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Friction effects and clogging in a cellular automaton model for pedestrian dynamics

Ansgar Kirchner,* Katsuhiro Nishinari,† and Andreas Schadschneider‡

Institut für Theoretische Physik, Universita¨t zu Köln, D-50937 Köln, Germany
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We investigate the role of conflicts in pedestrian traffic, i.e., situations where two or more people try to enter
the same space. Therefore a recently introduced cellular automaton model for pedestrian dynamics is extended
by a friction parameterm. This parameter controls the probability that the movement ofall particles involved
in a conflict is denied at one time step. It is shown that these conflicts are not an undesirable artifact of the
parallel update scheme, but are important for a correct description of the dynamics. The friction parameterm
can be interpreted as a kind of an internal local pressure between the pedestrians which becomes important in
regions of high density, occurring, e.g., in panic situations. We present simulations of the evacuation of a large
room with one door. It is found that friction has not only quantitative effects, but can also lead to qualitative
changes, e.g., of the dependence of the evacuation time on the system parameters. We also observe similarities
to the flow of granular materials, e.g., arching effects.
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I. INTRODUCTION

Methods of physics and modern computer science h
been used successfully for the investigation of vehicular t
fic problems for a long time@1–3#. Also pedestrian dynamic
has attracted some attention in recent years@4# and many
interesting collective effects and self-organization pheno
ena have been observed~for an overview, see Refs.@2–5#!.

One topic which has not been studied intensively up
now ~see, however, Ref.@6#! is the relevance of local con
flicts in pedestrian traffic. A conflict indicates a situation
which two or more people try to enter the same space in
time step. Obviously this is a real two-dimensional effe
which has no counterpart in~directed! one-dimensional ve-
hicular traffic. These conflicts are local phenomena that
have a strong influence on global quantities such as eva
tion times and flows in the presence of bottlenecks. Typ
examples where conflicts become important are situat
with clogging encountered in crowds of panicking pedes
ans, e.g., near intersections and bottlenecks. In real life
often leads to very dangerous situations and injuries or e
fatalities during evacuations. From a physics point of vi
these phenomena are related to flow properties of gran
materials@7–13#.

Depending on the choice of parameters, the cellular
tomaton~CA! model introduced in@14–16# is able to repro-
duce many of the observed collective effects of pedest
dynamics, i.e., panicking and herding behavior@17#. In this
paper, the model is extended by a friction parameterm,
which allows an improved description of clogging pheno
ena of pedestrians. It will be shown that conflicts and fricti
are responsible for several interesting effects which beco
especially relevant in high density situations, e.g., dur
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evacuation processes, and that they are important for a
rect reproduction of the dynamics. We start with a short su
mary of the model’s basic concepts and its update rules.

II. BASIC PRINCIPLES OF THE MODEL

The model considered here is a CA where the spac
discretized into small cells which can either be empty
occupied by exactly one pedestrian. Each of these pede
ans can move to one of its unoccupied neighbor cells~see
Fig. 1! at each discrete time stept→t11 according to cer-
tain transition probabilities. The probabilities are given
the interaction with two discretefloor fields, D and S @14–
17#. The field strengthsDi j and Si j at site (i , j ) are inter-
preted as number ofD andS particles, respectively, presen
at that site. The two fields determine the transition proba
ity in such a way that a particle movement in the direction
higher fields becomes more likely.

The dynamic floor fieldD represents a virtual trace left b
moving pedestrians. Similar to the process of chemota
@18–20# used by some insects for communication, this tra
has its own dynamics, namely, diffusion and decay. Two
rametersa P@0,1# andd P@0,1# control the broadening and
dilution of the trace. Every moving pedestrian creates aD
particle at its origin cell. Since there is no restriction of t
maximal number ofD particles at a site,D can be regarded
as abosonic field.

The static floor fieldS, on the other hand, does not chan
in time. It reflects the surrounding geometry and, e.g., sp
fying attractive space regions. In the case of the evacua
processes considered here, the static floor field describe

n-
s:

FIG. 1. Definition of the transition probabilitiespi j .
©2003 The American Physical Society22-1
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shortest distance to an exit door.S is calculated for each
lattice site using some distance metric. The field value
creases in the direction of the exit such that it is largest
door cells. An explicit construction ofS can be found in
Refs.@17,21#.

The floor fields are used to translate a long-ranged sp
interaction into a local interaction, but with memory, simil
to the phenomenon of chemotaxis in biology. The only ot
model which so far reproduces all observed collective effe
of pedestrian flow, the social-force model@22#, uses expo-
nentially decaying repulsive forces between pedestrians
contrast, in our approach the interaction is local and attr
tive. However, pedestrians do not interact with the dens
but with the velocity density created by the other particle

Update rules

The update rules of the full model, including the intera
tion with the two floor fields, have the following structure

~1! The dynamic floor fieldD is modified according to its
diffusion and decay rules@14#, controlled by the parameter
a and d. In each time step of the simulation each sing
boson of the dynamic fieldD decays with the probabilityd
and diffuses with the probabilitya to one of its neighboring
cells.

~2! For each pedestrian, the transition probabilitiespi j for
a move to an unoccupied neighbor cell (i , j ) ~Fig. 1! are
determined by the local dynamics and the two floor fiel
The values of the fieldsD and S are weighted with two
sensitivity parameterskSP@0,̀ @ andkDP@0,̀ @ . This yields

pi j 5N exp~kDDi j !exp~kSSi j !~12ni j !j i j , ~1!

with the occupation numberni j 50,1, the obstacle number

j i j 5H 0 for forbidden cells~e.g., walls!

1 otherwise
~2!

and the normalization

N5F (
( i , j )

ekDDi j ekSSi j ~12ni j !j i j G21

. ~3!

~3! Each pedestrian chooses randomly a target cell ba
on the transition probabilitiespi j determined by Eq.~1!.

~4! Conflicts arising by any two or more pedestrians
tempting to move to the same target cell are resolved b
probabilistic method. The pedestrians which are allowed
move execute their step. The explicit procedure of confl
resolution will be described in detail in Sec. III.

~5! D at the origin cell (i , j ) of each moving particle is
increased by 1:Di j →Di j 11. The above rules are applied
all pedestrians at the same time~parallel update!. This intro-
duces a time scale of about 0.3 sec/timestep@14#.

III. RESOLUTION OF CONFLICTS

Due to the use of parallel dynamics it is possible that t
or more particles choose the same destination cell in step~3!
of the update procedure. Such situations will be calledcon-
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flicts. At first it appears that conflicts are undesirable effe
that reduce the efficiency of simulations and should theref
be avoided by choosing a different update scheme. We
show in the following that this is not the case and that co
flicts are important for a correct description of the physics
crowd dynamics.

A. Conflicts without friction

In Refs.@14,17# conflicts between pedestrians were solv
in the following way: wheneverm.1 particles share the
same target cell, one (l P$1, . . . ,m%) is chosen to move
while its rivals for the same target keep their position. The
are two main ways to decide which particlel is allowed to
move.

~1! According to the relative probabilities with which eac
particle chooses its target cell, i.e., the probability for parti
l to move ispi j

( l )/(s51
m pi j

(s) .
~2! All particles move with the same probability 1/m.
The observed behavior has been shown to be quite ro

and does not depend on the details of the conflict resolu
@14#.

B. Introduction of the friction parameter µ

We now extend the basic model by a new friction para
etermP@0,1#, in order to describe clogging effects betwe
the pedestrians. Whenever two or more pedestrians tr
attempt to move to the same target cell, the movement oall
involved particles is denied with the probabilitym, i.e., all
pedestrians remain at their site~see Fig. 2!. This means that
with probability 12m one of the individuals moves to th
desired cell. Which particle actually moves is then det
mined by the rules for the resolution of conflicts as describ
in Sec. III A. Note that for vanishing frictionm50 we re-
cover the dynamics studied in Refs.@14–17#.

The friction parameter might be interpreted as the eff
of a moment of hesitation: Pedestrians in conflict situatio
slow down or hesitate for a short moment when trying
resolve the conflict. This reduces, on an average, the vel
ties of all involved particles.

With the above definition ofm and the extended updat
rule it is easy to see thatm works as some kind of loca
pressure between the pedestrians. Ifm is high, the pedestri-
ans handicap each other trying to reach their desired ta
sites. As we will see, this local effect can have enormo
influence on macroscopic quantities such as flow and eva
ation time. We like to point out that friction as introduce
here does not reduce the velocity of a freely moving partic

FIG. 2. Refused movement~for m54) due to the friction pa-
rameterm.
2-2
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Its effects only show up in localinteractions.
As one can see it is necessary for such kind of invest

tions to use a parallel update in the model. Any other form
random or ordered sequential update will disguise the
number of arising conflicts between the pedestrians in
system.

IV. SIMULATIONS AND RESULTS

In the following we describe results of simulations for
typical situation, i.e., the evacuation of a large room~e.g., in
case of fire!. In Ref. @17# it is shown that by variation of the
sensitivity parameterskS and kD ~see Sec. II A! three main
regimes for the behavior of the particles can be dis
guished. For strong couplingkS and very small couplingkD
we find anordered regimewhere particles only react to th
static floor field. The behavior then is in some sense de
ministic. Thedisordered regimecharacterized by strong cou
pling kD and weak couplingkS leads to a maximal value o
the evacuation timeT. Here the behavior is typical for pani
situations. Between these two regimes ancooperative regime
@25# exists where the combination of interactions with t
static and the dynamic floor fields minimizes the evacuat
time. Figure 3 shows a schematical phase diagram in
space of the couplingskS andkD .

In our simulations for each regime one representative
of parameters has been used. For the disordered regimkS
50.4, kD510, a50.3, andd50.3 have been chosen, whi
kS50.4, kD50.1, a50, andd50.3 in the cooperative re
gime. Finally, the ordered regime is represented by
choicekS510 andkD50. Since there is no coupling to th
dynamic floor field in that case, the values ofa andd do not
play any role.

Here we want to focus on the influence of the frictio
parameterm on the evacuation times in the three main
gimes. As we will see the influence ofm is strongest in the
ordered regime. This will lead to a new interpretation of th
regime.

We consider a grid of size 63363 sites with a small exit
of one cell in the middle of one wall. The particles are in
tially distributed randomly and try to leave the room. T

FIG. 3. Schematic phase diagram.
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only information they get is through the floor fields. Th
strength of the static floor field at a site (i , j ) is inversely
proportional to the distance of (i , j ) from the exit measured
using the metric described in Ref.@17#.

A. Influence of µ and r

First we look at the averaged evacuation timesT in the
three main regimes, in dependence of the particle densir
and the friction parameterm. All evacuation times are aver
aged over 500 samples and measured in update steps.
ures 4 and 5 show the influence of a varyingm parameter on
the three regimes for the low densityr50.03 and the high
densityr50.3.

In the low density regime,r50.03 ~Fig. 4!, increasingm
has only a very weak effect on the evacuation times of
disordered and the cooperative regime. Here the pedest
move almost independently of each other so that con
situations, even close to the door, are rare since almos
jamming occurs. The behavior is different in the ordered

FIG. 4. Average evacuation timesT for a large room in depen-
dence of the friction parameterm for the low densityr50.03.

FIG. 5. Same as Fig. 4, but for a higher density ofr50.3.
2-3
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gime. All particles find the shortest way to the exit. Even
low densities they will form a jam in front of the door afte
a short time. But since these jams are small, the evacua
time increases only for large friction parametersm. 1

2 .
The behavior is different in the high density regimer

50.3 ~Fig. 5!. One finds a weak increase of the evacuat
time in the disordered and the cooperative regime for highm
values (m.0.6). Even if the particles are not packed clo
together in front of the door, they form a cue and hinder e
other. Increasingm leads to a sharp increase of the evac
tion time in the ordered regime that first becomes larger t
that in the cooperative regime and finally exceeds even
in the disordered regime. In fact it diverges form→1. This
behavior can be understood from the microscopic configu
tions occurring. A short time after the start of the evacuat
nearly all particles of the system are forming a big jam
front of the door. In this large density region many conflic
occur and for large values ofm the outflow is strongly sur-
pressed. Here the pressure between the pedestrians bec
so strong that any motion is almost impossible. Such a
havior has been observed in panic situations and als
simulations using the social-force model@6#. It will be dis-
cussed in more detail in Sec. IV B.

These results are supported by Figs. 6 and 7 which s
the influence of an increased densityr for fixed values ofm
on the evacuation times. In the disordered regime even
influence of the large valuem50.9 is only visible for higher
densities (r.0.1). The cooperative regime shows a simi
behavior. In contrast, in the ordered regime even for v
small densitiesr the influence of the high valuem50.9 is
very strong~Fig. 6!. This is supported by Fig. 7, where th
relative time differences for the two valuesm50 and m
50.9 for all three regimes are shown. Here the very stro
increase of the relative time difference in the ordered reg
after a very small density ofr50.003 is remarkable. Afte
this increase the relative time difference remains almost c
stant.

FIG. 6. Density dependence of the evacuation time in the
dered and the disordered regime form50.9.
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B. Reinterpretation of the ordered phase

The introduction of the friction parameterm allows an
improved interpretation of the ordered regime, i.e., the c
of strong coupling (kS.3) to the static fieldS and weak
coupling to dynamic fieldD. This regime is almost determin
istic, with pedestrians moving straight towards the exit
the shortest path. Now an increasedm value introduces a
negative interaction between the particles into the syst
i.e., the pedestrians hinder each other due to strong com
tition for the unoccupied target sites near the exit. So a str
coupling toS together with a highm value, which works as
an internal local pressure between the particles, describ
typical panic situation, where an ordered outflow is inhibit
due to local conflicts near bottlenecks or doors, resulting
strongly increased evacuation times~such situations are wel
known from emergency evacuations due to fire or other r
sons in sports arenas or passenger vessels!. This can be seen
in Fig. 8, where the influence of an increased coupl
strength toS for fixed m is shown. ForkS→0 the particles
perform a pure random walk, since we have chosenkD50 in
the simulations@26# and the evacuation times are very lar
and almost independent ofm. In this situation, conflicts be-
tween the particles are not very important for the dynam
In contrast, forkS→` they choose the shortest way to th
exit. Since form50 there is no internal pressure between t
particles, the evacuation time is minimal. However, form
→1 the number of unsolved conflicts increases withkS due
to the strong jamming at the exit. This results in cloggi
phenomena and highly increased evacuation times. For
high m values (m50.9 in Fig. 8! one finds aminimalevacu-
ation time for an intermediate coupling (kS'1). This means
that a largerkS , which implies a larger average velocity o
freely moving pedestrians, leads to larger evacuation tim
This collective phenomenon is very similar to the faster-
slower effect@5,6#. Note that a similar minimum is a charac
teristic for the cooperative regime. However, there lo

r-

FIG. 7. Relative time difference of the evacuation times form
50 andm50.9 in the three regimes.
2-4
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FRICTION EFFECTS AND CLOGGING IN A CELLULAR . . . PHYSICAL REVIEW E 67, 056122 ~2003!
minima have been observed as a function of the couplingkD
to the dynamic floor instead ofkS @17#.

C. Time evolution of an evacuation

In the following we look at the time evolution of a
evacuation, i.e., the number of people who left the room
certain time stage. Figures 9 and 10 show the time dep
dence of the number of evacuated persons for all three
gimes and differentm values for a high densityr50.3. The
curves show a nearly linear increase, since the very h
initial density leads to strong clustering at the door alread
the beginning of the evacuation. The evacuation times
strongly increased due to the large valuem50.9. This effect
is again strongest in the ordered phase. Form50 the corre-
sponding evacuation time is the smallest whereas form
50.9 it becomes the largest one of all regimes. At the end
the evacuations, when most of the particles have left
room, the gradient of the curves becomes rather small.

FIG. 8. Evacuation time as a function of the sensitivity para
eterkS for different m values (kD50, r50.3).

FIG. 9. Evacuated personsN as a function of timet for all three
regimes;r50.3 andm50.
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Because of the averaging over many samples the cu
are very smooth. To have an impression of the evolution
one single evacuation and of the variance of evacua
times, Fig. 11 shows the averaged curves enveloped by
curves with the minimal and the maximal evacuation time
the whole sample for the ordered phase and threem values.

For m50 the evacuation process is nearly deterministic
the ordered regime and the fluctuations~due to the random
initial conditions and the dynamics! are very small. With
increasingm values the internal pressure is increased and
enveloping curves differ clearly from the averaged curve

In Figs. 12 and 13 again the averaged curves toge
with the extremals are shown for the two densitiesr50.03
~Fig. 12! andr50.003~Fig. 13! and the two friction param-
eters m50 and m50.9. Here the same effects as forr
50.3 can be seen, but much clearer.

The time evolution of one single sample exhibits an int
esting dynamics. In Figs. 11–13, small plateaus can be

- FIG. 10. Same as Fig. 9 forr50.3 andm50.9.

FIG. 11. Evacuated persons as a function of time for the orde
regime for densityr50.3 for threem values. Shown are the aver
aged, longest, and shortest evacuation processes obtained
simulations of 500 samples.
2-5
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KIRCHNER, NISHINARI, AND SCHADSCHNEIDER PHYSICAL REVIEW E67, 056122 ~2003!
served where over short time periods no persons leave
room. This irregular behavior is well known from granul
flow and is typical for clogging situations@7–13#. The pla-
teaus are formed stochastically and therefore cannot be
served after averaging over various samples~Figs. 9 and 10!.

Note that also the variance of the evacuation time
creases strongly withm. Figure 12 shows that the averag
evacuation timeT is not always a meaningful quantity fo
safety estimates, since the variance can become quite l
For the very small densityr50.003 the gradient of the curv
is rather flat at the beginning of the evacuation~Fig. 13!.
Here there are only few particles in the system and no cu
formed near the exit.

D. Mean-field approximation for the ordered regime

As we have seen in Sec. IV C the curve of the numbe
evacuated personsN(t) grows almost linearly in the ordere
regime, especially for high densitiesr. For this regime we
now calculate approximatiely them dependence of this
curve, i.e.,N5N(t,m).

FIG. 12. Same as Fig. 11 forr50.03 andm50, 0.9.

FIG. 13. Same as Fig. 11 forr50.003 andm50, 0.9.
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As explained earlier, in the ordered regime after a sh
time a big jam forms at the door due to the strong coupling
the static fieldS. Figure 14 shows a typical local configura
tion in front of the exit.

Generically, three-particle conflicts over the unoccup
lattice site in front of the door occur. At timet, with prob-
ability 12m one of these particles is able to move. In t
next time stept11 this particle will escape through the doo
with probability 1. Neglecting conflicts elsewhere in the sy
tem, because of the big jam in front of the door the config
ration shown in Fig. 14 will be restored at timet12. There-
fore, repeating the above sequence a typical representatio
the time evolution ofN(t) is shown in Fig. 15.

Using simple combinatorics, the expectation value
N(t) can be written as

^N~ t !&5
1

C (
n50

[ t/2]

nS t2n

n D ~12m!nm t22n, ~4!

whereC is the normalization factor defined by

C~ t !5 (
n50

[ t/2] S t2n

n D ~12m!nm t22n5
12~m21! t11

22m
. ~5!

This identity can be proven by considering the function

a~ t !5 (
n50

@ t/2# S t2n
n D zn,

FIG. 14. Typical configuration in front of the door in the ordere
regime.

FIG. 15. An example for the time evolution of the number
evacuated persons.
2-6
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which can be shown to satisfy the recursion relationa(t)
5a(t21)1za(t22). Due to Eqs.~4! and ~5!, ^N(t)& is
related toC by the equation

d

dm
C5

t

m
C1

m22

m~12m!
^N~ t !&C. ~6!

Finally, an analytical expression for^N(t)& is obtained as

^N~ t !&5
m21

~m22!2
•S m~11t !22t

2
~m22!~m21! tm~11t !

~m21! t1121
D . ~7!

Asymptotically, Eq.~7! implies for large times

^N~ t !&;
12m

22m
t as t→`, ~8!

i.e., a linear behavior as observed in simulations for the
dered regime. This expression is also consistent with the
that T→` for m→1.

The analytical approximation~8! for ^N(t)& is very good
for high densities (r50.3) and friction parametersm<0.6.
However, for very high parameter values (m>0.8) the
agreement is not satsifactory. Here the assumption th
typical local configuration looks like that in Fig. 14 no long
holds. The observed flow is underestimated, since the la
friction parameterm is responsible for a flow reductio
through conflicts occurring away from the door. Therefo
particles are not so dense packed at the exit~compared to the
situation at smallerm values!, which leads to an effective
reduction of conflicts.

In the low density regimer50.03 the approximation
again gives satisfactory agreement form<0.6. Only in the
region of very low densities strong deviations can be
served for allm values. In this case there are only very fe
particles in the system, not hindering each other. In m
cases they reach the exit independently and the evacu
time essentially depends on the diameter of the room~or the
average walking length! rather than on the number of pa
ticles in the system.

E. Conflict density during evacuation

Figures 16–18 show conflict densities, i.e., the numbe
conflicts divided by the number of particles inside the roo
for different parameter values. At large densities and van
ing friction ~Fig. 16! it is always largest in the disordere
regime. As argued earlier here the motion resembles a
dom walk. Since there are many particles in the system m
of them will compete for empty sites with other particl
crossing their path anywhere in the room. In the orde
regime all pedestrians gather around the exit quickly w
most of them standing in the cue without competing@27#.
Most conflicts appear directly at the exits@28#, which also
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explains the sharp increase in the conflict densities see
curve 3 of Fig. 16. At the end of the evacuation all partic
left in the system are near the door and most of them
involved in conflicts.

Figure 17 shows that a finite valuem.0 increases the
conflict densities in all three regimes in a similar way. Ho
ever, its influence on the evacuation time is strongest in
ordered regime. Here nearly all conflicts take place in fro
of the door and have through friction a direct influence
the outflow.

Figure 18 shows the case of small density and large f
tion parameter. Since now there are less particles in the
tem, they will not meet often in the disordered and coope
tive regimes. Therefore the conflict density is largest in
ordered regime, where the particles quickly gather in a sm
region close to the exit.

FIG. 16. Conflict density as a function of timet for all three
regimes (r50.3 andm50).

FIG. 17. Same as Fig. 16, but withr50.3 andm50.9.
2-7
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F. Column in front of the exit

As an example for safety estimations in architectural pl
ning we investigate how evacuation times change if a c
umn ~i.e., a nontraversable obstacle! is placed in front of the
exit. The authors of Refs.@5,6#, who studied the same situa
tion qualitatively and found surprising results, called f
complementary data from experiments or other models
confirm their findings. We therefore study the scenarios
Refs.@5,6# in the following.

Figure 19 shows a midtime stage of evacuations fo
column placed central in front of the exit. The size of t
column is 333 cells. It is placed within a distance of on
cell from the door. We compare with situations where t
column has been shifted~to the left or right! parallel to the
exit by one or two lattice sites. Our focus is on the orde
regime where friction effects are strongest. The static fl
fieldsSused in the simulations have been calculated usin
Manhattan metric~for details, see Ref.@21#!, since the metric
of Ref. @17# only works for convex rooms. Figure 20 show
the averaged evacuation times as a function of the fric

FIG. 19. Midtime configuration of an evacuation of a room w
one door at the middle of the top wall with an additional column
size 333 cells placed in front of it. The width of the door is on
cell.

FIG. 18. Same as Fig. 16, but forr50.03 andm50.9.
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parameterm for a room with different configurations of th
column.

The placing of the column does not influence the eva
ation times form50. Here the movement is nearly determi
istic and the particles do not hinder each other. For hig
values ofm the column becomes more and more relevant
causes a subdivision of the crowd and decreases the
pressure between the particles. Therefore the evacua
times become smaller. They are minimized for a colum
placed in a slightly asymmetric configuration in front of th
exit ~with a shift of one lattice site, Fig. 20!.

How can this surprising result be understood? On o
hand, the column has a certain screening effect that fo
some pedestrians to take a detour and therefore potent
increases the evacuation time. On the other hand, the col
subdivides the pedestrian flow and so can lead to a reduc
of conflict situations, especially close to the exit. The co
petition between these two effects is then responsible for
nontrivial dependence of the evacuation times on the p
tion of the column.

Figure 21 shows the number of conflicts for three diffe
ent positions of the column in comparision to a room witho
column. The evacuation timeT is minimal with the column
shifted one site~curve 3!. In this case, the total number o
conflicts during evacuation, which is the integral of th
curve, is also minimal. However, in the early stage of t
evacuation, the number of conflicts is bigger than for
other cases. This is a result of the subdivision of people
the early stage of the dynamics that occurs most pronoun
in case 3. This subdivision enables pedestrians to esc
from the room faster than in the other cases, since a smoo
flow is formed which reduces the evacuation time at the
pense of an increasing number of conflicts in the early sta
Furthermore, the number of dangerous conflicts close to
door—which have a direct influence onT ~see the discussion
in Sec. IV E!—is reduced.

f

FIG. 20. Evacuation time as a function of the friction parame
m for four room geometries: no column, central column, and c
umn shifted by one and two lattice sites. The initial density isr
50.3 and the coupling strengths arekS510, kD50 corresponding
to the ordered regime.
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Comparing the cases 2 and 3, the existence of the col
reduces the evacuation time in both cases due to the a
reason. However, for case 2 of a central column evacua
times are larger than for the shifted one of case 3. In cas
all the people in the room have to avoid the column and t
a detour, while for a slightly shifted column some still ca
reach the exit directly. Thus a central column has a stron
screening effect that leads to the increase of the evacua
time compared to the slightly shifted case. In case 4,
column does not contribute so much to the subdivision of
flow, but acts more like an obstacle. For larger shifts
results will approach those of case 1.

V. CONCLUSIONS

We have extended a recently introduced stochastic ce
lar automaton for pedestrian dynamics by incorporating f
tion effects. These are closely related to the occurrenc
conflicts, i.e., situations where several people try to occ
the same space. Such conflicts are only resolved with p
ability 12m, wherem is called the friction parameter. Thi
implies that friction as introduced here does not influence
motion of a single pedestrian~e.g., by reducing her averag
speed!, but appears only through interactions. Friction effe
become important in situations where locally high dens
regions occur. It therefore can have a strong impact on glo
quantities such as evacuation times although it acts only
cally.

FIG. 21. Number of conflicts for a room with one door com
pared to various positions of an additional column close to the e
The friction parameter ism50.9. All other parameters are the sam
as in Fig. 20.
e
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To elucidate friction effects and the role of conflicts w
have investigated a simple evacuation scenario, espec
the evacuation time and the time evolution of the proce
Without friction three different regimes with different beha
ior can be distinguished, as shown in Ref.@17#. Introducing
m.0 affects these regimes in a different way.

In general, the ordered regime, characterized by str
coupling to the static field and weak coupling to the dynam
field, is affected most. This is not surprising, since for su
ciently large initial densities large queues are formed at e
and clogging becomes relevant. The introduction of fricti
leads to a strong increase of the evacuation time~Fig. 5! due
to a strong increase of conflicts~Sec. IV E!. Here it is im-
portant that the conflicts occur mainly very close to the e
and thus have an immediate influence on the outflow.
contrast, in the other regimes conflicts typically occur eve
where in the system and have therefore a weaker influe
on the outflow properties.

Apart form evacuation times we have also investiga
the time evolution of an evacuation process. After the int
duction of friction the outflow is irregular with periods o
clogging. This leads to plateaus in the number^N(t)& of
evacuated persons after timet very similar to the behavior
observed in granular flow@7–13#. Here the formation and
breaking of arches is responsible for the irregular flow. Sim
lar in our case friction is responsible for the formation
archlike structures that block the flow close to the door. T
plateaus occur randomly and therefore cannot be seen
averaging over different samples that typically show a lin
behavior.

Finally, we have shown in Sec. IV F that the introductio
of friction is essential to reproduce the surprising effects
served in Ref.@6# when placing an additional column in fron
of the exit. We have providedquantitativeevidence that this
column does not necessarily act as an obstacle, but ca
under certain conditions, e.g., a slightly asymmet
position—improve evacuation times considerably. The f
that the model used here differs in many respects from
social-force model@22# ~e.g., sign and type of interactions!
used in Ref.@6# implies a certain robustness of this pheno
enon.

An interesting application of the model which clear
shows the importance of friction effects has been discus
in Ref. @23#. There it has been shown that some counter
tuitive empirical observations@24# concerning egress time
from an aircraft can be explained using the approach p
sented here.
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