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Abstract. Predicting future users’ behaviour and their activities in a building is a highly complex task that designers have to face during the design
process. Despite its importance, few methods exist that can predict and help
evaluate this type of building performance during the design process itself.
Simulative approaches are gradually overcoming this shortcoming, but at
present their application is limited to the representation of specific occurrences and behavioural performance aspects, such as emergency egress.
Based on current developments in the video game industry, our research
aims to establish a new approach to human behaviour simulation in built
environments, based on a clear and reliable representation of the use
processes occurring in a building. At its core is simulation based on the
notion of events, defined as active entities on their own, comprised of space,
people, and activities. These events entities are structured into collections
called narratives, which represent and allow the simulation of the step-bystep performing of activities by users in a built environment.
Keywords. Human behaviour simulation; building-user interaction; prediction and evaluation; event model; game narrative.

1. Predicting Users’ Behaviour in Building Design
The building’s ability to meet the needs of its users is one of the key factors in
evaluating the quality of a proposed building design. Yet, predicting users’ behaviour
199

2B-151.qxd

4/28/2013

200

3:42 AM

Page 200

D. SIMEONE, Y. E. KALAY AND D. SCHAUMANN

in an environment that has not yet been built and evaluating the impact of such
environment on their activities and interactions with other people, is a highly complicated task.
Despite its relevance, few methods exist that can predict and help to evaluate this
type of building performance during the design process itself. One of the main
causes for this shortage is the large amount of knowledge needed to do so, its dispersion among many fields of study (cognitive science, ergonomics, environmental
psychology, social sciences, to mention just a few), and its difficulty of integration
and formalization in reliable, computationally-accessible structures. Further increasing this complexity is the non-deterministic nature of human behaviour itself, which
is heavily context-dependent (on such aspects as culture, education, role and dynamics in the society, customs, and beliefs), due to which every human being behaves
very differently from others given the same event and same built context.
Human response to a built environment includes its perception, the ergonomics of its use, the impact of its intervention within human social systems, and its
interpreted meaning (Kaplan and Kaplan, 1982). It is probably the most difficult
aspect of performance to evaluate and predict before construction, but in the final
analysis, it is the most important one because a successful human response is the
essence of successful design (Steinfeld, 1992).
Currently, the most conventional way to implement knowledge about users and
their behaviour in architectural design processes is by indirectly verifying the
building’s conformity to norms and regulations. They provide a unifying action of
the different human factors’ instances, but their high level of generalization makes
them ill-suited to the intrinsic uniqueness and context-dependence of an architectural product. In addition, the dynamic and stochastic nature of human behaviour
can hardly be covered by static, regulatory representations.
Lawson’s statement, which affirms that “the best test of most designs is to wait
and see how well they work in practice” (2006), describes the motivation of progressive introduction of simulative approaches to representing the interaction
between human and environment. Simulation is considered to be the most valid
method for evaluating the performance of designed artefacts when the relationships
among the decision variables are too difficult to be established analytically, because
they interact in complex ways or there are too many of them (Kalay, 2004).
With the exponential increase in computing power and the availability of new
simulation approaches and paradigms, human-built environment interactions have
begun to be introduced into building performance evaluations. They are gradually
overcoming the shortcomings derived from the heretofore domination of normative approaches (Koutamanis and Mitossi, 1996), yet, at present, their real
contribution is limited to the representation of specific occurrences and/or specific
aspects of human behaviour (e.g. fire egress, route analysis, etc.).
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In addition, one of the more innovative simulation paradigms – Agent-Based
Modelling (ABM) – is showing its limitations when applied to simulating the complexity of user interactions with other human beings and with the built-environment.
The ABM approach is geared toward representing human behaviour in buildings as
the sum total of single, autonomous objective-driven behaviours of all the agents in
relation to the context (built environment, other agents, etc.) surrounding them. This
kind of approach gives reliable results when applied to behavioural aspects and specific occurrences characterized by high rate of individual action (i.e. escaping from
fire in a building), but fails in simulation of real cooperation and collaboration
among different agents (O’Sullivan and Haklay, 2000).
The aim of our research is to develop a new approach to simulating human
behaviour in built environments, based on a clear and reliable representation of
structured, collaborative behaviour, instead of the sum of arbitrary and individual
behaviours of single agents. Our modelling approach is derived from developments in game narratives and at its core is simulation based on the notion of
events, which we consider active entities on their own. Events are structured into
collections called narratives, or scenarios, which represent the processes occurring in a building while it is in use. To validate the event-based modelling
approach, a first implementation has been developed that deals with the representation of human behaviour in a hospital nursing ward.
2. Events and Scenarios
When we look at the phenomenon of users’ behaviour in a built environment, what
we see is a sequence of localized occurrences involving people and their system
of actions/interactions. Sometimes these happenings are discrete in time and
clearly distinguishable, sometimes they are prolonged and blurred. To reliably represent these occurrences, which we identify as central entities of our model, we
need to judiciously combine three types of information: what are the Activities
performed, who are the Actors involved, and where do they happen (the Spaces).
These types of information cannot be simply grouped into structures, because they
represent heterogeneous and independent domains of data and each of them
acquires a specific meaning depending on its grouping into the assembly. In order
to manage these structures of data we have developed the notion of events: an
entity that provides a context that allows the specific combination of Actors,
Spaces and Activities to be interpreted in a meaningful manner (Figure 1).
Derived by Heidegger’s definition of Ereignis (1962), the concept of event is
the dynamic representation of a discrete element of the building-in-use phenomenon. It is a phenomenological entity in which we can find a coexistence of abstract
and real states of meanings. Its abstract meaning is “a characterization of change”,
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Figure 1. Events as intersection of Actors/Activities/Spaces domains.

a representation of the process of change of a (very small) part of the world’s status and of the entities involved. It gets its own real meaning when it occurs,
becoming a manifestation of that change.
When we look at events in real world building-in-use, they are a direct consequence of the goal-oriented behaviours of the actors within the built environment,
of their interaction with what surrounds them and with other actors. This is very
hard to represent computationally: it would require representing, for each actor,
the complex cognitive and decision-making process, in real time, possibly in parallel for all the actors involved (Kalay and Irazabal, 1995). In addition, it is
necessary to represent not just simple, individual behaviours (as in a fire egress
simulation) but also interactions, cooperation and collaboration among different
actors. It would be extremely unmanageable (if not impossible) to control all this
complexity using an agent-based system: it would mean to build a very accurate
set of behavioural rules for each agent and situation, in order to provide them the
possibility to recognize other agents’ actions and purposes, confront their own
objectives and behaviour, and adapt their own actions.
Our approach circumvents this problem by assigning the perception-action
process to the events, rather than the individual actors. Each event entity, which
encompasses actors, spaces, furniture, and building components, is provided with
an AI (artificial intelligence) engine and associated knowledge base, so that it is
able to directly control its own action and the behaviour of the objects it comprises. This approach leverages the ‘virtuality’ of the simulation: while in physical
world intelligence is the province of humans, in the virtual world of the computer
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intelligence can be assigned to non-human entities, such as events. The advantage
of this approach over the physical world is aggregation: instead of distributing
intelligence into many independent units, the aggregation allows us to have a
macro-view, and coordinate the action-perception process through a larger,
‘higher’ level system.
The result is the ability to reduce the complexity of the situation into computationally manageable chunks. The drawback is reduced individuality and less
spontaneity: the perception-action process is more prescribed and more coordinated than would happen in the physical world. We consider this limitation
acceptable, because the purpose of the simulation is to visualize the macrocharacteristics of the building-in-use process.
To represent the process of use of a building in its evolving during time we also
introduce the concept of the use scenario. A scenario describes a real-world example of how one or more people or organizations interact with a system (Hackos and
Redish, 1998) – in this case a built environment – to reach objectives defined by
their specific tasks and objectives. It provides a representation of building use by
means of a logical path of occurrences and actions for a subsequent usability testing. In our approach, each of these steps, or milestones, is considered an event
entity. Due to the complexity of a building use scenario, its representation is not a
simple, single path of events, but a more complex directed graph, a combination
of several logical paths that can interfere and affect each other (Figure 2).
In our system, events are representations of occurrences involving Actors,
Spaces and Activities, but they are also a system of algorithms to be run during the

Figure 2. Scenario as network of events, and its adaptability to the status of the model.

2B-151.qxd

4/28/2013

204

3:43 AM

Page 204

D. SIMEONE, Y. E. KALAY AND D. SCHAUMANN

simulation. Depending on the status of the model and on stochastic components,
distinct events will be activated, leading to different outputs. Furthermore, in
accordance to the outcome of every single event, a new list of events will be provided by the scenario sequence, allowing the system to choose different paths in
the network. This adaptation process provides a representation of the usage of a
building and highlights the way activities are developed and affected by the design
of the built environment.
3. Simulation Conceptual Model
The starting point of any simulation experiment is a model of the system to be
simulated. In a simulation model, considered as system generator, two main components are usually distinguishable: the first is oriented to a static representation,
concerning existence of certain entities. The second involves a dynamic representation, concerning with changes (Haylor, 1969). In accordance with this
assumption, our model consists of two parts, a knowledge base and a simulation
environment (Figure 3).
By providing the simulation with a knowledge base, it is possible to represent
all the data, concepts and relationships necessary to describe valid hypothesis for
the simulation. Without a reliable and well-structured hypothesis system, the simulation would produce results that are far from real phenomena, even with an
accurate simulation model. The knowledge base represents a set of entities involving both the building’s form and function – such as spaces, building components,
activities, furniture, equipments, etc. – and the users who will to populate it – such

Figure 3. The two levels of the simulation model.
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as workers, visitors, etc. Each of these entities is defined by a set of properties
related to the specified object and by a list of relationships and interdependencies
with other objects. But a mere representation of the world’s objects is not sufficient to provide a reliable knowledge base for a simulation. What is needed is also
a representation of changes and dynamic processes in which these objects are
involved. To provide this representation, we chose to include events and scenario
entities in the knowledge base, to provide data about the behavioural processes to
be simulated. These process entities are represented in the same way of other
object entities and are connected to them, so if we look at the entire knowledge
base, we can see a network in which nodes are objects, activities, actors, events,
scenarios and edges are the different relationships among them.
We build and manage this knowledge base by means of ontologies. The choice
of an ontological model gives us the possibility to represent all the different heterogeneous entity classes (scenario – events – objects) in a homogeneous form,
and to make explicit all the related semantic and the relations among them. In
addition, the ontology-based system allows for the creation of specific instances
with specific properties’ values, defining discrete objects and connecting them to
the simulation level. To build the knowledge base and represent this semantics, we
have chosen to use the ontology modelling system Protégé, a Java-based open
source ontology editor and knowledge-base framework.
While the knowledge base provides a static representation of objects, people,
and relationships among them, a simulation environment is what is needed to actually compute, simulate and visualize the behavioural processes as phenomena.
Looking at the latest advancements in the video game industry, we chose to use a
game engine consisting of a 3D graphics simulator and a manager level for entities and behaviours: the first part defines the place where the entities (people,
building and all the physical objects) are graphically represented in a 3D space
where we can observe the objects’ dynamics (people’s behaviour, objects’ movements and transformations, etc.) while the simulation is running. The second part
is where entities’ and behaviour data and scripts, necessary to actually run the simulation, are allocated. In this component of the game engine, each entity is
associated with a system of properties slots and related values that will be changed
and updated in real time during the simulation. To run the event simulation in the
game engine, each activity has to be implemented using a series of algorithms
(conventionally grouped in embedded scripts named “behavioural blocks”), methods that the engine will execute to generate and manage objects actions and
behaviour in the 3D visualization space.
To represent and visualize the users and their activities in a 3D simulation environment we chose Virtools, a video game engine developed by Dassault
Systèmes’, integrated with compatible Artificial Intelligence libraries. Designed
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for fast rendering, it can represent dynamic activities and embedded intelligence
in the moving objects, which can be made context-dependent. In the game engine,
we decided to distribute AI tasks at different levels in the simulation. At the
Scenario level, the Artificial Intelligence provides control of the main narrative,
activating step by step the events and choosing among different events by evaluating the state of the environment; it is very similar to a movie director’s task,
activating and governing the development of the events. To control the single
event performing and development, we decided to use AI capabilities also within
the event itself in order to reliably represent the single event phenomenon, directing the actors and the objects involved after the activation of the event by the
scenario level AI and until has completed performing.
The connection of these two levels is what we consider as the use narrative. But
this narrative is not sufficient to provide a reliable and adaptable simulation. As a
matter of fact, this “story” will be too rigid and not applicable to different built
environments testing. So, we chose to provide also actor/agent entities with some
degree of autonomy, in order to give them the possibility to adapt some local
behaviours (such as collision avoidance, or path computing). In the same way, also
the process of computing the path and other low level actions and interactions with
other objects will be controlled directly by the actors AI. In this way, we can get
a compromise solution between a too rigid narrative and a too arbitrary agentbased system, in order to test the built environment in specific use conditions but
also giving to the use scenario the possibility to adapt, within certain limits, to the
status and the occurrences in the simulation.
4. Case Study: Testing an Hospital Ward
Operational efficiency in hospitals is heavily influenced by the design of the built
environment and by the location of some “problem areas” such as specific patient
care spaces, departmental areas (nursing units, diagnostic and treatment units) and
public areas (corridors, lobbies, waiting rooms) (Cohen et al., 2010). At the same
time, although hospitals are relatively complex buildings, as currently conceived
and designed they are highly specialized “machines” whose purpose is to “fix” ailing patients. They use a relatively straight-forward, standardized use pattern,
which is advantageous for this research since it provides a comprehensive, and
agreed-upon, data set against which the model can be tested. Based on these
assumptions, we chose to apply the model to the simulation of human behaviour
and activities in a simple hospital ward. We have developed a double scenario in
order to test typical activities within the ward and a special occurrence as an emergency in a random patient’s room. In this study case, we have simulated how
different spatial configurations affect the same use scenario, improving or hinder-
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Figure 4. A part of the scenario scripting and its simulation in the virtual environment.

ing operational activities, patients control by nurses, accessibility in case of emergency, etc (Figure 4).
Currently, we are applying the same scenarios to an already built hospital, in
order to compare the simulated functioning with the real world functioning, and
validate the structure and the results of the modelling approach (To witness the
dynamic behaviour of the model, see (Bnai Zion, 2013)).
5. Conclusions
We have described in this paper the development of a modelling approach aimed
at simulating human behaviours and activities in a not-yet-built environment. The
central idea of this approach is to build a clear representation of building use as
narrative, a sequence of computational chunks called events, and to use it as
hypothesis and “plot” of the simulation. Comparing our event-based approach to
current “pure” agent-based systems, we believe that our model will offer a more
manageable and coherent representation of cooperation and collaboration among
different people during the building usage. The choice to build a predefine
sequence of events and to apply it to the built environment model will provide a
simulation based on strong hypothesis rather than a sum of single and autonomous
behaviours (as in ABM), affording designers the possibility to actually evaluate
how the built environment will affect a specific operational case.
A better comprehension of how people will use and interact with the built environment will necessary impact the design process. Therefore, we believe that the
possibility to provide a reliable prediction of how people will behave in a building before its actual construction could allow the designers to evaluate the final
quality of an architectural product and, in case of emergent usability problems,
critical points, or inconsistencies, to intervene by improving its quality, its liveability, and reducing unnecessary costs.
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