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The evacuation of crowds from buildings or vehicles is one example that

highlights the importance of understanding how individual-level interac-

tions and decision-making combine and lead to the overall behaviour of

crowds. In particular, to make evacuations safer, we need to understand

how individuals make movement decisions in crowds. Here, we present an

evacuation experiment with over 500 participants testing individual behaviour

in an interactive virtual environment. Participants had to choose between dif-

ferent exit routes under the influence of three different types of directional

information: static information (signs), dynamic information (movement of

simulated crowd) and memorized information, as well as the combined effect

of these different sources of directional information. In contrast to signs,

crowd movement and memorized information did not have a significant

effect on human exit route choice in isolation. However, when we combined

the latter two treatments with additional directly conflicting sources of direc-

tional information, for example signs, they showed a clear effect by reducing

the number of participants that followed the opposing directional information.

This suggests that the signals participants observe more closely in isolation do

not simply overrule alternative sources of directional information. Age and

gender did not consistently explain differences in behaviour in our experiments.
1. Introduction
Imagine a crowd of people leaving a building with multiple exits. Some exits

are labelled with signs, while some people in the crowd remember that they

have been told to use certain exits. Which exit route do people choose? Do

they follow the signs, or other people, or the information they may or may

not remember? Depending on the decisions of individuals, the crowd could

split evenly between different exits or everyone could try to use the same

exit. This scenario is a perfect example of collective behaviour in which the

decisions of individuals combine and lead to the observed crowd dynamics

[1]. Such collective behaviour phenomena, emerging from interactions between

individuals, occur across a wide range of species including social animals,

insects or bacteria and include the synchronized movement of schools of fish

or the relocation of nest sites in ants, for example [2].

The evacuation of human crowds from confined spaces is one example that

highlights the practical importance of understanding collective behaviour.

Crowds are composed of many individuals and each individual makes move-

ment decisions based on their surroundings. These individual-level decisions

give rise to the movement dynamics of crowds and to make buildings or vehicles

safer, we thus need to understand the individual-level decisions in crowd evacua-

tions [3]. Individuals within a crowd are likely to make movement decisions at

different temporal and spatial scales [4]. In particular, it has been suggested

that we need to distinguish between microscopic ‘operational-level’ decisions

and higher level ‘tactical-level’ decisions [5]. Operational-level decisions typically

relate to the short timescale walking behaviour of pedestrians, for example the
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precise steps in a path an individual may take through a crowd

to the nearest exit while avoiding collisions with other ped-

estrians or objects in the vicinity. Theoretical and empirical

research on this type of behaviour suggests that humans seek

to optimize their travel time or the directness of their path

[6,7]. Tactical-level decisions occur over longer timescales,

and examples include the decision on which exit route from

a building to use, or the timing of when to initiate the perso-

nal evacuation. In the context of evacuations, tactical-level

decisions about when to go and where to go can lead to high

pedestrian densities and operational-level behaviours can

subsequently lead to potentially dangerous collective phenom-

ena, for example the build-up of pressure at bottlenecks in

evacuation routes [5]. Empirical and theoretical work has

greatly helped to reduce the risks posed by dangerous collec-

tive phenomena emerging from behaviour at the operational

level [3]. In this study, we investigate the tactical-level move-

ment decisions of humans in the context of crowd evacuations.

Different approaches have been developed and used

to determine what individual-level behaviours may lead to

observed collective phenomena, but there is currently no estab-

lished solution for this particular problem. In one approach,

different models for individual behaviour are fitted to empiri-

cal data. The model producing the best fit represents the most

likely set of behaviours [8]. A drawback of this approach is

that our knowledge is always limited by the available models

for behaviour under consideration. A different approach

treats individuals as particles and estimates the strength of

the forces acting between these particles from the relative

movement of individuals [9,10]. Manipulating the sensory

abilities of individuals within groups (e.g. by blindfolding

them) presents another approach to establish the sufficient

and necessary basis for certain types of collective behaviour

[11]. We employed an alternative approach by using a virtual

environment to precisely control the signals and visual stimuli

humans could obtain from their environment. By asking

volunteers to complete an evacuation from a building in this

interactive simulated environment, we investigated how

humans respond to different sources of information when

making movement decisions.

Interactive virtual environments are an established and

proved tool to investigate dynamic human decision-making

in response to changing circumstances in general [12,13] and

in evacuations in particular [14–18]. At one end of a spec-

trum of simulated environments are ‘table-top’ pen and paper -

scenarios developed to assess decision-making of miners,

fire-fighters or military personnel in emergencies that can sub-

sequently be used for training purposes [19]. At the other end

of the spectrum for simulated environments are fully immer-

sive scenarios for pedestrians that promise to be useful in

calibrating models for pedestrian movement and in exposing

volunteers to fully controlled emergency situations [20]. We

opted for an intermediate level of simulation sophistication.

This ensured that the simulated scenario was realistic enough

to be easily understood by participants and that the controls

for interactions with the environment were sufficiently

simple to allow a wide spectrum of volunteers to participate.

An additional advantage of performing experiments on

human behaviour in crowd evacuations using a virtual

environment is that we can expose many participants to differ-

ent, potentially stressful, scenarios at low cost and without risk

of injury or exhaustion. A disadvantage of conducting exper-

iments in virtual environments, which we address further
below, is the question to what extent findings from this type

of research apply to real evacuations.

The scenario outlined in the introductory paragraph illus-

trates how individuals may base their movement decisions

on different sources of information. We identified three ubiqui-

tous sources of information or signals for the purpose of this

study: emergency exit signs, the actions of other individuals

within the evacuating crowd and memorized instructions.

The common aspect of these three sources of information is

that they provide directional information that can steer evac-

uees in a particular direction during emergencies. Emergency

exit signs provide static information that does not change

over time. The actions of other individuals within the evacuat-

ing crowd provide dynamic information that can change over

time. Memorized information, for example verbal instructions

given prior to the evacuation, may not be remembered cor-

rectly or could be forgotten. In the course of an evacuation,

people are often confronted with possibly conflicting infor-

mation from different sources [21]. Therefore, we suggest that

it is particularly important to assess the effect of combinations

of signals on individual decision-making in the context of

evacuations. Previous research has used interactive virtual

environments to assess the response of humans to different

static environmental directional information [15,18,22]. By

contrast, we investigate the impact of static, dynamic and mem-

orized directional information and the interplay between these

information sources on human movement decisions.

Although some research suggests that the layout of buildings

could be more important in informing evacuees’ movement

decisions [23], emergency exit signs are a commonly used

and widely accepted tool to label exit routes [24]. Empirical

research has also investigated where to best position signs

and how to design signs to ensure their visibility [15,22]. Inter-

active virtual environments have previously been used to

investigate the effect of signs on human movement decisions

[16,18]. The results suggest that, on the one hand, signage

can reduce evacuation times but, on the other hand, that

humans tend to preferentially interact with other conspicuous

features of the virtual environment, such as doors or brightly

lit and wider corridors, and that only repeated exposure to

signs has the desired effect [16,18].

Crowd-following behaviour is often considered to be an

important aspect of evacuations and it has been suggested

that this could be beneficial in some circumstances by helping

people to find exits, but conversely, could also lead to over-

crowding at exits in other circumstances [25]. In addition,

proximity-seeking behaviour towards familiar people is con-

sidered to be important [26]. However, in general the question

of whether evacuees follow others remains unresolved and is

likely to depend on the specific context [5].

Official guidelines recommend that passengers of planes or

trains are invited to familiarize themselves with the location of

emergency exits and to note the closest emergency exit to their

seat [27]. Similar instructions may be given on entering build-

ings or people may notice and possibly memorize exit routes

on a tour around a building. While previous work investigated

the importance of being familiar with one of a choice of exit

routes [17,28], to our knowledge the effect of memorized infor-

mation on the movement decision of evacuees has not been

investigated systematically.

In summary, we used an interactive virtual environment

to investigate how the information from three different

sources of directional information influence the movement
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Figure 1. Layout of simulated environment and different experimental treatments. (a) Layout of the simulated environment. In the first task, participants started at
the initial position ‘St’, followed arrows to the entrance ‘En’ into the central room ‘CR’ and to the first target ‘T1’. The second task is outlined in the Material and
methods and did not involve any simulated pedestrian movement. In the third task, participants started at ‘T1’ and subsequently left ‘CR’ through either exit into
corridors ‘C1’ or ‘C2’ and moved to the final target ‘T2’. The entrance ‘En’ was blocked in this task. The pedestrian steered by participants is represented by a black
filled circle, located at ‘T1’, and simulated pedestrians are represented by white filled circles with a line indicating their movement direction. We show the control
treatment in which the simulated crowd splits evenly between the two exits during the third task. For illustration purposes, the whole environment is visible, but
participants had a limited view as shown in the other panels. (b) Memory treatment M (the message displayed translates to: ‘Well done! During an emergency, leave
the room through the exit marked with the following symbol: @’). (c) Crowd treatment C (the entire crowd exits through one exit). (d ) Sign treatment S (the crowd
splits evenly between the two exits and a sign labelled ‘EXIT’ indicates which exit to use). (Online version in colour.)

rsif.royalsocietypublishing.org
J.R.Soc.Interface

11:20130904

3

decisions of humans in simulated evacuations. Importantly

and in contrast to previous work, we not only investigate

the effect of different signals in isolation, but also explicitly

consider combinations of signals in which the directional

information of one signal is either reinforced or contradicted

by another signal.
2. Material and methods
2.1. Methods summary
In this research, we extend established methodology for studying

human route choices in a virtual environment [17]. We recruited

participants from paid volunteers taking part in a separate

large-scale experiment on pedestrian dynamics in Düsseldorf,

Germany (19–22 June 2013; project details: www.basigo.de).

Each participant was only allowed to take part in the experiment

once and was presented with a top-down view of a virtual

environment populated by 80 simulated pedestrians, the move-

ment of one of which could be controlled by participants via

mouse clicks. Figure 1 shows this environment: the layout was

symmetrical and consisted of a central room, an entrance area
and two corridors connecting the central room to an additional

corridor stretching over the width of the environment. The

global environment was hidden from participants, and only the

contents of the rooms they were occupying were visible to them

(figure 1). We recorded the timing and the on-screen location

of mouse clicks for each participant, as well as the associated

movement within the virtual environment. At the start of the

experiment, participants received instructions on how to steer

their pedestrian (see the electronic supplementary material for

full instructions). Our experiment consisted of three tasks that

participants had to accomplish within the virtual environment.

In the first task, participants were familiarized with the virtual

environment and learned how to control their pedestrian by

moving it from a starting position in the entrance area via a desig-

nated route marked with arrows to a fixed target in the central

room (T1 in figure 1a). The symmetrical layout of our experiment

allowed us to randomly choose one of the two possible routes

into the central room for each participant to avoid inducing a

directional bias. During this task, the simulated pedestrians

moved randomly in the central room and the two corridors (see

the electronic supplementary material for details). All participants

successfully completed the first task. We did not use data from this

task in our analysis.

http://www.basigo.de
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At the start of the second task, participants were shown a

message for 6 s instructing them to leave the (central) room in

case there was an emergency. In the remainder of the second

task, participants were presented with nine maths questions

and were invited to answer as many as possible within 30 s.

They were subsequently shown the results of their performance

in this test for 15 s. This task was designed to distract participants

from the instruction message at the start of the task. The content

of the message was varied in one of the experimental treatments

(see below).

The third task started with a 5 s countdown. Over the last 4 s of

this countdown, participants were shown a message instructing

them to leave the room because of an emergency. The entrance

by which participants had entered the central room in the first

task was blocked and participants were thus faced with a choice

of two exits from the room: one at the top and one at the bottom

(figure 1). The third task and the experiment ended when partici-

pants reached a new target that was outside the central room and

equidistant from both remaining exits (T2 in figure 1a). During this

task, the simulated pedestrians performed a simulated evacuation,

exiting the room through the same exits that were open to the par-

ticipants. To ensure that participants quickly grasped how to

control their pedestrian, they were allowed to ask the experimenter

questions throughout the experiment. Only answers on how to

steer their pedestrian were given.
2.2. Treatments
Each participant was exposed to one treatment out of 10 possible

treatments. To ensure an even split of participants across treatments,

we allocated a unique number to each participant which was incre-

mented by one between consecutive participants and allocated

treatments according to modulo 10 of this number. Partici-

pants were not allowed to watch others before they took part in

the experiment and participants who had already taken part

in the experiment were not allowed to talk to others before they

took part. In addition to the control treatment, we implemented

three primary treatments. We obtained six additional treatments

by pairwise combinations of the three primary treatments. The

treatments were designed to provide participants with directional

information about which exit route to take and are described below.

In the control treatment, the simulated pedestrians split evenly

between the two exit routes from the central room during their

simulated evacuation (figure 1a). This treatment was designed

to establish the baseline behaviour of participants in a perfectly

symmetrical set-up.

In the ‘memory’ treatment (M), participants were shown a

different message at the start of the second task. While in the

other treatments, the message only instructed participants to

leave the room in case of emergency, in the M treatment, the mess-

age instructed participants to leave the room through a specific

exit. Both exits and the entrance were labelled with unique symbols

that were shown six times for half a second in half-second intervals

(figure 1b). The message indicated the unique symbol of the exit

participants should use when exiting the room. The M treatment

was designed to test participants’ ability or willingness to follow

instructions on exit routes from memory. In real life, people

might be distracted during or after receiving information on exit

routes and we included the maths test in the second task to distract

participants from the information received in the M treatment.

The ‘crowd’ treatment (C) presented participants with a simu-

lated evacuation in which all simulated pedestrians exited through

one exit (figure 1c). This treatment tested the response of partici-

pants to the dynamic directional information provided by the

movement of simulated agents and it also tested participants’

response to exit blockages induced by the simulated crowd.

In the ‘sign’ treatment (S), the simulated evacuating crowd

split evenly between the two exits, but close to one of the exits
was a green ‘EXIT’ sign with an arrow pointing upwards or down-

wards, depending on which direction people had to move to use

the nearby exit (figure 1d ). The S treatment was designed to test

participants’ response to static directional information provided

by signs.

The remaining six treatments were pairwise combinations of

the primary treatments M, C and S. In three of these treatments,

the two primary treatments reinforced the directional information

they provided to the participants. For example, in the reinforcing

combination of the crowd treatment C and the sign treatment

S (denoted interchangeably by C þ S or S þ C), the simulated

crowd exited through the same exit that was also marked with

an exit sign. Likewise, in treatment M þ S (or S þM), the exit

indicated to participants at the start of the second task was also

labelled with an exit sign. The remaining treatment that reinforced

directional information was M þ C (or C þM).

To study the case when different sources of information pro-

vide conflicting directions, we combined the primary treatments

in such a way that they suggested opposite exit routes. For

example, in the conflicting combination of treatment C and treat-

ment S (denoted interchangeably by C 2 S or S 2 C), the

simulated crowd all exited through one exit while the oppo-

site exit was marked with an exit sign. The other conflicting

combinations of primary treatments led to treatment M 2 S (or

S 2 M) and treatment M 2 C (or C 2 M).
2.3. Simulated individual behaviour
We used previously established methodology [17] based on

well-accepted theoretical work [25,29] to simulate the movement

of pedestrians in continuous space. We modelled interactions

between pedestrians as social forces. Individuals’ reactions to

the built environment (e.g. walls) and movement preferences

(e.g. towards a target) were encoded in a discrete floor field.

At the start of the experiment, the simulated pedestrians were

distributed randomly over the central room and the two adjoin-

ing top and bottom corridors (figure 1a). Pedestrian–pedestrian

and pedestrian–wall overlaps were avoided throughout the

experiment and simulated pedestrians were removed from

the simulation and graphic display when they reached the final

target of the evacuation in the third task. During the first task,

a small number of pedestrians (less than 4%) occasionally

entered the entrance area, where they got stuck when the

entrance was blocked during the third task (this had no effect

on experimental outcomes). The movement dynamics in the vir-

tual environment were not updated during the second task and

whenever messages were displayed to the human players. We

ran the simulation with fixed parameter values to ensure that

simulated pedestrians moved at a reasonable speed and partici-

pants had sufficient time to react to the dynamics. The full

details of the simulation model can be found in the electronic

supplementary material.
2.4. Data collection and statistical analysis
Only participants aged 18 or older were permitted to participate

in the research. We recruited a total of 570 participants, 29 of

whom had to be excluded from the study because they acciden-

tally terminated the computer program before the complete data

could be written to files. Of the remaining 541 participants, 450

(83%) reported their age. The median age across participants

was 23 years (mean: 24.66 years), the minimum and maximum

ages were 18 and 66 years, respectively. A total of 505 (93%) par-

ticipants reported their gender. Slightly more men than women

participated (287 and 218, respectively). We did not record data

on nationality or ethnicity. We used the movement and mouse

clicks of participants in the virtual environment during the

third task to compute the following summary statistics.
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Following information. Each of the primary treatments M, C

and S provided participants with a signal in the form of direc-

tional information. This binary summary statistic took value 1,

if participants used the same exit as indicated by this signal

and value 0 otherwise. For example, if a participant used the

same exit as the crowd in treatment C, this participant was

assigned value 1 for this summary statistic. We then used the

fraction of individuals who used the exit indicated by the

crowd, P(same as signal), to summarize participant behaviour.

When treatments were combined, we split P(same as signal)

up into P(same as memory), P(same as crowd) and P(same as

sign). In treatments where different signals reinforced directional

information, the ‘follow information’ summary statistic was iden-

tical for both of the separate signals. For example, in treatment

M þ S, P(same as memory) ¼ P(same as sign). In treatments

where different signals provided competing directional infor-

mation, the ‘follow information’ summary statistics were

different for the two signals but summed to 1 as there was a

binary choice of exits. For example, in treatment S 2 C, P(same

as crowd) þ P(same as sign) ¼ 1.

Click number. We recorded the number of mouse clicks par-

ticipants performed in the third task. This is a measure for

how often individuals adjusted their movement and could be

related to growing impatience, attempts to avoid the crowd or

obstacles, or simply individual preferences for steering the agent.

Reaction time. We defined the time it took participants to

show a reaction at the start of the evacuations as the number of

simulation time-steps between the end of the countdown

before the simulated evacuations and the first mouse click. This

time could indicate whether participants contemplated different

possibilities before making a decision or it could simply measure

how fast participants can respond at the end of the countdown.

Adaptation. With this binary summary statistic, we measured

whether or not participants changed their mind when leaving

the central room. We defined these changes of mind as the case

when participants moved at least one-fifth of the height of the

central room in the vertical direction towards one exit before exit-

ing through the opposite exit. This summary statistic could

indicate the ability or willingness of participants to adapt their

initial decision in response to the developing simulated evacua-

tion. As for ‘following information’, we report the fraction of

individuals who changed their mind, P(change mind).

We conducted our statistical analysis in the R programming

environment, v. 2.15.2 [30], and applied two types of statistical

tests to the data. First, we used binomial tests to determine sep-

arately for each treatment whether the probabilities P(follow

signal) and P(change mind) were different to what we might

expect by chance. We also obtained 95% CIs for these pro-

babilities using the approach included in the binomial test

implementation in R. Second, we compared summary statistics

between different treatments using generalized linear models

(GLMs), as described below.

We used GLMs to test for the influence of treatment, age, gender

and performance in the maths test on summary statistics. We

included participants’ performance in the maths test in our statisti-

cal analysis to investigatewhether the range of abilities needed to do

well in the maths test had an effect on decision-making. In addition

to arithmetic abilities, the maths test provided a measure for partici-

pants’ computer literacy (text fields had to be filled in quickly) and

their ability to perform under time pressure. For the two Boolean

summary statistics (follow information and adaptation), models

had binomial error structure with logit link functions. The other

two summary statistics were fit to standard linear models with

Gaussian error structure. We performed a log transformation to

reaction time data prior to model fitting to meet normality assump-

tions. All models included an intercept, the response variable was

the summary statistic and the explanatory variables were treatment

(categorical), age, gender (categorical) and performance in
the maths test (number of correctly answered questions). Using

these statistical models, we conducted pairwise comparisons of

treatments for the primary treatments. We also compared combi-

nations of treatments against a baseline of each primary treatment

in turn. For these comparisons, we used one of the above-mentioned

statistical models to assess the effect of each combined treatment on

a summary statistic, taking age, gender and performance in the

maths test into account. We report the full output of the statistical

models in the electronic supplementary material.

As a result of the number of treatments and summary statistics

we consider, we conduct many comparisons in our statistical

analysis. To avoid Type I errors (false positives), we would have

to adjust our significance thresholds for multiple comparisons.

However, doing so would inflate the false negative rate. We

suggest that in the context of crowd evacuations, we should be

careful not to rule out possible factors affecting human decision-

making falsely (false negatives) as ignoring such factors may

have disastrous consequences. Initially considering factors that

are shown to have no effect by further experiments (false positives)

may incur a cost in terms of research effort, but is less likely to lead

to omissions in contingency plans for emergencies and in future

research on the topic. Therefore, we do not adjust for multiple com-

parisons and set the significance threshold to p , 0.05 throughout.

As we report all p-values, the inclined reader can perform an

adjustment for multiple comparisons post hoc.
3. Results
We first present the effect of the primary treatments on the

exit choices of human participants in our virtual environment.

Subsequently, we show the effect of combining treatments on

human route choice using each primary treatment in turn as

a baseline for behaviour. As described in the Material and

methods, the symmetrical set-up of the experiment enabled

us to randomly choose the directional information provided

by the treatments between the upper and lower route. While

this should be sufficient to create a balanced experiment with-

out bias, we nevertheless tested whether participants chose the

upper or lower route more often than we would expect by

chance in the absence of directional information (control treat-

ment). We found this was not the case (binomial test: p ¼ 0.68).

We also found no consistent effect of the additional individual-

level characteristics we recorded (age, gender, performance in

the maths test) on subject behaviour. The specific results

and a discussion relating our findings on the effect of individ-

ual characteristics to previous research can be found in the

electronic supplementary material.
3.1. Effect of primary treatments (memory, crowd
and sign)

Figure 2a shows significant differences in the fraction of partici-

pants following the directional information provided by the

different primary treatments. For the memory treatment (M)

and the crowd treatment (C), the proportion of participants

following the directional information provided was not signi-

ficantly different to that expected by chance (binomial test:

p ¼ 0.15 and p ¼ 0.13, respectively). Nevertheless, the likelihood

of participants to follow the directional information in the M

treatment was so low that we found a statistically significant

difference between this treatment and treatment C (see electronic

supplementary material, table S2). The static directional infor-

mation provided in the sign treatment (S) was followed by
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Figure 2. Human responses to directional information in simulated evacuations. We extracted four summary statistics from participants’ movement in the simulated
environment and show the primary treatments and the control treatment. Under the control treatment, the simulated crowd did not provide any directional infor-
mation as it split evenly between the two exits. The primary treatments provided directional information: under treatment M, a message participants could
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which exit to use. The reaction time in (c) is given in update steps of the simulation (corresponding to 0.05 s of simulated time, see the electronic supplementary
material). Statistically significant effects of treatments on summary statistics in pairwise comparisons of treatments are indicated by horizontal bars and asterisks (‘*’)
above the measured quantities ( from GLMs, see Material and methods; electronic supplementary material). Error bars show standard errors in (b,c), and 95% CIs for
the observed probabilities in (a,d ). Further details on the statistical analysis can be found in the Material and methods section.
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over 80 per cent of participants, more than expected by chance

(binomial test: p ¼ 5.81 � 1029), and this response was signifi-

cantly higher than the response in both treatments M and C

(see electronic supplementary material, tables S1 and S3).

Neither the reaction time (figure 2b), nor the total number

of clicks (figure 2c) of participants showed significant differen-

ces between treatments (see electronic supplementary material,

tables S4–S15). The difference in reaction times between

treatments C and S seems to be considerable under visual

inspection (figure 2b), but these data had to be log-transformed

before statistical analysis and the absolute differences between

treatments were thus reduced.

The probability for participants to change their original

decision was low for all treatments and significantly different

from random (binomial test, treatments: control, M, C, S;

p ¼ 1.65 � 10213, p ¼ 4.09 � 10216, p ¼ 2.92 � 10212, p ¼
7.08 � 10210, respectively; figure 2d ). Although this prob-

ability seemed to increase from treatment M to C to S, as

with the probability to follow the directional information

provided by the treatments (figure 2a), the difference between

treatments was not statistically significant (see electronic

supplementary material, tables S16–S21). Across the three
treatments M, C and S, only nine people changed their initial

decision. Six of these participants initially moved in the oppo-

site direction as indicated by the treatment and then changed

their mind. This proportion is not significantly different than

expected by chance (binomial test: p ¼ 0.51). As an aside,

note that across all combined treatments that provided non-

conflicting directional information (M þ S, M þ C, S þ C),

11 out of 12 participants who changed their mind adjusted

their initial decision to move in the direction suggested by

the treatment. This proportion was higher than expected

by chance (binomial test: p ¼ 0.0064).

Considered on their own, these results suggest that the

only source of directional information in our experiments

that had a significant effect on participants’ decision-making

and behaviour was the static directional information provided

by signs. Furthermore, these results also suggest that there is no

significant difference in the time taken by participants to make

their initial decision about where to move, and that partici-

pants tend to stick with their original decision about which

exit to leave from.

In the following results, we no longer present the reaction

time, number of mouse clicks participants performed and
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Figure 3. Human responses to reinforced or conflicting directional information in simulated evacuations. We used each of the primary treatments M, C and S in turn
as a baseline (baseline M: a; baseline C: b; baseline S: c). We show the proportion of participants that followed the baseline signal. Additional summary statistics can
be found in the electronic supplementary material. Statistically significant effects of combined treatments compared to the baseline primary treatment are indicated
by horizontal bars and asterisks (‘*’) above the measured quantities ( from GLMs, see Material and methods; electronic supplementary material). The summary
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we have P(same as memory)þP(same as crowd) ¼ 1, as the directional information of M and C in this treatment points in opposite directions. Likewise, the values
for MþC (or CþM) are identical in (a,b) as in this treatment the directional information for M and C coincide.
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the probability of participants to adjust their initial decision

as the different treatments had no significant effect on these

summary statistics (with one exception, see the electronic sup-

plementary material, figure S1). Results on these summary

statistics can be found in the electronic supplementary

material, figure S1.

3.2. Effect of crowds and signs in the presence of
memorized information (MþS, MþC, M2S
and M2C)

We compared reinforcing and conflicting combinations

of primary treatments against the baseline of the memory treat-

ment, M (figure 3a). When the directional information

provided by memory was reinforced by the directional infor-

mation of the sign (MþS) or crowd (MþC), the proportion of

participants following this information increased significantly

when compared with the baseline M treatment (see electronic

supplementary material, table S22) and was significantly

higher than expected by chance (binomial test: treatment

MþS, p ¼ 5.55 � 1026; treatment MþC, p ¼ 8.02 � 1024;

figure 3a). The effect of conflicting directional information

on the route choice of participants in treatments M2S and

M2C compared to treatment M was not statistically significant

(see electronic supplementary material, table S22). However,

the fraction of participants following the directional informa-

tion provided by memory in these treatments was reduced

and significantly lower than expected by chance, which was

not the case in treatment M (binomial test: treatment M2S,

p ¼ 0.0012; treatment M2C, p ¼ 0.013; figure 3a).

These results confirm that memory (treatment M) had a

weak effect on subject behaviour. In the original treatment

M, the proportion of individuals following the directional

information provided by memory was no different than

expected by chance. However, in treatments where the direc-

tional information from memory was reinforced by the

movement of the crowd or the presence of a sign, signifi-

cantly more participants than expected by chance followed

the directional information provided by memory. In treat-

ments with conflicting information, significantly fewer

participants than expected by chance followed the directional

information provided by memory.
3.3. Effect of signs and memory in the presence of
crowds (CþS, CþM, C2S and C2M)

In figure 3b, we show comparisons of reinforcing and conflict-

ing combinations of primary treatments against the baseline of

the crowd treatment, C. When the directional information pro-

vided by the crowd was reinforced by a sign (treatment CþS),

the proportion of participants following this information

increased significantly (see electronic supplementary material,

table S26). Combining the directional information of crowd

and memory (CþM) also led to a higher proportion of partici-

pants following the information, but the increase compared

with treatment C was not statistically significant (see electro-

nic supplementary material, table S26). However for both

treatments CþS and CþM, the proportion of participants

following the directional information was significantly higher

than expected by chance, which was not the case for treatment

C alone (binomial test: treatment CþS, p ¼ 2.14 � 10210;

treatment CþM, p ¼ 8.02 � 1024). When the directional infor-

mation of the crowd conflicted with the information provided

by a sign (C2S), the proportion of participants following

the direction of the crowd was reduced significantly (see elec-

tronic supplementary material, table S26). This was not the

case when crowd and memory suggested opposite directions

(C2M; electronic supplementary material, table S26). The pro-

portion of participants following the crowd actually increased

slightly in treatment C2M compared with C and was now

significantly different than expected by chance (binomial test:

p ¼ 0.013), whereas in treatment C2S it was not different

than expected by chance (binomial test: p ¼ 0.081). The latter

p-value is only narrowly non-significant and further studies,

possibly with more participants, may show a significant dif-

ference. These findings further corroborate the view that

treatment S had a strong and treatment M a weak effect on

participant decision-making and behaviour.
3.4. Effect of crowds and memory in the presence of
signs (SþC, SþM, S2C and S2M)

The sign treatment, S, appeared to have the strongest effect

on participants’ movement behaviour and decision-making

when only a single source of directional information was
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given (figure 2). We now consider treatment S as a baseline

and investigate the effect of reinforcing or contradicting the

directional information provided by the sign with the direc-

tional information provided by the memory and the crowd

(figure 3c). Reinforcing the directional information had no

statistically significant effect on the proportion of participants

following the direction indicated by the signs, as this pro-

portion was already at a high level for treatment S alone

(treatments SþC and SþM; electronic supplementary

material, table S30). However, when the primary treatments

were combined to provide conflicting information, the pro-

portion of participants following the direction of the sign

was significantly reduced compared with treatment S (treat-

ments S2C and S2M; electronic supplementary material,

table S30). In treatment S2C, this resulted in a proportion

of individuals following the direction of the sign not signifi-

cantly different from random (cf. treatment C2S in §3.3).

So despite the fact that treatment C appeared not to have a

significant effect when it was the only source of directional

information (figure 2a), the conflict between the directional

information provided by the sign and the crowd was strong

enough to significantly alter participants’ tendency to

follow the direction of the sign observed in treatment S

alone (figure 2a). While the proportion of individuals follow-

ing the direction of the sign was still higher than expected by

chance in treatment S2M (binomial test, p ¼ 0.0012), the fact

that the difference between this treatment and treatment S

was significant showed that memorized directional information

had an effect when pointing in the opposite direction of signs.

This finding was contrary to our previous results suggest-

ing treatment M had a negligible effect when considered on

its own.
4. Discussion
We have conducted an extensive experiment with over 500

participants and 10 experimental treatments to test the

responses of humans in simulated evacuations to different

sources of directional information: static signs, dynamic

crowd movements and memorized instructions.

In agreement with previous work, we found that signs

had a strong effect on human behaviour in simulated evacua-

tions [16]. Previous work has suggested that the design,

position and size of signs are important factors in determin-

ing people’s response to them [15,22]. The strength of

participants’ response to the sign treatment in our experiment

is therefore likely to be in part attributable to the compara-

tively large size and prominent position of the exit signs in

our virtual environment. We found that people did not

have a strong tendency to follow the simulated crowd. This

agrees with the findings from an earlier study where we

put participants under pressure to complete a task faster

[17]. Evidence from survivors suggests that affiliation and

proximity to familiar people and between socially connected

people occurs during crowd evacuations [26]. Influential

theoretical work has suggested for illustration purposes that

during crowd evacuations and under stress, individuals

may develop a tendency to follow others, a phenomenon

called the ‘herding effect’ [25]. It can be debated to what

extent participants in our experiment interacted with simu-

lated agents as they would with real people. Nevertheless,

based on our results, we recommend further research on
this subject and propose that crowd behaviour in evacuations

is perhaps more nuanced than simple ‘herd-like’ following

behaviour. Our experiment suggests that the movement of

other pedestrians is merely one of many potentially influen-

tial sources of directional information individuals use to

make movement decisions (see also discussion on combi-

nations of information sources below). It could be argued

that the time the message in the memory treatment, M, was

displayed for (6 s) was too short for participants to memorize

the instructions, and that the treatment would have a stron-

ger effect if this time interval was increased. While the

effect of the specific design of our treatments is important,

we did not conduct experiments on this as we were primarily

interested in studying the effect of combining different

sources of directional information.

The combination of primary treatments provided intri-

guing results. In particular, the fact that the memory and

crowd treatments did not affect human decisions in isolation,

but had a significant effect when combined in a conflicting

way with the sign treatment (compared to the baseline of the

sign treatment) was interesting. This has a number of impli-

cations. First, contrary to the initial impression from the

results, the memory treatment did have a significant effect

(although not in isolation). Second, the treatment in which

the sign and crowd provided conflicting information signifi-

cantly reduced the proportion of people following the

direction of the sign suggesting that a considerable number

of people followed the crowd. This is interesting as participants

following the crowd risked getting stuck in the evacuating

crowd even though the sign indicated an alternative that

avoided this possibility. Third, these findings suggest that

when treatments are combined, it is not the case that the treat-

ment that participants observe more closely in isolation simply

overrules the directional information suggested by alternative

sources of information.

Controlled experiments on crowd evacuations from con-

fined spaces all share one limitation: it is not ethical to

recreate the real stress and potential dangers of evacuations.

Thus, different approaches to investigate crowd evacuations

are justified and valuable insights have been gained from inter-

views with survivors of crowd evacuations [26,28], evacuation

drills with volunteers [31] and computer simulation models

[7,25,29], for example. We have opted to use interactive virtual

environments to study human behaviour in simulated evacua-

tions. While the question of the extent to which our findings

extend to real-life human behaviour remains, we suggest that

our study demonstrates virtual environments are a powerful

tool for high-throughput behavioural analysis. This type of

experiment, possibly implemented online, could be used to

select topics for further study in more life-like experiments

from a large set of initial hypotheses.

One feature of our simulated evacuations that particularly

distinguishes them from real life is that participants had a

top-down view of the environment. We have previously

argued that the tactical-level decisions we investigate are

likely to be based on features of the crowd dynamics that

humans would be able to detect without having a top-

down view, such as the length of queues at exits or the

crowd’s movement towards exits [17]. In addition, this way

of representing the environment facilitates simple steer-

ing controls for interacting with the environment. Simple

controls avoid the potential problem of more realistic, three-

dimensional representations of environments requiring more



rsif.royalsocietypublishing.org
J.R.Soc.Interface

11:20130904

9
complicated controls that can lead to differences in perform-

ance between more and less experienced computer users (as

reported in e.g. [32]). We additionally mitigated the problem

of different levels in computer literacy between participants

by focusing our study on route choices, as opposed to other

performance measures, for example evacuation times, as

studied in [16].

Fully explaining our findings on combined treatments is

difficult with the data from our experiments. We only con-

trolled the information participants had access to, but we

did not collect self-report measures, such as data on the

extent to which individuals identified with the pedestrian

they controlled, to what extent they felt part of the simulated

crowd and to what extent they trusted the different sources of

directional information. Such measures could help to build

up an understanding of the process of how participants

made decisions based on the information available. An inter-

esting avenue to explore could be the proposition that people

have different propensities to react to different sources of

information, in a similar way that different people prefer to

learn from different sources of information (e.g. by classroom

lessons, by reading, by working with peers [33]). While the
explanation of our findings remains for future research, we

can conclude that it is important to provide evacuees with

consistent directional information throughout the course of

an evacuation. We acknowledge this can be difficult owing

to the specific circumstances of an evacuation [21]. However,

our research shows that even memorized information that

may not affect evacuees’ behaviour in isolation may become

an important factor in human decision-making when com-

bined with other sources of information.

All procedures of our experiment were approved by the Ethics
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