
royalsocietypublishing.org/journal/rsif

Research

Cite this article: Adrian J, Seyfried A, Sieben

A. 2020 Crowds in front of bottlenecks at

entrances from the perspective of physics and

social psychology. J. R. Soc. Interface 17:

20190871.

http://dx.doi.org/10.1098/rsif.2019.0871

Received: 19 December 2019

Accepted: 1 April 2020

Subject Category:

Life Sciences–Physics interface

Subject Areas:

computational biology, biophysics,

environmental science

Keywords:

crowds, bottleneck, social psychology, physics,

experiment, pedestrian

Author for correspondence:

Juliane Adrian

e-mail: j.adrian@fz-juelich.de

Crowds in front of bottlenecks at
entrances from the perspective of physics
and social psychology

Juliane Adrian1, Armin Seyfried1,2 and Anna Sieben1,3

1Institute for Advanced Simulation, Forschungszentrum Jülich, Jülich, Germany
2Faculty of Architecture and Civil Engineering, University of Wuppertal, Wuppertal, Germany
3Faculty of Social Sciences, Ruhr University Bochum, Bochum, Germany

JA, 0000-0002-6023-5173; ASe, 0000-0001-8888-0978; ASi, 0000-0003-0203-2076

This article presents an interdisciplinary study of physical and social

psychological effects on crowd dynamics based on a series of bottleneck

experiments. Bottlenecks are of particular interest for applications such as

crowd management and design of emergency routes because they limit

the performance of a facility. In addition to previous work on the dynamics

within the bottleneck, this study focuses on the dynamics in front of the bot-

tleneck, more specifically, at entrances. The experimental set-up simulates an

entrance scenario to a concert consisting of an entrance gate (serving as bot-

tleneck) and a corridor formed by barriers. The parameters examined are the

corridor width, degree of motivation and priming of the social norm of

queuing. The analysis is based on head trajectories and questionnaires. We

show that the density of persons per square metre depends on motivation

and also increases continuously with increasing corridor width, meaning

that a density reduction can be achieved by a reduction of space. In compari-

son to other corridor widths observed, the narrowest corridor is rated as

being fairer, more comfortable and as showing less unfair behaviour.

Pushing behaviour is seen as ambivalent: it is rated as unfair and listed as

a strategy for faster access.

1. Introduction
Bottlenecks occur for a variety of reasons and fulfil different functions. When an

event or protected area is entered, bottlenecks are used for access or ticket control

and security checks. In buildings, trains and buses, doors or narrow corridors or

aisles are necessary for static, technical or economic reasons. As they limit the per-

formance of a facility or a process and cause congestions, they are of special

interest for applications such as crowd management, design of emergency

routes and science. Flow and capacity of bottlenecks depend on various factors.

These can be categorized according to factors related to the spatial structure of

the bottleneck and factors related to physiological and psychological character-

istics of the people passing through the bottleneck as well as social dynamics

in a crowd. Observations on the effects of spatial structures concern, for example,

the width and length of the bottleneck [1–9]. A review of these effects is given, for

instance, by Boltes et al. [10] and Liao et al. [11]. Physiological and psychological

factors may involve stress, social norms, identity or motivation [4,12–18].

Obviously, the dynamics within the bottleneck are related to the dynamics in

front of it. While most studies focus on the flow through the bottleneck, only a

few examine the situation in front of it [18–21]. This interdisciplinary paper

addresses physical as well as social psychological effects on crowd dynamics,

both within the bottleneck and in front of it. It is based on a previous experimen-

tal and questionnaire study [18] but more systematically examines corridor

width, motivation and social norms.
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1.1. Motivation and flow
The effect of motivation in entrance situations is assumed to

be straightforward: the more participants are motivated to

access fast, the denser the situation becomes and the faster

the initial velocity is. The motivation to ‘access fast’ can be

further subdivided into the motivation to be one of the first

(to be faster than the others) or to require little total time

(regardless of whether one is faster or slower than the

others) or to be fast together (total time for everyone acces-

sing) and thus results in more competitive or cooperative

behaviour. In general, motivation is triggered by a reward.

In this context, a prominent phenomenon that has been

described and modelled in many works is the ‘faster-is-

slower’ effect [13,16,22]. This term is used to describe the fact

that the flow through a bottleneck is reduced when the motiv-

ation of the individuals involved is high. The reduction in the

flow is causedby temporal clogs limiting the flow.The empirical

evidence for this phenomenon is, however, sparse. It is impor-

tant to note that properties of the spatial structure of the

bottleneck show complex correlations with psychological fac-

tors clearly confining the occurrence of the ‘faster-is-slower’

effect: experimental studies in which the motivation and the

width of the bottleneck were varied have shown that the flow

increases with the motivation and the ‘faster-is-slower’ effect

occurs only at very narrow bottlenecks (w < 0.7 m) and very

high motivation [4,12,15–17].

The degree of motivation changes the dynamics of a crowd

within the bottleneck as well as in front of it. In [23], the

authors examine the polarization of velocity within a crowd

in a bottleneck experiment. They observe that high motivation

can lead to temporary collective transversal movement which

in turn increases the risk of tripping and falling.

1.2. Queuing and spatial structure
In order to manage entrance situations and to prevent

very dense or uncomfortable situations, the social system

of queues has been established in many cultural contexts

(e.g. [24,25]). If an entrance procedure is clearly organized as

a queue, relatively well-defined social norms apply (for an

overview, see [26]): queue jumping or pushing in is not

allowed [24,25]; except for those who ask whether they

are allowed to cut in line, people are supposed to wait one

after the other and they are expected to keep a comfortable

personal distance.

Social norms and perceived fairness of an entrance situ-

ation are interconnected and it is possible to evaluate

different aspects of entrance procedures as just/unjust:

what is most important here is the FIFO principle (first in,

first out) [27]. Again, fairness is best defined and easily obser-

vable if an entrance is organized as a queue. In [28], the

authors have shown that participants evaluate multiple par-

allel queues as less just and less pleasant than single queues.

Some entrance procedures are clearly designated as

queues, for instance, with signs. But more often, queues are

established by convention: if people expect a queue in a cer-

tain context, they are likely to form a queue. One such

example is a check-in area at an airport. Queuing conventions

can be very specific for a local or cultural context. Sometimes,

the formation of a queue follows the initiative of the first arri-

vals who have established the queue. In other situations,

queues are enforced by spatial structures: corridors for

queues allow only very few people to stand side by side

and often they have to stand in single file. Queues at airports

in front of passport control are a prime example of this.

The transition from an ordered entrance procedure to an

unordered one is, to the best of our knowledge, only studied

in [18]. This study focuses on the spatial structure of the bar-

riers in front of a bottleneck. It was found that the density is

significantly lower if participants are guided by a corridor in

comparison to an open space setting in which participants

form a semicircle. On the basis of a post hoc questionnaire

study, queuing norms were identified as one potential cause

of this effect. It is not known how wide a corridor can be in

order to be recognized as a structure for a queue and this is

addressed in the present study.

If the entrance scenario is not recognized as a queue, it

becomes normatively more unclear. Previous research [18]

has shown that participants associate an entrance scenario in

which a crowd forms a semicircle in front of the entrance

with principles such as ‘right of the stronger’ or ‘the stronger

wins’. Some participants argue that in this entrance scenario,

no rules apply. At the same time, participantswere ambivalent

about whether pushing and shoving are forbidden or allowed.

Furthermore, humans act differently in entrance situ-

ations, depending on what strategy they use for accessing.

In our previous study, the strategies most often mentioned

were pushing and shoving, using elbows, using gaps and

choosing the left or right side for walking. These strategies

are more likely to be used if participants think that they are

able to contribute to accessing faster. Therefore, we hypoth-

esize that entrance procedures in which participants list

strategies such as pushing or using gaps and think that

these are able to contribute show higher densities. Spatial

structure such as corridor widths presumably makes some

strategies appear more promising than others.

1.3. Design and hypotheses of the actual experiments
The present study looks at the relationships between corridor

width, motivation, social norms, density, waiting times and

flow. It systematically compares width for straight corridors

and, in addition, varies high and low motivation and the social

norm of queuing via a priming procedure. We hypothesize that

(a) density increases with corridor width,

(b) runs with high motivation result in higher densities than

runs with low motivation, and

(c) priming the social norm of queuing decreases density.

Thereby, the present study responds to the following two

limitations of the earlier study [18]: first, the corridor led the

participants perpendicularly towards the entrance and the

open space suggested a straight movement from the individ-

ual starting point. To avoid such a simultaneous variation of

width and direction in the present study, only straight corri-

dors are built. Second, only two different spatial structures

were explored, a 2 m wide corridor and an open space.

Now, five different widths are used.

The questionnaire study looks at the relationships

between corridor width and social norms, perceived fairness,

comfort, perceived inappropriate behaviour and strategies for

accessing. Unlike the precursor study (in which participants

watched videos of the entrance procedure and filled in the

questionnaire afterwards), this time the questionnaire is

answered by participants who walked through the entrance

structure themselves. We hypothesize that
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(d) narrower corridors are perceived as fairer, more comfor-

table and that participants observe less inappropriate

behaviour here, and

(e) in narrower corridors fewer participants think they are

able to contribute to accessing faster and fewer partici-

pants say that they themselves were pushing.

The present paper focuses on the analysis of the exper-

imental data. A comparison between the experimental

findings with simulated data is done by Fischer et al. [29].

2. Methods

2.1. Experimental set-up
The experimental set-up (figure 1) consisted of barrier systems,

as is common for concerts or other events. A typical entrance

gate with a passage width of 0.5 m served as a bottleneck. The

corridor leading straight to the entrance gate had a certain

width w which was varied between 1.2 and 5.6 m.

2.2. Participants
For each set of experiments (including two experimental runs,

one with high, one with low motivation), participants were

recruited in university lectures in order to avoid multiple partici-

pation as far as possible. The venue for the experiments was

located between two lecture halls. The research team introduced

themselves and the experimental procedure to the students

during the lectures and asked them to participate. We collected

written informed consent from all students who were willing

to take part. They were rewarded with a voucher for the univer-

sity dining hall (worth approx. 5 euros). In total, N = 479 students

participated, with 46.9% identifying as female and 52.2% as

male. The ad hoc recruiting strategy resulted in varying numbers

of participants for each experimental set.

2.3. Procedure
From the lecture hall, participants were guided to a cloakroom

where they had to store their jackets and bags and were given

orange hats. As a group, they were then placed loosely into the

experimental structure. The following instructions for the first

run (high motivation) were read aloud to them (translated

from German): ‘Imagine you are on your way to a concert by

your favourite artist. You know that at the back you can hardly

see anything at all or only the video screen. You absolutely

want to be standing next to the stage and therefore want to

access the concert as fast as possible. After a signal, we will

open the entrance’. Then, after a ‘Go!’ signal, the entrance was

opened and participants left the experimental structure. After-

wards, they were loosely placed next to the experimental

set-up and then again placed into the structure as a group. The

following second instructions (low motivation) were read aloud

to them (translated from German): ‘Thank you very much!

Please imagine again that you are on your way to a concert by

your favourite artist. This time you know that everyone will

have good view. Still, you would like to access the concert

quickly’. Again, the entrance was opened and the participants

walked out of the structure. They were then guided back to the

cloakroom where they were first given the questionnaire and

asked to return the hat. The reward was given to students

together with their jacket and bags.

2.4. Priming procedure
We used a priming activation scheme [30] in order to make social

norms of queuing more salient in one experimental condition

and crowding behaviour in the other. Queuing or crowding

were primed at two points. First, during the introduction of the

research field during the lecture. Students were told that either

‘we are researching crowded situations such as spontaneous

queues at airports’ or ‘we are researching crowded situations

such as large crowds in front of entrances’. Second, a picture

was included on the informed consent form which showed

either orderly queues in an airport setting or a dense crowd

forming a semicircle in front of an escalator.

2.5. Overview of experimental runs
An overview of all experimental parameters including corridor

width w, priming P (c, crowding; q, queuing), degree of motiv-

ation h (hi, high; lo, low), number of participants N and

percentage of female participants is given in table 1.

2.6. Trajectories
Figure 2 shows a screenshot of the video sequences at time t = 5 s

after the starting signal for a run with the smallest corridor width

(Run 110) and for a run with the largest corridor width (Run 030).

The obligatory orange hats are used for the automatic detec-

tion and tracking of the individual head positions based on the

–1

–2
–3 3210

w

–1–2

7

6

5

y 
(m

)

x (m)

4

3

2

1

0

Figure 1. Sketch of the experimental set-up; w is the corridor width, the red
dot is the target at the entrance of the gate and the blue square indicates the
measurement area.

Table 1. Overview of the experimental runs.

run

width

w (m)

priming

P

motivation

h N

%

female

030/040 5.6 c hi/lo 75 84.0

050/060 4.5 c hi/lo 42 45.2

070/080 2.3 c hi/lo 20 30.0

090/100 1.2 c hi/lo 24 37.5

110/120 1.2 c hi/lo 63 87.3

150/160 5.6 c hi/lo 57 29.8

170/180 1.2 q hi/lo 25 64.0

190/200 3.4 q hi/lo 22 50.0

230/240 2.3 q hi/lo 42 16.7

200/260 4.5 q hi/lo 42 31.0

270/280 3.4 c hi/lo 67 13.4
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video sequences resulting in head trajectories. The automatic

extraction of the trajectories was performed according to [31]

including the correction of video recordings in order to compen-

sate lens distortion. These trajectories serve as a basis for

measuring density, velocity, waiting time and target distance.

As examples, the automatically extracted individual head tra-

jectories of Runs 110 and 030 are shown in figure 3. In Run 030, a

runwith thewidest corridor, an initial contraction and a semicircle

arrangement in front of the bottleneck can be presumed.

It should be mentioned that the raw trajectories were cor-

rected before further data processing was performed because

several people were leaning their heads over the barriers due

to a barrier height of only 1.15 m. This leads to head positions

outside the given geometry causing problems in the determi-

nation of densities. Therefore, all head positions were corrected

to lie inside the geometry. This was realized by displacing

points of trajectories that lie too close to or outside of the geo-

metry at least 0.1 m away from the boundary. We are convinced

that this procedure is reasonable since the lower body is located

inside the geometry as is the corrected head position.

In the following, we will focus only on the analysis of trajec-

tories from experimental sets with more than 40 participants

because the duration of runs with fewer participants was too

short to derive meaningful mean physical quantities.

(a) (b)

Figure 2. Screenshots of the video sequences at time t = 5 s for Run 110 with w = 1.2 m (a) and Run 030 with w = 5.6 m (b).
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Figure 3. Trajectories of Run 110 with w = 1.2 m (a) and Run 030 with w = 5.6 m (b).
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2.7. Questionnaire
The questionnaire was administered after the two sequenced

runs. Participants were asked to evaluate the first run (high

motivation) only. The questionnaire contains six items (translated

from German): (1) Did rules apply to the entrance procedure?

(yes/no), If so, what rules? (open-ended question), (2) How

fair was the entrance procedure? (six-point scale, 1, very unjust;

6, very just), (3) How comfortable did you feel? (six-point scale,

1, very uncomfortable; 6, very comfortable), (4) Did you observe

anyone behaving inappropriately or unfairly? (six-point scale, 1,

no one; 6, everyone), What kind of inappropriate behaviour did

you observe? (open-ended question), (5) Could you contribute to

accessing faster? (yes/no), If so, what kind of strategies did you

use? (open-ended question), If not, why not? (open-ended ques-

tion), (6) Did you yourself push? (yes/no), Why? (open-ended

question). Respondents were also asked to give their age and

gender. The questionnaire is completely anonymous; data can

only be assigned to the experimental run, not to individuals.

For perceived fairness, comfort and observed unfair behav-

iour, a two-way repeated-measures analysis of variance

(width × priming) was conducted. The χ
2 tests were used for

nominal items. All statistical analyses were performed with

SPSS for Mac (v. 25). The significance level is set at p < 0.05.

3. Results: trajectories

3.1. Qualitative observation and trajectories
The screenshots in figure 3 for t = 5 s represent runs with the

narrowest and widest corridors. These runs will be our prime

examples, since they show different characteristics. Around

t = 5 s, the highest density occurs, as will be seen in the fol-

lowing sections. The screenshot of Run 110 indicates that

the narrow corridor forces the participants into a queue

with two or three individuals side by side. The line of

sight of all participants and, consequently, the preferred

direction of movement, is oriented towards the target along

the y-axis. By contrast, the participants in Run 030 are not

constrained by barriers and form a semicircle in front

of the entrance gate. This leads to a preferred direction of

movement with radial orientation towards the target.

The priming procedure had no significant influence on

the physical measurands. Therefore, a distinction between

‘crowding’ and ‘queuing’ is omitted when considering

these variables. A plot showing the relation between the

mean density and corridor width in which the priming

procedures are labelled is included in [32].

3.2. Density time series
The individual density ρind was determined as Voronoi den-

sity according to [33] using the software JuPedSim [34,35].

For each individual, a Voronoi cell is defined which corre-

sponds to the individual’s personal space. The individual

density is the inverse of the area of the Voronoi cell in

terms of persons per square metre.

The density time series shown in figure 4 are exemplary

for all runs and were derived from the mean of the individual

densities within the measurement area (cf. figure 1). With

0.8 m by 0.8 m, the size of the measurement area fits into

all corridor widths. To include the area of highest density

within the measurement area, its closest border is located

0.5 m from the entrance of the bottleneck.

In the case of high motivation (cf. figure 4a), a contraction

phase is indicated by a density increase within the first 5 s

after the starting signal. For the widest corridor (w = 5.6 m),

the highest density maximum is observed. For w = 1.2 m,

the density increase takes longer than for the other runs, indi-

cating the absence of a rapid contraction. It reaches a

maximum of 6.5 m−2 after ca 15 s, which is the lowest

maximum compared to the other corridor widths.

For lower motivation (cf. figure 4b), the maximum of the

density time series is generally lower than that for high

motivation. This applies to all runs except for the widest cor-

ridor where the density maximum is similar to that for high

motivation. For the smallest corridor (b = 1.2 m), however, the

density decreases from an initial density of 4 m−2 to a level of

only ca 2 m−2. The slope of the density decrease at the end of

the runs seems to be similar for all datasets.

3.3. Relation between density and corridor width
In order to summarize the relation between density and cor-

ridor width for all experimental runs, we focus in figure 5 on

the mean value of the density time series within the 5 s inter-

val from t = 5 s to t = 10 s (grey area in figure 4). This interval

is assumed to begin after the initial contraction and to be

short enough to end before the density decreases and to be

less dependent on variations over time. We chose this interval

with the intention of capturing the phase in which the highest

density occurs; it is not meant to represent the complete

density time series.

We can derive two main findings from figure 5. First, the

mean density increases with increasing corridor width. This

applies to both degrees of motivation.
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Figure 4. Time series of the mean density ρ within the measurement area (blue square in figure 1) for high motivation (a) and low motivation (b). The runs
displayed are 110/120 (w = 1.2 m), 230/240 (w = 2.3 m), 270/280 (w = 3.4 m), 050/060 (w = 4.5 m) and 030/040 (w = 5.6 m).
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The second and more prominent finding is that the degree

of motivation has a large impact on the mean density; that is,

for each pair of runs, the mean density is 3–4 m−2 higher for

the highly motivated run. In other words, there appear to be

two discrete density states, depending on the degree of

motivation leading to the density gap. It should be noted

that the latter finding does not hold for one of the groups

in the widest corridor: here, the density for the low motivated

run is higher than that of the highly motivated run.

3.4. Waiting time
The waiting time is the remaining time until an individual

reaches the target. The target distance is the direct distance to

the target along a straight line. In the waiting time plots,

both values are plotted against each other for every time step

of the experimental run. Each line represents the relation

between both values during the runs for one individual.

Figure 6 summarizes waiting time plots for a representative

set of runs. Colour coded at the individual initial positions is

the initial velocity within the first 4 s. For individuals being

outside of the camera view at t = 0 s, the initial velocity could

not be measured. So, the coloured dot is omitted. The waiting

time plots are characteristic of each geometry and motivation.

We can generally divide the waiting time plots into two

phases as indicated in figure 7. The initial phase covers the

first 4–5 s after the starting signal (cf. figure 7a). In this

phase, two opposite behaviours can be observed. Either the

participants rush and contract, which is indicated by high

initial velocities and lines that are more or less parallel to

the x-axis, meaning that they cover a large distance in a

short time. Or the participants wait, meaning that they

have a small initial velocity and the lines are more or less par-

allel to the y-axis (see, for example, Run 120). A rushing and

contraction is most prominent in the highly motivated run

with the widest corridor (Run 030), but it can also be

observed in the other runs with a high degree of motivation.

The presence of an initial rushing is supported by high initial

velocities. Waiting behaviour in the initial phase is most pro-

minent in Run 120, which is a run with a narrow corridor and

a low degree of motivation. In some cases, both behaviours

occur consecutively within the initial phase, e.g. in Run 280

(w = 3.4 m, low motivation).

The congested phase describes the phase in which all

interspaces are filled and the participants are in a jam. In

order to compare the propagation of individuals towards

the target, we fit a potential function in the form

WT ¼ a � TDb ð3:1Þ

to the congested phase of the waiting time plots with WT

being the waiting time, TD is the distance to the target and

a and b [ [1, 2] are positive parameters. Zuriguel et al. [36]

proposed that the waiting time of an individual is pro-

portional to the number of people who are closer to the

target when the flow through the bottleneck and the density

are constant. Therefore, the waiting time is proportional to

the area ð1=2Þp � TD2, when the participants are arranged

in a semicircle in front of the bottleneck [36], which is poss-

ible in a wide corridor. So, we expect b � 2 for a corridor

with w = 5.6 m. For the narrowest corridor with w = 1.2 m,

we expect that the waiting time is proportional to the

target distance ðWT/ TD1Þ meaning b≈ 1. The smaller the

corridor, the less space there is to the sides and a semicircle

cannot be formed. So, for corridor width between w = 1.2 m

and w = 5.6 m, we expect a transition of b from 1 to 2.

An overview over the fitting parameters a and b is shown

in table 2. In order to reduce the influence of very slow star-

ters, the first 10 s of each run were omitted. As expected, b is

closest to 1 in the narrowest corridor. It increases with

increasing corridor width. However, the maximum value

b = 1.6 is lower than the expected b � 2. It is assumed that

the trend will be more pronounced for experiments with

larger numbers of participants.

To estimate a measure of the velocity towards target

direction, we build the first partial derivation of equation

(3.1) with respect to TD yielding

@WT

@TD
¼ (a� b)TD(b�1): ð3:2Þ

The inverse (a� b)�1 has the unit of a velocity and is summar-

ized in figure 8. The wider the corridor and the higher the

degree of motivation, the smaller the value of (a� b)�1 and

the slower the propagation towards the target. This closely

correlates with the high densities found for wide corridor

width and high degree of motivation.

3.5. Flow through the bottleneck
To evaluate the flow through the bottleneck, we look at the

time gaps Δt between consecutive persons crossing the

target line located within the entrance gate. Shorter time

gaps represent a higher flow through the bottleneck. In

order to exclude boundary effects, we omit the first and last

10 persons crossing the target line.

Figure 9 shows boxplots of Δt for each run with more than

40 participants. Apparently, the corridor width has no influ-

ence on Δt. But for most experimental pairs, Δt is longer for

a low degree of motivation and shorter for the corresponding

run with a high degree of motivation. This means that we did

not find any evidence of the ‘faster-is-slower’ effect [13]. By

contrast, our findings suggest that the flow through the bot-

tleneck is not necessarily low for higher motivation but

rather the other way round. However, this only applies to

small to intermediate corridor width between w = 1.2 m

through w = 3.4 m. For wider corridors of w = 5.4 m and

w = 5.6 m, the dispersion of the data around the mean value

is too large to derive a clear statement.
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Figure 5. Mean density ρ within time interval t = 5 s to t = 10 s and within
the measurement area versus corridor width w for all runs with N < 40.
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4. Results: questionnaire

4.1. Experimental conditions: width and priming
On ratings of fairness, both width (F9,468 = 5.376, p = 0.000)

and priming (F9,468 = 9.904, p = 0.001) have a significant

effect. Their interaction effect is also significant (F9,468 =

4.091, p = 0.004). Because Levene’s test shows that variances

are not equal, the Welch–James test is used for this analysis.

Post hoc tests (for unequal variances) reveal that participants

in the priming condition ‘crowding’ rate the procedure as

significantly fairer (M = 3.08, s.d. = 1.30, p = 0.000) than

those in the priming condition ‘queuing’ (M = 2.55, s.d. =

1.45). Furthermore, the width of 1.2 m (M = 3.33, s.d. = 1.34)

is rated as being significantly fairer than 2.3 m (M = 2.61,

s.d. = 1.44, p = 0.016), 4.5 m (M = 2.61, s.d. = 1.26, p = 0.002)

and 5.6 m (M = 2.71, s.d. = 1.42, p = 0.006), but not as 3.4 m

(M = 2.98, s.d. = 1.31, p = 0.468). Both effects are illustrated

in figure 10.
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Figure 7. Two phases of the waiting time plots for Run 030. (a) Initial phase (0–5 s after the starting signal) and (b) congested phase (10 s after the starting signal).

Table 2. Parameters a and b resulting from a fit of a potential function
WT ¼ a� TDb to the waiting time plots omitting the first 10 s after the
starting signal.

run

width

w (m)

high

motivation

low

motivation

a b a b

110/120 1.2 5.19 1.04 2.21 1.24

230/240 2.3 7.06 1.19 4.26 1.31

270/280 3.4 7.50 1.26 4.39 1.47

050/060 4.5 8.99 1.62 5.13 1.41

250/260 4.5 7.58 1.27 4.86 1.36

030/040 5.6 11.82 1.62 8.50 1.45

150/160 5.6 11.06 1.30 5.65 1.27
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On the rating of comfort, only width has a significant

effect (F9,470 = 4.15, p = 0.002). Again, the Welch–James test

is performed for this analysis because of unequal variances.

Post hoc tests (for unequal variances) show that the entrance

procedure with 1.2 m (M = 3.4, s.d. = 1.26) is rated as being

significantly more comfortable than 4.5 m (M = 2.82, s.d. =

1.31, p = 0.021) and 5.6 m (M = 2.77, s.d. = 1.34, p = 0.002).

Although the rating in the priming condition ‘crowding’

looks more positive, this trend is not significant (F9,470 =

2.96, p = 0.154). There is no significant interaction effect,

either (F9,470 = 1.25, p = 0.297). These effects and trends are

illustrated in figure 11.

Width has a significant effect on the observation of unfair

behaviour (F9,469 = 7.48, p = 0.000). In this case, tests for equal

variances can be used. The Bonferroni post hoc tests show

that in the entrance procedure with 1.2 m, participants observe

significantly less unfair behaviour (M = 2.88, s.d. = 1.41) than

in the ones with 2.3 m (M = 3.65, s.d. = 1.55, p = 0.009), 4.5 m

(M = 3.82, s.d. = 1.50, p = 0.000) or 5.6 m (M = 3.61, s.d. = 1.42,

p = 0.001). Priming does not have a significant effect (F9,469 =

2.02, p = 0.156). Only a non-significant trend for priming can

be observed: in ‘crowding’, less unfair behaviour is observed.

This is in line with the results for fairness and comfort. The

interaction effect of priming and width is also significant

(F9,469 = 3.05, p = 0.017) and illustrated in figure 12. Comparing

figures 10 and 12, it becomes visible that these ratings are

negatively correlated (a procedure is less fair if more people

show unfair behaviour; r =−0.452, p = 0.000). Ratings of

comfort are also correlated with ratings of fairness (r = 0.466,

p = 0.000) and unfair behaviour (r =−0.423, p = 0.000).

Width does not affect the percentage of participants who

think that they can contribute to accessing faster (x24 ¼ 1:13,

low mot

high mot

5.64.53.4

w (m)

2.31.2

0.35
(a

×
b
)–

1
 (

m
s–

1
)

0.30

0.25

0.20

0.15

0.10

0.05

Figure 8. Fit parameters (a × b)−1 against corridor width.

5.64.53.4

w (m)

2.31.2

low mot

high mot

2.00

D
t 

(s
)

1.75

1.50

1.25

1.00

0.75

0.50

0.25

0

Figure 9. Boxplot representation of time gaps Δt between consecutive per-
sons crossing the target line within the bottleneck for each run with N > 40.
The first and last 10 people crossing the target line were omitted. Grey dots:
mean values; diamonds: outliers.

5.64.53.4

width (m)

fa
ir

n
es

s

2.31.2

5.0
crowding
queuing4.5

4.0

3.5

3.0

2.5

2.0

1.5

Figure 10. Ratings of fairness for width and priming (error bars: 95% CI).

5.64.53.4

width (m)

co
m

fo
rt

2.31.2

crowding
queuing

5.0

4.5

4.0

3.5

3.0

2.5

2.0

1.5

Figure 11. Ratings of comfort for width and priming (error bars: 95% CI).

5.64.53.4

width (m)

o
b

se
rv

ed
 u

n
fa

ir
 b

eh
av

io
u

r

2.31.2

crowding
queuing

5.0

4.5

4.0

3.5

3.0

2.5

2.0

1.5

Figure 12. Observation of unfair behaviour for width and priming (error bars:
95% CI).

royalsocietypublishing.org/journal/rsif
J.
R.
Soc.

Interface
17:

20190871

8



p = 0.890). Nor does it significantly affect the percentage of

participants who note that they themselves pushed

(x24 ¼ 6:77, p = 0.149). Table 3 shows the percentage for contri-

bution and pushing for all five widths. Participants in 1.2 m

appear to claim that they were engaged in pushing less

frequently, but this effect is not significant.

In the priming condition ‘queuing’, significantly more

participants say that they did engage in pushing (x21 ¼ 4:67,

p = 0.031): 63.1% in comparison to 53.1% in the priming con-

dition ‘crowding’. Furthermore, 64.9% of participants in the

queuing condition and 57.2% in the crowding condition

think that they were able to contribute to accessing faster.

But this difference does not reach the level of significance

(x21 ¼ 2:83, p = 0.092).

To sum up, the expected effects of width can only be con-

firmed for 1.2 m: 1.2 m is rated as fairer and more

comfortable. Less unfair behaviour is observed in this con-

dition. Furthermore, a smaller percentage of participants

tend to say that they did engage in pushing themselves,

but this effect is not significant. Priming has significant effects

on fairness and pushing behaviour—and these effects are

contrary to our hypotheses.

4.2. Post hoc analysis: percentage of females in the
group

There are differences between the experimental runs which are

unaccounted for by the experimental conditions alone. For

that reason, we add an explorative analysis of the percentage

of females in the run. A combination of this factor with width

or priming in a single generalized linear model is not possible

because ‘percentage of females’ as a post hoc created variable is

not systematically varied along with the other two variables

(resulting inmissing data for several combinations of variables).

Overall, 46.9% females and 52.2%males participated.However,

runs vary in percentage of females from 13.6% to 87.3%. A cat-

egorical variable was created for 1: 1–33.3% females, 2: 33.4–

66.6% females and 3: 66.7–100% females. The percentage of

females significantly affects ratings of fairness (F2,475 = 6.91,

p = 0.001) and unfair behaviour (F2,476 = 5.94, p = 0.003) but not

of comfort (F2,477 = 2.19, p = 0.113). Groups with 1–33.3%

females are rated as being less just (M = 2.65, s.d. = 1.45) than

groups with 33.4–66.6% females (M = 3.21, s.d. = 1.36, p =

0.001). Also, in groups with 1–33.3% females, more unfair be-

haviour (M = 3.63, s.d. = 1.49) is observed than in groups with

33.4–66.6% females (M = 3.05, s.d. = 1.56, p = 0.002). No other

differences reach the level of significance. To sum up, runs

with markedly more men are rated as being less just and as

showing more unfair behaviour than runs with approximately

equal percentages of men and women.

4.3. Individual differences
Furthermore, the following two gender differences in ratings

can be observed. Males rate the entrance procedures as more

comfortable (M = 3.20, s.d. = 1.47) than females (M = 2.89,

s.d. = 1.30 p = 0.019). Significantly more men than women

(62.4 versus 51.6%) say that they did engage in pushing

(x21 ¼ 5:69, p = 0.017). On the other scales, no significant

gender differences occur.

Those who state that they are able to contribute to acces-

sing faster rate the procedure as being more comfortable

(M = 3.18, s.d. = 1.41) than the others (M = 2.87, s.d. = 1.37,

p = 0.019). Those who say that they did engage in pushing

themselves rate the entrance procedure as being less just

(M = 2.69, s.d. = 1.29) than the others (M = 3.12, s.d. = 1.47,

p = 0.001) and observe more unfair behaviour (M = 3.64,

s.d. = 1.39) than the others (M = 3.15, s.d. = 1.54, p = 0.000).

4.4. Qualitative results
Answers on open-ended questions were slightly generalized

and categorized, translated and counted. Here, only the four

most frequently used categories are reported. Since participants

were allowed to give several answers, the total number of

answers does not add up to the total number of participants.

4.4.1. What rules applied to the entrance procedure?
Unfortunately, this question did not work well in the ques-

tionnaire. Only 31 participants filled in the blank space.

Most often, the rule ‘survival of the fittest’ is named (19).

Interestingly, ‘survival of the fittest’ is more often listed in

the priming condition ‘queuing’, particularly for 2.3, 4.5

and 5.6 m (Runs 230, 250, 150). These runs show high mean

densities (see above). Furthermore, five participants say that

one should take care of others. Two participants list ‘zip mer-

ging’ and two ‘do not push hard’. The norm of queuing is not

mentioned at all.

4.4.2. What kind of unfair behaviour did you observe?
Pushing forward is mentionedmost often as a form of unfair be-

haviour (535 answers), followed by use of elbows (23), lack of

consideration for others (20) and assertion of the strongest (13).

4.4.3. What strategies did you use for accessing faster/Why could
you not use strategies for accessing faster?

Most often, pushing forward is named as a strategy (131), fol-

lowed by filling gaps (57), choosing the right or left side or

middle as the preferred pathway (46) and standing at the

front at the beginning (37).

The following reasons for not being able to influence the

entrance procedure were given: no room for manoeuvre

(100), an initial position at the back (30), being too weak

(16), consideration for others (9).

4.4.4. Why did you yourself push/Why did you yourself not
push?

Most participants say that they pushed because they were

instructed to be fast or one of the first (182). Others say that

Table 3. Percentage of participants who think that they can contribute or who say that they did push.

1.2 m (%) 2.3 m (%) 3.4 m (%) 4.5 m (%) 5.6 m (%)

contribution to accessing faster (yes) 58.9 62.9 64.0 59.5 57.9

engaged in pushing (yes) 46.8 64.5 58.4 58.3 60.2
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they were pushed from the back (16), were trying to escape

(14) or pushed because they saw others pushing (14).

Participants say they did not push because they have an

aversion to pushing (34), out of consideration for others

(28), because they wanted to avoid danger (26) or because

pushing is inefficient.

5. Combined results
In order to combine physical and psychological results, we cor-

relate the mean density and initial velocity with ratings of

fairness, comfort and unfair behaviour (cf. tables 4 and 5).

Since runs with less than 40 participants are too short to deter-

mine comparable physical characteristics, only those seven

runs with more than 40 participants are included into the

analysis. The following correlations can be observed: the

higher the mean density is, the more unfair behaviour is

observed (r = 0.787, p = 0.036) and the faster the initial velocity

is, the more unfair behaviour is observed (r = 0.768, p = 0.044).

Furthermore, the following meaningful, though not signifi-

cant, correlations occur. Runs with higher mean density are

rated less just and less comfortable. Runs with faster initial

velocity are also rated as less just and less comfortable.

The effects of priming and gender of participants on density

are calculated with multiple correlation coefficients (together

with width and motivation). No significant correlations for

priming or gender can be observed.

6. Discussion

6.1. Variable number of participants
The recruitment method resulted in varying numbers of par-

ticipants (table 1). Runs with less than 40 participants had

such a short duration that physical mean quantities are not

meaningful. Furthermore, the number of participants

became an influential factor itself which we were unable to

systematically vary and control. Future research should

choose a more controllable recruitment method and include

the number of participants as an experimental factor in itself.

6.2. Effects of width and motivation on density, waiting
times, velocity and flow

According to our findings, the density in front of the bottle-

neck increases with increasing corridor width. We assume

that this results from boundary effects and a larger space

offering more potential directions to move and fill gaps. Fur-

thermore, we found two density levels dependent on the

degree of motivation for each width, meaning that the den-

sity is about four people per square metre higher when the

participants are highly motivated.

Regarding the velocity, it was found that a high degree of

motivation leads to high initial velocity but low velocity in the

target direction during the congested phase, which is due to a

high density after the initial contraction phase. In the corre-

sponding less motivated runs, the initial velocity is lower and

the velocity during the congested phase is slightly higher than

in the corresponding highly motivated runs, which is in turn a

consequence of the lower density. Overall, the velocity in

target direction is slower, thewider the corridor is. This is a con-

sequence of the geometry inwhich the participants can arrange

themselves in front of the bottleneck depending on the space

provided by the barriers: in a narrow corridor, the participants

are forced into a ‘queue-like’ arrangement. Everyone is oriented

along the y-axis and so is their preferred direction ofmovement.

Directly at the entrance of the bottleneck, only two people at a

time compete to enter (zipper method). By contrast, in a wide

corridor, the participants have more space to form a semicircle.

They are closer to the target earlier, but their orientation is in

radial direction towards the target. The result is that more

people compete to enter the bottleneck, which results in more

conflicts than in the zipper method. For intermediate corridor

width, we find a transition between both situations.

For the fit of a potential function to the waiting time plots

during the congested phase, it was expected that the exponent

b is close to one for a very narrow corridor because the number

of people in front is proportional to the distance to the target

and that the parameter b is close to two for a wide corridor

because the number of people in front is proportional to the

area of a semicircle. These expectations were only partially ful-

filled. For the smallest corridor, the exponent b is close to one

and b increases thewider the corridor becomes, but it does not

reach the expected value of two. Several reasons could be the

cause: even if the corridor is wide enough, the participants do

not necessarily form a semicircle in front of the bottleneck.

Also V-shaped arrangements or queues occur, especially,

when the motivation is low. Furthermore, the density is not

constant and the number of participants is finite and varies.

According to the time gaps of consecutive persons cross-

ing the target line, a high degree of motivation results in a

higher flow through the bottleneck. This means that highly

motivated people enter more quickly and we can therefore

observe a faster-is-faster effect. It is only for the widest corri-

dor that the effect appears to be reversed. We note that these

findings only hold for the bottleneck width of 0.5 m that only

one person can cross at a time. In other experiments with

high motivation at bottlenecks, a reduced flow in comparison

to a low degree of motivation could be observed [16]. But

since the width of the bottleneck that was used in the exper-

iments by Garcimartín et al. [16] was wider than in our

experiment (allowing more than one person at a time to

enter the bottleneck), the effects are not fully comparable.

As outlined in the Introduction, the faster-is-slower effect

has only a weak experimental evidence and is not reproduced

Table 5. Correlations (Pearson’s r) with mean initial velocity (0–4 s).

mean

fairness

mean

comfort

mean unfair

behaviour

initial velocity

(N = 7)

−0.714 −0.695 0.768*

p = 0.072 p = 0.083 p = 0.044

*Correlation is significant at the 0.05 level (two-tailed).

Table 4. Correlations (Pearson’s r) with mean density.

mean

fairness

mean

comfort

mean unfair

behaviour

mean density

(N = 7)

−0.643 −0.651 0.787*

p = 0.119 p = 0.113 p = 0.036

*Correlation is significant at the 0.05 level (two-tailed).
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by our experiments. A more systematic analysis of the

relationship between motivation and flow through narrow

bottlenecks is necessary.

Furthermore, it is notable that we found no significant

dependence of the flow on corridor width.

Statistical tests concerning the effects triggered by corridor

width and motivation on density, velocity and flow were not

included in this study because of the limited number of

samples. Note that we also did not vary the ordering of the

motivation treatment (always high motivation first). Future

research could test whether a reverse order changes the out-

comes. We assume, however, that the instructions induce

high and low motivation independent from their ordering.

The strong effects of the instructions are visible in the videos.

6.3. Queuing not relevant
None of the corridor widths are associated with the social

norm of queuing. Our initial hypothesis that narrower corri-

dors trigger the norm of queuing was not confirmed. Neither

did priming make queuing more salient. It can therefore be

concluded that the norm of queuing is not a relevant factor

in the emergence of lower densities in narrower corridors.

The discrepancy from our earlier study (in which queuing

appeared to be a relevant factor) might be related to two

methodological issues: in the earlier study [18], the question-

naire was filled in after seeing the videos of the entrance

procedure from a bird’s eye perspective. Perhaps the

dynamics in narrow corridors looks like a queue from

above but not from the perspective of a participant in the

crowd. Also, the question ‘what rules applied to the entrance

procedure?’ did not work well in the study described here:

only 31 participants (out of 479) answered. Maybe the ques-

tion was not properly understood and we, therefore, were

unable to detect the norm of queuing.

Priming did not affect density and induced a contrast

effect on some of the ratings: when primed with the norm

of queuing, runs were evaluated as less just and as showing

more unfair behaviour. This might be explained as follows:

priming does not change behaviour but influences partici-

pants’ expectations of the entrance procedure. The priming

‘queuing’ makes participants expect an orderly procedure.

The fact that the real entrance procedure diverges from this

expectation is then reflected in more negative ratings. Inter-

estingly, for w = 1.2 m, priming showed the expected effects:

after the priming queuing, the procedure was rated as

being fairer and as showing less inappropriate behaviour.

Maybe the procedure with 1.2 m looked more like a queue

and therefore met the expectations of the participants.

Future research might have to use a priming procedure

which is less conceptual but more behavioural.

Furthermore, we did not use any methodical tool in order

to register different group formations. We did observe that

experimental runs were different—showing more or less

social cohesion and different degrees of social identification.

Future experiments should make these factors measurable

in order to account for their effects on density, velocity or rat-

ings of the entrance situation—as shown in research on

psychological and physical crowds [37,38].

6.4. Ratings of entrance situations
The narrow corridor with 1.2 m is rated as more just, more

comfortable and as showing less unfair behaviour. These

results can potentially be interpreted in the following way:

since it is possible to oversee the corridor, the FIFO principle

can be controlled and therefore the procedure appears to be

more just. Because in corridors with 1.2 m lower densities

also occur, they might be rated as more comfortable.

The correlation between density and observed unfair be-

haviour can be interpreted in two ways: either high

densities result from pushing behaviour which is evaluated

as unfair or participants observe more unfair behaviour and

then start pushing and thus increase density. The correlation

between initial velocity and observed unfair behaviour can be

interpreted similarly: either participants evaluate other par-

ticipants who are moving fast as behaving unfairly or

because they expect unfair behaviour by others, they start

moving fast themselves at the beginning.

This study confirms that pushing is normatively ambiva-

lent: it is at the same time listed as inappropriate behaviour

and as a strategy (by the same participants). Furthermore,

individual attitudes about pushing are diverse: approxi-

mately half of the participants say that they were engaged

in pushing themselves and the other half not. Some partici-

pants articulate their concerns about pushing being

dangerous, rude or inefficient. Others do not see it as a pro-

blem. This ambiguity of pushing behaviour might be quite

influential in crowd dynamics: if, culturally, pushing is

neither clearly forbidden nor seen as clearly legitimate, it

might occur in a context-dependent and dynamic way. In

this sample, the percentage of participants saying that they

did push varies from 29.2 to 78.6%. However, because we

only have questionnaire data for one point in time, we

cannot track any dynamical changes in pushing being seen

as more or less appropriate in the course of a run.

It is interesting to note that pushing is not the only strat-

egy listed. Furthermore, filling gaps, using a specific path

(left, right or middle) and standing at the front before the

entrance opens are other strategies mentioned. Using gaps

is of particular interest because it increases density as does

pushing, but it is probably seen as being more considerate.

Future research should focus on pushing as well as the

behaviour of filling gaps.
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