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1. Introduction 
 

Humans navigate crowds daily. This can range from quick interactions between 

pedestrians on the sidewalk to jostling through a busy train station. Research in fields diverse as 

computer graphics, physics, evacuation planning, and mathematical biology have simulated 

emergent collective behavior in flocks, schools, and crowds (Couzin et al., 2002; Helbing & 

Molnár, 1995; Reynolds, 1987; Vicsek & Zafeiris, 2012). However, few of these models are 

built from experimental evidence about the visual information that governs human pedestrian 

behaviors in naturalistic environments. This project, funded by the Link Foundation, empirically 

studied and computationally modeled how individuals in a crowd use visual information to 

navigate, and how those local interactions lead to global patterns of behavior. Grounding crowd 

behavior in the visual control of locomotion will yield better models that more closely simulate 

actual human behavior, which has applications for urban planning, evacuation safety, and 

architectural design.  

The work funded this year has addressed three main aims: (1) derive the equations to 

simulate crowd following with visual information as input; (2) compare 2D and 3D sources of 

visual information regarding crowd following; and (3) understand how optical occlusion plays a 

role in navigation. 

2.1 Results 
Visual-information Model 

 During collective crowd motion, an individual pedestrian coordinates their locomotion 

with the motion of visible neighbors. Previously, we found that an individual matches the 

walking speed (Rio et. al., 2014) and heading direction (Dachner & Warren, 2014) of a neighbor. 

We then used these physical variables to then simulate crowd following in groups (Rio, Dachner, 

& Warren, 2018). To better understand what pedestrians are responding to in crowds, we sought 

the visual information that underlies these physical variables and accompanying navigation 

behaviors. We conducted single target and crowd following studies at Brown University’s 



VENLab (Virtual Environment Navigation Laboratory) under the guidance of Dr. William H. 

Warren. We found that a pedestrian controls their speed and heading by nulling the optical 

expansion and angular velocity of a neighbor, depending on their eccentricity from the follower. 

Superposition of multiple neighbors led to a successful visual model of crowd behavior. This 

data was then used to fit our visual information model and provided a better explanation for data 

than the behavioral model. This work is currently in preparation for publication submission 

(Dachner & Warren, in prep). 

2.2 Results 
2D vs 3D visual information 

Currently the visual-information model for crowd following relies only on 2D 

information in isolation: optical expansion and angular velocity, ignoring other sources of 

distance information. However, 3D information (such vergence, binocular disparity, declination 

angle from the horizon) could be used in crowd navigation as well. Here we add depth 

information (3D information) and put it in conflict with optical expansion (2D information). 

Participants changed speed in response to this expansion; this effect was significantly reduced by 

the inclusion of depth information. As well, head pitch angle indicated that participants centered 

their field of view at the target’s base. These results imply that following is controlled by both 

optical expansion and declination angle of neighbors. We plan to integrate this into our visual 

model of crowd behavior. This work was presented at Vision Sciences Society Conference 2019 

(Dachner & Warren, VSS 2019). 

2.3 Results 
Occlusion in Crowd Following 

Previously we found that the influence of neighbors decays gradually to the nearest 

neighbor, then more rapidly within the crowd (Wirth, Dachner, & Warren, VSS 2018). We 

hypothesize that this decay with distance might be due to the combination of Euclid’s Laws of 

Optics and neighbor occlusion in the crowd. Currently, the visual-information model only 

accounts for the optical laws. In this research, we sought to find how occlusion plays a role, to 

better the fit of the model. In experiments, we varied the amount of occlusion a virtual crowd. 

Post-analysis shows the far neighbors were occluded 81% more at the time of perturbation in the 

occluded condition. Results indicate that participants changed their heading direction 

significantly less in the occluded condition than the visible condition. The findings reveal that 



partial, dynamic occlusion reduces neighbor influence, implying that visible optic flow, not 

individuated objects, controls crowd behavior. Further work will model the combined effects of 

occlusion and Euclid’s law to explain the decay with distance observed in human crowd 

behavior. This work was presented at the International Conference of Perception and Action 

2019 (Dachner & Warren, ICPA 2019). 

3. Significance and Impact 

 From a scientific standpoint, this work helps to explain the visual information that is used 

by pedestrians to follow crowds, that both 2D and 3D sources of motion information are used to 

control navigation, and occlusion is an aspect to previously seen decays with distant. By 

understanding the information used, more realistic models for crowd behavior are developed. 

From an application standpoint, this work also carries many associated benefits. By better 

understanding how human crowds behave, it allows for the improved design public spaces, could 

be used to help train first responders in how crowds behave in order to help save lives, and assist 

in developing strategies for quicker emergency egress. Additionally, this work is currently being 

applied to creating more immersive and realistic crowd simulations. 

 Future work will apply the visual-information model of crowd behavior to an increasing 

number of cases and is now being expanded to include social and cognitive knowledge beyond 

just vision. This includes information about how social groups interact in crowds and the 

influence of knowledge of neighbor goals on self-navigation goals. Taken together, these 

developments will lead to a system to describe the richness of human crowd behavior and 

navigation. 

 This benefit of this Fellowship on my research cannot be discounted. With great thanks, 

the Link Foundation paved the way for this work to be conducted. It has allowed given me more 

freedom in following my interests and career goals. I am now wrapping up my doctoral work and 

perusing a career in academia focused on teaching and research. 
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Dachner, G. C., & Warren, W. H. (in prep). A vision-based model for the joint control of speed and heading in 
pedestrian crowd following. 

Dachner, G. C., & Warren, W. H. (2019). Dynamic occlusion reduces the influence of neighbors in human crowds. 
Talk, International Conference of Perception and Action (ICPA); Groningen, Netherlands. 

Dachner, G. C., & Warren, W. H. (2019). Both optical expansion and depth information are used to control 2D 
pedestrian following. Poster, Vision Sciences Society Conference (VSS); St. Pete Beach, FL. 
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