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Friction effects and clogging in a cellular automaton model for pedestrian dynamics
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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 parameter.. This parameter controls the probability that the movemertligbarticles 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 pagameter
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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[. INTRODUCTION evacuation processes, and that they are important for a cor-
rect reproduction of the dynamics. We start with a short sum-
Methods of physics and modern computer science haveary of the model's basic concepts and its update rules.
been used successfully for the investigation of vehicular traf-
fic problems for a long timé&l—3]. Also pedestrian dynamics Il. BASIC PRINCIPLES OF THE MODEL
has attracted some attention in recent yddisand many
interesting collective effects and self-organization phenom- The model considered here is a CA where the space is
ena have been observéor an overview, see Ref§2—5)). discretized into small cells which can either be empty or
One topic which has not been studied intensively up tgPccupied by exactly one pedestrian. Each of these pedestri-
now (see, however, Ref6]) is the relevance of local con- @ns can move to one of its unoccupied neighbor del=
flicts in pedestrian traffic. A conflict indicates a situation in Fig- 1) at each discrete time stép-t+1 according to cer-
which two or more people try to enter the same space in ontain transition probabilities. The probabilities are given by
time step. Obviously this is a real two-dimensional effectthe interaction with two discretBoor fields D and S[14—
which has no counterpart ifdirected one-dimensional ve- 17]. The field strength®;; and S; at site (,j) are inter-
hicular traffic. These conflicts are local phenomena that cafreted as number db and S particles, respectively, present
have a Strong influence on g|oba| quantities such as evacuai that site. The two fields determine the transition probabil-
tion times and flows in the presence of bottlenecks. Typicalty in such a way that a particle movement in the direction of
examples where conflicts become important are situationB8igher fields becomes more likely.
with clogging encountered in crowds of panicking pedestri- The dynamic floor field represents a virtual trace left by
ans, e.g., near intersections and bottlenecks. In real life thigoving pedestrians. Similar to the process of chemotaxis
often leads to very dangerous situations and injuries or evelll8—20 used by some insects for communication, this trace
fatalities during evacuations. From a physics point of viewhas its own dynamics, namely, diffusion and decay. Two pa-
these phenomena are related to flow properties of granuld@meterse €[0,1] ands e[0,1] control the broadening and
materials[7—13]. dilution of the trace. Every moving pedestrian created a
Depending on the choice of parameters, the cellular auParticle at its origin cell. Since there is no restriction of the
tomaton(CA) model introduced if14—16 is able to repro- mMaximal number oD particles at a siteD can be regarded
duce many of the observed collective effects of pedestria@s abosonic field
dynamics, i.e., panicking and herding behayib¥]. In this The static floor fieldS, on the other hand, does not change
paper, the model is extended by a friction parameter in time. It reflects the surrounding geometry and, e.g., speci-
which allows an improved description of clogging phenom-fying attractive space regions. In the case of the evacuation
ena of pedestrians. It will be shown that conflicts and frictionProcesses considered here, the static floor field describes the

are responsible for several interesting effects which become

especially relevant in high density situations, e.g., during o |p 0
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shortest distance to an exit do@.is calculated for each
lattice site using some distance metric. The field value in- ® o
creases in the direction of the exit such that it is largest for w
door cells. An explicit construction o can be found in o @
Refs.[17,21]. ) )
The floor fields are used to translate a long-ranged spatial
interaction into a local interaction, but with memory, similar
to the phenomenon of chemotaxis in biology. The only other
model which so far reproduces all observed collective effects FIG. 2. Refused movemerifor m=4) due to the friction pa-
of pedestrian flow, the social-force mod@2], uses expo- rameteryu.
nentially decaying repulsive forces between pedestrians. In
contrast, in our approach the interaction is local and attracflicts. At first it appears that conflicts are undesirable effects
tive. However, pedestrians do not interact with the densityfhat reduce the efficiency of simulations and should therefore
but with the velocity density created by the other particles. be avoided by choosing a different update scheme. We will
show in the following that this is not the case and that con-
Update rules flicts are important for a correct description of the physics of

. . ) crowd dynamics.
The update rules of the full model, including the interac-

tion with the two floor fields, have the following structure.
(1) The dynamic floor field is modified according to its

diffusion and decay rulegl4], controlled by the parameters In Refs.[14,17] conflicts between pedestrians were solved

a and §. In each time step of the simulation each singlein the following way: whenevem>1 particles share the

t t+1

A. Conflicts without friction

boson of the dynamic fiel® decays with the probability ~ same target cell, onel €{1,... m}) is chosen to move
and diffuses with the probabilitw to one of its neighboring  while its rivals for the same target keep their position. There
cells. are two main ways to decide which partidlés allowed to

(2) For each pedestrian, the transition probabilipgsfor ~ move.
a move to an unoccupied neighbor celljj (Fig. 1) are (1) According to the relative probabilities with which each

determined by the local dynamics and the two floor fieldsparticle chooses its target cell, i.e., the probability for particle
The values of the field® and S are weighted with two | to move isp{/=2 p{>.

sensitivity parametenisse [0,0[ andkp e[0,0[. This yields (2) All particles move with the same probabilitynt/
The observed behavior has been shown to be quite robust
pij =N exp(kpDjj)exp(ksS; ) (1—n;;) & , (1) and does not depend on the details of the conflict resolution
14].
with the occupation numban; =0,1, the obstacle number [14]
0 for forbidden cellge.g., wallg B. Introduction of the friction parameter p
&ij= [ 1 otherwise 2 We now extend the basic model by a new friction param-
eteru €[0,1], in order to describe clogging effects between
and the normalization the pedestrians. Whenever two or more pedestrians try to
attempt to move to the same target cell, the movemeatl of
koDj: aKsS: -1 involved particles is denied with the probability, i.e., all
N= (izj:) eietsu(l-n&;| - (3)  pedestrians remain at their siteee Fig. 2 This means that

with probability 1—u one of the individuals moves to the

(3) Each pedestrian chooses randomly a target cell basedgesired cell. Which particle actually moves is then deter-
on the transition probab”mep” determined by Eq(l) mined by the rules for the resolution of conflicts as described
(4) Conflicts arising by any two or more pedestrians at-In Sec. Il A. Note that for vanishing frictiop.=0 we re-
tempting to move to the same target cell are resolved by &over the dynamics studied in Refd4-17.
probabilistic method. The pedestrians which are allowed to The friction parameter might be interpreted as the effect

move execute their step. The explicit procedure of conflicof @ moment of hesitation: Pedestrians in conflict situations
resolution will be described in detail in Sec. IIl. slow down or hesitate for a short moment when trying to

(5) D at the origin cell {,j) of each moving particle is resolve the conflict. This reduces, on an average, the veloci-

increased by 1D;;—D;;+ 1. The above rules are applied to ties of all involved particles.
all pedestrians at the same tirarallel update This intro- With the above definition ofx and the extended update

duces a time scale of about 0.3 sec/time$tef. rule it is easy to see that works as some kind of local
pressure between the pedestriansu Ifs high, the pedestri-

ans handicap each other trying to reach their desired target
sites. As we will see, this local effect can have enormous
Due to the use of parallel dynamics it is possible that twoinfluence on macroscopic quantities such as flow and evacu-
or more particles choose the same destination cell in(@ep ation time. We like to point out that friction as introduced
of the update procedure. Such situations will be catled-  here does not reduce the velocity of a freely moving patrticle.

IIl. RESOLUTION OF CONFLICTS
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FIG. 3. Schematic phase diagram. H
FIG. 4. Average evacuation timésfor a large room in depen-
Its effects only show up in locahteractions dence of the friction parameter for the low densityp=0.03.

As one can see it is necessary for such kind of investiga-
tions to use a parallel update in the model. Any other form ofonly information they get is through the floor fields. The
random or ordered sequential update will disguise the reatrength of the static floor field at a site, ) is inversely
number of arising conflicts between the pedestrians in th@roportional to the distance of,{) from the exit measured
system. using the metric described in R¢fl.7].

IV. SIMULATIONS AND RESULTS A. Influence of p and p

In the following we describe results of simulations for a  First we look at the averaged evacuation tinfes the
typical situation, i.e., the evacuation of a large ro@g., in ~ thrée main regimes, in dependence of the particle depsity
case of firg. In Ref.[17] it is shown that by variation of the and the friction parametege. All evacuation times are aver-
sensitivity parameterks andkp (see Sec. Il Athree main ~ @ged over 500 samples and measured in update steps. Fig-
regimes for the behavior of the particles can be distin-ures 4 and 5 show the influence of a varyjagarameter on
guished. For strong couplinig and very small couplingg, ~ the three regimes for the low density=0.03 and the high
we find anordered regimenhere particles only react to the densityp=0.3.
static floor field. The behavior then is in some sense deter- In the low density regimep=0.03 (Fig. 4), increasingu
ministic. Thedisordered regimeharacterized by strong cou- has only a very weak effect on the evacuation times of the
pling kp and weak couplings leads to a maximal value of disordered anq the cooperative regime. Here the pedestngns
the evacuation tim@. Here the behavior is typical for panic Move almost independently of each other so that conflict
situations. Between these two regimescanperative regime ~ Situations, even close to the door, are rare since almost no
[25] exists where the combination of interactions with thei@mming occurs. The behavior is different in the ordered re-
static and the dynamic floor fields minimizes the evacuation
time. Figure 3 shows a schematical phase diagram in the
space of the couplingss andkp . 8000 —— cooperative

In our simulations for each regime one representative se' —=-— disordered .
of parameters has been used. For the disordered regime, oo odered | - -
=0.4,kp=10, =0.3, and5=0.3 have been chosen, while [ .77 /
ks=0.4, kp=0.1, =0, and5=0.3 in the cooperative re- [~~~ !
gime. Finally, the ordered regime is represented by the 6000 1 A
choiceks=10 andkp=0. Since there is no coupling to the = 4
dynamic floor field in that case, the valuessfind § do not p
play any role. .~

Here we want to focus on the influence of the friction 4000 .
parameteru on the evacuation times in the three main re- -
gimes. As we will see the influence of is strongestinthe | ___--"
ordered regime. This will lead to a new interpretation of this | __.c-===""""
regime. 20905 02 0.4 0.6 0.3

We consider a grid of size 6363 sites with a small exit 1)
of one cell in the middle of one wall. The particles are ini-
tially distributed randomly and try to leave the room. The FIG. 5. Same as Fig. 4, but for a higher densitypef0.3.
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FIG. 6. Density dependence of the evacuation time in the or- p

dered and the disordered regime for0.9.
FIG. 7. Relative time difference of the evacuation times dor

. . ) . =0 andu=0.9 in the three regimes.
gime. All particles find the shortest way to the exit. Even for H g

low densities they will form a jam in front of the door after
a short time. But since these jams are small, the evacuation
time increases only for large friction parameters 3. The introduction of the friction parametgr allows an

The behavior is different in the high density regime improved interpretation of the ordered regime, i.e., the case
=0.3 (Fig. 5. One finds a weak increase of the evacuationof strong coupling ks>3) to the static fieldS and weak
time in the disordered and the cooperative regime for high coupling to dynamic field. This regime is almost determin-
values (u>0.6). Even if the particles are not packed closeistic, with pedestrians moving straight towards the exit on
together in front of the door, they form a cue and hinder eachhe shortest path. Now an increasgdvalue introduces a
other. Increasing: leads to a sharp increase of the evacuanegative interaction between the particles into the system,
tion time in the ordered regime that first becomes larger thamne., the pedestrians hinder each other due to strong compe-
that in the cooperative regime and finally exceeds even thdition for the unoccupied target sites near the exit. So a strong
in the disordered regime. In fact it diverges for—~1. This  coupling toS together with a highu value, which works as
behavior can be understood from the microscopic configuraan internal local pressure between the particles, describe a
tions occurring. A short time after the start of the evacuatiorfypical panic situation, where an ordered outflow is inhibited
nearly all particles of the system are forming a big jam indué to local conflicts near bottlenecks or doors, resulting in
front of the door. In this large density region many conflictsStrongly increased evacuation timgsich situations are well
occur and for large values gf the outflow is strongly sur- known from emergency evacuations due to fire or other rea-

pressed. Here the pressure between the pedestrians becomnggs N sports arenas or passenger Veﬁm can be seen
in Fig. 8, where the influence of an increased coupling

so strong that any motion is almost impossible. Such a be- . : :
havior has been observed in panic situations and also i frength toSfor fixed 4 Is ShOV.V”- Forks—0 the partlc!es
simulations using the social-force modél. It will be dis- perfo.rm apure random walk, since we hgve chdgen 0 in
cussed in more detail in Sec. IV B. the S|mulat|(_)n{26] and the evacu_atlo_n tlmes are very large
These results are supported by Figs. 6 and 7 which sho and almost md_ependent @f. In th_ls situation, conflicts be-_

. ) . " Yveen the particles are not very important for the dynamics.
the influence Of, an mcreased denspt;for fixed vallues Ofu In contrast, forks—« they choose the shortest way to the
on the evacuation times. In the disordered regime even thgyi since foru =0 there is no internal pressure between the
influence of the large valug=0.9 is only visible for higher particles, the evacuation time is minimal. However, for
densities p>0.1). The cooperative regime shows a similar _, 1 the number of unsolved conflicts increases vkighdue
behavior. In contrast, in the ordered regime even for verytg the strong jamming at the exit. This results in clogging
small densitiesp the influence of the high value=0.9 is  phenomena and highly increased evacuation times. For very
very strong(Fig. 6). This is supported by Fig. 7, where the high . values =0.9 in Fig. § one finds aninimal evacu-
relative time differences for the two valugs=0 and u  ation time for an intermediate coupling4~1). This means
=0.9 for all three regimes are shown. Here the very stronghat a largeiks, which implies a larger average velocity of
increase of the relative time difference in the ordered regiméreely moving pedestrians, leads to larger evacuation times.
after a very small density gf=0.003 is remarkable. After This collective phenomenon is very similar to the faster-is-

this increase the relative time difference remains almost corslower effec{5,6]. Note that a similar minimum is a charac-
stant. teristic for the cooperative regime. However, there local

B. Reinterpretation of the ordered phase
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FIG. 8. Evacuation time as a function of the sensitivity param-

. FIG. 10. S Fig. 9 fgr=0.3 andu=0.9.
eterkg for different u values kp=0, p=0.3). ame as g o andu

Because of the averaging over many samples the curves
are very smooth. To have an impression of the evolution of
one single evacuation and of the variance of evacuation
times, Fig. 11 shows the averaged curves enveloped by the
curves with the minimal and the maximal evacuation time of

In the following we look at the time evolution of an the whole sample for the ordered phase and threalues.
evacuation, i.e., the number of people who left the room at a For u=0 the evacuation process is nearly deterministic in
certain time stage. Figures 9 and 10 show the time depenhe ordered regime and the fluctuatioisie to the random
dence of the number of evacuated persons for all three renitial conditions and the dynamigsare very small. With
gimes and differens values for a high density=0.3. The increasingu values the internal pressure is increased and the
curves show a nearly linear increase, since the very higlenveloping curves differ clearly from the averaged curves.
initial density leads to strong clustering at the door already at In Figs. 12 and 13 again the averaged curves together
the beginning of the evacuation. The evacuation times argith the extremals are shown for the two densities0.03
strongly increased due to the large vajue0.9. This effect  (Fig. 12 andp=0.003(Fig. 13 and the two friction param-
is again strongest in the ordered phase. k60 the corre- eters u=0 and ©=0.9. Here the same effects as fpr
sponding evacuation time is the smallest whereas or =0.3 can be seen, but much clearer.
=0.9 it becomes the largest one of all regimes. At the end of The time evolution of one single sample exhibits an inter-
the evacuations, when most of the particles have left thesting dynamics. In Figs. 11-13, small plateaus can be ob-
room, the gradient of the curves becomes rather small.

minima have been observed as a function of the couing
to the dynamic floor instead dds [17].

C. Time evolution of an evacuation

1250 T T T T
1250 T T T
-~ e 1000 .
1000 e -
*' 750 | .
750 .
=
< 500 | .
500 .
---- disordered 250 2:u=0.6 1
i —— 3:p=0.9
—-— cooperative
250 .
—— ordered
0 1 1 1 1
0 2000 4000 6000 8000 10000
0 1 1 1
0 2000 4000 6000
t FIG. 11. Evacuated persons as a function of time for the ordered

regime for densityp=0.3 for threeu values. Shown are the aver-
FIG. 9. Evacuated persosas a function of time for all three aged, longest, and shortest evacuation processes obtained from
regimes;p=0.3 andu=0. simulations of 500 samples.
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FIG. 14. Typical configuration in front of the door in the ordered
regime.
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As explained earlier, in the ordered regime after a short
FIG. 12. Same as Fig. 11 fer=0.03 andu =0, 0.9. time a big jam forms at the door due to the strong coupling to
the static fieldS Figure 14 shows a typical local configura-
served where over short time periods no persons leave th#n in front of the exit.
room. This irregular behavior is well known from granular  Generically, three-particle conflicts over the unoccupied
flow and is typical for clogging situation¥—13]. The pla- lattice site in front of the door occur. At time with prob-
teaus are formed stochastically and therefore cannot be obwbility 1— « one of these particles is able to move. In the
served after averaging over various sampkégs. 9 and 10 next time steg+ 1 this particle will escape through the door
Note that also the variance of the evacuation time inwith probability 1. Neglecting conflicts elsewhere in the sys-
creases strongly withe. Figure 12 shows that the average tem, because of the big jam in front of the door the configu-
evacuation timeT is not always a meaningful quantity for ration shown in Fig. 14 will be restored at tirhe: 2. There-
safety estimates, since the variance can become quite largere, repeating the above sequence a typical representation of
For the very small density=0.003 the gradient of the curve the time evolution oN(t) is shown in Fig. 15.
is rather flat at the beginning of the evacuatidtig. 13. Using simple combinatorics, the expectation value of
Here there are only few particles in the system and no cue isl(t) can be written as

formed near the exit.
[t/2]

-n
_ _ n, t—2n
D. Mean-field approximation for the ordered regime (N(t)= C Eo n( n )(1 m) ' (4)
As we have seen in Sec. IV C the curve of the number of

evacuated persomé(t) grows almost linearly in the ordered whereC is the normalization factor defined by

regime, especially for high densitigs For this regime we 2] /4 t+1
now calculate approximatiely the. dependence of this t=n R Vo)
w calculate approximatiely the. dep | Ct)=2, A=p)ut = (§)
curve, i.e., N=N(t,u). n=0\ N 2
15 . . This identity can be proven by considering the function
— =09 [t/2] t—n
a0-3 )
n=0 n
N(t)
k+5
k+d |
] k+3
k+2
k+1
k
L t 42 t+5 t+9 t+11
200 300 t

FIG. 15. An example for the time evolution of the number of
FIG. 13. Same as Fig. 11 fer=0.003 andw=0, 0.9. evacuated persons.
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which can be shown to satisfy the recursion relatadh) ' "

=a(t—1)+za(t—2). Due to Eqgs.(4) and (5), (N(t)) is 015 1 — ;fgfgggggge l
related toC by the equation 3: ordered
4 ter#22 nmye & B
aw’" m(())- (6) %o.w ;
o
Finally, an analytical expression fgN(t)) is obtained as I3
c
o
pu—1 O 005 .
(N(D))=—"—| m(1+t)—2t
(n—2)?
(k=2)(p—1)'u(1+1)
B t+1 @) 0.00 . ' '
(p=1)""-1 0 2000 4000 6000
Asymptotically, Eq.(7) implies for large times t
1-pu FIG. 16. Conflict density as a function of timefor all three
(N(t))~ﬂt as t—oo, (8) regimes p=0.3 andu=0).

i.e.. a linear behavior as observed in simulations for the Or_explains the sharp increase in the conflict densities seen in
o rve 3 of Fig. 16. At the end of the evacuation all particles

dered regime. This expression is also consistent with the fa :
that T— for u—1 eft in the system are near the door and most of them are
. : L : involved in conflicts.
The analytical approximatio(8) for (N(t)) is very good invol - .

for high densities §=0.3) and friction parameterg=<0.6. Figure 17 .ShO\.NS that a f|n|t¢ vaIL_;e>O_ INCreases the

However, for very high parameter valueu#0.8) the conflict densities in all three regimes in a similar way. How-

agreeme’nt is not satsifactory. Here the assumiotion that &ver, its influence on the evacuation time is strongest in the
: ordered regime. Here nearly all conflicts take place in front

typical local configuration looks like that in Fig. 14 no longer . ; .
holds. The observed flow is underestimated, since the Iargt fetr:)it%gs\/r and have through friction a direct influence on

friction parametery is responsible for a flow reduction Ei 18 sh th f Il densit dl i
through conflicts occurring away from the door. Therefore,. lgure SNows the case of small density and farge fric-
tion parameter. Since now there are less particles in the sys-

articles are not so dense packed at the (@ximpared to the . ; .
P P ¢ P tem, they will not meet often in the disordered and coopera-

situation at smalle values, which leads to an effective . i . o X
o 3 tive regimes. Therefore the conflict density is largest in the

reduction of conflicts. rdered regime, where the particles quickly gather in a small
In the low density regimep=0.03 the approximation oraered regime, where the particies quickly gather in a sma
region close to the exit.

again gives satisfactory agreement jo=0.6. Only in the
region of very low densities strong deviations can be ob-
served for allx values. In this case there are only very few 0.15
particles in the system, not hindering each other. In most
cases they reach the exit independently and the evacuatio

time essentially depends on the diameter of the réonthe

average walking lengjhrather than on the number of par- >
ticles in the system. @ 010 1
@
E. Conflict density during evacuation E p— Y
Figures 16—18 show conflict densities, i.e., the number of"g — 2: cooperative
conflicts divided by the number of particles inside the room, O .

for different parameter values. At large densities and vanish-
ing friction (Fig. 16 it is always largest in the disordered

regime. As argued earlier here the motion resembles a ran
dom walk. Since there are many particles in the system mos

0.05 _\ —— 3: ordered

0.00 L

of them will compete for empty sites with other particles o 2000 4000 'eoloo 8000
crossing their path anywhere in the room. In the ordered

regime all pedestrians gather around the exit quickly with t

most of them standing in the cue without compet[23].

Most conflicts appear directly at the ex(t®8], which also FIG. 17. Same as Fig. 16, but wih=0.3 andx=0.9.
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FIG. 20. Evacuation time as a function of the friction parameter
wu for four room geometries: no column, central column, and col-
umn shifted by one and two lattice sites. The initial density is
F. Column in front of the exit =0.3 and the coupling strengths d&sg=10, k=0 corresponding

As an example for safety estimations in architectural plan-to the ordered regime.

ning we investigate how evacuation times change if a col-

umn (i.e., a nontraversable obstakle placed in front of the ~parametei for a room with different configurations of the
exit. The authors of Ref§5,6], who studied the same situa- column.

tion qualitatively and found surprising results, called for The placing of the column does not influence the evacu-
complementary data from experiments or other models t@tion times foru=0. Here the movement is nearly determin-

confirm their findings. We therefore study the scenarios ofstic and the particles do not hinder each other. For higher
Refs.[5,6] in the following. values ofu the column becomes more and more relevant. It

Figure 19 shows a midtime stage of evacuations for &auses a subdivision of the crowd and decreases the local

column placed central in front of the exit. The size of thepressure between the particles. Therefore the evacuation
column is 3x3 cells. It is placed within a distance of one times become smaller. They are minimized for a column
cell from the door. We compare with situations where thisPlaced in a slightly asymmetric configuration in front of the
column has been shiftedo the left or righ parallel to the ~ €Xxit (with a shift of one lattice site, Fig. 20

exit by one or two lattice sites. Our focus is on the ordered HOw can this surprising result be understood? On one
regime where friction effects are strongest. The static floohand, the column has a certain screening effect that forces
fields Sused in the simulations have been calculated using 80me pedestrians to take a detour and therefore potentially
Manhattan metri¢for details, see Ref21]), since the metric  increases the evacuation time. On the other hand, the column
of Ref.[17] only works for convex rooms. Figure 20 shows subdivides the pedestrian flow and so can lead to a reduction

the averaged evacuation times as a function of the frictiof conflict situations, especially close to the exit. The com-
petition between these two effects is then responsible for the

nontrivial dependence of the evacuation times on the posi-
tion of the column.

Figure 21 shows the number of conflicts for three differ-
ent positions of the column in comparision to a room without
column. The evacuation timé€ is minimal with the column
shifted one sitgcurve 3. In this case, the total number of
conflicts during evacuation, which is the integral of the
curve, is also minimal. However, in the early stage of the
evacuation, the number of conflicts is bigger than for all
other cases. This is a result of the subdivision of people in
the early stage of the dynamics that occurs most pronounced
in case 3. This subdivision enables pedestrians to escape
from the room faster than in the other cases, since a smoother
flow is formed which reduces the evacuation time at the ex-

FIG. 19. Midtime configuration of an evacuation of a room with P€nse of an increasing number of conflicts in the early stage.
one door at the middle of the top wall with an additional column of Furthermore, the number of dangerous conflicts close to the
size 3x3 cells placed in front of it. The width of the door is one door—which have a direct influence dn(see the discussion
cell. in Sec. IV B—is reduced.

FIG. 18. Same as Fig. 16, but fpr=0.03 andw=0.9.
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30 T v To elucidate friction effects and the role of conflicts we
have investigated a simple evacuation scenario, especially
the evacuation time and the time evolution of the process.

; ggnct‘r’;fg‘o':umn Without friction three different regimes with different behav-
3 column, shift one site ior can be dlstlngwshepl, as _shown in Ref7]. Introducing
20 — 4: column, shift two sites . >0 affects these regimes in a different way.

In general, the ordered regime, characterized by strong
coupling to the static field and weak coupling to the dynamic
field, is affected most. This is not surprising, since for suffi-
ciently large initial densities large queues are formed at exits
and clogging becomes relevant. The introduction of friction
leads to a strong increase of the evacuation {iRig. 5 due
to a strong increase of conflicSec. IV B. Here it is im-
portant that the conflicts occur mainly very close to the exit
and thus have an immediate influence on the outflow. In
0 . contrast, in the other regimes conflicts typically occur every-
100 5100 10100 where in the system and have therefore a weaker influence

t on the outflow properties.

Apart form evacuation times we have also investigated

the time evolution of an evacuation process. After the intro-

FIG. 21, .Number. 9f conflicts for.f”‘ room with one door €OM- Juction of friction the outflow is irregular with periods of
pared to various positions of an additional column close to the eX|t.CIO ina. This leads to plateaus in the numk@hr(t)} of
The friction parameter ig=0.9. All other parameters are the same 9ging. P

as in Fig. 20 evacuated persons after timhevery similar to the behavior
T observed in granular flo7-13]. Here the formation and

Comparing the cases 2 and 3. the existence of the colu breaking of arches is responsible for the irregular flow. Simi-
paring ' Mr in our case friction is responsible for the formation of

;ggggﬁs ;Zivgﬁufitr'ocna;?g 'Or:c 20(:2ni?;esoﬁjﬁnt%\giuﬁ%\é?chIike structures that block the flow close to the door. The

times a.re larger t’han for the shifted one of case 3. In case Elateau_s occur randomly and therefore c_annot be seen after
. : ' \veraging over different samples that typically show a linear

all the people in the room have to avoid the column and tak%ehavior

a detour, wh_ile _for a slightly shifted column some still can Finally, we have shown in Sec. IV F that the introduction

reach the exit directly. Thus a central column has a SrONYELs triction is essential to reproduce the surprising effects ob-

screening effect that leads to the increase of the evacuatiogérVeoI in Ref[6] when placing an additional column in front

time compared to the_ slightly shifted case. In.c.a.se 4, th%f the exit. We have provideduantitativeevidence that this
column does not contribute so much to the subdivision of the

flow, but acts more like an obstacle. For larger shifts theCOIumn does_ not nec_e_ssarlly act as an.obstacle, but can—
resdlts will approach those of case 1' und_e_r certain condltlons,_ eg. a shglhtly asymmetric

' position—improve evacuation times considerably. The fact
that the model used here differs in many respects from the

V. CONCLUSIONS social-force mode[22] (e.g., sign and type of interactions

We have extended a recently introduced stochastic cellWsed in Ref[6] implies a certain robustness of this phenom-
lar automaton for pedestrian dynamics by incorporating fric-€non. . o .
tion effects. These are closely related to the occurrence of An interesting application of the model which clearly
conflicts, i.e., situations where several people try to occupyhoWws the importance of friction effects has been discussed
the same space. Such conflicts are only resolved with prodd Ref.[23]. There it has been shown that some counterin-
ability 1— 2, wherep is called the friction parameter. This tuitive empirical observationg24] concerning egress times
implies that friction as introduced here does not influence thé®0m an aircraft can be explained using the approach pre-

motion of a single pedestriate.g., by reducing her average Seénted here.

speed, but appears only through interactions. Friction effects

becpme important in situations where IocaI_Iy high density ACKNOWLEDGMENTS

regions occur. It therefore can have a strong impact on global

quantities such as evacuation times although it acts only lo- We would like to thank H. Klpfel, F. Zielen, A. Kemper,
cally. and D. Helbing for useful discussions.
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