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Abstract

There has recently been a renewed interest in planning for pedestrian
traffic, primarily in connection to public transport interchange stations,
since these are important for public transport to constitute an attractive
alternative to car usage. This thesis concerns microscopic simulation
of pedestrian traffic, which is a promising tool for analyzing and pre-
dicting the traffic situation in a given pedestrian facility; particularly
powerful when the traffic is congested. Important applications of mi-
croscopic simulation include comparison of possible infrastructure de-
signs such as proposed interchange stations, and evaluations of various
traffic management solutions, for example information systems.

The purpose of this thesis is to advance the capabilities of pedes-
trian microsimulation toward a level at which it can be reliably applied
for quantitative analysis by practitioners in the field. The work is based
on an established microscopic model of pedestrian dynamics, the Social
Force Model (sFm), and the advances are made in a number of different
areas.

To be able to evaluate and compare simulated traffic situations suit-
able performance measures are needed. A set of local performance mea-
sures are proposed that quantifies the local delay rate density and esti-
mates the discomfort perceived by the pedestrians.

The s¥M is extended to include waiting pedestrians through the in-
troduction of a waiting model, demonstrated to be stable and free from
oscillations. The inclusion of waiting pedestrians in the model is critical
for accurate modelling of public transport interchange stations, where
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large groups of waiting pedestrians may hinder passing pedestrians if
the design of the station is poor.

The relaxation time of the adaptation to the preferred velocity is an
important parameter in force based models of pedestrian traffic since
it affects several behaviors of the simulated pedestrians, two of which
are linear acceleration and turning movements. A comparison of obser-
vations of accelerating pedestrians reported in the literature and new
observations of turning pedestrians indicates that no value of the re-
laxation time can give model behavior consistent with both sets of ob-
servations. This indicates that modifications of the model is needed to
accurately reproduce the observed behavior.

An important input to simulations is the preferred speed of the sim-
ulated pedestrians. The common assumption that the preferred speed
distribution at a location does not vary during the day is tested through
observations of pedestrian traffic at Stockholm Central Station. The
results demonstrate that the preferred speeds are lower in the after-
noon than in the morning, implying that the preferred speed should be
treated as a source of uncertainty when applying pedestrian microsim-
ulation.

Finally, a sensitivity analysis of a simulation of the lower hall of
Stockholm Central Station is performed to find the most important
sources of uncertainty in the model predictions, given the available
data. The results indicate that the uncertainty related to calibration is
the largest of the considered potential error sources.
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Popularvetenskaplig
sammanfattning

Nyligen har intresset for planering for gangtrafik okat, fraimst i sam-
band med bytespunkter for kollektivtrafik, eftersom dessa ar viktiga for
att kollektivtrafiken ska utgoéra ett attraktivt alternativ till bilanvand-
ning.

Denna avhandling behandlar mikroskopisk simulering av gangtra-
fik, vilket ar simulering som beskriver enskilda fotgangare och des-
sas interaktion med varandra och med infrastrukturen. Vid trangsel ar
gangtrafik mycket komplex och flddena svarférutsigbara pa grund av
den stora frihet fotgingare har att anpassa sig till den radande situatio-
nen. Trots detta utgdér mikroskopisk gangtrafiksimulering ett lovande
verktyg for att analysera trafiken, gora prognoser, samt for att jamfora
olika designalternativ, till exempel av olika féreslagna bytespunkter for
kollektivtrafik.

Avhandlingens syfte ar att forbattra funktionaliteten av mikrosko-
pisk gangtrafiksimulering mot en niva dir den pa ett palitligt satt kan
anvidndas som ett verktyg for kvantitativ analys av infrastruktur for
gangtrafik av anvindare i branschen.

Arbetet tar sin utgangspunkt i en etablerad mikroskopisk modell,
den sa kallade Social Force Model (sFm). Mjukvara baserad pa denna
modell kan anvindas for att simulera hur trafiken kommer att te sig
beroende pa hur infrastruktur, som till exempel en bytespunkt i kol-
lektivtrafiken, utformas. Den hir typen av mjukvara anvinds i Sverige



framst av trafikkonsultforetag pa uppdrag av infrastrukturigaren.

For att méjliggora utvirdering av infrastruktur baserat pa simule-
ring presenteras en uppsittning prestandamatt som beskriver hur myc-
ket fotgdngarna fordrdjs och hur obekvéam en trafiksituation kan upp-
levas, samt var i det simulerade omradet problemen finns.

For att mojliggora utvardering av infrastruktur dar det ar vanligt
att manga fotgangare star och vintar, till exempel bytespunkter for kol-
lektivtrafik, foreslas en modell fér hur vintande beter sig och reagerar
pa passerande fotgingare. Den foreslagna modellen visas uppfora sig
pa ett matematiskt sunt satt, vilket dr en nodvandighet for att kunna
anvinda modellen eftersom den inte kan testas i alla mojliga situationer
som kan uppsta under en simulering.

sFM har ett flertal parametrar som behover anpassas sa att de si-
mulerade fotgéngarna beter sig som riktiga fotgingare. En av dessa
parametrar ir relaxationstiden, som i princip beskriver hur snabbt en
stillastaende fotgingare accelererar upp till sin 6nskade fart. Pa grund
av modellens enkelhet sa paverkar relaxationstiden dven hur skarpa
sviangar fotgidngaren kan gora. Genom en jamforelse av tidigare stu-
dier av accelererande fotgdngare och nya observationer av svingande
fotgingare demonstreras att det inte gar att vilja ett virde pa relax-
ationstiden som gor att modellens beteende dr konsistent med bada
uppsittningarna observationer. Detta indikerar att det finns ett behov
av att modifiera modellen for att 6ka modellens noggrannhet.

En egenskap hos fotgéngare som é&r viktig att representera korrekt
i mikroskopiska modeller ar deras 6nskade fart, det vill sdga hur fort
de skulle foredra att ga om det inte var nagon tringsel. For att mita
den onskade farten kan man observera hur fort folk gar nir det ér sa
lite trafik att fotgéngarna kan rora sig helt oberoende av varandra; man
antar da att de gar med sin 6nskade fart. Situationer som &r intressanta
att simulera ar situationer med en betydande tréngsel, och dessa situa-
tioner upptrader i regel vid andra tidpunkter pa dygnet 4n situationer
med lite tringsel. Darfor uppstar fragan om de onskade farter som ob-
serverats vid lagtrafik kan anvindas for simulering av hogtrafik vid en
annan tid pa dygnet. Hur vet vi att folks dnskade fart inte dndrar sig
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under dagen? Denna fraga undersoks genom jamforelser av onskade
farter observerade pa morgonen och eftermiddagen pa Stockholm cen-
tralstation. Jamforelsen indikerar att de 6nskade farterna &r lagre pa
eftermiddagen, vilket far konsekvenser for hur noggranna resultat vi
kan férvianta oss av modellen.

Slutligen undersoks hur kénslig en simulering av nedre hallen pa
Stockholms centralstation &r for ett antal potentiella felkillor, till ex-
empel osdkerhet i indata och parametervarden. Undersokningen pekar
mot att kalibreringen av modellen 4r mycket viktigare &n de 6vriga
overvigda felkillorna, vilket indikerar att vidare forskning inom ka-
librering behovs.
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Chapter 1

Introduction

Pedestrian traffic is an essential part of the traffic system; practically
all trips include some walking, at least to and from the main mode of
transport of the trip. If the main mode is public transport the trip also
often includes a transfer between vehicles, resulting in a short walk also
at the interchange station. Also the pure walking trips are important; a
large number of short walking trips from one block to another is made
in the city centers.

The last decades, the importance of walking as a mode of transport
has started to become recognized, much due to environmental prob-
lems caused by car usage in combination with continued urbanization.
Well planned pedestrian infrastructure, primarily in connection to pub-
lic transport access points and in the city centers, could help increase
the attractiveness of alternatives to car usage.

Planning for pedestrian traffic includes many aspects, from provid-
ing direct walkways between popular destinations, and safety from
nearby motorized traffic, to planning efficient flows at crowded pub-
lic transport stations, shopping malls, arenas, etc. This thesis is focused
on pedestrian traffic where the pedestrian congestion is the dominating
problem. Pedestrian traffic here refers to walking with the purpose of
transportation, i.e., not walking for leisure or exercise, but for accessing
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some utility at the destination.

The problem of designing pedestrian infrastructure is both impor-
tant and nontrivial, which can be seen by considering the problem of de-
signing a public transport interchange station. Many of the trips made
by public transport in a city either starts or ends at the central station,
or include transfer there. The functionality of the station thus affects
the whole public transport system, which needs to be efficient and com-
fortable to be an attractive alternative to private car. To enable a well
functioning station, with efficient and comfortable transfers, short dis-
tances between the platforms are needed. This leads to a compact de-
sign of the station, with as little extra space as possible. The need for
small stations is further emphasized by the high price of land in the
city centers, making small stations economically favorable.

The problem is thus clear: we have a small station to get efficient
and comfortable transfers, but a large number of public transport trav-
elers, which in the small space leads to pedestrian congestion reducing
the traffic efficiency and comfort at the station. To obtain a smart de-
sign that keeps walking distances short while also providing sufficient
space for efficient flows, it is necessary to accurately predict the pedes-
trian traffic at the station, so that different designs can be evaluated and
compared before the station is built. Such predictions of the pedestrian
traffic are possible through mathematical modeling and simulation.

Designing a public transport interchange station, is here and fre-
quently throughout this thesis, used as an example of a possible ap-
plication. It may be the most important application, but the reasoning
and results are generalizable to any facility with significantly congested
pedestrian traffic.

There is a number of ways to mathematically model pedestrian traf-
fic. These can be categorized based on how the traffic is represented in
the model, from macroscopic to microscopic models. Macroscopic mod-
els are based on some kind of continuity assumption, treating the traffic
as a continuous flow, only modeling the average characteristics. Micro-
scopic models, on the other hand, explicitly represent each pedestrian
and its interactions with other pedestrians and the infrastructure. This



thesis concerns microscopic models within the group of models known
as simulation models, that is, those that explicitly model the dynamic
evolution of the traffic situation in time.

In the process of designing or evaluating a pedestrian facility it is
useful to be able to not only evaluate the facility as a whole, but also
to get detailed information about problematic areas and the nature of
the potential problems. Such information can help to deduce the cause
of the problem and assist in finding better designs. For this to be pos-
sible, the model needs to represent both the pedestrian traffic and the
infrastructure at a high level of detail. Thus, microscopic simulation
is a suitable modeling approach for this type of problem. Microscopic
simulation also enables explicit representation of the diversity of the
pedestrian population in the model; people have different destinations,
preferences regarding routes, purposes of being at the facility, preferred
walking speeds, etc.

The purpose of this thesis is to advance the capabilities of pedes-
trian microsimulation toward a level at which it can be reliably applied
for quantitative analysis by practitioners in the field. The strategy to
achieve this purpose is to focus on addressing some of the most impor-
tant shortcomings of one the most widely used microsimulation mod-
els, the Social Force Model (sFm). This choice of model is primarily mo-
tivated by that it is well studied and by its availability for practitioners
through commercial software, which enable as direct applicability of
the results as possible.

The main contributions of this thesis are: local performance mea-
sures of pedestrian traffic, providing information regarding the simu-
lated traffic at a relevant scale; a model of waiting pedestrians, enabling
the simulation of waiting groups often present at public transport sta-
tions; deeper understanding of the role of the relaxation time parameter,
providing insights facilitating further improvements and calibration of
the model; a method for estimating the preferred speed distribution of
pedestrians at a public transport station; and finally a sensitivity anal-
ysis in a simplified case. Collectively, these contributions increase the
understanding of force based simulation of pedestrian traffic in general,
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and the sFm in particular. They also enable more accurate simulations.

The remainder of this thesis is organized as follows. An introduc-
tion to force based pedestrian simulation modeling is given in Chap-
ter 2, introducing the structure of force based simulation models, and
reviewing the sFm. The chapter also introduces the simulation platform,
the Pedestrian Traffic Simulation Platform (ptsp), developed as part of
the research underlying this thesis and utilized to perform simulations
in most of the studies included in the thesis. Calibration of this type of
models is briefly discussed. The chapter presents the context in which
the present thesis should be viewed. The purpose, contributions, and
delimitations of the research presented in this thesis are specified in
Chapter 3. Also summaries of the included papers and a discussion of
future research directions are included in the chapter. Finally, five pa-
pers are included.



Chapter 2

Force based pedestrian
modeling

The simulation model applied and further developed in this thesis, the
Social Force Model (sFm), can be classified as a force based microscopic
model. In models of this category a simulated pedestrian reacts to stim-
uli in its environment by adjusting its acceleration. The stimuli can be
a too short distance to, or an imminent risk of collision with, another
pedestrian or an obstacle, etc.

The characteristic simplifying assumption of force based models is
that the reaction of a pedestrian to a set of stimuli is the sum of the
reactions to the individual stimuli, as if the pedestrian was affected by
a force caused by each stimulus. This assumption makes the model sim-
ilar to a physical model of particles, making it possible to take advan-
tage of knowledge from such systems when constructing, analyzing
and solving the model.

However, this assumption is of course a simplification; in some sit-
uations the reaction of a pedestrian is not just the sum of its reactions
to the individual stimuli, instead the stimuli may combine nonlinearly
to produce a reaction. The individual reactions, on the other hand, are
highly nonlinear functions of the states of the pedestrian and its sur-
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rounding, making for example the stimulus of an imminent collision
completely outweigh most other stimuli.

Force based models of pedestrian traffic originates at least as far
back as Hirai and Tarui (1975), who used a force base model to simu-
late the movement of a panicking crowd evacuating a building. Later
the force concept was, independently from Hirai and Tarui (1975), pro-
posed by Gipps and Marksjo (1985), who noted the utility of micro-
scopic pedestrian models to simulate regular pedestrian traffic. Also
the implementation in terms of spatial and temporal discretization is
discussed, noting that spatial discretization is necessary to reach ac-
ceptable computational times.

The requirement of computational efficiency was no longer as press-
ing when Helbing and Molnar (1995) proposed the sFM, due to the rapid
increase of available computational capacity. In addition to proposing
a force based model with continuous space representation, they also
demonstrated that the model replicates observed collective phenom-
ena, such as dynamic lane formation, bottleneck oscillations, and later
also stripe formation in intersecting flows, which were not explicitly
considered in the construction of the model. This success of the sFMm, in
combination with an increasing interest for environmentally friendly
modes of transport and the rapid increase in computational power, have
led to a wide variety of force based models and extensions to the sFm.

2.1 Model structure

Pedestrian behavior can be seen as a three level process, as discussed by
Hoogendoorn and Bovy (2004) and Daamen (2004), in a similar way as
the driving task discussed by Michon (1985). The levels correspond to
different spatiotemporal scales, ranging from the immediate surround-
ings of the pedestrian and the next fractions of a second, to the whole
pedestrian facility and the duration of the trip, as well as different lev-
els of consciousness, ranging from instinctive to premeditated behavior.
This three level view of the behavior is reflected in the structure of force
based simulation frameworks.



2.1. Model structure

The strategical level, corresponding to activity planning, is global in
scale, covering the whole pedestrian trip. It consists of highly conscious,
premeditated decisions, of which many can be taken even before start-
ing the trip, based on previous experiences or information gathered in
preparation for the trip. High level choice of preferred route between
the planned activities can be included at this level, at least for pedestri-
ans with much experience of the facility.

At the tactical level the decisions taken at the strategical level are
adopted to the present conditions, that is, dynamical route choice and
adjusting the activity plan. It concerns a lower spatiotemporal scale,
limited by the ability of the pedestrian to perceive the conditions to
react to, and the decisions are less premeditated than on the strategical
level, being induced by the conditions and taken on the fly.

Finally, the operational level amounts to trying to follow the route
choice of the upper levels as closely as possible, while still keeping a
comfortable distance to other pedestrians and obstacles. This level is
almost completely instinctive, at least for pedestrians who are used to
dense pedestrian traffic, and only the immediate surroundings of the
pedestrian is considered.

Force based models, such as the sFm, controls the behavior of sim-
ulated pedestrians at the operational level. It takes as input the pre-
ferred velocity of the pedestrian and produces the actual movements
of the pedestrian in terms of its acceleration. From the perspective of
the operational force based model, the preferred speed is external to the
model, either given as input data, or passed as output from the model
of the tactical level of the pedestrian behavior.

If a simple static route choice is used at the tactical level, a reason-
able alternative is to let the simulated pedestrians prefer the shortest
path to their destination. Along this path the preferred velocity of the
simulated pedestrian is given by the tangent of the path scaled with a,
usually individual, preferred speed. However, since dynamical events
at the operational level may cause the simulated pedestrian to devi-
ate from its preferred path, the tactical model must be able to provide
a preferred velocity also away from the preferred path, at any point
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reachable by the pedestrian. This is usually achieved by calculating
the shortest path from every point in the walkable area to the desti-
nation, resulting in a vector field of preferred directions defined on the
walkable area. This method can be generalized to more advanced route
choice models, such as dynamic route choice based on the distribution
of pedestrians or estimated travel times, with the difference that, in the
dynamic models, the field needs to be recalculated frequently, while in
the static case the field can be calculated once, in advance of the simu-
lation.

Asis evident from the presentation of the levels above, there are sev-
eral decisions that can be taken on either one of the levels depending on
the specific circumstances. Moreover, due to the diversity of the pedes-
trian population, individuals may take the decisions more or less con-
sciously. For example, a pedestrian not used to congestion may think
really hard and have a deliberate tactic of how to avoid colliding with
other pedestrians. Thus, the behavioral levels are here treated rather
approximately to facilitate a discussion of the model structure rather
than constituting a disjoint categorization with well defined bounds.

2.2 The Social Force Model

Many versions of the sFm have been developed since its proposal by
Helbing and Molnar (1995), and there is also a number of closely re-
lated models. Most of them define the force representing the desire of
pedestrian i to approach the destination as

F,' = %(VII) - Xi), (21)
where vll.) is the externally given preferred velocity, x; is the position,
and 7 is the relaxation time determining the time scale of the adaptation
to the preferred velocity.

However, there are models that include a driving force differing
from Equation (2.1). One example is the model presented by Hoogen-
doorn and Bovy (2003), which differentiates between longitudinal and
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lateral acceleration and also takes into account the rate of change of
the preferred velocity in space. However, to the best knowledge of the
author of this thesis, this much more complicated model has not been
implemented and its behavior remain untested.

The social interaction force F;; between pedestrians i and j is given
as the spatial gradient of a potential, V;;, of the form

Vij = Foe®/°,

where F and o are model parameters describing the strength and range
scale of the force, respectively, and the shape of the potential, b, is a
function of the position of the affected pedestrian relative to the af-
fecting pedestrian and the velocity of the affecting pedestrian or the
relative velocity of the pedestrians. In the original model the shape is
defined so that the equipotential curves of the interaction potential con-
stitutes ellipses with one focal point at the position of the pedestrian
and the other at the anticipated position of the pedestrian a certain an-
ticipation time into the future. This construction is motivated by that
pedestrians are assumed to avoid not only the current position of the
affecting pedestrian, but also give room for its next few steps. A special
case of this shape of the potential is the circular specification obtained
by setting the anticipation time to zero, which gives a much simpler
and computationally less expensive model.

An alternative specification of the shape is given by A. Johansson et
al. (2007), who specifies a potential that depends on the relative velocity
of the interacting pedestrians instead of just the velocity of the affecting
pedestrian. This specification has the advantage over the original that
pedestrians that approach each other are more strongly repelled than
pedestrians who do not.

There are also other ways of modeling the anticipatory behavior of
pedestrians. Zanlungo et al. (2011) present a model in which the time
at which the pedestrians are closest to each other, assuming linear ex-
trapolation, is used to calculate the interaction force. This reduces the
number of parameters of the model by one, but the additivity of the
forces is lost.
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The basic assumption of force based models is that the reaction of
a pedestrian, in the form of an acceleration, to a number of stimuli
is the sum of the reactions to the individual stimuli. The acceleration
pedestrian i will try to achieve in response to stimuli in its environment
is given by

o

a; = Z (W(fpij)Fij + F};;l) + Z Fop + Fd. (2:2)
J

Here, FE’J},l is a physical force between pedestrians to model any physical
contact, F?g is a force repelling the pedestrian from obstacle o, similar
to the force between pedestrians, and Fﬁnd is a random force to include
deviations from the usual behavior. The social interaction forces F;; are
weighted by anisotropic factors, w(¢;;), ensuring that pedestrians are
affected less by what happens behind them compared to what happens
within their field of view. Also this anisotropy can be modeled in several
different ways.

The original model by Helbing and Molnar (1995) assumes that the
weight is one when the angle between the looking direction of the af-
fected pedestrian and the direction to the affecting pedestrian is smaller
than a certain threshold, and a smaller constant when the angle is larger
than the threshold. This model has the disadvantage that the force be-
comes discontinuous at the threshold angle, potentially giving abrupt
behavioral changes of a simulated pedestrian when another pedestrian
enters its field of view. The model by Hoogendoorn and Bovy (2003) in-
stead includes the anisotropy in the shape of the interaction potential,
b, but still assumes a similar threshold behavior. Another approach to
the anisotropy is taken by Helbing et al. (2005), who assume a weight
continuously decreasing as the angle between the looking direction of
the affected pedestrian and the direction to the affecting pedestrian in-
creases. A continuously decreasing influence like this can be motivated
by considering that pedestrians move their head as they walk, thus,
the field of view is not fixed straight forward but occasionally includes
things at a rather wide angle from the main looking direction.

The above discussion of the anisotropic weights include references
to the looking direction of the simulated pedestrians. There are two
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natural alternative ways of defining the looking direction: either the
direction of motion of the simulated pedestrian, or the direction of the
preferred velocity. The definition used in the original model, and ar-
guably the most suitable, is to equate the looking direction and the di-
rection of the preferred velocity. The alternative, that is to assume that
the pedestrian always looks in the direction of movement, may seem
natural but implies several unrealistic behaviors. First, it implies that a
pedestrian cannot sidestep, but always turns to avoid other pedestrians.
And secondly, since the model does not include any rotational inertia,
these frequent rotations will be instantaneous, posing serious stability
problems in addition of being severely unrealistic.

However, using the preferred direction as looking direction does
not completely eliminate the inertia free rotations since the preferred
direction in general is allowed to change discontinuously in most types
of route choice models. A typical example is if the shortest path navi-
gation is used; if the walkable region is not simply connected, but has
holes, there will be curves in the walkable region across which the pre-
ferred direction discontinuously changes. This is important to be aware
of when interpreting the output of simulations, so that predicted effects
along these curves are interpreted with caution.

This has been carefully handled in the waiting model proposed in
this thesis, through the separation of the looking direction and the
preferred direction for waiting pedestrians, so that no discontinuous
change in the looking direction occurs at the preferred waiting posi-
tion, see Paper II for details. However, a small discontinuous change
generally occur when the pedestrian transitions from the walking state
to the waiting state; this can only happen once per pedestrian and wait-
ing period, but is still important to keep in mind when analyzing the
simulation outputs.

The original srm did not include a physical interaction force, and
did not include the physical size of the pedestrians, instead Helbing
and Molnar (1995) argued that the social interaction force will keep
the pedestrians separated so that the addition of a physical force would
have negligible qualitative effects on the behavior of the simulated traf-
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fic.

However, the detailed specification of the physical interaction force,
or inclusion of the physical size of pedestrians in some other way, may
be important for the accuracy at high densities. Helbing et al. (2000)
propose a physical interaction force which includes both a normal com-
ponent and a tangential friction component, and include the physical
size of pedestrians into the social interaction force. This is motivated by
the application area of simulating evacuation of buildings under panic
conditions.

Such detailed modeling of the physical interaction is hardly neces-
sary for simulation of normal traffic conditions. Helbing et al. (2005)
also include the physical size of pedestrians into the social interaction
force, but propose a simpler specification of the physical force similar
to the social interaction force but without the anisotropic weights, and
with different values of the parameters.

One important effect of including an isotropic physical force is that
the pedestrians become more ’pushy’, that is, they will strongly affect
pedestrians in front of them even if those are facing away from them.
This implies that a pedestrian with a high preferred speed may, depend-
ing on the exact specification of the forces, be able to push through a
group of slower pedestrians walking in the same direction.

A reasonable assumption is that pedestrians have a maximum ac-
ceptable speed, v{"®*, that they never exceed. In the original model this
speed limit is enforced by assuming that

Vi
X; = — min {v;, 0"}, (2.3)
Vi
where v; is given by
\'ri = aj;, (24)

and initial conditions. This way of enforcing a maximum speed, which
is not included in the later specification by Helbing et al. (2000), intro-
duces a sort of additional inertia when the speed of a pedestrian is about
to decrease from v;"®*, and implies that a; only is the actual acceleration
of the pedestrian when the speed is below v;"**.
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2.3 A Pedestrian Traffic Simulation
Platform

The development and investigation of models of pedestrian traffic are
dependent on the availability of a transparent and modifiable simula-
tion platform. When the research presented in this thesis was initiated
in 2010, there was, to the best knowledge of the author, no such plat-
form available. The development of the Pedestrian Traffic Simulation
Platform (pTsP) was therefore initiated.

To facilitate future modifications, for example changing to another
specification of the sFm or to another operational model altogether, an
object oriented approach and modular design was chosen. At this ini-
tial stage, a graphical user interface was judged to be desirable, both
for visualizing simulations and to facilitate for others to use the soft-
ware. These requirements led to the choice to develop the software in
the C++ programming language (Stroustrup, 1984, 2013) and use the
Qt framework (The Qt Company Ltd., 2016) for the graphical user in-
terface and visualization. The alternative approaches, to either use an
existing commercial product, or develop within some general purpose
simulation framework, were rejected to not in any way limit the flexi-
bility and constrain future development.

The initial version of the software is documented in Paper I and
by F. Johansson (2013), where the latter report includes both a full de-
scription of the model as well as a detailed description of the imple-
mentation. The pTsp has later been expanded with features needed for
the remaining papers included in this thesis, while more or less depre-
cating the graphical user interface in favor of command line operation
more suitable for automation by scripting.

In all papers included in this thesis, the simulations have been per-
formed with the ptsp, except for Paper IV, which only includes a very
special type of simulations as part of a calibration procedure. Since the
pTSP plays such a central part in the research underlying this thesis, an
overview of the components of the implemented model is given in this
chapter, organized according to the hierarchy described in Section 2.1.

13
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For a full description including implementation details, see F. Johans-
son (2013).

The activity plans of the simulated pedestrians are viewed as in-
put data to the pTsp, and are modeled using origins, where the sim-
ulated pedestrians are created; destinations, to which they are going;
and paths, consisting of an ordered set of destinations.

Origins and destinations are rectangular regions of the walkable
area. Origins create simulated pedestrians with time gaps and locations
from a given distribution. At creation, a pedestrian is assigned a path
according to probabilities specified for the origin, and starts walking to-
ward the first destination on its path. The pedestrian is initialized with
a velocity equal to its preferred velocity, given by its first destination
and the route choice model.

When a pedestrian enters the next destination on its path, it will
either start waiting, or, if the destination is the last on the path, be
removed from the simulation. If the destination is not the last on the
path of the pedestrian, it is assigned a waiting time, and starts obeying
the waiting model described in Paper II.

A path is just a sequence of destinations, not including the origins;
a specified path can therefore be assigned to pedestrians created at dif-
ferent origins.

In summary, the implemented activity planning is completely static
and independent of the current situation and the demand is specified
as a set of origins and paths consisting of destinations.

The route choice model that guides the pedestrians toward the next
destination on its path is a simple shortest path algorithm. That pedes-
trians follow the shortest path is of course a simplification; pedestrians
not familiar with the facility may choose significantly longer paths, and
pedestrians may also try to avoid congestion to get to their destination
in a shorter time, therefore deviating from the shortest path. There are
also other reasons for deviating from the shortest path, such as prefer-
ences for certain walking environments: protection from or exposure
to weather, preferable views, certain areas may be perceived as more
or less safe, etc.
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Large scale deviations from shortest path behavior can be modeled
by additional intermediate destinations. This method is, however, lim-
ited to observed deviations, and thus lacks any predictive power re-
garding route choice. Thus, shortest path route choice, with potential
for this type of hard coded deviations, is suitable only when using the
simulation to compare alternatives that differ in such a way that route
choice is unlikely to differ.

The problem of finding the shortest path to destination d in the
walkable area, Q C R?, can be formulated as a boundary value problem
including the eikonal equation on Q. Let ¢;(x) be the length of the
shortest path in Q connecting x € Q and the destination area Ay, then
the boundary value problem can be formulated as

IVéa(x)| = C(x), (2.5)
$a(x) =0, x € Ag,

with the right hand side given by

1, x€eQ,
C(x) =
M, xe QF,

where M is a large constant. The route choice of a pedestrian is then
determined by the preferred velocity, given by

vIl.)(x) = —UPM i€y,

1V (x)I’
where 7 is the subset of pedestrians with destination d, and vf is the
preferred speed of the pedestrian. The route choice of a pedestrian to
its next destination is thus given by the preferred velocity of the pedes-
trian, defined at each point of the walkable area.

The boundary value problem (2.5) is solved using the Fast March-
ing Method (FMMm) by Sethian (1996), which is similar to Dijkstra’s al-
gorithm (Dijkstra, 1959), except that it does not rely on a network rep-
resentation of the walkable area.

An alternative to the eikonal approach would be to define a vis-
ibility graph on the walkable area and find the shortest path on the
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graph (Lozano-Pérez and Wesley, 1979). This would be computationally
superior in comparison to the chosen approach for a polygonal walk-
able area. However, the chosen approach can be extended to include
an additional cost of walking, in addition to the distance, continuously
varying in the walkable area, by letting C(x) vary in space. In this way
preferences for certain types of areas can be modeled. This walking cost
field can also be dynamically updated depending on the distribution of
pedestrians, giving a dynamic route choice (Kretz, 2009; Kretz et al.,
2011a).

The walking behavior at the operative level is determined by the
SFM, with the preferred force given by Equation (2.1), and the dynamics
given by Equations (2.1) to (2.4).

The version of b implemented is the symmetric elliptical specifica-
tion used by A. Johansson et al. (2007),

b= %\/(rij + HI‘U + I'UT”)2 — (f'ijT)z,

where 1;; is the position of the affected pedestrian i relative to the af-
fecting pedestrian j and T is a model parameter determining the antic-
ipation time of the pedestrians.

The anisotropic weights are of the form proposed by Helbing et al.

(2005),
1+ cos ¢;;

2

where A is a parameter controlling the strength of the anisotropy, and

’

w(pij) = A+ (1-4)

¢@ij is the angle between the looking direction of the affected pedestrian
and the direction to the affecting pedestrian.

2.4 Calibration of the sFrm

The s¥Mm has a large number of parameters which can be classified ac-
cording to the force to which they are related.

First, there are the parameters of the preferred force, the force guid-
ing the pedestrian toward its destination, Equation (2.1). This term in-
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cludes the relaxation time 7, which specify the time scale of the adap-
tation of the velocity to the preferred velocity.

The value of the relaxation time, as the values of all the parameters,
needs to be estimated from observations of pedestrian behavior. No
quantitative microscopic data were available when the sFm was pro-
posed by Helbing and Molnar (1995), but they report that the value
of 0.5 s gives simulation results that qualitatively agrees with observa-
tions.

Through a controlled experiment with pedestrians told to acceler-
ate from stand still to their preferred speed at a signal, Ma et al. (2010)
verify that Equation (2.1) gives an accurate description of the accelera-
tion process of pedestrians. They also report an estimate of the value of
7 for the observed pedestrians with a mean of 0.71 s and a standard devi-
ation of 0.1 s, indicating that the observed population is rather homoge-
neous with respect to the linear acceleration behavior. Also Moussaid
et al. (2009) reports on a similar experiment with a mean observed re-
laxation time of 0.54 s and a standard deviation of only 0.05 s. However,
both studies are based on observations of controlled experiments with
relatively small populations of observed pedestrians, 20 males and 20 fe-
males in the study by Moussaid et al. (2009), and 15 males and 5 females
in the study by Ma et al. (2010). Furthermore, the subjects were not
representative of the general population with respect to age; the par-
ticipants were between 18 years and 30 years in the study by Moussaid
et al. (2009) and between 20 years and 24 years in the study by Ma et al.
(2010). Also, the subjects were told what to do, which potentially could
affect their behavior.

There are also results on the value of the relaxation time from cal-
ibration studies aimed at estimating several of the parameters of the
model simultaneously through an optimization procedure. A. Johans-
son (2009) reports values of the relaxation time between 0.55s and
0.62 s, depending on the exact form of the other components of the
model. This calibration is based on data both from real pedestrian traffic,
and a controlled experiment. A similar study is reported by Zanlungo
et al. (2011), who also compare various versions of the model, and ar-
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rive at values of the relaxation time between 0.2 s and 1.19 s depending
on the form of the other components of the model. The data underlying
this study is from a controlled experiment with 8 pedestrians. A similar
method as used in these two studies is used in Paper IV of this thesis,
resulting in a value of the relaxation time of 0.62's or 0.72 s depending
on if data from the morning or the afternoon was used. The calibra-
tion in Paper IV is based on data from real pedestrian traffic at a public
transport interchange station consisting of more than three thousand
observed pedestrians. However, the controlled experiments mentioned
above have the advantage that they consider a situation where the be-
havior of the model is dependent on only the relaxation time and the
preferred speed, which significantly simplifies the analysis.

As can be seen from the values of the relaxation time obtained in
the various studies reviewed above, most of them, with the exception
of some of the results by Zanlungo et al. (2011), are between 0.5 s and
0.75s. Thus, for real world applications, it is presently reasonable to
consider this interval as an optimistic estimate of the uncertainty of the
value of the relaxation time, and thus include simulations using values
at least as extreme as the endpoints of the interval in the sensitivity
analysis of the simulation outputs.

However, as discussed in Paper III of this thesis, values this high
lead to significant outward drift in curves, which seems to be inconsis-
tent with observations of pedestrians moving through curves, as pre-
sented in the paper. See Paper III for details and Section 3.4 for further
discussion.

The preferred force also includes the preferred velocity. The magni-
tude of the preferred velocity, the preferred speed ¢!, is here seen as a
parameter. The two controlled experiments mentioned above also ob-
tained estimates of the preferred speed. Moussaid et al. (2009) report a
mean preferred speed of 1.29 m/s with a standard deviation of 0.19 m/s,
and Ma et al. (2010) a mean of 1.51 m/s with a standard deviation of
0.15m/s. However, the free flow speed of pedestrian flows has been
measured in a large number of studies, see Daamen (2004) for a review,
but usually focusing on just the mean value, not the full distribution.
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Paper IV of this thesis is concerned with how the preferred speed dis-
tribution can be measured and how uncertain the estimates are.

The force representing the social interactions, F;;, includes the force
strength F, the range scale o, and the anticipation time T. All these
parameters are hard to observe directly and a given behavior can be
reproduced by a number of different combinations of values of these
parameters. Due to this it seems that the most promising estimation
method for these parameters is the type of optimization based method
used by A. Johansson (2009), Zanlungo et al. (2011), and also in Paper IV
of this thesis. A. Johansson (2009) reports that the force strength and
range are highly interdependent, and that no choice of the values of
this pair of parameters gives a superior fit of the model, but rather that
there is a connected set of values in parameter space that gives approx-
imately the same fit. This implies that in many of the interactions in
the data set which the calibration is based upon, a weak force can be
compensated by a long range to give a behavior similar to a stronger
force with a shorter range. However, in principle these two situations
should be possible to distinguish, provided a sufficient amount of data,
including sufficiently varied situations, are available.

Comparing the values of the force strength, force range scale, and
the anticipation time obtained in the three studies mentioned above
for a specific version of the model, reveals a similar variation to that
of the relaxation time. The force strength varies between 0.58 m/s? and
0.8 m/s?, the range scale varies between 0.45m and 0.62 m, and the an-
ticipation time varies between 1.3 s and 2.0 s. These variations are for
the same specification of the social interaction force, and for similar
calibration methods, so the main cause for the differences is probably
the characteristics of the underlying data sets. The conclusion for prac-
tical applications is the same as for the relaxation time: these intervals
can be seen as optimistic estimates of the uncertainty in the calibration,
and should thus be included in the sensitivity analysis of any simula-
tion outputs. Paper V of this thesis investigates the uncertainties of the
outputs of simulations related to these, and other, uncertainties in the
input to simulations.
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There are also parameters analogous to the force strength and range
scale in the various specifications of the physical interaction force F/ ;’
and the obstacle force F?B however, the author of this thesis is not
aware of any study aimed at finding suitable values of these param-
eters.



Chapter 3

The present thesis

The purpose of this thesis is to advance the capabilities of pedestrian
microsimulation toward a level at which it can be reliably applied for
quantitative analysis by practitioners in the field. Quantitative analysis
here refers to analysis based on predictions in terms of quantitative
measures of various aspects of the traffic that reveal both the average
behavior of the system as well as its expected degree of variation.

The focus of the research presented in this thesis is on the Social
Force Model (skm), but most of the results are either directly valid for,
or generalizable to, force based models in general.

A number of advances to the capabilities of pedestrian microsimu-
lation are made in the five included papers. Some of the advances are
critical for quantitative use of pedestrian microsimulation in some sit-
uations: without properly defined performance measures, discussed in
Paper I, quantitative analysis and evaluation is impossible, and with-
out waiting models, such as those proposed in Paper II, simulations
of a public transport station is only possible under very specific cir-
cumstances. Other advances are harder to measure the importance of;
the problems connected to the relaxation time discussed in Paper III
and those connected to observing the preferred speed distribution dis-
cussed in Paper IV, may be very important in some scenarios while
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not being problematic at all in others. However, since it is hard to tell

which scenarios are affected, a proper understanding of the potential

problems is important to be able to confidently apply pedestrian simu-

lation to any scenario.

3.1

Contributions

The present thesis makes the following contributions,

Proposes a set of local performance measures, with a range scale
equal to the range of interactions between pedestrians.

Demonstrates that the proposed measures provide information
on different aspects of the traffic state.

Demonstrates, using the local measures, that the sFm, in the case
of perpendicularly intersecting unidirectional flows, predicts neg-
ative delays downstream of the intersection and problematic be-
havior in the downstream corner. This both demonstrates the
power of the proposed measures, and reveals that the model may
have problems related to the relaxation time.

Implements and documents a simulation platform for pedestrian
traffic, providing insights into details and assumptions underly-
ing the application of pedestrian microsimulation.

Extends the sFm with a waiting model, demonstrated to have rel-
evant extreme cases for the value of its parameter, and proved to
be stable and free from oscillations.

Investigates the predictions made by the proposed waiting model,
indicating that observations of the distribution of waiting pedes-
trians can be used to calibrate the model.

Explores the role of the relaxation time in force based models,
demonstrating a conflict between the models’ abilities to describe
linear acceleration and turning movements, both affected by the
relaxation time, indicating that modification of the preferred force
is needed for accurate reproduction of both behaviors.
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« Extends an existing calibration method, enabling it to obtain esti-
mates of the preferred speed distribution, together with remain-
ing parameters of the sFm.

« Compares the preferred speed distributions of morning and af-
ternoon traffic at Stockholm Central Station, demonstrating that
the speeds differ, and thus the preferred speed distribution can-
not be assumed to be the same at different times of the day.

« Compares the speeds of pedestrians using mobile phones while
walking and pedestrians not doing so, demonstrating that the dif-
ference is approximately equal to the difference between morn-
ing and afternoon.

« Compares sources of uncertainties in an application of pedes-
trian microsimulation to a case with unusually good availability
of data indicating that further work on calibration is needed.

« Expands the understanding of force based models of pedestrian
traffic and their potential for quantitative analysis.

3.2 Delimitations

Since the sFM is the dominating model used by practitioners, and the
purpose of this thesis is to facilitate practical use of quantitative analy-
sis based on microscopic simulation of pedestrian traffic, the research is
delimited to only consider force based simulation models, with special
focus on the sFMm. However, there exist numerous other models, several
of which may be more promising in the long run, but when the aim is
to advance the tools available for practitioners within a few years, the
SFM is the outstanding candidate.

Furthermore, this thesis is only concerned with simulation with
the purpose of evaluating the quality of pedestrian traffic, that is, it is
assumed that the pedestrians are walking with the purpose of trans-
porting themselves to extract some utility at their destination. Thus,
walking for leisure or exercise, or strolling around without a destina-
tion, is not included. Also, emergency situations that require accurate
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modeling of physical forces, or modeling of panic or severe stress, are
excluded.

It is hard to overstate the importance of data on pedestrian behav-
ior when developing and applying microscopic pedestrian simulation.
However, data collection is costly. Due to limited resources, the amount
of data collected as part of the research presented in this thesis is lim-
ited, which also limits the possible areas of investigation.

3.3 Paper summaries

The thesis contains five papers: the first proposes local performance
measures for pedestrian traffic, the second extends the sFm to include
waiting pedestrians, the third explores the many roles of the relaxation
time parameter in force based models, the fourth examines the con-
stancy of the preferred speed distribution of pedestrians, and the fifth
presents a sensitivity analysis of a simulation of a part of Stockholm
Central Station to find the most important potential sources of errors.

Paper I: Local performance measures of pedestrian
traffic

With the purpose of avoiding artifacts of manual choices of aggrega-
tion areas for performance measures, Paper I presents a set of local per-
formance measures of pedestrian traffic. The measures are constructed
to quantify the performance of pedestrian traffic, and estimate the dis-
comfort perceived by pedestrians, using microscopic simulation based
on the sFm. The paper contributes to the literature by extending exist-
ing measures by incorporating quantities from the srm to define a suit-
able scale of resolution of the measures, and to estimate the discomfort
caused by pedestrian congestion. Furthermore, the paper expands the
knowledge of the properties of the sFm by using the measures to reveal
nontrivial predictions of the model.

The spatial scale of the measures is set to the range scale of the
social force between pedestrians, which previous calibrations studies
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agrees is approximately 0.6 m. The proposed measures are examined by
performing simulations of simple pedestrian scenarios, two versions of
bidirectional flow and crossing unidirectional flows, and analyzing the
output using the measures. The analysis demonstrates that the differ-
ent measures provide different information regarding the traffic situa-
tion, and also reveals that the model predicts negative delay rates down-
stream of an intersection in the scenario with crossing flows. Further-
more, the analysis indicates that the model may have some problems
related to the coupling between the sFMm and the route choice. These
problems are investigated further in Paper IIL

Finally the measures are applied for analyzing the simulation of the
traffic at one of the platforms at Linkdping Central Station.

The paper is coauthored with Anders Peterson and Andreas Tapani.
The author of this thesis has contributed as the main author and by ma-
jor involvement in the research planning, development of the measures,
simulations, and analysis.

Paper 1 is published in

o Public Transport 6, 2014, pp. 159—183.
The content of Paper I has been presented at

« CASPT 12, Conference on Advanced Systems for Public Trans-
port, Santiago, Chile, July 23-27, 2012.

Parts of the content of Paper I have been presented at

+ Transportforum, Linkdping, January 11-12, 2012.

Paper II: Waiting pedestrians in the social force
model

Paper II extends the sFM to include waiting pedestrians with the pur-
pose of enabling accurate modeling of public transport interchange sta-
tions and similar facilities where groups of waiting pedestrians may
impede passing pedestrians. The contribution of the paper is a model,
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demonstrated to be stable and oscillation free, that in a natural way
extends the sFMm to include waiting behavior.

The proposed waiting model is based on setting the preferred veloc-
ity of the pedestrian in such a way that reasonable waiting behavior is
produced. The behavior of the model is investigated for different values
of its parameter, with special focus on the special cases corresponding
to the extremes of the parameter value, treated in the paper as sepa-
rate models. The produced waiting behavior is shown to span a large
range of reasonable behaviors of waiting pedestrians and simulations
are performed to indicate how the structure of the flow passing by wait-
ing pedestrians, as well as the distribution of waiting pedestrians, are
dependent on the specification of the model.

The paper is coauthored with Anders Peterson and Andreas Tapani.
The author of this thesis has contributed as the main author and by ma-
jor involvement in the research planning, modeling, simulations, and
analysis.

Paper II is published in

« Physica A: Statistical Mechanics and its Applications 419, 2015,
pp. 95-107.

Parts of the content of Paper II have been presented at

« Nationell konferens i transportforskning, Stockholm, October 18-
19, 2012,

« Transportforum, Linképing, January 9-10, 2013,

« Nationell konferens i transportforskning, Géteborg, October 22—
23, 2013,

« Transportforum, Linkdping, January 8-9, 2014.
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Paper III: The many roles of the relaxation time
parameter in force based models of pedestrian
dynamics

The purpose of Paper Il is to enable future improvements of force based
models by exploring the many roles of the relaxation time of the adap-
tation to the preferred velocity. The main contribution of the paper is a
demonstration that no choice of the value of the relaxation time is con-
sistent with both previous observations of linearly accelerating pedes-
trians and new observations of turning pedestrians.

The value of the relaxation time affects both the adaptation to the
preferred speed in linear motion and the adaptation to a changing pre-
ferred velocity when the preferred path is curved. Thus, the ability of
unhindered simulated pedestrians to perform sharp turns around cor-
ners is directly related to their acceleration profile when starting from
standstill and accelerating to their preferred speed.

By using trajectory data from a walking event in the Netherlands
and comparing with previous studies of linear acceleration, it is found
that using the value of the relaxation time obtained from the linear
acceleration studies would lead to larger turning radii than observed in
the data from the Netherlands. Furthermore, it is demonstrated that, in
general, simulated pedestrians will not be able to follow their preferred
paths. Thus, there are significant problems with the interpretation and
observation of the preferred velocities of pedestrians.

This shows that the simplest form of the force attracting pedestri-
ans to their destination, which is common to most force based models,
needs to be modified if more accurate predictions of pedestrian traffic
is desired.

The paper is coauthored with Dorine Duives, Winnie Daamen, and
Serge Hoogendoorn. The author of this thesis has contributed as the
main author and by major involvement in the research planning, sim-
ulations, and analysis.

Paper III is published in

« Transportation Research Procedia 2, 2014, pp. 300-308.
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The content of Paper III has been presented at

« PED2014, The Conference on Pedestrian and Evacuation Dynam-
ics, Nootdorp, Netherlands, October 22-24, 2014,

« Transportforum, Linképing, January 8-9, 2015.

Paper IV: The preferred speed distribution in
microscopic simulation of pedestrian traffic

Paper IV compares the preferred speed distributions at a location at
two different times of the day with the purpose of testing the common
assumption that the preferred speed distribution is the same at all times
of the day. The advantage of this assumption is that it allows users of
pedestrian simulation to measure the preferred speed distribution at
free flow conditions, which typically occur at a different time of the
day than what is interesting to simulate, and then use it to simulate
congested conditions at another time of the day. The results are impor-
tant for practical applications since they imply that there is a need to
consider an uncertainty in the preferred speed distribution when per-
forming simulations.

Speed distributions are extracted from trajectory data from Stock-
holm Central Station using a method based on calibrating the sFm by
adjusting the individual preferred speeds of the observed pedestrians.
This method enables the extraction of preferred speeds, in the sense of
the srM, also under slightly congested situations. Also the remaining
parameters of the model are estimated from the morning and afternoon
data separately. Both the method and the found speed distributions and
parameter values constitute contributions to the literature.

The result of the comparison indicates that the preferred speed
varies during the day, which implies that a preferred speed distribu-
tion obtained under free flow conditions at one time of day may be a
poor estimate of the preferred speed distribution at the time that should
be simulated. Using the same method, the preferred speeds of different
pedestrian categories are compared, indicating differences of approxi-
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mately the same size as the difference between different times of the
day.

The paper is coauthored with Malin Lagervall, Sandra Samuelsson,
Anders Peterson, and Andreas Tapani. The author of this thesis has con-
tributed as the main author and by major involvement in the research
planning, method development, and analysis.

Paper IV is a working paper.

Parts of the content of Paper IV have been presented at

+ Young Researchers Seminar, Rome, Italy, June 17-19, 2015,

« Nationell konferens i transportforskning, Karlstad, October 21-
22, 2015.

Paper V: Sensitivity of pedestrian microsimulations

The purpose of Paper V is to find the most important sources of uncer-
tainty in microscopic simulation of pedestrian traffic, among a subset
of the inputs and parameters for which estimation of the uncertainty
is feasible. This indicates for practitioners which inputs are most im-
portant to measure accurately, and also, for researchers, in which areas
future research may improve the accuracy of the model. To find the
most important sources of uncertainty, Paper V presents a sensitivity
analysis of a simulation of the pedestrian traffic at a simplified version
of the lower hall of Stockholm Central Station.

The uncertainties of the parameter values are optimistically esti-
mated by the difference between the values obtained in Paper IV through
calibrations based on morning and afternoon data. The uncertainty of
the simulation output due to the uncertainties in the parameters is
much larger than corresponding uncertainties from the remaining con-
sidered inputs. This is an indication that further research on calibration,
and more data to calibrate against, is needed.

The paper is coauthored with Anders Peterson and Andreas Tapani.
The author of this thesis has contributed as the main author and by
major involvement in the research planning, simulations, and analysis.

Paper V is a working paper.
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3.4 Future research

This thesis advance the capabilities of pedestrian microsimulation to-
ward a level at which it can be reliably applied for quantitative analysis
by practitioners in the field. However, several problems remain to be
solved before microsimulation of pedestrian traffic becomes a reliable
quantitative tool for practitioners.

One of the measures introduced in Paper I aims to estimate the
discomfort of pedestrians by using the forces from the skM. This may
be stretching the force concept over its borders of applicability, so a
behavioral study comparing the discomfort according to the measure
with statements of pedestrians walking in a corresponding real situa-
tion would be an interesting test of the measure.

The proposed measures are local in space and aggregates features
of the traffic situation that are connected due to interactions between
pedestrians. However, pedestrian traffic typically varies not only in
space but also in time. Thus, a corresponding aggregation should be
done in time, taking into account how pedestrians perceive long peri-
ods of congestion contra short ones. For delay and density it is moti-
vated to just average over the whole simulation since these are well
defined quantities of which the mean is relevant, but for measuring the
perceived discomfort this method may oversimplify the preferences of
the pedestrians. It may be the case that the perceived discomfort is non-
linearly dependent on the duration of a situation with high discomfort
density rate, as defined in Paper I. This problem is closely related to the
value of time used in cost benefit analysis of traffic systems.

Behaviorally oriented research may contribute considerably also to
other problems considered in this thesis. Investigations into how peo-
ple reason around their choice of waiting position, route choice, and
interaction with other pedestrians, could help improve the models.

Dynamic route choice of pedestrians has been an active field of
research for several years. Some kind of dynamic alteration of the pre-
ferred velocity depending on the distribution of pedestrians ahead seems
promising, but verification is hampered by the difficulties of obtaining
data on the relevant scale, although innovative techniques are being
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developed to overcome this issue (Kretz et al., 2011b).

A corresponding dynamic model for the choice of (initial) preferred
waiting position in relation to various objects of interest, for example
information signs, platform edges, shelter, etc., would be an interesting
topic for future studies. That is, how is the choice of waiting position
dependent on the distribution of already present waiters, the structure
of the passing flows, and the geometry of the waiting area. However,
investigating this before a standard model of dynamic route choice is
available may not be advisable since the two models need to be consis-
tent.

The results of Paper III indicate that there is no value of the relax-
ation time that is consistent with observations of turning pedestrians
and linearly accelerating pedestrians. One way to solve this problem
could be, as mentioned in the paper, to treat acceleration in the di-
rection of movement differently from acceleration perpendicular to it,
as proposed by Hoogendoorn and Bovy (2003). This will introduce an-
other parameter into the model. However, the results also indicate that
a pedestrian will never attain its preferred path, making the interpreta-
tion of the preferred velocity field problematic.

One natural possibility is to introduce anticipation also into the
calculation of the preferred force,

F= %(V?(X + Ax) — 5(1‘),

where Ax is a small displacement in the direction of movement of the
pedestrian, either a fixed distance or based on the present speed. Pre-
liminary results indicate that Ax = 7%; eliminates drifting in smooth
curves. Further analysis is however needed to confirm this and to guar-
antee that this does not alter other desirable behavior of the model.

Dynamic route choice is also closely related to the relaxation time
problems, since it will introduce a temporally varying preferred veloc-
ity, and the relaxation time will dictate the adaptation to these changes,
further complicating the role of the relaxation time. Thus, dynamic
route choice stands out as potentially the most important modeling
problem in microsimulation of pedestrian traffic not treated in this the-
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sis.

One of the main application areas focused on in this thesis has been
public transport interchange stations. However, there are parts of such
stations where pedestrians interact with other modes of transport, and
for a complete view of the performance of a station, accurate modeling
of these interactions is important, and thus constitute an interesting
topic of future research.

One of the simplest forms of this interaction occurs when a public
transport vehicle arrives at its stop. A common reaction of a waiting
group is to align in relation to the positions of the doors of the arriv-
ing vehicle; this behavior may be important to model correctly since
depending on the structure of the resulting group, it may hinder pass-
ing pedestrians more or less. This can be seen as an important special
case of the choice of waiting position mentioned above, but pose spe-
cial problems due to the dynamic situation. Also, when the vehicle is
about to leave, the driver may decide to wait for pedestrians on their
way to the vehicle. One problem with modeling both of these vehicle—
pedestrian interactions is that they are likely to vary significantly be-
tween locations, increasing the amount of data needed, and possibly
weakening the predictive power of a model of the behavior.

A more complicated example of interactions between public trans-
port vehicles and pedestrians is when pedestrians walk in the same area
as for examples buses are driving in. This leads to a situation similar
to the shared space concept, for which models recently have been pro-
posed (Schonauer et al., 2012; Rudloff et al., 2013; Anvari et al., 2013; An-
vari et al., 2014, 2016). Specializing these models to the case of buses and
calibrating them for this specific environment is an interesting topic of
future research.

Much of the research in this thesis has been motivated by the need
to simulate the pedestrian traffic at public transport interchange sta-
tions. Other examples of applications for which microsimulation could
be interesting includes the compromise between flow efficiency and
commercial interests on heavily trafficked pedestrian streets. Shops,
restaurants, etc., may want to use parts of a street for business pur-



3.4. Future research

poses, which also may cause a subset of the passing pedestrians to stop
and thus cause delays for the remaining passing pedestrians. The traffic
efficiency effects of this would be interesting to investigate using mi-
crosimulation. However, this use case is only interesting if the consid-
ered street is densely trafficked and a large fraction of the pedestrians
does not receive any utility from the activities along the street.

Even though several methods for calibrating pedestrian microsim-
ulation models have been proposed and used, there are still few studies
investigating the performance of these methods. An interesting topic
of future research is therefore to evaluate and compare proposed cal-
ibration methods, both using real and synthetic data. This could also
lead to better estimates of how uncertain the results of simulations are.
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