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Abstract. The BIM today can be a provider of inputs to performance analysis
of different phenomena such as thermal comfort, energy consumption or winds.
All these assessments are fundamental to the post occupation of the building.
The attainment of approximate information of how the future building would
behave under these conditions will reduce the waste of materials and energy
resources. The same idea is used for evaluating the users occupation. Through
simulation of human behavior is possible to evaluate which design elements can
be improved. In complex structures such as hospital buildings or airports is
quite complex for architects to determine optimal design solutions based on the
tools available nowadays. These due to the fact users are not contemplated in
the model. Part of the data used for the simulation can be derived from the BIM
model. The three-dimensional model provides parametric information, however
are not semantically enriched. They provide parameters to elements but not the
connection between them, not the relationship. It means that during a simulation
Virtual Users can recognize the elements represented in BIM models, but not
what they mean, due to the lack of semantics. At the same time the built
environment may assume different functions depending on the physical
configuration or activities that are performed on it. The status of the space may
reveal differences and these changes occur constantly and are dynamic. In an
initial state, a room can be noisy and a moment later, quiet. This can determine
what type of activities the space can support according to each change in status.
In this study we demonstrate how the spaces can express different semantic
information according to the activity performed on it. The aim of this paper is to
simulate the activities carried out in the building and how they can generate
different semantics to spaces according to the use given to it. Then we analyze
the conditions to the implementation of this knowledge in the BIM model.
Keywords: BIM, Virtual Sensitive Environments, Building Use Simulation,
Semantics.
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1

Introduction

Building Information Modeling is considered nowadays the most appropriate tool for
the representation of architectural design and construction. BIM models are being
widely used for building performance analysis, significantly in the area of energy
efficiency. The outputs generated in those experiments can aid to improve the design,
resulting in a considerable economy in the final product. Chang (2014) [1]
demonstrated this hypothesis of simulating thermal efficiency system for windows
could reduce operational costs. The same importance should be given to simulation of
human behavior in built environments to evaluate whether the quality of design is
coherent to the needs of an optimal operating.
The intention of this paper is to verify what are the relevant characteristics that
should be represented in the BIM model for the simulation of human behavior.
Although BIM models have a high definition in its parametric representation, there is
still a lack of semantics. The semantic knowledge once represented in the model,
enables achieving a powerful BIM, able to set more accuracy in the evaluation phase
of building performance. Identifying the semantics of the spaces represented in the
model makes it possible to identify the real function and use of each of them. The
geometrical forms earn a meaning that permits to be recognized by Virtual Users
(Steinfeld, 1992)[2] and (Kalay et al, 1995)[3]. The VU thereby manifest a behavior
according to the context. The gap between what was expected in the project and real
building can be narrowed since users are included in the design conception and
representation phase.
Considering users preferences and reactions makes it more tangible to designers to
adapt the project to human needs. The motivation of this study came from the interest
in investigation the possibilities of using a virtual model as BIM to support a
simulation of environmental scenarios of end users in a building before its
construction. The proposed methodology was also developed to be adopted for the
control and management of information generated in consequence of human activity,
which are usually not supported in architectural projects and complementary projects.
The study case conducted here was targeted to evaluate the functioning and
effectiveness of a healthcare facility design. 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 U. et al., 2010) [4].
The purpose of this sort of evaluation is indeed to improve the design layout and
specificities. A direct consequence of this enhancement is an improvement in staff
performance, environmental comfort, time reduction of patient´s recovery, users’
satisfaction, rapid diagnosis and treatment, facilitate the flow of visitors and general
better way finding. Healthcare facility projects demands a high degree of complexity
in its operation. A special attention should be given to the flows. Patients, doctors,
visitors access should be carefully considered due to of the risks of infections,
emergency, privacy or for safety reasons.
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It is expected, therefore, to contribute to the state of the art of evaluation and
visualization features connected to BIM platform pointing the most appropriate and
flexible techniques for human behavior simulation studies. However, allowing
experimentation on this structure also enables the model to be submitted to other
studies on hypothetical conditions, contributing to the understanding the advantages
and disadvantages of the methodology adopted. Yet leads to proposals for future
improvements.
1.1

Related work

Studies on methodology and simulation of the interaction human-environment have
been performed as: pedestrian movement, crowd simulation and fire egress. Such
studies attempts to understand how people react to different stimuli derived by the
building in emergency cases. Other stimuli can also influence the use of the building;
external factors such as temperature, noise and smells as well as the intrinsic
characteristics of each user.
Through the observation of how manifest these reactions, conclusions can be
drawn about what in the design is appropriate and what can be then improved. A
knowledge-based model allows the VU to associate spaces to their meaning. Thus
allows them to select such shorter routes, as to know for example which spaces are
available to perform a given activity. To this end became necessary the development
of a semantic model in which agents could perform a truer reading of the
surroundings.
In the literature some approaches has been done of knowledge-based models
oriented to Human Behavior simulation such as Tan et al (2005) [2], a semantic-based
topological representation was defined based in the context of building fire safety. In
the semantic model proposed by Meijers et al (2005) [5], for building evacuation
simulation in extreme scenarios, polygons was used as the smallest unit which were
given meaning with respect to their role and allowing people to walk around.
Unrelated to the field of simulation of human behavior, other studies directed the
development of semantic enriched BIM models for a comprehensive representation of
the historical artifact as (Simeone et al, 2014) [6], (Carrara et al, 2009) [7] Knowledge
Representation Model for Cross-Disciplinary Building Design, both ontology-based.
Some studies focused on integrating BIM and gaming technology for familiarizing
professionals with their new work environment by the means of simulation
(Merschbrock et al 2014) [8]. Boeykens 2011, utilized of BIM resources linked to
game engines to aid in the creation of digital, historical reconstructions of
architectural projects. [9] In essence all those examples faces with the same struggles,
how to elaborate a model able to support different aspects for evaluation practice. Still
Boeykens adds that modeling qualitative geometry for use in regular visualization
already poses an elaborate effort, preparing models for different uses is even more
complex. In practice it is unfeasible to create different models independently from
each other, so a balance has to be found between the desired usage and the available
model data. [9]
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Promising directions of semantically enriched BIM applications, knowledge-based
models and game engine linked to BIM in the AEC industry is to facilitate various
rule checking and simulations for evaluating building designs in the earlier phases of
a project [10]. Those experiences provide subsidies to reinforce the model proposed in
this paper.
1.2

Methodology

Existing methods have been using as systems of grids (Breslav, 2013) [11], voxels
(Goldstein, 2014) [12], and cells (Tan et al, 2014) [13], for space discretization as
calculation units. On the method presented in this paper the calculation unit is called
“activity zones”. Those zones were defined according the designer criteria,
considering the architectural project´s program, sectoring of uses, flowcharts,
organization charts and more subjectively, the intention of sense of place ascribed to
spaces. Unlike those studies previously mentioned, that basically used these units to
calculate path finding or quantity of energy stored, the activity zones are divisions to
assess the space qualitatively. The zones can be activated in different levels of
resolution as required for the semantic definition.
The Sammy Ofer Heart Building at Sorasky Tel Aviv Medical Center was chosen
as a relevant case study. The tower building, designed by Sharon Architects & Ranni
Ziss Architects, was constructed in 2008-2011 and consists of 55,000 sq.m including
13 medical floors of 3,100 sq.m. per floor and 4 underground parking floors designed
to serve as an emergency hospital for 650 patients.
To define the Zones Mechanism of the hospital internal ward, the following
sequence of steps was established: first dividing the plan in zones according to
activities that are addressed to be performed on it, then subdividing large areas in
smaller units, establishing more detailed features of each space. Less generalized and
discretizing those large areas with a huge range of different aspects contemplated. So
it was intended in order to calculate it, which suppose to consult a large amount of
data concerned to each small corner, all the specificities that is up to them.
In the Open Space – zone 5 (see Fig. 1) for example, the vestibules close to room’s
entrances are characterized by different ceiling heights, specific materials on floors,
finishing of walls and different intensity of lighting. It provides to users particular
sensations that certainly should be considered in the evaluation process. Some aspects
as noise can induce users to choose different paths to find their final destination. For
instance when a visitor hear a supposed private meeting between doctors in front of
the elevator and according to his personal traits choose not “disturbing” and deviate
his route.
The criteria established to define the boundaries of zones is: by static physical
elements as walls, finishes of floors and height of ceilings; flexible elements such as
curtains and doors, as well as non-physical like flows (in crossing areas close to
entrances) or areas of permanence (around patient beds). The roles of the zones are
mainly three:
a) Detection of objects, actors and activities as soon as their respective positions;
b) Recognize objects ID, actors profile and the kind of activity performed;
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c) Report possible affordances correspondent to each zone, and consequently define a
semantic to the space.
Spatial character, data maps (noise, temperature, smell, density) and human
activities must be considered in the representation of future buildings, in order to
generate outputs about perception or social impacts derivate from built environment.
Those are some of the aspects that conducted the configuration of the zones applied in
this study. The first macro level is delimitated following the activities affordances
(Table 1):
Zone 1
Zone 2
Zone 3
Zone 4
Zone 5
Zone 6

Central Core
Support
Administration
Clinical
Open Space
Escape Stairs

Table 1. Zones division and activity affordances.

Fig. 1. Zones and subzones division plan according to activity´s affordance.

Fig. 2. Zone 4 “Clinic”, divided in 4 sub-zones.
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Different levels where created to give the possibility to activate them according to
the activity performed. It enables a subzone to have concurrent semantics in such
divisions independently as the formal division of the space defined by the architectural
plan. The level of activity zones serves as background of the Data Maps of: density,
privacy, visibility, control, light, noise or smell. The higher level provides to the
model a higher specific affordance constraint. The zones were divided into
hierarchical levels, forming a tree structure, activated according to the hospital
operation.

Fig. 3. Spatial tree structure.

Zone 4 (fig. 1) can be divided in sub-zones (fig. 2), in which functions can be:
patient rooms (C.1 and C.4), Isolation units (C.2) and intermediate unit (C.3). Those
affordances are options of possible uses for those spaces, but it will be not only
defined just when actors indeed use them. We can say that if zone C.1 is occupied by
inpatients, it is considered a patient room, but in the other hand if no activity is
detected, only occupied by equipment it could be considered merely a storage area.
Suppose that the more specialized the space is designed, less affordances options it
will manifest. This is applicable for example to operating rooms, kitchens,
laboratories, toilets, air conditioning installations and boiler room. Space can offer a
list of possible uses, and also impose rules of affordances. A room by its physical
constrains can afford being a patient room, clinic, infected room but not kitchen.
The rules of Space in this case are to define it´s affordance based on environmental
conditions, physical settings and user´s profile. A direct consequence of this is the
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influence on user´s reaction. If we suppose that space rule says that it is a meeting
room, or staff area, users like visitors or patients cannot enter. Once they are already
in the space, rules can invite them to retreat the place to enable continue “only staff”
activity.

Fig. 4. Architectural layout and activity zones of “patient rooms”.

Figure 4 consist the subzones applied to patient rooms. The dashed lines represent
flexible boundaries between zones. They may be tangible, in the case of curtains or
conceptual, because of the sensation they cause. The flexible division is much more
complex than the division by static physical barriers. We see in the example of the
curtains that they can segment the space from the visibility aspect but not from the
point of view of noise. This kind of observation is important to be considered when a
patient should be helped in a hallway or in a room with more patients. The building
design should provide the User an experience the least unpleasant as possible.
The Zones and Sub-Zones levels can be activated according to the data queried
during the simulation. The data can be divided in static, which is pre-computed, and
dynamic, generated during the simulation, some consequences of the activities itself
(as noise or smells generated by other actors/activities). Also affordances can be
dynamic. One room can be pre-defined as affordable for checking patient but once
during the activity the room is not ready cleaned, it cannot afford the use.
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Fig. 5. Input data of the semantic model in the context of Human Behavior Simulation.

The user´s perception of all those characteristics of the space will let them to
behave according to their preferences. Users will consider a space inviting, cold,
private, depressive, cozy or confortable enough or not to perform their activities. This
prediction is a fundamental output that this model can provide to designers, differently
of what happens with other conventional models.
But In terms of simulation how can BIM model actuate smartly to represent this
animated status triggered by users? The model can offer other kind of data (not only
geometric, topologic or related to materials). A Virtual Sensitive Environment (VSE)
model can act actively being aware of the phenomena that take place within it. For
example, if a building is aware of how many people are in an auditory, this data can
aid in the simulation of acoustic calculation. If the building is aware of objects
presence (as computers or other equipment producer of heat) in a lab, it can help on
thermal calculation. The property of awareness is an important aspect to generate
inputs to the simulation.
Space by means of awareness has the ability to answer which kind of activities are
being performed in a room, by whom and where. The space can be sensitive (detect)
of environmental conditions as: temperature, noise and smell. This data can be
reported to users, as they demand this data to supply their personal preferences. To
experiment the effectiveness of this feature of space, some study cases were
developed.
On a wider scale, the environmental model is combined with a behavioral model. In
this approach the intelligence is distributed in actors, activities and spaces. Each one
of these 3 parts of the tuple are repositories of different type of information. Studies
have being added the information on virtual users (Agent-Based models), and in this
approach the smartness is enhanced in the space (Virtual Sensitive Environment). One
of the technical reasons of increasing the data of the building model is not to overload
the data correspondent to the users. This enables to the system a better management of
the databases. In this case, is given to the space sensitivity qualities that make it
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smarter than conventional representation. It is noteworthy that this study is
experimental and seeks to verify the effectiveness of the hypothesis of increasing the
level of smartness space.
The environmental model can achieve gradual levels of autonomy in semantic
decisions; in essence increase level of smartness depending on context. Some physical
limitation as blocked passages, locked doors, reflecting pools, height differences or
voids imposes itself limitation of affordances. In parallel, at the moment the model is
embedded with such added knowledge, the environment becomes active on
influencing on human behavior. Space can pull coefficients values of noise, light or
density and stipulate conditional rules. Ex: If density<3, then room C.1.5
affords=clinic, sleeping, visiting.
In a room multiple activities can happen simultaneously. Supposing that one
activity zone C.1.5.2.3 is activated, in the moment that the space detects another
activity, a higher level of the subzones are powered: C.1.5.2.3.1 and C.1.5.2.3.2. In the
same room (fig. 6), despite being among the same four walls, it might experience two
different semantics: examination room and visiting room. If the semantics are
conflictive, affordance rules will be consulted in order to decide, according to the
compatibility, witch semantic will prevail. This means that one of the activities must
be aborted.
If in another case, the open area is used as a corridor and suddenly another activity
is triggered, like patient check, the subzone is activated and the same area can support
different semantic approaches. If no conflict is detected, the activities can continue.
Users are represented as: D1 (Doctor), P1 (Patient 1), P2 (Patient 2), and V1 and V2
(visitors) respectively.

Fig. 6. Rules to define activity´s affordances in zones mechanism´s theoretical frame.
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1.3

Case study: hospital patient rooms

To validate the usefulness of adding knowledge to BIM and the quality of awareness
of space were developed 3 case studies. A BIM model of a Health Care Unit was
developed, considering all parameters related to relevant geometries. It was
simplified, avoiding a high level of representation detailing furniture, sanitary
equipment and doorframes in order to reduce the file size. The BIM model was
divided in Zones according to the theoretical frame.
By the means of tags, Autodesk Revit can attribute parameters as shown in Fig.7,
in properties menu, at the left side the “semantic affordances”. The properties menu is
filled with this data provided by the designer, with the previously stipulated possible
uses (affordances). This selector is used than in the simulation. Usually BIM model
data generated in Revit can be exported to databases for updating and later external
data imported and merged into the model, using Revit DB link tool.
In this case the model was divided by the zones definition and the file is exported
to .fbx, imported-exported to 3D Studio Max, and finally imported to the game
engine, without the need of extracting the database separately of the 3D file. Unity 3D
was elected as the most suitable software to this experimentation due to the facility of
manipulating BIM models created in Autodesk Revit. The game engine relies mostly
on import through the FBX file format, analogous to other, similar game engines.
Unity provides a useful API that is accessible through C# scripts and JavaScript for
basic game engine functionality [14].
Game engines are composed of two different parts: a scripting interface, where
behaviors of agents and objects are structured and computed (behavioral model), and
a 3D environmental model, where these behaviors are actually visualized [15].
Unity enables the access to the BIM database because after the import of the fbx
file, all building elements modeled in Revit are available as separated objects,
identified by the original object ID. As this ID description is identified in the virtual
world, several scripts allow the connection between Unity and Revit elements.

Fig. 7. Properties menu options of semantics affordance to each sub-zone. In order to enrich
the representation with not-geometrical data (i.e. activity zone, users allowed to enter, data map
status, etc.).
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In Unity 3D is possible to code the rules of spaces and actor´s behaviors. Is
possible to visualize artificially how avatars behave in the virtual model following the
rules and restrictions imposed in the script. Affordances rules were assigned to the
space reflecting natural constraints that occur in the functioning of healthcare
facilities.
In the case studies, were elaborated hypothetical narratives situations, based on real
facts of hospital dynamics often found on those environments. Events commonly
observed as patient visits, medical care, medicine distribution, equipment flow,
emergency care, waiting for treatment were inspirations for the creation of these
cases:
- Case nº1. In this scenario when the zone detects that there´s a bed in the corridor,
automatically changes it´s semantics as “patient room”. It evidences the ability of
space to change the semantic according to awareness of objects presence. Specialized
rooms as bathrooms and kitchens has specific installation and objects that
independently of activities being performed or not can have a semantic defined, only
by the presence of those elements. We can consider those zones more rigid, with a few
semantic possibilities (affordances).
In the piece of code is defined the rule of the void (a Bounding Box created in
green). The fbx. file contains the properties of the BIM model menu: activity zones
and semantic affordances, that once opened in Unity these parameters are linked to the
rules. This simulates the semantic shift from “hallway” (bed detected=false) to
“medical place” (bed detected=true).

Fig. 8. Unity 3D view: a bed is detected in the “hallway”.

Program set of code rules that define it then as “medical place”:
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Void OnTriggerStay(Collider other){
if (Bed==true) {
Medical_Place = true;
HallWay = false;
}
if (Bed==false) {
Medical_Place = false;
HallWay = true
}
- Case nº2. During a medical procedure, the visitor wants to approach to patient
bed, and the B. Box (representing the sub-zone) detects it´s presence – visitor, but the
semantic of the space does not afford the semantic “visiting room”, so it remains as
“medical place”. In this situation the visitor is forced to detour and find another way.
It proves the ability of the space to detect users presence at the space. This property
can identify the “id” of the actor and recognize if it is a Doctor, Nurse or Visitor. In
another situation, visitors can pass through the corridor if the semantic of the zone is
“day room”. At the same time the space rules can set affordances to indicate if users
are allowed to use or pass through zones, rules can impose in case of infected room,
constrains meaning that the visitor’s entrance is forbidden. The space can detect and
prevent when an “intruder” trying to invade impropriated areas. For instance, a door
can include knowledge about the users already inside the room and decide if the
approaching user is allowed to enter or not. [5]

Fig. 9. Unity 3D view: visitor cannot access infected room (zone c.2.2.1).

Program set of code rules that define that zone access of “infected room” If equipped
is detected, than the door opens and the actor can enter.
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if (Equippeddetected == true)
if (InfectedDoor.transform.localEulerAngles.y < 180)
InfectedDoor.transform.Rotate (0, 0,
Time.deltaTime * 30);
else if (InfectedDoor.transform.localEulerAngles.y > 260)
InfectedDoor.transform.Rotate (0, 0,
Time.deltaTime * 30);
if (Equippeddetected == false) {
if (InfectedDoor.transform.eulerAngles.y < 0) {
InfectedDoor.transform.Rotate (0, 0, Time.deltaTime * 60);
else if (InfectedDoor.transform.eulerAngles.y > 90) {
InfectedDoor.transform.Rotate (0, 0, Time.deltaTime * 60);
- Case nº3. The zone detects doctor and nurse starting a patient check. The action is
only triggered when all actors arrive at the zone. Once space detects all actors, the
action can start. If the medical procedure constrains does not allow the presence of
visitors, therefore should immediately leave the area so the action can be continued. It
shows how space can detect activities and how to structure this mechanism; target
boxes are positioned close to patient bed. The system attracts avatars to them. In the
script a condition is defined: only start patient check if all actors required achieved
their target positions, and visitors presence is not detected in the room.

Fig. 10. Doctor and Nurse already positioned to start “patient check”.

Piece of code that indicates the activity can just start once Patient 01, Doctor and
Head Nurse are present and visitor abandoned the room:
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// Update is called once per frame
void Update ( ) {
if (EventManager.PatientCheckGlobal == true &&
Patient01 == true && Doctor == true && HNurse ==
true && Visitor == false){
PatientCheck = true;
PatientCheckDetect = true;
} else {
PatientCheck = false;
PatientCheckDetect = false;
}
Assuming the ability of the Space to be aware of those tree components of Human
Behavior Simulation (objects, actors and activities) we suppose that the space can
report if there is a presence of person, his activity status (sleeping, busy, shower, being
checked) and position (close to door or patient bed).
The building model once has the awareness property can be considered a “Virtual
Sensitive Environment” (VSE). The intelligence is manifested in the building model
(VSE) as happens in virtual users (VU), assigning more smartness to the environment.
This is the guideline to achieve the subject proposed in this study.
1.4

Conclusion and Future Works

Once the simulation is concluded, the outcome provides the final semantic of the
space. This is what will define the semantic of the spaces in the BIM model, which is
the final use. In the Revit file, the zones are related to tags and we intend to update the
tags semantic definition automatically. Now the system allows just a top-down
control of possible affordances, but once the system will be automated, a bottom-up
synchronous definition could be activated. The building´s ergonomic and
environmental conditions affect human behavior as their interpretations of each space.
The aim of simulation is to evaluate how the building will be perceived, it´s impact
on social relationships and how all those aspects combined affects the use. For future
research we recommend the automation of insertion of dynamic data in the BIM
model, as well as consideration of more complexities involving in human occupation
of built environments.
The results of the evaluation depend greatly on the evaluator and the input criteria.
Design performance evaluation consists of hard and soft criteria. Hard criteria are
quantitative, measurable performances, such as thermal comfort, structural stability
and cost. Soft criteria, on the other hand, are typically qualitative, based on subjective
perceptions, such as aesthetics, social, psychological, and political “fit”, and therefore
difficult to measure. [16].
In any case, the evaluation criteria can be focused to identify the appropriate
semantic in the model. For example, as an output of the simulation it was found that
many people are crowded in front of the nurse station. It has been seen that it is better
not to give affordance of “patient room” in this part of the corridor. The consequence
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is that the design will not include an additional bed in this area, since the space is less
appropriate for this function and cannot provides reasonable comfort to a patient.
The next step is to create this sensitive environment in BIM, as it happens in other
approaches as temperature control for example. It is possible to insert sensors in BIM,
but it is important to provide content-rich information. To support facility
management or evaluation of building performance, the system requires relationships
between sensors and building elements as well as function of the space (office or
patient room). To support rich information query of building conditions considering
human behavior, is suggested to extract the information generated in simulations as
type of activity being performed and recognition of users´ ID, as soon as their
personal traits (in Unity 3D in our case).
Several rule-checking systems rely on IFC building models as input. The HITOS
project is an example of using rules addressing accessibility checking [17]. They
mostly define the requirements from a database based on legislation and universal
conventions of design. Through this system proposed on this paper is possible to feed
this database based on users experience and then run such inference engines. Rules
can be created based on the observation of human behavior in other types of
buildings. This data can feed an inference engine system that offers suitable outputs
for each type of project. Schools, airports or shopping centers can also use this
mechanism to feed the rule system for selection of semantics.
The literature shows that Building Information Modeling has potential to simulate
various stages of the construction process, however, most of the existing efforts
largely rely on human input or offer knowledge-based/semi-automated
implementation. Further automation of the tool and better visualization are new
options to be explored. [18]
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