
Indicator of heading alignment:

Pruning the Network

1. Time delay
• Compute mean time delay in a 1s interval
• Prune the link if the time delay is below the 

threshold (<0.3s)

2. Visual connections (field of view & 
occlusion)
• Weight each link by neighbor visibility in a 1s 

interval
• Prune the link if mean visibility is <0.15

Conclusions
• Visual interaction networks can be reliably 

reconstructed
• Leadership is largely emergent
o changes dynamically in 6s
o strongly depends on spatial position
o confederates in key positions might steer or 

split crowd
• Also moderately depends on individual qualities

Experiment

• 12 trials (10, 16, 20 participants; 

4 trials each)

• Veer randomly, stay together

• 2 minutes each

• Movements recorded with helmets 
with markers

Method

TDDC Heatmap 

i is leading j when max Cij — is positive

t = time point in the trial
τ = time delay with respect to t
— = time delay τij maximizing the correlation 
in heading direction between agents i and j at 
time t
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The Problem

Human ‘flocking’ is a self-organized 
behavior that emerges from visual 
interactions between pedestrians [1]. 
Leadership plays a pivotal role in such 
collective crowd motion, especially when 
initiating and modulating group 
behaviors [2].  But the mechanism of 
‘leadership’ – how individual pedestrians 
influence a group – has not been 
established. 

Here we explore the reconstruction and 
analysis of  visual interaction networks in 
human crowds. 

Time-Dependent Delayed 
Correlation (TDDC) [3]
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Network Reconstruction

Indicator of leadership:

Network Structure
• Influence = % of time i

leads j
oWeight = thickness of the 

link
o Computed for every 

possible link

Visual Network

After pruning, 46% of 
links were deleted or 
adjusted compared to 
the original network

Individual Leadership Index [2]

Percentage of time each 
subject acts as a leader 
across trials

• 1 above, 3 below the 
95% CI

M=49.24; SD=9.10;
95% CI [44.39, 54.90]

Leadership modestly 
depends on individual 
qualities 

Spatial Analysis of Leadership 
Positions

Mean net leadership ranking (normalized) 
(total outdegree – total indegree)

Leadership strongly depends on 
spatial position
• Front positions are most influential 

(blue)
• Rear and central positions tend to 

follow (red)
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Goals
• Reconstruct visual networks

• Determine whether leadership is a 
quality of individuals or emerges from 
crowd dynamics

• Identify influential positions within a 
crowd

• Control a crowd by manipulating covert 
leaders

j = “follower”

i = “leader”

𝑡𝑡 𝑡𝑡 + 𝜏𝜏1
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𝑡𝑡

Is the computed
influence coincidental?

G
ro

u
p
 m

ea
n
 h

ea
d
in

g

G
ro

u
p
 m

ea
n
 h

ea
d
in

g

• Correlation in heading direction at 
different time delays
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Network Dynamics
• Reconstruct network in successive time 

intervals
• Leadership ranking is stable for 1s (ρ=.86), but 

changes over 6s (ρ=.52)
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