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Pedestrian crowds can form the substrate of important socially
contagious behaviors, including propagation of visual attention,
violence, opinions, and emotional state. However, relating in-
dividual to collective behavior is often difficult, and quantitative
studies have largely used laboratory experimentation. We present
two studies in which we tracked the motion and head direction
of 3,325 pedestrians in natural crowds to quantify the extent,
influence, and context dependence of socially transmitted visual
attention. In our first study, we instructed stimulus groups of
confederates within a crowd to gaze up to a single point atop of
a building. Analysis of passersby shows that visual attention
spreads unevenly in space and that the probability of pedestrians
adopting this behavior increases as a function of stimulus group
size before saturating for larger groups. We develop a model that
predicts that this gaze response will lead to the transfer of visual
attention between crowd members, but it is not sufficiently strong
to produce a tipping point or critical mass of gaze-following that
has previously been predicted for crowd dynamics. A second
experiment, in which passersby were presented with two stimulus
confederates performing suspicious/irregular activity, supports
the predictions of our model. This experiment reveals that visual
interactions between pedestrians occur primarily within a 2-m
range and that gaze-copying, although relatively weak, can
facilitate response to relevant stimuli. Although the above aspects
of gaze-following response are reproduced robustly between
experimental setups, the overall tendency to respond to a stimulus
is dependent on spatial features, social context, and sex of
the passerby.

behavioral contagion | joint visual attention | social influence | vigilance

mong social organisms, the ability to perceive and interpret

the behavior of others can be critical to survival, whether it
provides clues to foraging sites (1) or an alert to an immediate
predation risk (2, 3). Close behavioral coupling, such as collec-
tive movements of fish schools or bird flocks, leads to the am-
plification of local perturbations and can create sensory ranges
exceeding the range of individual perception (4, 5), ultimately
improving the ratio of responding to a stimulus per unit of ob-
servation effort. One effective means by which individuals track
features in the local environment is to monitor the visual at-
tention of others through the assessment of gaze direction. Gaze-
following, or the use of perceived gaze direction to shift visual
attention, is a common and recognizable phenomenon in humans
as well as a number of other vertebrate species (6). In particular,
gaze-following has been a popular area of investigation among
psychologists, often in the context of testing individuals’ percep-
tions of others’ perspectives in dyadic interactions (7). Despite
a growing literature in this subject area (8, 9), little is known of
how gaze-following propagates in a natural and interactive setting,
such as the setting experienced in crowded public environments,
or what impact it has on collective visual attention. In one of the
earliest studies of gaze-following in human crowds, the study by
Milgram et al. (10) in 1969 instructed stimulus groups to stop and
stare up into a building window on a crowded street in New York
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City. They then measured the probability of passersby adopting
this behavior over a 15-m cross-section of the street, showing an
increase in gaze-following response with the size of the stimulus
group. Although informative to the effects of social influence in
public settings, the findings from the work by Milgram et al. (10)
raise several interesting questions.

First, it is unclear as to whether there is a quorum-like re-
lationship in the proportion of pedestrians looking up as a func-
tion of stimulus group size (11). The threshold at which one-half
of the passersby look up is very close to one stimulus individual,
making it difficult to determine empirically whether the group
response is a steep threshold. Depending on the functional form
by which behavior is transferred from one individual to another,
various consequences can be seen at the level of the group. The
works by Granovetter (12) and Shelling (13) first described
a model where individuals decide whether to engage in some
form of action (such as rioting or voting for a particular party)
when a threshold number of others has already engaged in the
action. In such models, a sigmoid or quorum-like response,
where above a certain group size, an action becomes much more
probable, results in rapid adoption of a common behavior by
members of the group and a strong dependency on initial con-
ditions (14, 15). A quorum response can result in tipping points
(16) or crowd crystallization (17), where nearly all group mem-
bers adopt the action irrespective of the size of the stimulus
group that originally elicited a response. However, a response
where the probability of adopting a behavior increases at first
proportionally and then saturates with stimulus group size does
not tend to result in crystallization of choices and also results in a
slower collective response (15). Organisms as diverse as school-
ing fish (18) and ant colonies (19) seem to adopt quorum-like
responses in following conspecifics, whereas some species of
monkeys show linear-like responses (20).

Second, another question arising from the work by Milgram
et al. (10) concerns the functional reasons why individuals may
follow the gaze of other pedestrians. One hypothesis is that gaze-
following is a nonspecific expression of the tendency of individ-
uals to socially conform to the behavior of others (21, 22), and
therefore, if passersby see a fellow pedestrian looking up, they
exhibit a propensity to look up as well, just as they would adopt
posture or any other noninformative trait. This type of confor-
mity can provide benefits to the individual by means of affiliation
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and social approval from others (23) or maintenance of a favor-
able self-concept (24). A second information-specific hypothesis
is that passersby tend to follow gaze direction because it may
provide them with relevant information about either that per-
son’s intentions or some aspect of the local environment (e.g.,
a localized threat), which will allow them to react accordingly
(23). To some degree, this question can be investigated by
looking at the spatial positioning of individuals when looking up:
are passersby more or less likely to look up when they know they
are in the field of view of the stimulus group? In other words, if
stimulus members cannot see the individual, the first hypothesis
would predict that there should be no reason to adopt this norm.

Third, it is interesting to question whether passersby can ac-
quire relevant information from the visual attention of others
(e.g., can cues provided by the visual attention of others provide
valuable information regarding the location and identification
of pertinent but weak or ambiguous stimuli?). Although social
connections among pedestrians are often limited because of brief
contact and continuous movement, such interactions among
passersby (25, 26) may create means by which social cues could
be transmitted among pedestrians, and thus affect individuals’
awareness of their environment. For example, when crossing the
road, pedestrians monitor and copy the movements of others
around them, with decisions to cross being socially influenced
(27). Furthermore, experimental studies of consensus movement
decisions have shown that people are capable of identifying
individuals within crowds that possess information through sub-
tle nonverbal social cues (28).

Fourth, we question the degree to which such experiments are
context-dependent. The experiments in the work by Milgram
et al. (10) were performed on a city street in New York City, but
it remains unknown whether different pedestrian settings would
produce similar results. For example, fish modify their actions in
a context-dependent way, relying more on social information in
risky situations (29, 30).

To investigate these four questions, we performed two ma-
nipulative experiments where we tracked the motion and head
orientation of pedestrians in public settings. The first experiment
was similar in design to the experiments in the work by Milgram
et al. (10); in our case, we included a spatiotemporal analysis of
pedestrian movements. In the second experiment, we investi-
gated whether visual orientation of other pedestrians can be used
as a means of acquiring relevant information about the local
environment. By conducting this second experiment in two dif-
ferent urban scenarios and presenting passersby with two dif-
ferent kinds of weak stimuli, we also tested the importance of
context in gaze-following.

Results

Collective Visual Attention in Crowds. In the first experiment, the
movements and gaze-following behaviors of 2,822 pedestrians
were quantified in a busy shopping street in Oxford, United
Kingdom. Individuals were filmed using an overhead camera as
they passed through a rectangular filming region of 10 (hori-
zontal) x 8 (vertical) m. Each trial consisted of stimulus groups
of 1, 3,5,7,9, 12, or 15 (6-14 replicates of each) confederates
(comprised of both males and females) entering the scene and
standing in the center of the filming region for a period of 60 s
while looking up at the camera (Fig. S1). Whereas the work by
Milgram et al. (10) reported the overall proportion of pedes-
trians adopting the gaze direction of the stimulus groups (while
walking or stopped), we were able, in addition, to track the
motion of every pedestrian in our trials, recording (at a rate of 25
frames/s) their speed, accelerations, and proximity to others and
when, where, and for how long gaze was followed. We used
a multiple analysis of covariance to explore how the proportion
of time spent looking up and stopped while looking up differed
among individuals as a function of stimulus group size after
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controlling for features such as crowd density and pedestrian
walking speed. Because the movement, position, and behavior of
passersby clearly distinguished them from the stimulus group
members in our experiments, we did not investigate the self-
catalytic effect of passersby potentially becoming a part of the
stimulus group by copying gaze direction within our statistical
analyses. Unlike passersby in the street, the stimulus group
members remained completely stationary with a central position
and fixed gaze direction, thus allowing us to investigate the
spatial aspects of gaze-following around this stimulus. We do,
however, incorporate this positive feedback response between
the passersby and the group level effect in a simulation model
(see below).

Across all replicates of this experiment, 26.9% (760/2,822) of
passersby adopted the gaze direction of the stimulus group, and
of these passersby, 14.2% (108/760) stopped walking to look up.
Of the passersby that copied this gaze direction, 46.6% (354/760)
looked up multiple times. Only 3.7% (28/760) looked in the
stimulus direction as many as five times, but gaze duration seems
stereotypical and not dependent on whether that individual had
previously looked up [F(4,1,332) = 0.596, P > 0.05]. Although
both sexes were equally likely to look up (male = 28.8%, female =
26.2%), males spent a larger percentage of time copying this
gaze direction (SI Methods).

We found that the mean speed of individual pedestrians fol-
lowed a Gaussian distribution with a mean of 1.24 ms™' and SD
of 0.37 ms™', similar to previous data obtained from various
cities across the world (31, 32). The mean walking speed of
pedestrians (i.e., not when stopped or gaze-following) was neg-
atively associated with the proportion of total time looking
[F(1,2,821) = 22755, P < 0.001] and stopped and looking
[F(1,2,821) = 43.833, P < 0.001], indicating that slower walking
pedestrians were more influenced by the stimulus. Similarly,
the proportion of time engaged in these behaviors was lower at
higher crowd densities [looking: F(1,2,821) = 16.244, P < 0.001;
stopped and looking: F(1,2,821) = 5.470, P < 0.05].

The proportion of pedestrians copying the gaze direction in-
creased as a function of the stimulus group size (Fig. 1). Fur-
thermore, the proportion of individual time spent looking and
stopping to look up also increased as a function of stimulus
group size [all looking: F(6,2,821) = 37.329, P < 0.001; stopping
and looking: F(6,2,821) = 8.835, P < 0.001] (Fig. S2). Posthoc
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Fig. 1. The relationship between the proportion of passersby that will copy
the gaze of the stimulus group as a function of stimulus group size fitted to
Eqg. 1. The solid line represents the current experiments (m = 0.66, T=7.0, and
k =1.38; mean + SE shown). The dotted line is data from the work by Milgram
etal. (10) (m=0.92, T = 1.2, and k = 1.05; no error measures available).
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tests with a Bonferroni correction show that the proportion of
time gaze-following was lower for stimuli consisting of one and
three members compared with all other group sizes (P values <
0.01). Groups of 12 and 15 also drew a greater gaze-following
response than groups of 5, 7, and 9 members (P values < 0.05).
As for the proportion of time spent stopped and looking, posthoc
analyses show that stimulus groups of 15 drew a longer response
than all other stimulus group sizes (P values < 0.05). No other
comparisons were significant.

To quantify the response of passersby to the stimulus group,
we fitted the function (Eq. 1)

Nk
R NE

to the response data (Fig. 1). Here, P(N) is the observed fre-
quency of looking up, and N is the stimulus group size. The fitted
parameters 7T, m, and k characterize the type of response; m is
the maximum proportion of individuals that will look up, T is the
group size at which m/2 individuals will look up, and k deter-
mines the shape of the functional response. The larger the value
of k, the more that the response becomes like a threshold switch.
We classify k > 2 as being a quorum-like response (11, 15). When
k =1, the response is at first proportional to group size and then,
saturates with larger group sizes; we call this response pro-
portional saturating. Fitting Eq. 1 to our data gave m = 0.66, T =
7.0, and k = 1.38 (Fig. 1). Contrasting these results with a similar
retrospective fit to the data in the work by Milgram et al. (10)
(m =092, T = 1.2, and k = 1.05), we see that the parameters m
and T vary between the two experiments. The maximum prob-
ability of responding is 66% in our experiment compared with
92% in the work by Milgram et al. (10), and the group size re-
quired to produce one-half of this maximum is roughly six times
larger in our experiment. Although differences in the size of the
filming region could be contributing to this difference (15 vs.
10 m diameter), we would have expected to find a larger response
in the current study if the proportion of passersby to look up
followed a declining function of distance to the stimulus group.

The parameter k (determining the steepness of response) is
very similar in both experiments, and it suggests a proportional
saturating rather than a quorum-like response (15, 33). Previous
interpretations of the results in work by Milgram et al. (10)
suggest that crowds will spontaneously switch between random
gaze directions and a crystallized state, where nearly everyone
looks in the same direction (16). However, such crystallization
does not occur for k equal to or (in small groups) close to one.
To show this point and make predictions about passerby re-
sponse to a weak stimulus, we developed a stochastic simulation
model. In the model, the time between pedestrians passing
a stimulus is exponentially distributed, with an average R s be-
tween arrivals. We assume that each passerby has a probability of
looking at the stimulus determined by s + (m — s)N/(T + N),
where s is a spontaneous probability of looking and N is the
number already looking (Eq. 1). Individuals looking up do so for
an average of 2 s (Fig. 2). Fig. 24 shows that, for large R (low
flow), the number looking up is Poisson-distributed, reflecting
independence in each individual’s decision whether to look up
when passing the stimulus. For smaller R (high flow) (Fig. 2B),
copying is observed, and the distribution of the number of
individuals looking at the stimulus is no longer Poisson. Rather,
the distribution is stretched, with larger groups of onlookers
becoming more common. This distribution is not bimodal,
however, but it would be if there was a tipping point or if gaze-
following was to switch between random and crystallized states.
Instead, we predict that, in the presence of a weak stimulus and
a high density of pedestrians, the distribution of gaze-following
individuals will become skewed. We test this prediction with the
next experiment.

P(N) [
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Fig. 2. Results from a simulation model of socially mediated gaze-following
for a weak stimulus (A and B) and comparison with data in the second ex-
periment (C and D). In the simulation, the times between individuals passing
the stimulus are exponentially distributed, with mean time between pass-
ersby of (A) R = 2.4 s (low flow) and (B) R = 0.68 s (high flow). Passing
individuals look at the stimulus with a probability s + (m — s)NAT + N), where
N is the number of individuals already looking at the stimulus (the other
parameters are explained in the text, and here, we use valuess=0.1, m =1,
and T = 4). If an individual looks at the stimulus, she continues looking for an
exponentially distributed time with mean of 2 s. The histogram boxes show
the distribution of the number of individuals seen to be looking at the
stimulus in a 12-s time interval taken over 10,000 simulated s. Histograms of
numbers of individuals observing the suspicious stimulus and comparative
Poisson distributions (solid line) are given for (C) the shopping street (low
flow) and (D) the commuter station (high flow), with the same mean as the
simulated data.

To investigate spatial aspects of gaze-following, we created
density and vector fields for the flow of pedestrians and the
points at which they looked up (Fig. 3). The direction of gaze
exhibited by the stimulus group had little influence on whether
pedestrians moved past it in front or behind (the color map in
Fig. 3 represents the density of pedestrians around the stimulus).
Approaching individuals tended to veer in the direction that took
them the shortest distance around (i.e., least effort), irrespective
of the gaze direction of the stimulus group (the vectors in Fig. 3
represent pedestrian flow). However, gaze-following did not
spread evenly in all directions; individuals behind and to the
sides of the stimulus group tended to have a higher propensity to
follow gaze than did individuals in front of (and thus, within the
gaze of) the group (Fig. 3). Passersby with trajectories that were
more likely to have led them to be walking behind the stimulus
crowd were significantly more likely to look up than those
passersby walking in front [32.7% vs. 19.0%; x*(1) = 65.51, P <
0.001]. This finding was also true when comparing the proportion
of time spent looking up [#(2,779.504) = 10.149, P < 0.001] with
the proportion of time stopped while looking up [#(2,720.626) =
3.839, P < 0.001].

Detection of Weak or Ambiguous Stimuli. To further explore
whether visual orientation can be used in the detection of weak
or ambiguous stimuli, we performed a second experiment at two
distinct sites. The two sites (the same busy shopping thorough-
fare in the first experiment and a city commuter train station)
represent different but commonplace types of crowded urban
environment. In the shopping street, there was flow of people
walking in both directions along the street and only a few sta-
tionary individuals, whereas in the train station the experiments
were carried out in the station central hall where people were
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Fig. 3. The spatial distribution of pedestrians’ locations (Upper) and gaze-following behavior (Lower) within the 10 (horizontal) x 8-m (vertical) filming
region. For illustrative purposes, this area was subdivided into 50-cm? boxes, where blues indicate low density, reds indicate high density, and vectors rep-
resent the averaged course of pedestrian flow in each box. The white arrows represent the location of the stimulus group and direction of gaze. Data
presented are the mean for all replicates for each of three group sizes: (A) one, (B) five, and (C) nine.

mostly stationary, waiting for information about train departures/
arrivals. Two male confederates were asked to stand within the
crowd for 60 s and instructed to act either naturally (as if they
were waiting for somebody within the crowd; control) or in sus-
picious/irregular manner (experimental; one member sketched
a map of the environment and took notes on a pad of paper, and
the other member held a video camera at waist level and engaged
in apparent covert filming of the environment, although they were
not actually recording the scene). Therefore, unlike the previous
study, members of the stimulus group were not facing in any one
direction, and here, we were interested in the pedestrians’ visual
orientation in response to the location of these individuals. Nine
replicates of each condition were performed in the same spot of
both locations, and the motion and head direction of surrounding
pedestrians was tracked (Fig. 4 and Fig. S3).

The stimulus used in these experiments was relatively in-
conspicuous compared with the first experiment, where individ-
uals remained completely still and maintained a direct upward
gaze. As a result, visual orientation in response to the stimulus
group was not detectable at distances exceeding ~2 m from its
centroid (Fig. 5). Thus, in our analysis, we consider only those
pedestrians (moving and stationary) whose average position
throughout the experiment was within a 2-m range (n = 503),
and this group was broken down into three categories (<1.500,
1.500-1.749, and 1.750-2.000 m), in which each group consisted
of roughly one-third of all tracked pedestrians per location. To
confirm the validity of this approach, we also compared these
effects with the effects observed using the continuous data for
distance. Because of the relatively high pedestrian densities in
the commuter station compared with the shopping street (0.223 +
0.098 vs. 0.088 + 0.031 m?), we needed to compensate for in-
terpedestrian occlusion (Fig. S4) when calculating the proportion
of time pedestrians spent directing their attention to either of the
stimulus group members during the course of each experiment.
Therefore, only frames where a particular pedestrian had a clear
line of sight to at least one of the stimulus group members were
included in the analysis.

A three-way analysis of variance was used to analyze differ-
ences in response by experimental condition, site location, and
average distance from the centroid of the stimulus group. Crowd
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density and the walking speed of pedestrians were initially in-
cluded as covariates but were then removed after failing to
significantly predict visual orientation to either control or sus-

Fig. 4. Still images from the video sequence of the second experiment
showing the tracking of pedestrians and their estimated gaze direction in
the shopping thoroughfare (Upper) and the commuter train station (Lower).
The stimulus group members are shown in the center of each scene (as in-
dicated by the white arrows).
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Fig. 5. The proportion of total frames in which the visual attention of
pedestrians was directed to the stimulus group as a function of decreasing
distance to these individuals in (4) the shopping street and (B) the train
station (3.5-m radius). For every frame in which a pedestrian was within this
radius, a score of one or zero was input, indicating whether their head was
visually oriented to either of the stimulus group members. Note that each
distance is not representative of an independent measure, because the
frames contributing to lower distances are included within the larger dis-
tances (mean + 95% confidence interval).

picious-acting stimulus group. Across trials, 24.2% (119/503) of
passersby directed their head pose, and presumably their gaze,
to the stimulus group during our experiments. This response
varied by location, however, with a lower proportion of pedes-
trians in the shopping street directin% their visual orientation to
these members [14.9% vs. 37.6%; x7(1) = 34.128, P < 0.001].
This finding was also true when comparing the proportion of
time spent looking in this direction [F(1,503) = 24.418, P <
0.001] (Fig. S5). We identified spatial effects in the train station,
with individuals standing closer to the announcement board
being less likely to look at the stimulus group (SI Methods).
There was a positive correlation between time spent in the
viewing area and proportion of visual attention directed to sus-
picious activity in both locations [shopping street: 7(153) = 0.174,
P = 0.034; train station: r(91) = 0.199, P = 0.05], but there was
no such relationship for the control trials (P values > 0.05). As
expected, there was a main effect of distance across locations [F
(1,503) = 18.534, P < 0.001], with pedestrians at average distances
of <1.500 m from the stimulus members showing greater ori-
enting responses (P values < 0.001) (Fig. S6). There were also
interactions between experimental condition and distance and
between location and distance (Fig. S7).

The visual response to suspicious activity in the commuter
station differed from the response in the other three setups,
resulting in a significant interaction between location and treat-
ment [F(1,503) = 4.130, P < 0.05]. Furthermore, pedestrians in
the commuter station in very close proximity to the suspicious
stimulus had a lower tendency to look in this direction (Fig. 5B
and Fig. S8) [interaction between all three main effects: F(2,503) =
3.495, P < 0.05]. A logistic regression using distance to predict
looking behavior confirms this result, showing that pedestrians
who spent more time looking in the direction of the stimulus
group were closer to these members in both nonsuspicious
conditions and the suspicious condition in the shopping street
(P values < 0.01); however, distance was not predictive of
looking behavior in the suspicious condition within the com-
muter station (P > 0.05). An analysis of pedestrian sex shows that
males spent less time directing their visual orientation to suspi-
cious activity in the train station than females (SI Methods and
Fig. S9). When considering that, in other treatments, visual at-
tention increased with decreasing distance to the stimulus, these
results suggest that pedestrians, and particularly male pedes-
trians, averted direct gaze from the suspicious-acting stimulus
groups in the commuter station.

To quantify potential socially mediated gaze-following and
test against the model suggested by the first experiment, we
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calculated for each pedestrian the number of surrounding indi-
viduals in their field of view that also looked at the stimulus
group during the experiment. Across locations, pedestrians who
looked at the stimulus group in the suspicious condition had
a larger number of visible neighboring passersby that also re-
cently looked in the direction of these individuals [#(248) =
2.609, P = 0.01], whereas there was no significant influence in
the control trials [¢(251) = 1.780, P > 0.05]. Furthermore, a runs
test shows evidence of significant temporal clustering of directed
gazes to the suspicious actors in the commuter station (2/9 P
values < 0.05) (SI Methods). The distribution of the number of
individuals with directed gazes within 12-s intervals is non-Pois-
son for this location (Fig. 2D), and it is skewed in a manner
similar to the model when pedestrian flows are high (Fig. 2B). In
the shopping street, pedestrian flows were one-third of the flows
at the commuter station, and consistent with the model, the
distribution of the number of individuals with directed gazes was
Poisson (Fig. 2C).

Discussion

Pedestrians in public settings are both responsive and sensitive to
the gaze direction of others within the crowd, with response
strength increasing with the number of people already gazing.
Although previously characterized as a quorum response (11),
our first experiment showed that gaze-following probability is,
instead, a proportional saturating response. The form of this
response, determined by a value of k close to one, was robust
across both our experiments and the experiments in the work by
Milgram et al. (10). This response has important consequences
for how information about environmental stimuli is acquired
socially. Many group-living animals use quorums (i.e., K > 1) in
response to the presence or behavior of others (18, 34), allowing
them to make consensus decisions in which all (or the majority
of) individuals adopt the same choice (15). Conversely, the
proportional saturating response established here did not gen-
erate strong consensus. As a result we predicted, and in the
second experiment observed, weak socially mediated gaze-
following. Although pedestrians seemed to follow each other’s
gazes to the stimulus (particularly in the case of the suspicious-
acting condition), there was no tipping point at which large
numbers of individuals simultaneously gazed in that direction.
Consequently, in applications such as advertising, where gaze-
following is a proven technique for attracting attention to partic-
ular features (35), we do not expect a contagion of gaze-following
unless the feature itself is very obvious to many or all passersby.

Although a proportional saturating response fails to generate
crystallization within crowds, our results are suggestive that the
visual attention of passersby can facilitate response, although
weakly, to relevant stimuli while also filtering out environmental
noise. Furthermore, this response could perform effectively when
integrating more subtle forms of social information. Interpreting
another person’s visual attention is important in collective tasks,
such as insight problem solving (36) and coordination of spatial
referencing (37). Proportional responses prevent groups from
becoming locked into suboptimal patterns of behaviors (11, 14,
15), and they could aid humans when trying to integrate infor-
mation without verbal communication.

In the first experiment, gaze-following did not spread evenly in
all directions. Individuals with trajectories leading them to walk
behind the visual orientation of the stimulus group exhibited
a higher propensity to follow the gaze of the stimulus group. This
finding suggests that gaze-following under these conditions is not
caused by social pressure (21) or some form of obedience (22).
Instead, individuals followed gaze direction more often when the
person that they were copying could not observe their behavior.
In the second experiment, directed visual attention to the stim-
ulus group only occurred at distances less than 2 m away, which is
consistent with recent research showing that the vast majority of
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visual fixations on other pedestrians occurs within this range
(38). This localized response and the propagation of copying
mainly by those individuals not under observation of others
further reduces the efficiency for transferring information about
the location of weak signals or subtle features of the environ-
ment. Because of the limitations of tracking head direction as
opposed to eye gaze, future experimental research studying gaze-
following within crowds could be performed with eye-tracking
devices mounted to moving participants (38).

Many aspects of how people monitor their environment are
strongly dependent on social context. Passersby in our first experi-
ment were less likely to look up and required a larger stimulus group
before they responded than passersby in the experiment in the
work by Milgram et al. (10). There were also substantial differences
in the second experiment between the shopping street, where
pedestrians gaze was drawn to the suspicious actors at close dis-
tances, and the train station, where gaze was drawn to nearby control
activity but averted from those individuals exhibiting suspicious
activity at very close positions. These locations vary in pedestrian
density and mobility as well as in terms of pedestrian anonymity,
allowing for a number of explanations of these differences that are
consistent with previous research regarding social interaction and
gaze avoidance (39-41). The lack of the aversion response in the
shopping street, where individuals move quickly by one another,
may be because moving individuals seek a free path in which to pass
stimulus group members (42, 43) or fleeting proximity to one an-
other gives a perceived anonymity. Moreover, aversion in a crowded
commuter station consisting of largely stationary individuals could
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be because close proximity and directed gaze communicate threat or
dominance (44). Male pedestrians, who accounted for the close
range aversion in the commuter station, may have felt that pro-
longed staring would result in confrontation with the males in the
suspiciously acting stimulus group.

In summary, this field experimental approach has produced
quantitative and qualitative insights about a candidate causal
link in the relation between individual and crowd behavior: the
propagation of attention. We have used tracking and semi-
automated analysis to quantify a number of aspects of human
behavior in crowds, including the proportional saturating re-
sponse to groups and the locally confined detection of stimuli.
However, when we explore questions of social context, it is
clear that measurements on the dynamics of crowds cannot
by themselves disentangle the psychological reasons behind
visual attention.

Methods

All of the experiments were conducted between March of 2007 (first ex-
periment) and March of 2009 (second experiment). This research was
sponsored by Oxford Risk, which sought all necessary ethics approvals and
clearances. All data were anonymous, and individuals were given sequential
numerical identities based on when they entered the scene. Tracking and
methods of each experiment are in S/ Methods.
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S| Methods

First Experiment. Multiple analysis of covariance results with sex as
a factor. For identifying the sex of each pedestrian, a sequence
was extracted from the video by taking a 160 x 160-pixel image
centered on the person’s head in each frame. Because of both
the positioning and resolution of our overhead camera, the
identification was not completely precise, leaving 121 pedestrians
unsexed. Therefore, this analysis included 2,701 pedestrians (1,326
male and 1,375 female).

Gaze-following response. Across all experiments, 27.5% (742/2,701)
of passersby adopted the gaze direction of the stimulus group, and
of these people, 14.3% (106/742) stopped to look. Stimulus group
size was significantly associated with both the proportion of time
spent looking and stopping to look [all looking: F(6,2,700) =
36.647, P < 0.001; stopping and looking: F(6,2,700) = 10.021,
P < 0.001]. Posthoc tests with a Bonferroni correction show that
the proportion of time spent gaze-following was lower for stimuli
consisting of one and three members compared with all other
group sizes (P values < 0.01). Groups of 12 and 15 members also
drew a greater gaze-following response than groups of 5, 7, and 9
members (P values < 0.01). As for the proportion of time spent
stopped and looking, posthoc analyses show that stimulus groups
of 15 members drew a larger response than all other stimulus group
sizes (P values < 0.05). No other comparisons were significant.

Pedestrian sex was also a significant factor, indicating that
males spent a higher proportion of total time looking [0.084 vs.
0.066; F(1,2,700) = 9.142, P < 0.01] but not more time stopped
while looking [0.010 vs. 0.006; F(1,2,700) = 3.486, P = 0.062].
There was also no difference in the proportion of pedestrians
looking (male = 28.8%, female = 26.2%; x> =2337,P = 0.126).
In addition, there was no interaction between stimulus group size
and sex [all looking: F(6,2,700) = 1.385, P = 0.217; stopping and
looking: F(6,2,701) = 1.781, P = 0.099].

The mean walking speed of pedestrians (i.e., not when stopped
or gaze-following) was negatively associated with the proportion
of time engaged in these behaviors [all looking: F(1,2,700) =
26.542, P < 0.001; stopped and looking: F(1,2,700) = 48.767, P <
0.001]. Similarly, crowd density was a significant negative pre-
dictor of the proportion of total time looking [F(1,2,700) =
13.154, P < 0.001] and the proportion of time stopped and
looking [F(1,2,700) = 4.592, P < 0.05].

Second Experiment. Determining line of sight to the stimulus group. Eq.
S1 shows that a pedestrian was said to be directly facing the
stimulus group members if the angle A;; between the viewer’s
head direction and the vector pointing from the viewer to the
observed person was less than a critical angle A4,. This critical
angle depends on the size of the observed person (stimulus
member) and their distance from the gazing pedestrian, D,. We
assume that a pedestrian looking within R, m of the centroid of
the stimulus group is observing those individuals (Eq. S1):

A,=asin(R,/D,) [S1]
and (Eq. S2)
L(j,i) = 1,if Aj;<=A,,or 0if Aj; > A,. [S2]
Thus, a person farther away is less likely to be looked at than
a closer person (Eq. S2).

To consider if a person at O had a line of sight to a person at C,
we calculated the critical angle 4, with R, = 0.29 m. This cal-

Gallup et al. www.pnas.org/cgi/content/short/1116141109

culation defined a field of view Fps = [0 — A4,, 6 + A4,] in which
the O could see C, where 0 is the angle from O to C (Fig. S4 and
Eq. S3). It also defined the region. Any individual within one
body radius of this region obstructs the field of view. OABCDE
bounds the set of points x such that if there is a person at po-
sition x, modelled as a circle with radius Rp, a person at C will be
(partially) occluded as seen by a person at point O. For every
individual i within the region T = OABCDE, the critical angle
A,; to it is calculated with R, = 0.29 m. This calculation defined
another field of view Fp; = [0; — A,;, 6; + A,;], where 6; is the
angle from O to i. Each Fy; is subtracted from F¢ to determine
the remaining (if any) field of view in which O has a line of sight
to C (Eq. S3):

F'og =Foc\ U Fo;. [S3]
ieT

If the field of view F'og is not empty, then we say that O has a line
of sight to C.

Spatial effects in the commuter train station. For the experiments in
the commuter station, our overhead camera was placed above and
behind the announcement board for train arrivals/departures.
Because of the tendency for pedestrians to frequently look up at
this board during our experiments, we tested for differences in the
visual attention directed to the stimulus group as a function of
spatial positioning. We predicted that pedestrians in front of the
stimulus group and therefore, closer to the announcement board
would be less likely to look back at the stimulus members.

As expected, the proportion of pedestrians who looked at the

stimulus was significantly lower for pedestrians with average
spatial positions that were closer to the announcement board
[19.6% vs. 55.7%; x*(1) = 26.905, P < 0.001]. The proportion of
time spent looking by pedestrians when average positions in
front of the stimulus group and therefore, closer to the an-
nouncement board was also significantly lower compared with
those pedestrians with average positions behind the stimulus
group [0.037 vs. 0.185; #(124.891) = 5.034, P < 0.001]. However,
there was no difference in the density of pedestrians in front or
behind the stimulus group per experimental condition [x*(1) =
2.495, P > 0.05]. There was also no sex difference in spatial
positioning [x*(1) = 0.071, P > 0.05].
Temporal cluster analysis. To identify significantly nonrandom
clustering of gazes to the stimulus group, a runs test was per-
formed for each individual experiment in both the experimental
and control conditions within the shopping street and the com-
muter train station. Each experiment was broken into 20 3-s bins
(although results are not dependent on binning category), and the
number of pedestrians gazing to the stimulus group in each bin
was calculated. A run was composed of consecutive bins identified
as having either at least two pedestrians looking (one) or one or
no pedestrians looking (zero). For instance, 1110000 contains two
runs; the first run represents 9 s, during which time there were
multiple pedestrians gazing in the direction of the stimulus group.
The second run represents 12 s, where either only one or no
pedestrians were looking. Thus, there was no distinction between
bins with two or more pedestrians (one) or between one or no
pedestrians (zero).

Negative Z scores indicate greater clumping rather than dis-
persion. Trials with a Z score of zero represent a case in which
there is neither clumping or dispersion (i.e., random distribu-
tion) or a case where there were either (i) one or fewer pedes-
trians or (if) two or more pedestrians looking the entire trial (all
zeros or ones). Our results show that the suspicious condition in
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the train station is the only condition in which we can see sig-
nificant clustering of directed gazes to the stimulus group (2/9 P
values < 0.05; mean Z score + SD = —0.729 + 1.192). There was
no evidence of temporal clustering in the shopping thoroughfare
(mean Z score + SD = 0.008 + 0.033).

Analysis of variance results with sex as a factor. The identification of
pedestrian sex was performed the same way as in the first ex-
periment, leaving 16 pedestrians unsexed. Therefore, this analysis
included 487 pedestrians (245 male and 242 female).

Pedestrians in the shopping street spent a lower proportion of
time looking in the direction of the stimulus group [F(1,487) =
19.583, P < 0.001]. Distance was also a significant main factor
[F(1,487) = 14.702, P < 0.001], indicating that pedestrians spent
more time looking in the direction of the stimulus group the
closer that they were to them. There was also a significant in-
teraction between location and distance [F(1,487) = 8.243, P <
0.001], indicating that the proportion of time spent looking at the
stimulus group increased for the suspicious condition within the
shopping street, whereas the opposite was true within the com-
muter station. Although the proportion of time spent looking at
the stimulus group did not differ between experimental con-
ditions across trials [F(1,487) = 0.027, P > 0.05], there was a
significant interaction between experimental condition and dis-
tance [F(1,487) = 4.516, P < 0.05], with both closer (<1.500 m)
and farther distances (1.750-2.000 m) drawing a greater re-
sponse in the train station (P values < 0.01).

There was no main effect for sex [F(1,487) = 1.181, P = 0.27§],
but there was an interaction between experimental condition and
sex [F(2,487) = 3.876, P < 0.05]. Males spent a greater pro-
portion of time looking in the direction of stimulus group
members in the control condition, whereas females spent more
time orienting to the suspicious behavior. However, this effect
was context-dependent and present only within the train station.
This effect was observed by a significant interaction between
location, experimental condition, and sex [F(2,487) = 3.887, P <
0.05]. In the shopping street, both males and females spent
a greater proportion of time looking at the suspicious-acting
stimulus groups, and this finding was also true for females in
control trials within the train station. However, males spent
a lower proportion of time directing visual attention to the sus-
picious-acting stimulus groups in the train station (Fig. S9). That
being said, there was no significant difference in the proportion of
males and females looking at the suspicious stimulus in this lo-
cation [36.4% male vs. 42.9% female; x*(1) = 0.421, P = 0.5162].

Although there was only a marginally significant interaction
between location, condition, and distance when including sex as
a factor [F(2,487) = 2.639, P = 0.072], logistic regression anal-
yses showed that pedestrians who looked in the direction of the
stimulus group were closer to these members in both control
conditions and the suspicious condition in the shopping thor-
oughfare (P values < 0.01); however, distance was not associated
with looking behavior in the suspicious condition within the train
station (P > 0.05).

Experimental Setup for the First Experiment. Experiments were
conducted in a busy thoroughfare in Oxford, United Kingdom,
and they occurred during 1000 and 1600 h. Crowds were filmed
from above using a Canon XM2 miniDV camcorder (25 fsp) atop
a roof of one of the buildings on the street (Fig. S1) positioned 14
m above the ground at an angle of 24° to the vertical. For sim-
plicity, we also used this placed camera as the target of the gaze
direction for the stimulus group members. A group of con-
federates (our stimulus crowd) entered the street from a hidden
location in a small side street, and in the middle of our obser-
vation area, they stopped and looked up to the camera for 60 s.
At the end of this period, the group was signaled subtly to dis-
perse by remote alarm (one of the confederates wore a count-
down timer on a wristwatch that had an audible alarm). After the
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stimulus group left, we waited 3 min before another stimulus
group entered. We hired up to 15 people each day (both males
and females), and stimulus group sizes were chosen in random
order during 1-h blocks.

We tracked all pedestrians who entered the filming region
during our trials, and we also recorded, for every frame, whether
individuals were looking in the same direction as the stimulus
group and how long the look occurred. This tracking was done
manually using point and click software that we developed in
Matlab. Although this procedure was very time-consuming, we
found it to be the only viable method that ensured accurate
detection of gaze-following. We calculated each pedestrian’s
position, speed, and tortuosity of path, and we determined when,
where, and for how long they copied the gaze of the stimulus
group (i.e., looked up to the camera) (Fig. S1). We categorized
an individual as stopped if his/her speed fell below 0.2 ms™". We
also discretized the region of filming to allow us to analyze the
spatial relationship between crowd density, flow patterns, and
where individuals tended to follow the gaze direction of the
stimulus crowd.

Experimental Setup for the Second Experiment. Experiments were
carried out in the same shopping street (Oxford) and a city
commuter train station in London. In Oxford, all experiments
occurred during the hours of 1000 and 1400 h, and like in the first
experiment, each experiment was spaced by at least 3 min. In
London, experiments occurred between 1000 and 1500 h,
allowing at least an 11-min break between each one to ensure that
a new population of passengers was within the concourse. The
experiments were filmed using an overhead HD video camera (25
fps, HG21 HD; Canon), and from this film, we obtained accurate
positions and head poses of all of the pedestrians in the scene
(Fig. 4). In the shopping street, this camera was positioned 14 m
above the ground at an angle of 24° to the vertical. In the train
station, this camera was 9 m above the ground at an angle of 45°
to the vertical. The average total filming region for each location
was 213 and 290 m?, respectively. Similar to the first experiment,
each experiment lasted for 60 s, and treatments were distributed
randomly within 1-h blocks. We used between seven and nine
people each day (all male) who were randomly assigned to act in
our stimulus groups.

Asfor the commuter station, permissions were obtained from the
owners, who asked that we brief the Transport Police and the
security staff that patrols the station. Local authorities were con-
tacted and provided full disclosure regarding the details and ra-
tionale behind these experiments. However, there were no cases in
which a pedestrian either approached or tried to communicate with
the stimulus group, members of the research staff, or the local
authorities during any point during or after our experiments.

For each pedestrian, a video sequence was extracted from the
video by taking a 160 x 160-pixel image centered on the person’s
head in each frame, and the head pose of each person was re-
corded manually to depict the direction that his or her face was
pointing in each frame. An operator then played back these
images and overlaid an arrow starting at the crown of the head
and pointing in the direction that the face was pointing (Fig. 4).
Therefore, for each person, an accurate head position and di-
rection was obtained in every frame for each person. The ma-
jority of the labeling was distributed to workers over the internet
using Amazon Mechanical Turk, which is an online marketplace
where businesses, developers, etc., can post human intelligence
tasks for pay (https:/www.mturk.com/mturk/welcome). In no
cases were the identities of the pedestrians or the context of the
environment provided. For the Oxford data, a trained researcher
entered the data for 1% of all images, and these preentered
labels were provided to ensure that users on Amazon Mechan-
ical Turk entered data to a required standard. For the London
data, a trained researcher visually inspected ~10% of the la-
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beling returned for each tracked person and then either ap-
proved or rejected it. The labeling of the head position was re-
quired to be within 14 pixels, and the head pose angle was
required to be within 29°.

Tracking. Because of the facts that our cameras were not directly
above the crowd and that the lens has inherent curvature, the
tracked positions were initially distorted. We, therefore, needed
to determine the internal camera geometric and optical char-
acteristics for each experiment to remap pixels in the image to
their corresponding real-world positions. We used the four-step
method in ref. 1, which involves replacing the physical parame-
ters with nonphysical implicit parameters that are used to in-

1. Heikkila J, Silven O (1997) A four-step camera calibration procedure with implicit image
correction. Proc CVPR IEEE 10:1106-1112.

terpolate between known tie points in the scene. To do this task,
we take into consideration the focal length, skew, and distortions
to correct our geometry and recalibrate trajectories, and there-
fore, they appear as if we filmed from directly above the crowd.
An overview of this technique and links to useful technical pa-
pers on this topic can be found online (2). The tracking of pe-
destrians was performed by estimating, for each frame, the point
on the ground directly below the body (usually between the feet).
Camera calibration techniques enabled the determination of the
height of the individual, which was then used to project the po-
sition of the head onto the ground plane. Calibrated trajectories
were analyzed in Matlab using our own custom-written code.

2. Bouguet JY (2007) Camera Calibration Toolbox for Matlab. Available at http:/www.
vision.caltech.edu/bouguetj/calib_doc/. Accessed April 2, 2007.

Fig. S1. Tracking the looks and trajectory of passersby. (A) Individual pedestrians are each assigned unique but anonymous identities. (B) A 1-min sequence of
tracks showing the motions of pedestrians as colored lines projected onto the ground beneath their feet and sections of trajectories where the individual was
estimated to have copied the stimulus gaze shown in bold green. Note that a stimulus individual is in the center of the frame.
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Fig. S2. The proportion of time spent looking up (Left) and time stopped while looking up (Right). Both were positively associated with the size of the
stimulus group (mean + SE shown).

Fig. $3. Tracking the visual orientation and trajectory of passersby. A partial sequence of tracks showing the trajectories and estimated gaze direction of
pedestrians in the shopping street. Note that a stimulus group is in the center of the frame.
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Fig. S4. The regions of interest for considering whether a person at O has a line of sight to a person at C. The red lines indicate the region corresponding to
the field of that O could see C. The angle COF = COG is the critical angle A,. The people in the region 1 body radius around that field of view will partially (or
fully) obstruct O's view of C (this region is represented by the green lines).
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Fig. S5. Main effect for location. Pedestrians in the commuter station spent a larger proportion of time looking in the direction of the stimulus group
members compared with those pedestrians walking in the shopping street (***P < 0.001; mean + SE shown).
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Fig. S6. Main effect for distance. As expected, pedestrians at closer distances (<1.500 m) spent a larger proportion of time orienting their attention to the
stimulus group members compared with both the intermediate and farthest distance categories (***P < 0.001). There was no difference in this response
between the 1.500-1.749 and 1.750-2.000-m distances (mean + SE shown).
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Fig. S7. Interactions between condition and distance and location and distance. There was a significant interaction in the response to look in the direction of
the stimulus group members between experimental condition and average distance from the centroid of the group (Upper). There was a gradual increase in
the proportion of visual attention directed to these members with decreasing distance in the suspicious condition, whereas this response was more pronounced
for the shorter distance within the shopping street. This finding resulted in a significant difference at the intermediate distance (1.500-1.749 m; *P < 0.05).
There was also a significant interaction in the response to look in the direction of the stimulus group members between location site and average distance
from the centroid of the group (Lower). Both closer (<1.500 m) and farther distances (1.750-2.000 m) drew a greater response in the train station compared
with the shopping street (**P < 0.01, ***P < 0.001; mean + SE shown).
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Fig. S8. Three-way interaction of main effects. The proportion of time spent looking at the stimulus group members as a function distance and location (mean +
SE shown). In the shopping street (Upper), the experimental condition drew more attention from passersby at intermediate distances (1.500-1.749 m). In the train
station (Lower), the stimulus group in the control condition drew more attention than the experimental group at close distances (<1.500 m; *P < 0.05).
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Fig. S9. Interaction between location, condition, and sex. The proportion of gaze that was directed to the stimulus group in each location as a function of the
sex of the pedestrians (mean + SE shown). There was a significant interaction between location, condition, and pedestrian sex (P < 0.001). In the shopping
street (A), both males and females showed an increase in the proportion of time looking at the stimulus group in the suspicious trials. In the train station (B),
however, females showed an increase in the time spent looking at the stimulus group in the suspicious-acting condition, whereas the opposite was true for males.
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