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Pedestrian dynamics at the running of the bulls
evidences an inaccessible region in the

fundamental diagram
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We characterize the dynamics of runners in the famous "Running of
the Bulls" festival by computing the individual and global velocities
and densities, as well as the crowd pressure. In contrast with all
previously studied pedestrian systems, we unveil a unigue regime
in which speed increases with density, that can be understood in
terms of a time-dependent desired velocity of the runners. Also,
we discover the existence of an inaccessible region in the speed-
density state diagram that is explained by falls of runners. With
all these ingredients, we propose a generalization of the pedestrian
fundamental diagram for a scenario in which people with different
desired speeds coexist.

Pedestrian Dynamics
Speed Pedestrians

| Fleeing Behavior | Fundamental Diagram | High-

he world-famous Running of the Bulls (San Ferm’n) Fes-
tival constitutes a unique system of pedestrians running

away from bulls at the streets of Pamplona (Spain). Curiously,
despite this race has been repeatedly used as an illustration of
competitive pedestrian dynamics, it has not been studied in
detail until now. Runners, brst waiting for and then escaping
from bulls, constitute a fascinating annual scenario of real
Reeing pedestrians, becoming an invaluable opportunity for
studying and understanding extreme pedestrian dynamics.

One of the main macroscopic observables for characterizing
pedestrian systems is the fundamental diagram derived from
the speed-density relation for a group of moving pedestrians
(1E16). This relation, which is used as a benchmark in design
and planning (17ER0), accounts for the accepted fact that the
speed of the group decreases monotonically as the density
increases. Under ordinary conditions, this behavior can be
explained because people try to avoid physical contact and
slow down when the available space reduces. A key feature of
this plot is the speed at near-zero density, which indicates the
velocity at which pedestrians would move if they were alone.
This speed is known as the desired speed or the free speed
(Vo).

Given their importance, speed-density relations are widely
studied in the literature; however, most of the existing investi-
gations assume implicitly two essential facts:

¥ All pedestrians have constant desired speed normally
distributed with small variance (an exception to this is the
time dependent desired speed implemented in @1)).

¥ The speed-density relations correspond to stationary (or
quasi-stationary) pedestrian systems.

Importantly, these premises hold even for the fundamental
diagrams obtained in extreme conditions. As examples, we
highlight the fundamental diagram for running pedestrians at
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Fig. 1. Layout of the street and locations where the videos were recorded on July
8 (Day 1) and July 9 (Day 2). Dotted rectangles indicate the beld of view (FOV) of

the camera. Blue arrows indicate the camera position. Red lines show recorded bull
trajectories (heads and tails).

medium speed (L6); the empirical results collected in a real
event (8); and the outcomes obtained in highly competitive
evacuation drills in which pedestrians were allowed to push
each other (22). In these last two cases, very high densities
were present (which dominate the dynamics) and the free
velocities were below 1.5 m/s. Remarkably, the assumptions
used for traditional fundamental diagrams are not valid in the
Running of the Bulls festival. Here, a moving threat (the bulls)
induces time-dependent desired velocities along with a broad
distribution among individuals. In order to understand the
complicated dynamics observed, we characterize this system
by studying -among other variables- the speed, density, and
falling probability of the pedestrians.

The pedestrian system

During the week of the San Ferm’n festival, there is a bull-run
("encierro") every morning through the streets of Pamplona.

Signibcance Statement

A topic of special interest in crowd dynamics, that can lead to
better infrastructure management, is the study of people under
high competitiveness. Persons Reeing from real danger is one
instance of this scenario, but of course it is difbcult to analyze it
experimentally. This is why people running with bulls at the San
Ferm’n festival provides an exceptional annual event where
real data of pedestrian dynamics under extreme conditions can
be collected. This kind of data is scarce and therefore highly
valuable.

D.R.P, A.G., and L.A.P. designed video acquisition system; D.R.P. recorded videos; A.G.S. and
J.R.C. developed tracking software; D.R.P,, A.G.S., and J.R.C. processed images; D.R.P. and |.Z.
analyzed data; D.R.P, A.G., L.A.P, and |.Z. wrote the paper; and D.R.P. made simulations
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Fig. 2. States of the pedestrian system. A: state Sp , B: state Sg , C: state Sc, D:
state Sp , E: state Sg . See text for description of the states. In the snapshots, labels
indicate the pedestrian number, the circles mark the actual position of runners, and
the dotted lines show the distance traveled by runners in a time lapse of 0.13 s (see
Materials and Methods). Bulls are indicated by 6 runner-equivalent circles. On the
right, the PDF of the x-component of the velocity is displayed for each state.

The course is 875-meter long, starting in a yard, and bnishing
in the bullring (see map in ( 23)). There, people run in front
of six bghting bulls which are accompanied by six tamed bell-
oxen. Although the distance is not too long, it is impossible
for a runner to cover the whole course for several reasons, such
as the presence of other runners and, above all, the high speed
of the bulls (the mean speed of the bulls, in our measurement
areas, is6 m/s).

We recorded two of these runs on consecutive days (July
8 and 9, 2019) at two dilerent locations in Estafeta street.
This 300 meters long street is the most famous in the bull-run
and is characterized by being relatively narrow (around 7 m
wide). It starts at a corner; we have taken one recording ten
meters after it, and another one at about the middle of the
street length. Both locations and the corresponding Peld of
view (FOV) are shown in Fig. 1.

Trajectories of individual bulls and runners were extracted
from videos (see Materials and Methods). Bulls were marked
as 6 human-equivalent positions (the mass of a bull is similar to
the mass of 6 runners): one on the head, one on the beginning
of the tail, and the rest on top of each leg (two over the
scapulae and two over the hips). These six points were taken
as 6 virtual humans when calculating the densities of neighbor
runners, but were not considered in any other calculation
performed in this work. The computed speeds, densities, and
other related quantities, all correspond only to the runners.

In order to understand the results, it is important to know
the proceedings of the festival. People are admitted into the

premises at 7:15 a.m., and they wait there for 45 minutes. We
have called this state Sa, in which runners brst remain in
place, at high density, and then walk slowly (see the x-velocity
distributions, vy, in Fig. 2A and Appendix SI, Movie S1). At
8:00 a.m. the bullring door Pat the end of the courseb is open,
and a sizable portion of the people walk into it, so that only
some runners remain in the path waiting for the bulls. The
street becomes less congested and, occasionally, runners are
seen to warm up (Fig.2B, system state Sg). Then, a few
seconds before the bulls arrive, a shock wave of running pedes-
trians at high velocity is observed. This shockwave triggers
the starting of the race of the waiting runners. This behavior
nicely correlates with the velocity distributions displayed in
Fig. 2C, which show two clear peaks atvy =0 and vy ! 3.5
m/s, corresponding to what we have called state Sc. Once
the bulls along with the runners in front of them have passed
by, a wake of runners with decreasing speed is observed (Fig.
2D, state Sp). In about 40 or 50 seconds the system relaxes
towards a situation of normal walking on a pedestrian street,
eventually perturbed by lonely runners jogging at medium
speed (Fig. 2E, state Sg). In summary, depending on the
instant of the race, the PDF of the x-velocity displays peaks
of dilerent widths at four distinct positions corresponding

to groups of people with dilerent desired speeds, which is
relevant for the forthcoming analysis. Finally, two minutes
after the beginning of the race, four extra tamed bell-oxen run
along the path with the purpose of guiding a possible delayed
bull to the bullring.

Results

Time evolution of macroscopic observables. We start by
analysing several macroscopic quantities averaged over all
the n; (t) pedestrians present in each time frame ¢). In par-
)

ticular, we calculate the mean spetled <v> (t)= o

ERNC

the mean density < ! > (t) = % and the mean
Mg

pedestrian pressure< P > (t) = j#j (t)l Inspired in

(8, 22), P; is the local crowd pressure P; = !;Var(v;,knn)

computed with the variance of the velocity over the k =5
nearest neighbors for each pedestrianj (which are the same
used to calculate the individual densities as explained in Mate-
rials and Methods). In Fig. 3 we display the time evolution of
these variables only for the region just after the corner (similar
results are obtained at the middle of the straight street). Inter-
estingly, all quantities present a remarkable growth when the
brst bull enters in the peld of view (dePned ast = 0) followed
by a relaxation that is rather quick for density and pressure.
The relaxation seems to be slower for the case of velocity:
even well after the passage of the last bull of the prst group
(second vertical dashed line) it seems that there is a wake
of people running quite fast following the bulls toward the
bullring. The passage of the later four tamed bell-oxen (second
pair of vertical dashed lines) also displays a small growth of
the velocity and pressure values. The low densities at which
this last event occurs evidences that it is not appealing to
runners. The values reported in Fig. 3B clearly correlate
with the occurrence of the four last states described in Fig. 2
(Se to Sg). State Sa (corresponding to normal walking and
people waiting) took place several minutes before and is not

Parisi et al.
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Fig. 3. Time series measured in the region after the corner. A: Mean density; B: Mean velocities (V,Vx ,|Vy |). The states of the system Sg to Sg identibed in Fig.2 are
indicated in purple. The two pairs of vertical red lines indicate the passage of the brst 12 bulls and the later 4 tamed bell-oxen. C: Mean pedestrian pressure. Events of falling
runners are indicated with vertical color lines, the same color indicates correlated fallings. The inset corresponds to the passage of the bulls and the 2 seconds before it.

included in these time series. The mean of the absolute value
of the y-component of the velocity displayed in Fig. 3B, which
captures the occurrence of lateral movements, also presents a
maximum when the bulls pass through the analyzed region.
This feature correlates with a well known runner strategy that
consists on stepping aside when they are not able to keep up
the bulls pace.

Beyond all the features described above, the most striking
behavior of the bull-run in the context of pedestrian dynamics
is that the speed and density increase simultaneously, in clear
contrast with the traditional fundamental diagrams reported in
the literature. Therefore, we further look into this phenomenon
by representing the speed-density relation of the averaged
observables (Fig. 4), keeping the time information in the color
code of the curve. Measurements at both locations along the
street reveal similar behaviors. The initial state ( Sg) can be
identibed at the beginning as a dark blue curve in the density
range! " (0.4,0.6) m' 2 and mean speed around<v > # 0.3
m/s. As explained, this corresponds to runners waiting for
the bulls at a bxed positions and occasionally jogging toward
another location. As bulls come closer (state Sc), the mean
speed increases up to a maximum (around 4 m/s) at which the
density also reaches its highest value (around 1 pedestrian per
square meter). After this, the system relaxes towards a normal
walking situation with mean speed around <v > # 1 m/s,
perturbed only when the second 4-bull pack passes displaying
a velocity peak at lower densities. We emphasize that only
pedestrian data were used for computing these quantities.

Despite the complicated dynamics, if we look only at the
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speed-density relation, it is evident that the general rule of
decreasing speed when the pedestrian density increases, is
not fulblled. Noteworthy, a monotonically decreasing speed-
density relation has been consistently observed in dozens of
dilerent scenarios, including competitive situations ( 8, 22).
Therefore, as far as we know, this is the brst speed-density
relation that seems to deviate from the general rule. Of course,
several dilerences can be outlined between the bull-run, and
most pedestrian systems. The brst one is that in this case, the
process is non-stationary as the irruption of bulls introduces
a big perturbation in the system. Another one concerns the
willingness of pedestrians to run in front of the bulls. Finally,

it should be also noted that, if we consider the whole process,
a wide range of desired velocities are present in the system.
Therefore, in the following section, we investigate this problem
by analysing the speed-density relation from a microscopic
point of view.

Untangling the San Ferm’n speed-density relation. In Fig. 5A,
we represent with gray dots the values of velocity versus density,
as calculated at the individual runner level (see Materials and
methods) in all the frames registered at both street locations,
as indicated in Fig. 1, and including those in the state Sa
(which were not present in the time series). Contrary to the
observation made in the mean speed-density diagram for states
Sg to Sg (Fig. 4), when including state Sa the data cloud
seems to suggest a reduction of the velocity as the density
increases. Also, it is interesting to note that the points cluster
in two overlapping but well dilerentiated groups: one for
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