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a b s t r a c t

Recent advances in crowd simulation techniques have led to increasingly realistic agent and group
behavior. As many crowd simulation solutions typically target only specific types of environments and
scenarios, numerous special-purpose methods and systems have emerged that are unsuitable for other
contexts. Solving this situation demands a higher-level approach that takes re-use and re-configuration
of crowds as a priority, for adequate application in a broad variety of scenarios, virtual environments and
interaction with the entities present in that environment. In this article, we propose semantic crowds, a
novel approach that allows one to specify and re-use the same crowds for virtually any environment,
and have them use the objects available in it in a meaningful manner. To have the agents autonomously
interact within any virtual world, we avoid in them explicit object-related information. Instead, this
knowledge is stored in the objects themselves, which can then be queried, according to an agent’s needs.
To facilitate creating such crowds, we developed an interactive crowd editor that provides high-level
editing parameters for defining crowd templates. We illustrate the flexibility of semantic crowds by
means of three cases, in which we let the same crowd populate quite differently configured airport ter-
minal environments. These examples also highlight that this modular approach easily combines with
your custom implementations of agent behavior model and/or motion planner.

� 2014 Elsevier B.V. All rights reserved.

1. Introduction

Real-time crowd simulation is becoming increasingly important
for a large variety of applications, such as games and simulation
systems for training and education. For example, entertainment
and serious games can expect a fair amount of criticism, if they fea-
ture rather unpopulated and empty cities and other environments.
Recent advances in crowd simulation techniques have enabled
more and more realistic agent and group behavior deploying,
among other things, elaborate behavioral models, complex motion
planning algorithms and impressive physics systems.

However, these improvements come at a price: most crowd
simulation solutions are either too generic and high-level, or they
are pretty much ‘hard-wired’ and customized, typically targeting
only a few specific types of environments and scenarios. The for-
mer likely leads to repetitive, ‘canned behavior’, the latter to an
ad hoc, specialized crowd, only suited for a very narrow application
domain. In both cases, we are faced with a large variety of special-
purpose methods and systems that are hard to re-configure and re-
use in other contexts.

Avoiding these drawbacks requires a totally different approach,
one that primarily supports and promotes the specification, config-
uration and re-use of crowds. In this article we propose one such
approach, called semantic crowds, that has two main characteris-
tics: (i) it allows one to specify once, and re-use with minimal
modifications, the same crowds in virtually any environment;
and (ii) in each environment, the agents in these crowds are able
to use whatever objects are available in a meaningful manner.

We argue that, in order to successfully apply such specifica-
tions, or crowd profiles, in a broad variety of scenarios and virtual
environments, the latter have to contain more than just pure
geometry: they have to be extended with semantics. In the fields
of linguistics, computer science and psychology, semantics is the
study of meaning in communication. When focusing on virtual
environments, we call semantics ‘all information conveying the
meaning of a virtual world and its entities’ [1]. In this definition,
entities encompass everything that can exist inside a world.
Semantic virtual worlds, thus, consist of entities that ‘know’ not
only about their shape and materials, but also about their attri-
butes, roles, functions, services, etc. Such entities have the poten-
tial to strongly improve the quality and variety of interactions
with an avatar, be it of a player or of any agent from a crowd [2].

In order to have the agents in a semantic crowd plausibly and
autonomously interact within any virtual world, we minimize
the information in the agents relative to what objects do and
how to use them. Instead, that information is stored in the objects
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themselves, which the agents can then purposefully query, based
on what they want to achieve.

For the specification of crowds and agent behavior, we integrate
several concepts, results and methods known from the literature.
The novel contribution of our work lies mainly in that the same
crowd, once specified, can be applied to whatever different virtual
environments, while its agents always exhibit plausible yet very
different behaviors without having to be ‘re-wired’ themselves.
In other words, we are making such crowds effectively reusable.

This article is structured as follows. We first survey previous
work related to the specification of both virtual environments
and crowds (Section 2). Next we elaborate on the essential aspects
of semantics, particularly on its contribution to crowd and environ-
ment definition (Section 3). We then introduce the main concepts
of the semantic crowd model, both in its demographics and in its
agents (Section 4), and describe the main features of our prototype
framework, including an interactive crowd editor that provides
high-level editing parameters for defining crowd profiles (Sec-
tion 5). Finally, we illustrate the potential and flexibility of seman-
tic crowds by means of three demonstration cases (Section 6).

2. Related work

This section surveys a selection of previous work regarding the
representation and generation of virtual environments and crowds.

2.1. Virtual environments

Beyond geometric data, virtual environments may also contain
information about objects, which actions these can perform or how
they can be used by agents. A Virtual Environment (VE) presenting
this kind of information is normally referenced as an Intelligent
Virtual Environment [3], Informed Environment [4] or Semantic
Virtual Environment [5].

Thomas and Donikian [6] propose a model of virtual environ-
ments using structures suitable for behavioral animations. Using
this knowledge, autonomous virtual actors can behave like pedes-
trians or car drivers in an urban environment.

Through the concept of synoptic objects [7], Badawi and Doni-
kian describe an informed environment using objects which con-
tain a synopsis of interactions that they can be subjected to.
Using a set of seven basic actions, the objects can describe the
interaction process to any agent using them. Smart objects [8]
were a successful proposal for adding semantics to virtual objects,
dealing with many of the possible user interactions in a VE. They
were primarily devised for manipulation, animation, and planning
purposes. Gutierrez, Vexo and Thalmann [9] present an object rep-
resentation based on the semantics and functionality of interactive
digital items within a VE. Each object participating in a VE applica-
tion is not only a 3D shape, but a dynamic entity with multiple vi-
sual representations and functionalities. In this way, it is possible
to dynamically scale and adapt the object’s geometry and functions
to different scenarios.

Research in artificial intelligence proposed the notion of ontol-
ogies, to overcome the lack of shareable and reusable knowledge
bases [10]. Ontologies define the meaning of objects and the rela-
tions between them. Using this concept to define a world knowl-
edge base, Grimaldo et al. [11] propose a semantics-based
framework for simulation of groups of intelligent agents. Agents
can use the information provided to enhance both agent-object
and agent-agent interactions. An object taxonomy is used to clas-
sify the interactive objects and to specify their properties. Ontolo-
gies are also used to define social relations among agents in order
to display socially acceptable decisions.

A semantic model for representing multi-layered complex envi-
ronments is presented by Jiang et al. [12] and is composed of three
different levels: a geometric level, a semantic level, and an applica-
tion level. The geometric level contains a 3D model of the environ-
ment that is used for visualization and to extract semantic
information that will feed the next semantic level. This semantic
level comprehends a structure map, a topologic map and a height
map which are used to identify or query semantic information of
the environment. The final layer (application level) is responsible
for providing efficient interaction between pedestrians and the
environment. The crowd model used in their work is a modified
version of the original model proposed by Treuille et al. [13].

2.2. Virtual crowds

Virtual groups have been studied since the early days of behav-
ioral animation. There are two main approaches used in the litera-
ture: agent-based models and force-based models. The first
approach is based on modeling of virtual agents, which interact
among themselves and have some level of autonomy and individ-
uality. The second approach -force-based models- provides more
global control and handles high density crowds. These methods
normally yield crowd simulations that resemble particles rather
than human animation. In this subsection, we survey existing ap-
proaches for crowd models.

Two seminal papers are examples of agents-based model: Rey-
nolds [14] simulated flocks of bird-like entities, or boids, obtaining
realistic animations by using only simple local rules; Tu and Terz-
opoulos ([15]) created groups of artificial fishes endowed with syn-
thetic vision and environmental perception, which control their
behavior. In both papers, only small groups were simulated, and
high density crowds were not treated. Another example of
agents-based models was presented by Musse and Thalmann
[16], who proposed an approach with hierarchically structured
crowds having different levels of autonomy. In their model, the
behavior is based on a set of rules dealing with the information
contained in groups of individuals, e.g. individual and group
knowledge about the world, individual and group states as well
as their intentions. Ulicny and Thalmann [17] proposed a model
for crowd simulation based on combination of rules and Finite
State Machines for controlling agents’ behaviors in a multi-layer
approach. The model proposed by Farenc et al. [18] describes the
coordination between smart objects, intelligent environments
and the virtual crowd. This work describes crowds of virtual people
which were controlled by the objects in order to act, and could read
the environment in order to evolve in the simulation. In this case,
the virtual agents were less autonomous and more controlled by
the environment. Not focused on crowds, but on groups of a few
virtual agents, the model proposed by Abaci et al. [19] describe
an extended version of smart objects for AI and planning purposes.

More recently, Kapadia et al. [20] proposed a multi-actor simu-
lation in which actions, modifiers, constraints and behaviors can be
expressed in a scripting language. These are used in a behavior
state machine for the actors. To actions, cost effects can be defined
and by expressing a minimize or maximize on particular costs in a
behavior the most desired actions are chosen. Allbeck [21] intro-
duced the CAROSA tool for authoring NPCs. The framework con-
tains an ‘Actionary’ which includes a database of parameterized
actions and objects. Both can be defined independent of a particu-
lar application or scenario. These actions and objects are built up
hierarchically. A scheduler can be used to link particular actions
to a time and place. Stocker et al. [22] introduce an approach where
dynamically occuring events describe what types of actions their
virtual humans can execute. Additionally they introduced the idea
of agent priming to further restrict and simplify action choice.
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