriate for the density estimation; this is mainly due to the small measurement area.
Indeed, when the standard deviation of the noise exceeds 0.3m, the measured density is essentially random. Notice that error of GPS sensors embedded in standard smartphones can easily
have a standard deviation of 100m.

Equipment rate It is also interesting to determine if satisfactory data can be obtained from
GPS devices if only a subset of all pedestrians carries a device. Only accurate GPS measurements are considered for illustration. Assume that r is the fraction of equipped pedestrians.
Therefore, the number of pedestrian with a device is n = Nr, with N being the total number of
pedestrians. The estimated density is d¯ = n̄/s where s is the measurement area and n̄ = n/r is
the estimated number of pedestrians in the measurement area. Figure 7 illustrates the estimated
15
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densities in front of and inside of the bottleneck for different equipment rates.

Figure 7: Density estimation for different proportion r of pedestrians tracked by GPS

4.4.3 Relation between speed and density
Pedestrian density and speed have been measured in front of and inside of the bottleneck. This
enables to display the relation between these quantities over time. Figure 8 presents their dependence: the higher the density, the lower the speed, and vice versa. Fluctuations are due
to the small measurement area implying that only small numbers of pedestrians are accounted
for in the computation of "average" densities and velocities. The fundamental diagram, reflecting the relation between speed, flow, and density, is commonly used to predict the capacity of
pedestrian facilities. A stationary state is required for its identification. Seyfried et al. (2009a)
indicate that further parameters beyond density are relevant for pedestrian fundamental diagrams, which could explain more of the random variations in Figure 8.

Figure 8: Evolution of speed and density over time.
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5 Conclusion
In order to obtain proper data to estimate pedestrian models, a methodology is proposed to
evaluate pedestrian data collection methods within a simulation framework. The system provides two major interfaces: The first interface allows to link a concrete pedestrian model to
the simulator. This model is chosen by the analyst according to the needs of the considered
experiment. The second interface allows to extract data from the synthetic reality through simulated sensors. It is possible to specify real sensors that generate data with the same features
(precision, noise, bias) as in reality. It also is possible to simulate or test not yet developed
sensors in order to evaluate their potential effectiveness.
An application of the system is presented for the analysis of a bottleneck experiment. Two
pedestrian models are considered for analysis: a centrifugal force model for pedestrian dynamics and a discrete choice model of pedestrian walking behavior. The centrifugal force model is
selected for the presented experiments. (Both models work at the operational level. However,
the system is designed to also consider models that operate at higher decision levels for, say,
route or destination choice.) The generation of sensor data from two kinds of sensors, cameras
and GPS devices, is illustrated. The case study compares alternative sensors settings, in particular the extraction of data in front and inside the bottleneck and identifies the limitations of
the considered sensors: beyond a certain noise level, GPS data is insufficient to estimate pedestrian density if the considered area is too small. Also, the equipment rate with GPS devices is
investigated.
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