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Narrative 

Introduction. 

Developing an understanding of human crowd movement is critical for optimizing crowd safety, 
both on the streets and in buildings. It is well understood from the study of animal collective motion 
that individuals are better able coordinate and respond to perturbations by perceiving movements 
from their neighbors (Ballerini et al., 2008; Couzin & Krause, 2003; Partridge, 1982). Thus, 
modeling and simulating human crowd behavior depends on the modeler’s ability to accurately 
characterize how an individual is influenced by his or her neighbors (Ballerini et al., 2008); i.e., 
identifying the local rules of engagement that lead to self-organization (Rio et al., 2018) – a process 
in which coordination emerges solely from the interactions of these local rules (Couzin & Krause, 
2003).  

Popular models that are used today for human crowd simulation are theory-driven (Moussaïd et 
al., 2009, 2011; Sumpter et al., 2012), based on particle behavior (Helbing & Molnar, 1995) as 
opposed to data-driven, based on human behavior (Rio et al., 2018). This creates a serious problem: 
These models generate local trajectories that do not realistically simulate pedestrian behavior, 
resulting in many collisions between individuals (Pelechano et al., 2007). We at the VENLab 
employ an alternative approach: develop a data-driven crowd model by studying real human 
behavior. 

Previous VENLab experiments have demonstrated that when walking with a crowd, pedestrians 
form their alignment decision by averaging over the local neighborhood within a soft-metric radius 
of about 5m (Rio et al., 2018; Wirth, Dachner, Rio, & Warren, in Review; Willcoxon & Warren, 
in Preparation). In further exploring the rules of engagement that lead to self-organized crowd 
behavior, there are two critical questions that my dissertation work addresses: 1. How is an 
individual pedestrian recruited into collective motion? And 2. When a pedestrian is following a 
crowd that splits in disparate directions, what rules dictate which group the pedestrian follows? 
While the dissertation consists of five empirical studies – with model modifications that were 
inspired by the experimental insights – I will report the two most important findings here that 
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answer the questions posed above. An unfinished study, which is currently being completed, is 
discussed in Future Directions.  

 

Results. 

Both of these experiments build upon our paradigm of using a virtual crowd stimulus (Rio et al., 
2018) in a 12x14m room, where participants, or “pedestrians,” walk freely in a virtual environment 
and are tasked to simply “walk with” the virtual crowd. For all experiments, our dependent variable 
was the pedestrian’s direction of travel, or heading, as they responded to the crowd perturbations 
and walked across the room. Heading was then analyzed using a variety of regression analyses to 
statistically support the findings from each study.  

In the first experiment, a critical component of understanding self-organized crowd behavior is 
established: When walking a “noisy” crowd, where virtual humans are moving in random 
directions, are pedestrians prone to follow an aligned subset? If so, this would provide support for 
a positive feedback loop, or a snowballing-like effect, where individuals align with already aligned 
neighbors, yielding self-organized coordinative motion.  

Our results from this experiment demonstrate that pedestrians are indeed attracted to alignment in 
“noisy” crowds: Greater alignment in the crowd stimulus elicits more alignment in subject 
responses, and this attraction increases greatly with the size of the aligned subset. Additionally, 
we used our empirically-derived crowd model (Rio et al., 2018) to simulate subject behavior and 
generate the same pattern of results, albeit with a substantial amount of error. Because this was our 
first attempt to simulate human behavior when walking into a randomly oriented crowd, this high 
error rate will require further investigation.  

With this understanding of what might attract a pedestrian into coordinative motion – alignment 
within the crowd – we can turn our attention to investigating how a pedestrian might decide 
between following two potentially “attractive” subsets; this is the second component I outlined in 
understanding how crowd behavior is self-organized. 

This second experiment identifies what rules guide decision making when choosing between two 
disparately turning crowds – a situation where averaging between the two is impossible. In this 
study, there were always two entirely aligned groups: one making a smaller turn to one side, and 
the other making a much larger turn in the opposite direction. The magnitude of the larger turn and 
the proportion of neighbors in each of the two turn groups was manipulated. 

Our analysis revealed something interesting and unprecedented in our experiments thus far: 
Pedestrians seemed to adopt markedly different strategies. Some pedestrians always chose to go 
with the larger of the two groups – following a majority rule. Some pedestrians always decided to 
turn less, aligning with the smaller turn group rather than the larger turn group – following a “lazy” 
rule. Other pedestrians demonstrated a mixture of the two rules, where they intermittently 
preferred to follow the majority; however, this majority rule preference was weakened as the 
magnitude of the larger turn increased.  
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While our averaging model was incapable of providing accurate simulations of this dataset, we 
have been able to simulate the decision making process to great effect by implementing competing 
goal dynamics (Baxter & Warren, 2020). By fitting the parameters to each subject – and allowing 
different rules or strategies to emerge – we account for 86% of all decisions in the experiment. 
Altogether, the results of this experiment demonstrate that different rules might be followed when 
deciding between two sub-groups when following a crowd. This necessitates flexibility in agent-
based simulations where individuals might need to decide between different directions. 

 

Future Directions. 

We now have good evidence that pedestrians average over their neighbors. Moreover, when there 
is an angular difference great enough between two groups, pedestrians choose between one of the 
two groups according to a variety of potential rules. It is still unknown, however, what the angular 
threshold between the two groups must be for pedestrians to treat them as two different crowds, 
rather as one that can be averaged over. In the final dissertation study, I will address this question 
by using two continuous flows of virtual humans walking in two directions, equiangularly split to 
the left and to the right with the same number of virtual humans in each group. I will then vary the 
angular difference between the two groups ranging from 0-120°.  

Pilot data has demonstrated that this angular threshold is around 60°, but this finding needs to be 
confirmed with more data. Once determined, this threshold will be used in our model to “switch 
on” the decision making dynamics, allowing for a model that both averages over neighbors, and 
decides between multiple groups, when the circumstances call for it. 

 

Significance and Impact. 

These experiments push the boundaries on the VENLab’s human crowd model, exploring a variety 
of novel scenarios that are critical to simulating realistic human behavior.  

This model, with its improved understanding of crowd averaging, recruitment, and decision 
making dynamics, can now be implemented in new scenarios where there are competing goals 
layered on top of averaging behaviors – a capability necessary when simulating how groups of 
people might exit a stadium after an event or egress from a crowded shopping center. 

Additionally, this empirical technique – implementing data-driven insights to study complex, self-
organized systems – can serve as a successful case study for how to study similar systems.  

 

Where might this lead? 

This research has taken critical steps in building a human crowd model that could be used by the 
public. While there is still a lot of work to be done, having added decision making capabilities with 
an understanding of and respect for individual differences is critical in a modeler’s ability to 
simulate realistic crowd behavior. It is my hope that the VENLab’s crowd model could be used to 
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generate biologically plausible egress behavior from buildings, including a complex layering of 
potential goals and coordinative behavior for each agent. 

 

Supported works 

Wirth, T.D. & Warren, W.H., (in preparation). Self-organization in human crowds: Recruitment 
 into collective motion. 
 
Wirth, T.D., Free, B. & Warren, W.H., (in preparation). Competing goal dynamics in human 
 crowds. 
 
Wirth, T.D. & Warren, W.H., (in preparation). Transition from averaging to decision making 
 behavior for individual pedestrians. 
 
 

Link Fellowship Impact 

This work would not have been possible without the support and mission of the Link Foundation 
Modeling, Simulation, and Training Fellowship. This funding provided me the opportunity to give 
these complex problems the attention they deserved, paving the way to substantially increase the 
number of experiments I was able to design, collect, and analyze during my time at Brown 
University. It is directly because of the Link Fellowship that I was able to have started and closed 
a chapter in modeling decision making within crowds (as well as find evidence of a strong 
recruitment mechanism), and will pass this knowledge on to others in my lab, as well as to the 
scientific community at large. 

Additionally, my experience with the Link Foundation has provided me with critical experience 
in grantsmanship and participation in the scientific endeavor. The Link Foundation Modeling, 
Simulation, and Training Fellowship fills a critical gap for scientists like myself, whose research 
has a large societal impact, but is difficult to find funding agencies who care about supporting this 
research at the graduate level. I am greatly indebted to the Link Foundation for the opportunity to 
apply for the fellowship and the honor that it has been being a Link Foundation Fellow. Becoming 
a Link Foundation Fellow was one of my first major achievements during my graduate school 
career, and this achievement has given me the confidence to apply for more funding and to land a 
desirable post-doctoral research position. Overall, this has been an experience that I will carry with 
me throughout my scientific career and one that I immensely grateful for. 
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