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In 2015, the top ten largest amusement park corporations saw a combined annual attendance of over 400
million visitors. Daily average attendance in some of the most popular theme parks in the world can average
44,000 visitors per day. These visitors ride attractions, shop for souvenirs and dine at local establishments;
however, a critical component of their visit is the overall park experience. This experience depends on the
wait time for rides, the crowd flow in the park, and various other factors linked to the crowd dynamics
and human behavior. As such, better insight into visitor behavior can help theme parks devise competitive
strategies for improved customer experience. Research into the use of attractions, facilities and exhibits
can be studied, and as behavior profiles emerge, park operators can also identify anomalous behaviors of
visitors which can improve safety and operations. In this paper, we present a visual analytics framework
for analyzing crowd dynamics in theme parks. Our proposed framework is designed to support behavioral
analysis by summarizing patterns and detecting anomalies. We provide methodologies to link visitor move-
ment data, communication data, and park infrastructure data. This combination of data sources enables a
semantic analysis of who, what, when and where, enabling analysts to explore visitor-visitor interactions
and visitor-infrastructure interactions. Analysts can identify behaviors at the macro level through semantic
trajectory clustering views for group behavior dynamics, as well as at the micro level using trajectory traces
and a novel visitor network analysis view. We demonstrate the efficacy of our framework through two case
studies of simulated theme park visitors.
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1. INTRODUCTION

The growth and adoption of technology has increased society’s ability to gather data
related to human mobility and interactions with their built environment. People leave
their homes armed with a variety of sensors, from GPS positioning on mobile phones, to
smart watches and wearables tracking heart rate and footsteps, to body cams and life-
logging tools that capture images and video of their daily interactions. Such data pro-
vides an unprecedented opportunity to study and analyze human behaviors and their
relationships with infrastructure. This opportunity has led to the smart city movement
where urban planners envision integrating multiple information and communication
technologies to help manage city assets and improve the quality of life for their citizens.
However, the large scale, heterogeneous nature of the data being captured presents
a variety of technical challenges for analyzing human and crowd behavior. As such,
there has been an increasing demand for algorithms, methodologies, and frameworks
for supporting behavioral analysis. This has led to a variety of recent visual analytics
approaches developed to utilize mobility data to reveal behavioral differences between
populations. For example, Wood et al. [2011] developed a visual analytics framework to
explore bike hire data in London to gain insight into how people utilize the bike rental
infrastructure. Other work has developed visual analytics methods for analyzing taxi
trajectories [Chu et al. 2014; Ferreira et al. 2013; Zhu et al. 2012] to extract traffic
patterns and trends in a city. Such studies exemplify how visual analytics can help
support the analysis of data sets that capture information about a person’s mobility.

While the previous studies have tended to focus on the large scale dynamics within
a city, providing global level insights into behavior in terms of peak hour usage, com-
mon commuter routes and so forth, other studies have focused on exploring the use of
sensing technology within a well-defined, but densely crowded area [Guest et al. 2013;
Kim et al. 2008]. Examples of such locations include university campuses, stadiums,
and amusement parks. These locations are increasingly employing sensor technology
to gather intelligence about their visitors. For example. universities record keycard ac-
cess at the fitness center, dorms, and cafeteria, and theme parks provide opt-in wrist-
bands which provide guests with enhanced services (e.g., quicker line queuing) while
tracking their information. More recently, Disney has even filed a patent for tracking
visitor location by taking images of their shoes [Beardsley and Taneja 2016]. As such, it
is clear that understanding crowd behavior is critical for business intelligence (as well
as disaster management and emergency response). By understanding where visitors
go and what services they utilize, industries can potentially revamp their operations
to improve the underlying user experience and increase revenue. Furthermore, such
locations are often viewed as potential targets for terrorists. By analyzing crowd be-
havior in real-time, visitors engaging in anomalous behaviors can also be detected for
improved security and response.

In this paper, we present a visual analytics framework for exploring behavioral dy-
namics for a well-tracked, highly defined area. While the focus of our paper and ex-
amples is on theme parks, the proposed framework is applicable to any geographical
region where densely sampled trajectory data can be semantically linked to the un-
derlying infrastructure to provide insight into behaviors centered around infrastruc-
ture usage. Our goal is to provide analysts with methods to explore the decisions that
theme park visitors make. This enables competitive planning for facility and exhibit
placement, can help identify the need for general public services (e.g., restrooms), and
detect anomalous behavior at the individual level. Our visual analytics framework
consists of four parts: 1) constructing trajectories from movement tracks including in-
ferring missing records and aggregating different sampling granularities; 2) enriching
trajectories with semantic information from heterogeneous data, including communi-
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cation data and location types, to help analysts interpret and understand movements;
3) integrating data mining techniques to automate the process of extracting charac-
teristics from large semantic trajectories, especially for crowd patterns and anomaly
detection, and; 4) aligning and reporting findings together in a report view.

Our visual analytics framework is not the only one developed for the exploration
and analysis of the VAST 2015 Challenge dataset. Other research groups from both
university and industry developed their own frameworks consisting of data prepro-
cessing, linked views, and the application of clustering and community detection
methods. Ye et al. [2015] developed a collaborative visual exploration system to
perform behavior analysis over trajectory records using only the movement data from
the first challenge. Their system allows for spatial and temporal exploration with
an analysis pipeline adopted from Andrienko et al [2013]. The analysis pipeline
consists of: categorizing people who spend most of their time together using DBScan,
extracting features from the groups based on each type of point of interest, and
calculating the group similarity. Li et al. [2015] designed TMViz and DNViz for
collaborative analysis to discover interesting patterns in the communication data
from the second challenge. Before visualizing the data, they performed a three-step
data preprocessing. Their preprocessing includes community detection, attribute
extension, and aggregate calculation. TMViz uses temporal and multifaceted features
of the communication data, while DNViz allows for the exploration of communication
behaviors in a community or a custom set of individuals from dynamic perspectives.
Puri et al. [2015] developed ParkVis, a visual analytics system for tracking unusual
patterns of park patrons utilizing both the communication and movement data from
the first and second challenges. ParkVis employs two workflows, one focusing on the
use of Multidimensional scaling (MDS) with check-in filtering and the second using
spatial and temporal filters to identify unusual patterns. Each of these frameworks
presented their own methods for exploring and analyzing the dataset: some focusing
on one challenge in particular, while others combining both the movement and com-
munication data into a single system. Of the 71 VAST Challenge 2015 submissions,
our team was the only one to correctly identify the culprit, and was awarded the
Grand Challenge award for Outstanding Comprehensive Submission. The major
contributions of our framework include:

— A visual analytics framework to support the discovery of patterns and anomalies in
trajectory data.

— A semantic clustering methodology for identifying group behavior by integrating
movement traces and location information, and;

— A novel network analysis view for exploring visitor communications with respect to
space and time.

In order to demonstrate our framework, we provide examples using two synthetic
datasets. Our first dataset uses the theme park visitor modeling work of Solmaz et
al. [2015]. A park with an average attendance of 2500 visitors is modeled and analyzed
over 30 days. General insights into the model are discussed. Our second dataset is
the IEEE Visual Analytics Science and Technology (VAST) 2015 challenge DinoFun
World data set consisting of 11,317 park visitors over the course of 3 days and has
an embedded robbery event. We report on how the framework can characterize crowd
behavior in the park and infrastructure usage.
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2. RELATED WORK

Given the abundance of data related to human behaviors coming from fine resolu-
tion GPS traces of taxi cabs to more coarse grained social media posts on Twitter
or Foursquare, a variety of visual analytics methods have begun emerging. Recently,
there has been an increasing amount of literature focusing on helping people define,
process, visualize, and analyze movement data. In this section, we will discuss recent
work that uses mass mobility data for exploring crowd dynamics and behavior. We
summarize techniques for aggregating movement data (Section 2.1) and enhancing
such data with semantic information from secondary sources (Section 2.2). Finally, we
will cover recent visual analytics methodologies for exploring such data (Section 2.3).

2.1. Trajectory Data Extraction and Aggregation

The most common type of raw movement data is a series of geographical coordinates
along with the change of time, often referred to as trajectory data [Andrienko et al.
2011b]. Due to the performance of tracking devices (e.g. GPS locator or RFID), there
may exist oversampling or undersampling problems in the geographical coordinates.
Andrienko and Andrienko [2010] review the existing approaches to aggregate raw
movement data for distilling general features out of fine-detailed particulars, and other
recent work by Andrienko and Andrienko [2011] suggests separating the space into
several sub-regions and simplifying the trajectory along geographical coordinates to
the movement among sub-regions when data is over-sampled. If the movement data is
undersampled, which means the position is unknown in some time intervals, a variety
of methods to estimate the position using linear or non-linear interpolation have been
developed, e.g. [Macedo et al. 2008; Andrienko et al. 2011a]. Our framework builds off
of previous work, identifying stops and starts in trajectories. In order to incorporate
domain knowledge into the extraction and aggregation phase, a data preprocessing
step is incorporated such that the user can choose the temporal level of aggregation
from fine-detailed trajectory data as well as define stop and start criteria.

2.2. Semantic Enrichment and Data Alignment

While large amounts of trajectory data are now available for analysis, the data by it-
self often contains little information regarding behavior. Such data needs to be linked
to secondary data sources (such as points of interest for geographic reference) in order
to provide semantic meaning to the trajectories, and Laube [2014] lists the semantic
gap as one of the critical challenges in movement analysis. Semantic information can
be derived from the data itself or complemented by other data sources. From the move-
ment data itself, analysts can link the acceleration, speed, stops, directional change,
length, and other physical characteristics in the movement data as features of trajecto-
ries [Bogorny et al. 2014]. For example, Wang et al. [2013] extracted traffic jam events
from the speed of moving objects in traffic trajectories. Zeng et al. [2013] formulated
the interchange pattern from how the moving objects redistribute when entering and
passing through a junction in a traffic network, and Wu et al. [2016] focused on the
co-occurrence pattern of human mobility data looking at how crowds from different
regions visit the same place during the same time span.

While derived semantics (stops, starts, stays, etc.) from the movement data can pro-
vide insight, another critical area is to link related datasets to enhance the inter-
pretation and understanding of movement data [Bogorny et al. 2014]. Andrienko et
al. [2007] proposed a visual analysis tool that extracted significant places and pre-
defined the types of places in movement data to find common travel routes. Kriiger et
al. [2015] presented an interactive visual approach to enhance movements with point
of interest information from the web and proposed an uncertainty-aware exploration
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of spatial and temporal patterns. Yan et al. [2009] proposed a multi-layer trajectory
model in which raw trajectory data is first reconstructed to structured trajectories and
then linked with geographical information and application domain data to fill the se-
mantic gap. Yan et al. [2011] implemented the SeMiTri framework which takes a list
of annotations associated with trajectory data as semantic information. Similarly, our
framework utilizes derived information from trajectories and links the trajectories to
the surrounding geographical information. In this manner, we can gather information
about where visitors stopped (and for how long) as well as aggregate this over semantic
categories (i.e., were the visitors roller coaster junkies or foodies).

2.3. Visual Analysis of Trajectory Data

Cleaning, aggregating, and augmenting trajectory data are critical steps in the anal-
ysis process; however, once these steps are completed, analysts still need to explore
the data. As such, a variety of visual analytics methods for the analysis of movement
data have been developed. When visualizing movement data over static maps, the most
common challenges are visual clutter and occlusion [Andrienko and Andrienko 2013].
Multiple solutions to alleviate these problems have been proposed. For example, An-
drienko and Andrienko [2011] proposed a spatial generalization and aggregation strat-
egy in which the space is divided into compartments and trajectories are transformed
to the moves between compartments. Other work by Andrienko and Andrienko [2013]
focused on using animated trajectories within a selected time interval from interac-
tive time filters. Bouvier and Oates [2008] presented a technique named “staining” in
which the moving objects will be stained with colors when passing by marked items
as a means of identifying common intersections. Furthermore, in Bouvier et al.’s sys-
tem, users can see when and where the moving objects were stained by reversing the
animations.

Along with animation, other researchers have focused on three-dimensional visu-
alizations. For example, Tominski et al. [2012] visualized trajectory attributes using
three-dimensional stacked trajectory bands and encoded attribute values by color.
Bach et al. [2016] proposed a series of space-time cube operations to turn a part of the
three-dimensional visualization into an easily-readable two-dimensional visualization
for analyses. Other work has focused on using small multiples and coordinated views.
Boyandin et al. [2012] conducted a user study over animations and small multiples.
Results indicated that animation was good for exploring geographically local events
and changes between subsequent time frame while small-multiples helped identify
long-term trends that can be missed during animation. Zhao et al. [2014] designed a
coordinated multiple view system that visualized both network traffic data and IDS
alert data together. Chen et al. [2016] explored geo-tagged Weibo posts and visualized
movement patterns using a matrix view, timeline view, map view, bar chart and others.

One critical challenge these visualization face is the sheer volume of trajectory data.
GPS traces from taxis or wearable devices can provide information at sub-second res-
olution. This means that for a single individual, the trajectory trace can be extremely
large. Once these are collected for an entire city, the sheer volume of data can often
overwhelm the visualization and reduce interactivity. As such, a variety of machine
learning techniques are often employed as part of the visual analytics pipeline, specif-
ically, clustering and classification are frequently adopted, and several recent works
have surveyed the application of clustering techniques in spatio-temporal data [Kisile-
vich et al. 2009; Diggle 2013; Bermingham and Lee 2015; Zheng 2015].

Clustering and classification techniques have been used to identify behaviors from
individual trajectories or groups of trajectories. For example, Andrienko et al. [2009]
proposed four types data mining techniques for identifying behaviors: 1) clustering
trajectories sharing similar features (e.g. shape, direction, and speed); 2) classifying

ACM Transactions on Embedded Computing Systems, Vol. 9, No. 4, Article 39, Publication date: March 2010.



39:6 M. Steptoe et al.

trajectories into predefined classes (e.g. types of transportation in traffic data); 3) un-
covering shared paths of trajectories, and; 4) identifying similar trajectories (e.g. bird
flock). However, work by Andrienko et al. [2009] also notes that while data objects are
often represented by feature vectors, moving objects in trajectories cannot be properly
represented in this way. Each trajectory may have different lengths and their sequen-
tial and spatial properties are difficult to encode in the feature vector. Therefore, when
using traditional clustering algorithms, such as K-Means and KD-Tree, on trajectory
data, it is important to utilize proper distance metrics for clustering. Zheng [2015] re-
views a variety of distance metrics for trajectory analysis, and Sun and Wang [2015]
detail a comparative study over different features and distance metrics for measuring
similarities of trajectories.

Critical to clustering and classifying trajectories is deciding on the length and fea-
tures to use. Zheng et al. [2008] propose partitioning a trajectory into several segments
and extracting a set of features (such as the heading change rate, stop rate, and veloc-
ity change rate) for use in a Decision Tree Classifier to classify the transportation types
rather than simply relying on simple rules such as velocity-based approach. Pelekis et
al. [2012] cluster the entire trajectory using several distance measures based on dif-
ferent derived parameters of trajectories (speed, acceleration, and direction). Rather
than clustering over the full-length trajectory, da Silva et al. [2016] utilize an incre-
mental algorithm to continuously capture the evolution of trajectory data streams and
performed clustering over newly captured trajectory patterns. Other work first classify
trajectories into regions-of-interest segments before performing clustering. For exam-
ple, Giannotti et al. [2007] identified regions-of-interest using the density of trajectory
data, and then proposed an algorithm to detect the sequential patterns of the region
of interest.

While clustering and classification focus on finding commonalities and groups of
trajectories, another critical task is outlier detection. There are two primary methods
of labeling a trajectory as an outlier. First, an outlying trajectory cannot fit into any
cluster or does not show up frequently [Zheng 2015]. For example, Pan et al. [2013]
identified anomalous taxi routes by checking if their routes are different from their
usual routing behaviors, and Liu et al. [2011] measured the extremeness of data points
both from their temporal and spatial neighbors using Mahalanobis distance. Second,
an outlying trajectory could be anomalous not due to the trajectory, but due to other
attribute features. For example, in a traffic jam, even though all taxis follow the same
route, an outlier can be recognized as a low-velocity trajectory [Wang et al. 2013].
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3. ANALYTIC TASKS AND DESIGN REQUIREMENTS

Although the visual analytics solution presented in the following (Section 4) is appli-
cable to a range of datasets and tasks (e.g., emergency response, smart cities, etc.),
it was originally motivated by the 2015 VAST Challenge that dealt with amusement
park visitor behavior of a fictitious theme park (see Section 5.3 for a more detailed de-
scription). The grand challenge required combining information gained from two mini-
challenges to solve a crime and identify the culprit(s). Movement and communication
data of the park visitors were given. From this data, a variety of analytic tasks were
outlined. The analytic tasks focused on exploring the visitor’s behaviors to understand
how park infrastructure was used. Analytic requests from the contest included:

(1) Characterize park attendance including group behavior.

(2) Characterize and identify any abnormal behavior (either by groups or individuals).
(3) Characterize communications patterns within the park.

(4) Characterize operational behavior of attractions in the park.

Based on these analytic questions, we developed the following design requirements:

(1) The framework will enable the user to seamlessly switch focus from aggregate tra-
jectories to group trajectories to individual trajectories in a nonlinear and iterative
fashion, and in a manner that supports effective hypothesis formation and refine-
ment.

(2) The framework will enable the user to obtain a pre-attentive grasp of the scale
and order of time and space, in a manner that supports fast judgment about which
groups or patrons restricted their activities to an extraordinarily small amount of
space, visited some attraction for an extraordinarily long time, and visited which
attraction before/after which other individuals.

(3) Immediate access to information about crowd and communication density at each
attraction is necessary at regular and reasonable time intervals. The information
shall be provided to the user free of clutter and in a manner that is unobtrusive so
the user can access the information on-demand.

(4) The framework will enable the user to make fast judgments about which attrac-
tions have extraordinarily high or low levels of attendees, and be able to quickly
compare crowd densities across different attractions. Crowd density information
shall be linked to attraction geo-location information on-demand.

(5) The system should support fast judgments about the attraction-visit history of each
individual of interest, as well as the personality profile of each visitor, in addition
to being able to compare individuals easily to determine who moves with a group
and who moves alone.

(6) It should be possible to determine whether any coordination occurred between visi-
tors, despite those operating at a distance and moving independently, by analyzing
and superimposing communication data over movement data.

(7) The user shall be able to generate reports containing movement, communication,
and network information on identified aggregates, groups, and individuals.

Because analysis tasks, data structures, and analytical means to solve the tasks can
be complex, we consider a team of experts, similar to [Arias-Hernandez et al. 2011],
for an optimal usage of the visual analytics framework.

— The Visual Analytics Expert is able to work with the interactive visual interface,
to filter and select data, steer algorithms and choose visualizations well-suited for
the analysis task. The visual analytics expert is able to communicate with domain
experts that define the tasks and analysis goals.
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— The Domain (Subject Matter) Expert may either have knowledge about the amuse-
ment parks infrastructure and security guidelines, or has a background in behavior
psychology, crowd dynamics, and has access to other relevant information.

— The Decision Maker acts on the information presented by the domain expert (or
may be the same person), has significant authority, and bears liability for mistakes.
Hence, the decision maker will require the domain expert to make a strong case
regarding whether to pursue some course of action.
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Fig. 1. System overview. View (1) shows the analytics interface which allows the user to adjust the systems
parameters. View (2) shows a map of DinoFun World and the trajectories of selected visitors. The blue
line represents the patron’s traversed space in the park, and the red dots represent other park patrons, at
their actual locations at that time, who were contacted by this patron. View (3) shows a calendar which
represents each attraction in the park and displays the count of visitors in 30 minute intervals. View (4)
shows a histogram which displays the number of calls made during a time period. View (5) shows a pixel
based representation of a visitors trajectory in 5 minute intervals.

4. VISUAL ANALYTICS FRAMEWORK

Based on the design requirements, we developed a visual analytics framework to sup-
port group dynamics analysis and implemented the framework in a web-based an-
alytics system (Figure 1). The system provides multiple coordinated views that are
enhanced by automated methods such as clustering, community, and outlier detec-
tion for coping with heterogeneous and complex datasets. Different views allow for an
analysis of spatio-temporal as well as communication related data aspects. A calendar
view [Van Wijk and Van Selow 1999], where columns are time slices and rows rep-
resent locations, gives an overview over the monitored days and serves as a starting
point for the analysis. For further spatio-temporal analysis, individual traces are dis-
played on a map view. Group dynamics are explored through a pixel based trajectory
cluster view. Communications between patrons are also captured, and details of who-
when-where are tracked in the communication view. Finally, a summary view is also
linked to explore semantic details about visitor behavior (e.g., groups that ride roller
coasters, groups that strongly communicate with each other, stay at the park hotel,
etc.) and present findings to a wider audience. As such, our system harnesses data
mining techniques for data exploration, enabling powerful visualization techniques,
comprehensive analyses, and fast response times.

4.1. Data Preprocessing

As previously mentioned, a major challenge in analyzing trajectory data is the scale
and the need to link to secondary data. For a theme park, data may be captured
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Fig. 2. The synthetic datasets comprise multiple heterogeneous data sources that have to be fused in order
to enable behavior analysis. From left to right: tourist map, spatial grid, visitor traces, connections per
visitor, attraction check-ins, attraction information (region, category, etc.), anonymized user information.
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Fig. 3. Based on an illustration by [Spaccapietra et al. 2008] 1) Visitor movements are described by a set
of trajectories (focus on the movement itself). 2) In between movements a person follows different activities
taking place at a specific time at a specific place (event). Depending on the application of the movement
itself (1) or the sequence of events taking place (2), an event of interest can be identified.

about the park infrastructure, movement, communication between visitors, etc. Fig-
ure 2 sketches a simplified version of the dependencies noted within the theme park
data.

We first set up a relational database model and subsequently create the links be-
tween the individual data sources based on common timestamps, IDs, and attractions
visited. Specifically, given a map of the park, a user defined temporal threshold, 7, and
a spatial threshold, ~, an event is defined within each trajectory such that if the trajec-
tory of visitor i is located within some ~y + epsilon., of some known park infrastructure
for a time span [¢, ¢ + 7] then that trajectory segment can be semantically linked to the
location as an event. Otherwise, the trajectory is considered to be in a move state.

After the trajectories are enriched with contextual data, the visitor behavior can be
described as a sequence of events s := e¢; — e3 — ¢3 — ... — ¢,,. Here, an event is a vis-
itor using infrastructure, e.g., a park visitor that is checked in to a certain attraction.
When information about visitor-visitor communication is available, events can also be
defined as instances when one visitor contacts another visitor. While communication
events could also be formulated as the spatial links, the density of park visitors would
add too much uncertainty in those instances, and future work will explore methods of
identifying relevant visitor-visitor interactions at locations. Figure 3 illustrates the se-
mantic trajectory extraction. This process is general for any spatiotemporal trajectory
data where point-of-interest data can be utilized to semantically enhance trajectories.

4.2. Spatiotemporal Analysis

Once the data is pre-processed, the primary view of our system focuses on spatiotem-
poral analysis for identifying group behaviors and individual anomalies. Figure 1
provides an overview of the spatiotemporal views as applied to the DinoFun World
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dataset. The main window consists of five coordinated views (the analytics interface,
the map view, the calendar view, the distribution view, and the event sequence view)
and is complemented by communication views (Section 4.3) and a reporting view
(Section 4.4).

The Analytics Interface A main component to steer the spatiotemporal analysis is
the analytics interface. It allows the analyst to adjust the system’s parameters and
filter the visualizations depending on the objective of their exploration. The develop-
ment of this interface was driven by design requirement (1), which allows the user to
effectively control and refine the information being displayed from the highest level of
abstraction, the aggregate, down to the individual park visitors. The panel is made up
of five sub-controls referenced with letters A-E in Figure 1-1. In control A), the analyst
can input a list of visitor IDs and view their trajectories on the map view, Figure 1-2.
Pressing play will animate the trajectories. The sequence of check-ins for each visitor
is displayed in the event sequence view, Figure 1-5. The communications data is also
visualized as points on the map that appear at the time of the call. Using control B), a
user can select time and location intervals on the calendar view (Figure 1-3) and create
a visual query with logic operators (AND/OR/NOT). This query will return, for exam-
ple, the IDs of all park visitors that were at attraction 38 at 4PM and at attraction 45
at 9PM on Friday. This is the primary feature for exploring behavior hypotheses (e.g.,
do people visit a certain souvenir shop prior to leaving) as well as finding users that
were at locations of interest at particular times. IDs and trajectories that are returned
from the query are plotted in the event sequence view.

Along with filtering individual trajectories, our visual analytics system is also de-
signed to cluster visitors as a means of identifying group behavior within the park. All
visitor trajectories are clustered using an agglomerative hierarchical clustering with
a Levenshtein distance (for details, see Section 3.5). Control C) is designed to allow
users to select a clustering tolerance. If a tolerance of 0 is selected, the resultant clus-
ters consist of the IDs with identical trajectories (in terms of locations visited at the
same time). Reducing the tolerance provides fuzzier clusters (i.e., they have visited
mostly the same locations at the same time during their stay). The groups found are
plotted in the event sequence view where the trajectory of each cluster is represented
by a single row of pixels. Since there are multiple trajectories within each cluster, the
result shown is the most representative trajectory of the group.

In addition to exploring group dynamics, our system also contains methods for out-
lier detection to detect unusual individual behavior, control D). Using the Levenshtein
distances calculated during clustering, trajectories that are very far from any other
trajectory can be considered as a unique event sequence. This slider returns the top
n-IDs with the largest distance (see Section 3.5 for a technical description of the ap-
proach). Results are plotted in the event sequence view.

Finally, the calendar aggregation options of control E) define how the rows in
the calendar view are sorted (by region, attraction, or ride type), which event-
granularity is used for the clustering, and how the data is plotted in the cells of
the calendar view (data can be the number of visitors at a ride or the number of
sent/received/external/unique calls sent from a ride at time ¢ if communication data
is also captured, Figure 1-4).

Map View Next to the analytics interface is the map view, (Figure 1.2) which
provides a spatial representation of the trajectory and communication data. This
view was developed in alignment with our design requirements (2-4) enabling users
to grasp locality of the attractions, groups, and visitors within the park and sup-
ports coordinated filtering for cross-view analysis. The map view can be utilized to
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Fig. 4. Three steps to run and explore the clustering. 1) Define the tolerance level (hierarchy cut). 2) Explore
the cluster representatives. 3) Unfold and explore the individual cluster members.

show either individual movements or aggregated movements of clusters of visitors.
For individuals, the visitor’s traces and communications can be animated over
time and are linked to the event sequence view. In addition, a so called footprint
visualization is also shown, when the user brushes over time slices in the event
sequence view (Figure 4 lower left). For aggregated trajectories, a bi-variate heatmap
view colors each pixel on the map by the number of times a visitor passed the
area. The color-coding ranges from white to blue, indicating the number of passing
visitors and to green, indicating the standard deviation of the distribution, accordingly.

Calendar View The calendar view (Figure 1-3) provides a temporal overview of at-
traction check-in volumes for each day. In order to support our design requirements
(3-4), the calendar view was developed to give users immediate access to information
about crowd density at regular and reasonable intervals allowing the user to quickly
compare densities across different attractions. Each row represents an attraction in
the park and each cell is colored based on the calendar aggregation control as previ-
ously defined. Data can be viewed for each day, or as an aggregate.

The every day view shows the counts of IDs that were at the same place at the same
time every day and provides functionality for exploring repeat visitor behavior. Each
cell represents 30 minutes of time. By activating the visual query mechanism in the
analytics interface, the analyst can click on time slices of interest, setting up different
conditions for the query. Figure 5 shows an example of this interaction.

Event Sequence View The event sequence view (Figure 1-5) allows analysts to
explore temporal semantic patterns of either individuals or groups of visitors. Using
this view, analysts can quickly determine how long visitors and groups are spending
at attractions and which attractions their activities are restricted to. Analysts can
also use this view to make fast judgments about attraction-visit history and easily
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Fig. 5. The visual querying is defined directly in the calendar view. 1) The analyst sets the mode (here OR)
in the analytics interface. 2) The analyst marks areas that have match trajectory sequences. 3) The analyst
runs the query. Results are displayed in both the event sequence view and map view.

compare individuals to determine who moves with a group or alone, supporting
design requirements 2 & 5. At the individual visitor level, each row is a pixel based
representation of a visitors event sequence, where events were calculated as defined
in Section 4.1. Each cell represents a 5 minute time interval (which is adjustable
in the pre-processing stage but not interactively due to the large data size) that is
colored based on the location where a user is in the park. By hovering over a cell, the
attraction or path associated (depending if the cell is an event or move segment) with
a visitor is highlighted on the map. When clusters of visitors are explored, each row
becomes a representative trajectory from the cluster. By clicking on the representative
trajectory, the cluster unfolds and each cluster member can be explored individually.
The view provides pagination to browse through larger amounts of clusters and
individuals. Figure 4 shows three interactive steps carried out by the analyst to run
and explore the clustering results.

Distribution View The distribution view provides users with immediate access to
information about communication density at each attraction fulfilling the remaining
goals of our design motivations (3.3). It thereby links the communication data to
attraction and movement information. A rough overview of communication volumes
is given in the histogram view (Figure 1-4). The histogram view shows the number
of sent/received/external/unique calls made during a time period. The y-axis is the
number of IDs, and the x-axis is the number of communications made. Users can click
a bin to see all the IDs in a bin. In this way, we can find those IDs with extraordinarily
large amounts of communications. Using this visualization as a starting point,
communication patterns can be explored more in-depth in the communications view
(Section 4.3). Note that all other views still function if such data is unavailable in
order to allow for generalizability of the framework.
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Fig. 6. The communication view shows a histogram with the distribution of sent messages. The x-axis
represents the sent message volume and the y-axis represents the number of visitors. The top-right section
of the view is a table showing the specific amount of the four types of messages for all visitors within a user
selected bin. The lower-right section contains a matrix view showing the distribution of sent messages for
visitor 1045021, which is the visitor sending the largest amount of messages in the left histogram view.

4.3. Communication/Network Analysis

Our primary analysis view focused on spatiotemporal relationships of individuals and
their built environment (visitor-attraction interactions); however, visitor-visitor inter-
action can also be captured (e.g., mobile phone records). While such data is relatively
uncommon, in the VAST Challenge 2015 dataset, messaging data between visitors
(which contains a timestamp, the originators ID, the recipients ID, and the park area
from which the message was sent) is captured. These connections between individuals
allow for even finer grained behavioral analysis (e.g., identifying parents and children
who visit different attractions and then call to arrange meeting back up).

Compared to trajectory data, messaging data is composed of communication traffic
throughout the network and communication networks between message originators
and recipients. To extract communication patterns from the message data, researchers
have analyzed the network structure and traffic using measures of network symmetry,
centrality, traffic volume and other factors [Onnela et al. 2007; Eagle et al. 2009;
Ying et al. 2010]. The system’s communication view focuses on identifying influential
nodes in the network structure and critical stages in communication time series
and consists of two unique views (Figure 6 and Figure 7). We derived four features,
sent/received/external/unique message amount, and combined a bar chart and matrix
view together to display and characterize visitors’ messaging behaviors from which
we can find meaningful communication patterns and infer their roles and locate the
anomalies. Our two views allow analysts to determine coordination between visitors
by analyzing and superimposing communication with movement data, meeting design
motivation 3.6.

Detecting Influential Nodes While a simple message is built on the communication
between two or more nodes, the direction and volume of the message can help identify
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Fig. 7. The network analysis view, the x-axis represents the time from 08:00 to 24:00 and the y-axis rep-
resents the attractions that the visitors are near. Circles represent the movement of the visitors from one
attraction to another, and the circle size encodes the number of visitors. Green lines connecting attractions
represent a new check-in record for visitors. Blue lines on attractions represent internal communications
and red lines represent external communications.

behaviors. We categorized the communication data into four categories: sent messages,
received messages, external messages and unique messages. The sent and received
messages are to/from communications between visitors located in the park. External
messages are messages whose recipients are outside the park. Unique messages is a
count for messages sent out simultaneously. For example, if a visitor sends out multiple
messages at the same time, all of them will only be counted once in the unique volume.
These four features can be explored in the distribution view defined earlier. Clicking
in the distribution view of Figure 1 will lead to an expanded matrix view to further
explore the messaging behaviors of outstanding nodes, Figure 6.

In the specialized communication view, Figure 6, the left part is a histogram show-
ing the distribution of sent messages. Users can change the type of the message being
explored (sent, received, external, unique) through the dropdown in the top middle of
the view. The x-axis represents the sent message volume and the y-axis represents the
number of visitors. In this view, users can identify the amount of sent and received
messages. Clicking on a bin creates a list view of the IDs (and their communication
meta-data), and clicking on an individual ID will populate another calendar matrix
view. The matrix view in Figure 6 shows that the selected ID’s communications are
not smoothly distributed over time but burst out at certain time intervals. Users
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can also identify that this ID is present in the park for all of the data and can begin
developing hypotheses (for example, one might hypothesize that such an ID is likely
to be park staff).

Network View Analysis of the spatiotemporal communication data also requires the
examination of visitor communications with respect to location, time, and frequency.
We have designed a specialized visualization component, Figure 7, to enable the ana-
lyst to explore when and where visitors communicate, assemble/disband, and the fre-
quency of user interactions. Input to the view is a list of visitor IDs and the day to
examine. The x-axis represents the time from 08:00 to 24:00 and the y-axis represents
the attractions that the visitors are near. Circles represent the movement of the visi-
tors from one attraction to another and the circle size encodes the number of visitors.
A circle consists only of visitors that have a link in the communication data. Looking
at Figure 7, a small black circle can be seen in the lower left at attraction 84. The small
black circle represents multiple people simultaneously checking-in at that time. Later,
part of the group at attraction 84 moved to attraction 1. A green line is then drawn to
emphasize this movement. By hovering over the line we show if visitors joined or left
this group. If the circle changes to red, this means that a person left the group at this
attraction. However, if the circle changes to blue a person joined the group.

Blue lines represent the internal communications among the visitors and red lines
represent their external communications. While communication information can be
animated on the map view, the challenges of remembering when communications oc-
curred (or overlap if data is plotted as a single image) remain as challenges. As such,
this view provides an alternative to animation, plotting movement and communication
events simultaneously. Future extensions will explore methods of reordering spatial
locations on the x-axis for reducing visual clutter.

4.4. Reporting

Our final visualization component is the reporting view which is designed to allow an-
alysts to create summarized views of group behaviors for reporting and analysis. The
reporting view was designed in conjunction with design requirement (6). This view
contains components (referred to as "cards”) for movement and communication data by
visitor, group, or group type. Each component is placed in its own small multiple view
to allow for a quick overview and analysis. This view is designed primarily to enable
the analyst to save and compare findings of interest in a sandbox like setting, Figure 8.

Movement View Card In this small multiple selection (Figure 8 - Movement View), a
user can select multiple visitors, groups, or group types to examine their spatiotempo-
ral movement data. This view provides users with a space to compare the movements
of visitors, groups, and group types. For each selected item a bivariate heatmap is
shown along with the trajectory traveled. The mean and standard deviation of visitor
movements are calculated for each point on the grid and displayed using the bivariate
heatmap. The trajectory can be displayed for any day of data or an aggregate of all
days and can be colored by category, region, or attraction. When viewing individual
visitor movements the user can click on a visitor card and view the movements of all
of the visitors that they communicated with. When viewing a group or group type the
user can click on either of those cards and view the movements of the visitors that
make up the entity.

Feature View Card In this small multiple selection (Figure 8 - Feature view), a user

can examine the types of attraction visitors frequent in the park through a histogram
displaying attractions visited by category. The x-axis represents the category of attrac-
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tion visited and the y-axis represents the number or average number of attractions
visited within that category. The icon in the upper-left hand corner of each card shows
how the visitor entered the park, in the case of the VAST Challenge they could enter
from the main entrance, the hotels, or the campground. The icon in the center of the
card above the histogram shows how many days the visitor, group, or group type spent
in the park. Similar to the functionality within the movement view card, the user can
click on a visitor card to view the features of the visitors that they communicated with
or they can click on a group or group type and decompose it into the individual visitors.

Movement View Network View
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Fig. 8. The reporting view enables users to examine each component of the dataset for visitors, groups,
or group types. The movement view displays a bivariate heatmap along with the trajectory traveled. The
feature view shows a histogram that displays the attractions visited by category. The network view displays
a network graph visualization of the communication connections between visitors. The clustered communi-
cation view displays a histogram of the different types of communication among the selected subgroups.

Network View Card In this small multiple selection (Figure 8 - Network View),
analysts can inspect the communication networks of visitors, groups, and group
types all in the same space. A network graph visualization is used to show the
communication connections between visitors. Coloring is used to denote a difference in
groups allowing users to quickly see if a visitor is communicating with visitors outside
of their group. This color also helps the user determine if communication is happening
within the group.

Clustered Communication View Card Finally, in this small multiple selection (Fig-
ure 8 - Clustered Communication View), users can explore clusters of groups by their
communication types. This enables the analyst to quickly identify which types of com-
munication were prominent and the users that fit into those subgroups. Clustering is
performed using k-means on the user selected features.
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4.5. Analytical Methods

As hinted at in the previous subsections, underlying each of the visualization compo-
nents are a variety of analytical methods. The goal of the proposed visual analytics
framework is to enable the exploration of visitor’s semantically enriched traces to give
insights into the behavior of an individual. Understanding the visitor’s habits allows
park managers to improve their infrastructure accordingly and to stay competitive
with other amusement parks. While individual experiences are important, much of
the behavioral identification is identifying what do various subgroups of individuals
tend to do at the park. Furthermore, identifying outlying behavior of visitors is of
interest to ensure safety in the park. Individuals that behave very differently to
the rest of the visitors in terms of check-in and communication patterns may be
subject for a closer inspection in case of any criminal activity. Our system employs
two analytical approaches to identify groups of common behavior patterns as well as
outliers: temporal clustering and feature based clustering.

Temporal Clustering and Outlier Detection Two of the major analysis tasks our
system supports is identifying groups that travel the park together, thus share a tem-
poral behavior of attraction visits and communication, and identifying behavior that
differs from the expected. For the detection of groups that travel the park together,
or at least have certain overlapping activities, we apply an agglomerative clustering
approach using the Levenshtein distance [Levenshtein 1966] metric on the event se-
quences extracted in the pre-processing phase. This metric defines the distance be-
tween two sequences as the number of insert, edit, and delete operations necessary to
transform one sequence into the other. The Levenshtein distance between two strings
a, b is given by 1, 1(|a|, |b|) (see Equation 1).

if (min(4, j) == 0) : max(i, j),
1a7b(i - 17]) + 1’

la,b(Z7]) = else: min la,b(z.aj - 1) + la (1)
lap(t—1,5—1)
+lai # by
where the indicator function [a; # b;] equals zero if a;, == b; and 1 otherwise.

The Levenshtein distance between each event sequence is then compiled into a ma-
trix containing similarities for each pair of sequences. Because sequences can be of
different lengths (visitors may arrive later or leave earlier) we additionally normalize
the number of editing operation with respect to the length of the longer sequence. We
apply an agglomerative hierarchical clustering with average linkage (see Equation 2).

Dangink(AvB) = |A|1|B| Z d(a,b) )
acAbeB

The reason for this decision is that we do not know the sizes of groups traveling the
park in advance. The hierarchical methods allows to investigate different levels of
detail. While the bottom of the cluster hierarchy shows each visitor individually, we
expect smaller clusters to contain smaller groups, while larger groups may be found
at a higher level of the hierarchy. A drawback of hierarchical clustering, however, is
that it comes with high computational costs. Especially, the Levenshtein distance has
a high complexity of O(n * m). To maintain computational and interaction scalabil-
ity we precompute the distance matrices based on attractions, regions, and attraction
categories. To shorten the preprocessing time, the preprocessing was carried out in
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parallel for each row of the matrix and run on a 40 kernel processor. The clustering is
precomputed as well to allow for interactive browsing.

Similarly, outliers can be easily detected. Having the Levenshtein-based distance
matrices already computed, a lookup on a visitor basis allows users to quickly
calculate visitors that show very different temporal behavior compared to others via
a slider component (Figure 1-1). Therefore, we simply count all distances per row and
sort the results in descending order.

Feature-based Clustering Along with identifying group trajectory behavior, we also
focus on identifying visitors that share similar interests within the park. With these
profiles, the park owners can adjust their offers accordingly to attract different groups
or increase capacity in the most popular areas. To create visitor group profiles, we
employ k-means clustering [Lloyd 1982]. While this clustering method has some draw-
backs, it has a low complexity and can be computed at runtime utilizing a back-end
server.The complexity of the algorithm used is O(n{dk + 1)), where n is the number
of entities and d is the number of dimensions. At first, a feature vector is set up.
The analyst can interactively define which features (e.g., restaurant and attraction
visits, overnight stays) are to be considered for the clustering. Subsequently, a fea-
ture vector for each visitor is built, describing the visitor’s interest profile. The vectors
(21,22, ...,x,) are then used as input for the k-means clustering with the objective to
find a grouping that minimizes the distances as in Equation 3).The number % of clus-
ters C and features used in clustering can be interactively controlled in the Reporting
View, Figure 8.

k
argminz Z % — g, 3)

=1 xeC;
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5. CASE STUDIES

In order to demonstrate the effectiveness of our proposed visual analytics framework,
we explore two case studies on simulated theme park data.

5.1. Simulated Theme Park Data

The first simulated theme park scenario is an amusement park generated in an area of
1,000 x 1,000 meters using the software developed in Solmaz et al. [2015]. The theme
park contains 20 attractions in total that consist of main rides, medium-size rides,
restaurants, and live shows. The simulation is run for thirty continuous days with a
simulated time of twelve hours per day, starting at 8am and ending at 8pm. For each
of these days 2500 visitors trajectories are recorded and other semantic information,
such as average waiting times at attractions, and proportion of time spent waiting are
captured. The raw trajectory data is a list of log events which contains a unique visitor
ID, park location (x,y coordinates), a time stamp and a tag showing whether the visitor
is moving or checking-in at an attraction.

5.2. Simulation Analysis and Exploration

To begin the exploration of the simulated amusement park, we first load the dataset
into the main view (Figure 9). Turning to the analytics interface, we apply several
clustering procedures and examine the various clusters that are generated. Starting
with a high tolerance level, groups of visitors that spend a single day at the park are
found across each of the thirty days of simulation. As the tolerance is lowered in the
clustering, groups that span multiple days begin to appear (such as groups of visitors
with similar park usage patterns but visit on different days).

Sticking to a higher tolerance with well-defined groups, we examine visitors’ se-
quences in the sequence view. In this dataset, the groups that tend to spend two to
four hours at the park are larger in size and only visit a few restaurant before leaving.
Other groups found are those that come for approximately the same time and ride one
to two rides in addition to dining.
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Fig. 9. Overview of the system with the first simulated them park scenario. In this exploration, a group’s
trajectory is plotted showing the paths taken from one attraction to another. The calendar view has the sixth
day of simulation selected showing heavy traffic for several rides and restaurants. The sequence view also
has the sixth day of simulation selected showing the detected clusters and their sequences.
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Decreasing the tolerance in clustering, we can explore the larger groups of visitors
that spend a long period of time at a particular restaurant, stop at a live show or
two, and visit many different rides. To further examine these groups, we can expand
the cluster in the sequence view to investigate the individual sequences. Then, we can
view their trajectories in the map view and animate their paths traveled. In the anima-
tion, we can see visitors clustering at different attractions and separating to visit other
attractions. As the animation moves along, and some visitors show little signs of move-
ment, we hypothesize that these attractions are experiencing heavy traffic times. We
switch to the calendar view for clarification. Using the calendar view, we can quickly
detect the peak times for the various attractions and query for visitors who get stuck
in them. From this, we can see there are visitor profiles more likely to get hit with
longer wait times, and that there are visitors that are likely to leave after burning up
their visit time in these pools.

Such analyses can help identify park bottlenecks, key attractions, and under-utilized
space. Note that this example illustrates limitations in the system when trajectories
are more noisy (as in this simulation). In those instances, the map view is less use-
ful; however, the event view serves as a critical component for exploration in such
instances.

5.3. VAST Challenge 2015 - DinoFun World Data

Our second simulated theme park data set comes from the IEEE Visual Analytics
Science and Technology (VAST) Challenge 2015. These challenges have been held an-
nually since 2006 and aim to advance visual analytics through a series of competi-
tions [Cook et al. 2014; Whiting et al. 2015]. The presented visual anlaytics system
(Section 4) served as a basis for solving the VAST Challenge 2015, and we won the
grand challenge award (only one grand challenge award was awarded) for the Out-
standing Comprehensive Submission from a pool of 71 submissions.

In the VAST Challenge 2015, the story line is set in an amusement park which
covers a space of 500x500 m? and is comprised of ride attractions, restaurants,
food stops, souvenir shops, game stores, and other attractions [Whiting et al. 2015].
Data is provided for three days: Friday, Saturday, and Sunday. The movements and
text-message meta-data of each of 11,317 visitors were recorded, averaging nearly
10 million records per day. The raw trajectory data is a list of log events of the same
format as the simulated theme park data (Section 5.1). The raw communications data
is also a list of messaging events which contains the originators ID, recipients ID, a
time stamp and the park area from which the message was sent. The challenge was
subdivided into two mini-challenges (MC) and a grand challenge (GC) that required
the contestant to use information from both mini-challenges.

MC1 contained structured location and time data for park visitors, in addition to
check-in information. Contestants were prompted to characterize the park attendance
for the weekend. This challenge asked contestants to describe different types of
groups at the park on the weekend and to notate their characteristics. Details such
as how big the group types are, the individuals point of entry, the commonality of the
group, inferences about the group type, and whether to include improvements to the
park to better meet the groups needs. Next, contestants were asked to determine if
there were notable differences in park patron activity over the course of the weekend.
Finally, contestants were asked to report on any anomalies or unusual patterns they
discovered in the data. The tasks related to this challenge were focused on analyzing
groups, overall park movement, and anomalous behavior within the trajectory data
set. These factors lead us to devise the tools and views from our system that centered
around clustering, group detection, and outlier detection utilizing the trajectory data
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set.

MC2 contained structured communication meta-data. this challenge focused on the
characterization of communication patterns over time, and discovery of visitor com-
munities. Contestants were asked contestants to identify IDs that had large volumes
of communication. After identifying those IDs contestants were asked to characterize
the visible communication patterns. From the patterns they were then asked to
hypothesize about those IDs. The second task asked contestants to describe communi-
cation patterns in the data and characterize who is communicating, with whom they
were communicating, as well as when and where. Lastly, contestants were asked to
hypothesize about when the vandalism was discovered from the communication data.
Turning our focus towards the communication data, these tasks required identification
of specific individuals, analysis of overall communication patterns, and the detection
of anomalous communication behavior. Our visual analytics system design was driven
by the need to not only have a high level view of the communication within the
park, but to also provide interactions to drill down to specific times and individuals
within the data providing context for the activities within the park that were observed.

The GC required contestants to blend knowledge gained from both mini-challenges
to solve a crime that occurred during the weekend for which data was provided. The
crime focused on soccer star Scott Jones from a town near DinoFun World. Jones rose
to international prominence by winning an Olympic gold medal and the World Cup.
The 2015 VAST Challenge stated that during a weekend tribute to Scott Jones at Di-
noFun World, in which Jones was scheduled to appear on stage twice a day, the pavil-
ion displaying Jones’ memorabilia was vandalized, and his Olympic medal was stolen.
Contestants were asked to determine Scotts arrival and departure times at the park,
who he was spending his time with, and the route that he followed. Next contestants
were asked to identify issues with park operations during the weekend of inspection.
The last task was related to the crime that occurred over the weekend. Contestants
were asked to identify when and where the crime took place as well as identifying sus-
pects. In previous challenges, only one of the two data sets was necessary to complete
the assigned tasks. However, this challenge required the analysis of both data sets. In
particular, these tasks required the unity of group and anomaly detection across both
data sets. This lead to the develop of views coordinating across previous challenges and
providing interactions to drill down and connect information across both data sets.

5.4. Dinofunworld Analysis

Due to the massive scale of datasets collected from sensor and telecommunications
networks, the visual exploration of forensic data from these sources poses special
challenges. In the following case study, we apply our visual analytics framework to
analyze movement and communications data in DinoFun World, a fictitious theme
park created for the 2015 Visual Analytics Science and Technology (VAST) Challenge.

Analysis of Visitor Profiles To improve the park’s attractions based on visitors’ in-
terests we want explore the behaviors of visitors that travel the park together, this
includes exploring the average group sizes, as well as visitor profiles, i.e., groups that
share similar interests. We start our analysis in the main view (Figure 1) and utilize
the clustering capability in the analytics panel. Initially, we define a high tolerance
level. This reveals groups of visitors that spend a single day at the park only as well
as groups of visitors that spend the full three days. To get more details, we reduce
the tolerance level stepwise until we are satisfied with the cluster results. Next, we
switch to the event sequence view and use the pagination to browse through the found

ACM Transactions on Embedded Computing Systems, Vol. 9, No. 4, Article 39, Publication date: March 2010.



A Visual Analytics Framework for Exploring Theme Park Dynamics 39:23

temporal clusters. The representatives give a first indication of the clusters’ members.
By hovering over individual representative ids, a heatmap in the map view reveals
the spatial profiles of the clusters. This way, we can identify groups that, e.g., went to
thrill rides frequently, but barely visited the kids area and vice versa. By clicking on a
representative in the event sequence view, the cluster unfolds and we can inspect the
individual visitor sequences. We find out that most clusters have a size between 2 and
up to 20 visitors that mostly have exactly the same visitor behavior. We hypothesize
that these might be friends, families or larger groups such as school classes.

Subsequently, we are not only interested in groups that share temporal behavior but
also in visitors that have a similar profile of interest. By identifying such groups the
park owners can create special offers for them and stay competitive to other amuse-
ment parks. We therefore switch to the reporting view where we can inspect the found
groups per id. We then apply the k-means clustering using the reporting view to clus-
ter these groups based on common interest profiles. We then explore selected interest
profiles and give an example of how theme parks could use this information to increase
revenue. For example, we identify groups who only come to the park to visit beer gar-
dens, and special microbrew events could be offered as an attraction to this crowd.
Specific profiles extracted include:

— Tourists Visitors identified with this profile are likely to arrive via bus, show
little interest in the shows and pavilions, explore most of the park, and visit the
beer gardens repeatedly. To attract more tourists, we recommend a discount on
high-volume ticket purchases.

— Thrill Seekers Visitors identified with this profile spend most of their time in
thrill rides, and are unlikely to use overnight accommodations. To attract more
thrill seekers and incentivize spending on lodging, we recommend offering fast
passes (a means to save time in line) to thrill rides for patrons staying in a theme
park hotel.

—Foodies Visitors identified with this profile are likely to spend two to five hours at
restaurants and are predominantly active in the mornings. To attract more foodies,
we recommend offering an eating pass that includes samples at various restau-
rants, and doing a more thorough consumer analysis to offer popular brunch options.

— Shoppers This is the most common interest profile. Visitors identified with this
profile visit shops later in the day or before leaving the park, and spend several
hours at the shops. Shoppers always buy lunch at the park and are big spenders. To
attract more shoppers, we recommend a promotional campaign featuring the park’s
theme.

These identified profiles were comparable to the ground truth data embedded in the
VAST challenge.

Analysis of Communication Patterns While clustering trajectories can give in-
sight into consumer types, MC2 focused on communications between visitors. Com-
munication information enables the inference of social networks and provides further
indications about who visits the park together, how the staff reaches the visitors when
broadcasting, and how information diffuses following a shocking event.

We used a calendar view and histogram (Figure 6) to identify visitors, staff, and bots
with high volumes of communications. We categorize the volume of communications
into four types: sent, received, external, and unique (i.e., if a visitor sends multiple
communications at the same time, it will only count once in the unique volume). We
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can explore the sent message histogram and interactively select bins that have a high
volume of messages to extract the identification numbers. As seen in the distribution
view of Figure 1, there are several histogram bins indicating a small number of IDs
having an extraordinarily high volumes of sent messages.

The first of the two IDs has more than 189,000 sent and received messages; however,
the unique volume for this ID is only 180 and it did not have any external communica-
tions. By looking at the calendar view of this ID, we find that it has a high volume of
communications every five minutes, starting at 12:00 PM and ending at 9:00 PM every
day. In this case, we hypothesize that this ID belongs to a park auto message bot that
broadcasts announcements.

The second of the two IDs has almost identical sent and received message counts
(over 60000) and has 0 external communications, and also has a large amount of
unique communications. Its calendar view does not indicate any obvious temporal
patterns, so we hypothesize that this ID is a park ID that replies to visitors like an
information service center.

We now present selected communication patterns that were identified using our sys-
tem, give an interpretation of whom the ID could belong to, and hypothesize about
their reason for having the observed communication pattern.

—Park broadcasters We observe that some IDs broadcast large amounts of
messages over a short period of time while others send messages intermittently.
We hypothesize that the park uses a broadcast system to send messages to many
patrons simultaneously. We assume that all messages sent by one ID within one
minute are the same message and we provide a count of all unique messages in the
data. We can view the distribution of unique messages at each location using the
calendar view and can observe the high volume of sent/received messages as well
as the large amount of unique messages being sent.

— Crime Reporters Because we suspect the crime described in the GC occurred at
the Pavilion between 9:45 and 11:30 AM, we explore the communication patterns
of people located near the pavilion during this time. First, we use the histogram to
visualize those people who have external communications over that time. Then, we
use our communication explorer tool (figure 7) to explore those IDs and found that
three IDs have abnormal behaviors: Unlike most IDs in this pattern whose behavior
could be characterized as gossip-like, three IDs came into the park together and
then went to the Pavilion around 9:00am. Over the next 30 minutes, they stayed
there with few communications. However, they had a lot of communications after
09:40AM, which was very different from the previous 30 minutes until 12 pm. We
hypothesize that these IDs belong to janitorial staff who began communicating after
discovering evidence of vandalism.

5.5. VAST Grand Challenge Analysis

Along with the analysis of frequent visitor patterns for marketing and sales, security
is an important aspect in large facilities such as DinoFun World. In this section,
we document the analysis procedure performed using our visual analytics system to
correctly identify the criminal embedded in the VAST Challenge. As a starting point
for the analysis, the 2015 VAST Challenge stated that during a weekend tribute to
Scott Jones at DinoFun World, in which Jones was scheduled to appear on stage twice
a day, the pavilion displaying Jones’ memorabilia was vandalized, and his Olympic
medal was stolen. All location names (e.g., pavilion, stage) were available from the
park data and are semantically linked to trajectories in the pre-processing stage.
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Fig. 10. A heatmap displaying attendance density at the Creighton Pavilion. The Pavilion is closed after
11:30 AM on Sunday, because the crime was discovered and police were called.
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Fig. 11. A pixel-based visualization of suspicious patrons’ trajectories. Trajectory C was the actual culprit.

Hypothesis Generation and Visual Querying First, we begin by exploring the
calendar view of Figure 1. A close examination of the row related to the pavilion
reveals that every day, the pavilion showcasing Jones’ memorabilia receives zero
visitors from 9:30 AM to 11:30 AM (indicating the pavilion is closed), and the security
personnel are moved from the pavilion to the stage to ensure higher security for
the guests. Whenever the pavilion is open, it is densely popular. On Sunday, the
Pavilion is closed and re-opened according to schedule, but then is closed again almost
immediately (Figure 10). We hypothesize that the crime occurred when security was
low and few witnesses were on the scene, Sunday between 9:45 AM and 11:30 AM.
Additionally, we assume that the culprit flees the scene of the crime and does not
return. Next, we filter suspects via a visual query incorporating these hypotheses and
assumptions.

Outlier Detection 39 visitors pass the filtering criteria. Of the 39, only seven visitors
moved alone (Figure 11). We used the system described in the previous sections to
explore the trajectories of each of these 7 visitors, and selected trajectory C from
Figure 11 as the culprit because of its behavior.

Story Formation Based on the contest background, hypotheses and assumptions,
we looked for envious, resentful, obsessive, and depressed behavior. We found the
trajectory of an obsessed and conflicted person who could not bear to witness the
performance of Scott Jones, but would compulsively return to the stage time and
time again. After this person, who we conjecture was one of Jones’ childhood friends,
showed evidence of resentful and obsessive behavior, he would visit the beer gardens,
as though to drown his sorrows (Figure 12). We correctly named this visitor as the
culprit in our VAST Challenge submission. Along with these observations, there were
several critical highlights observed in the suspects daily trajectories. For example, on
Saturday, we can observe the GPS traces of the device going haywire as if a person
was tampering with the device (Figure 12 - Disrupts cellphone hacking device). Then,
on Sunday, we observe the suspect board the train ride, at approximately 9:15AM.
However, the trajectory information indicates that the suspect stays on the train
3 times longer than any other person who boarded the ride near the same time.
This lead us to believe that the suspect abandoned his tracking device on the train,
robbed the pavilion and left the park. The device was later found by another visitor
and returned to the main entrance. A storyboard detailing key events is provided in
Figure 12, and the evidence chain presented here corresponds to the known ground
truth embedded in the Grand Challenge.A video detailing the analysis procedure and
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Fig. 12. A story-based exploration of culprit’s behavior. The first row corresponds to the culprit’s actions on
Friday, the next two rows correspond to the actions on Saturday, and the last row corresponds to the actions

on Sunday.

tool usage can be found at https://www.youtube.com/watch?v=LUZr3qEt7Qo
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6. CONCLUSIONS

This article introduces a visual analytics framework for exploring theme park dynam-
ics. While the focus of our paper and examples are on theme parks, such work is appli-
cable for exploring behavioral dynamics within any well-tracked, highly defined area.
While initially designed for the VAST Challenge 2015, we demonstrate the efficacy
of our tool through a second case study and provide detailed results of applying our
system to identify group behaviors and detect anomalies. The benefit of using syn-
thetic data is that there is known ground-truth embedded, and we evaluate our re-
sults within the context of the known results. This provides confidence that our visual
analytics framework and developed system would be effective for real-world scenarios.

Underscoring the evaluation of our framework are three main contributions. Our
first contribution consists of a mechanism for semantic trajectory clustering. As part
of the pre-processing step, we automatically extract events from trajectories and link
these to underlying infrastructure and visitor interactions. We then consider these
event and movement segments like letters within a string, and apply a Levenshtein
distance metric to extract group dynamics from within our semantic trajectory data,
as discussed in § 4.5. While different distance metrics between trajectories can be ex-
plored, our results of the visitor groups in both simulations matched well with the
known groups within the data. Furthermore, the use of an aggregated event-movement
trajectory string with enriched semantic information provides a more compact repre-
sentation of the trajectory and serves as a convenient representation for visualization
as well as for accelerating the proposed clustering algorithms.

Our second contribution is the novel spatiotemporal network view that was em-
ployed to track group communication patterns over the park as describe in §3.3. Here,
we abstract the spatiotemporal data into a 2D view in order to track communication
and group movement over time. Users are able to select visitors of interest and iden-
tify locations where communications took place (both in person and via mobile devices).
While there are still obvious visual issues with such a view, we believe that exploring
new representations of complex spatiotemporal patterns is necessary. Plotting such
data in a space-time cube results in overplotting and occlusion, and animations can
increase the cognitive load on analysts. While our proposed view is complicated, we
were able to demonstrate how to utilize such a view to track complex dynamics within
a group, identify group splits and merges within the park, and find time periods and
locations of interest.

Our final contribution is the overarching visual analytics framework that enables
pattern directed exploration of movement data within a theme park setting. This tool
enables the directed exploration of group behaviors and dynamics within the park and
provides insight into how multiple data sources can be fused for further knowledge
extraction. A detailed description of the tool and its functionality are provided, and
use case examples and results are demonstrated. By allowing an analyst to filter and
tune clustering parameters, we are able to enhance the overall system support, and we
believe that the described visual analytics framework and the developed system would
be applicable for a wide variety of behavioral analysis for mobility data. Furthermore,
the linked clustering and anomaly detection methods provide unique opportunities for
both macro and micro level behavior analysis. By using clustering, group dynamics can
be explored as demonstrated in Section 4.4, and by utilizing anomaly detection, unique
behaviors between groups can further be explored.

More generally, our proposed framework is suitable for behavior analysis over well-
defined geographic regions where the underlying built environment is being heavily
used. In locations where structures of use are sparsely located, the string comparison
approach may prove computationally unfeasible, as few localized patterns may exist;
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instead, broader geographic patterns may be of interest (such as general commuter
routes between suburbs and the city). Furthermore, such work is directly applicable to
emergency response situations where large scale crowd dynamics need to be evaluated.
In these cases, such a framework could be used in a pre-planning stage to help train
workers and identify potential bottlenecks and problem areas. Combining such work
with planning and optimization constraints should be considered for the future both
for disaster planning and for improving and optimizing infrastructure use and flow.

Our framework also has several known limitations. First, the pre-processing step
removes the ability of the analyst to interactively inject domain knowledge into the
semantic matching and aggregation process. This choice was made due to the com-
putational demands of the large data; however, future versions of developed system
should be modified to allow many of the pre-processing threshold choices to be made
interactively. Second, the outlier detection focuses only on trajectories that deviate
from other clusters. What is needed is to also link semantic information about the un-
derlying infrastructure within the anomaly detection methodology. For example, in the
VAST Challenge, the criminal was identified by the length of time spent on a partic-
ular ride; however, this was done through a manual inspection. Future work should
better incorporate the semantic information into the anomaly detection procedures.
Third, the framework was developed and used by visual/data analysts without user
evaluation from field experts. In future work with the input of domain experts, the
framework will provide greater usability for general theme park analysis and allow
for better integration of domain expertise.
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