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a  b  s  t  r  a  c  t

Traditionally,  in  building  energy  modeling  (BEM)  programs,  occupant  behavior  (OB)  inputs  are  deter-
ministic  and  less  indicative  of  real  world  scenarios,  contributing  to  discrepancies  between  simulated  and
actual energy  use  in buildings.  This  paper  presents  a  new  OB  modeling  tool,  with  an  occupant  behavior
functional  mock-up  unit  (obFMU)  that  enables  co-simulation  with BEM  programs  implementing  func-
tional  mock-up  interface  (FMI).  The  components  detailed  in  the  development  of the  obFMU  include  an
overview  of the  DNAS  (drivers-needs-actions-systems)  ontology  and  the  occupant  behavior  eXtensible
Markup  Language  (obXML)  schema,  in  addition  to  details  on the  creation  of the  obFMU  that  contains
the  co-simulation  interface,  the  data  model  and  solvers.  To  demonstrate  functionality  of the tool,  three
nergy modeling
ccupant behavior
uilding simulation
nergyPlus

examples  of  occupant  behaviors  were  simulated,  including:  (1)  turning  on and  off  lights,  (2)  opening and
closing  windows,  and  (3)  turning  on  and  off the  air conditioners.  The  obFMU  can  be used  via co-simulation
with  all  building  simulation  programs  that  implement  the FMI,  thus  users  are  not  limited  to a  particular
tool.  Another  advantage  is  the  use of obXML  schema  to represent  occupant  behavior,  standardize  the
description  of  occupant  behavior  enabling  information  exchange.
. Introduction

In 2013, residential and commercial buildings consumed more
han 40% of the United States total energy and more than 70% of the
lectrical energy, resulting in a national energy bill of $410 billion
1]. Additionally, low energy buildings often fail to meet expected
erformance, with occupant behavior (OB) contributing decidedly
oward building energy consumption and indoor environmental
uality (IEQ) [2]. Occupants are not passive participants in build-

ngs, they interact with building systems such as opening and clos-
ng windows, operating shades or blinds, controlling lights, adjust-
ng the thermostat and operating electrical equipment, all of which
nfluence the energy consumption of the building [3–5]. The Inter-
ational Energy Agency (IEA), Energy in Buildings and Communities
rogramme (EBC) Annex 53 defined energy-related occupant
ehavior, as “observable actions or reactions of a person to adapt
o ambient environmental conditions such as temperature, indoor
ir quality or sunlight” [6,7]. It is suggested that up to 71% of energy
emand variation in buildings is due to occupant behavior [8].
One tool to help combat the rising energy demand in buildings
s the use of occupant behavior modeling. Traditionally, two cate-
ories of behavioral models are used, implicit and explicit. Implicit
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models deal with rules associated with physical systems (e.g. win-
dows and lights) rather than the occupant directly and include:
(i) linear and logistic regression [9], (ii) probability equations
[10,11], (iii) statistical analysis of measured occupancy data [3], (iv)
sub-hourly occupancy-based control models and, (v) Bayesian esti-
mations [12]. Explicit models deal with rules and logic associated
directly with the occupant and include: (i) Markov chain [13–16]
and agent-based modeling [17,18], (ii) the Bernoulli process [19]
and, (iii) survival analysis. Yan et al. [20] and Hong et al. [21] provide
a comprehensive literature review of the current state of occupant
behavior simulation and modeling. Solutions are needed which go
beyond the traditional behavioral inputs used in building energy
modeling (BEM) programs, e.g. deterministic occupancy schedules,
thermostat settings, lighting use, plug-loads and HVAC schedules,
to account for the stochastic nature of occupant decision making
[22,23]. The IEA EBC Annex 66 “Definition and Simulation of Occu-
pant Behavior in Buildings” is working to advance the field forward
by developing new data, methodologies and tools to simulate occu-
pant behavior in buildings, assisting in building design, operation,
and energy technology evaluation [24].

Some of the more sophisticated approaches in BEM include
customized code, customized tools, and co-simulation; with co-

simulation allowing a more realistic and robust representation
of occupant behavior. The intention of co-simulation is to couple
two or more simulation tools together, providing a data exchange
environment between subsystems. Commonly, this technique

dx.doi.org/10.1016/j.enbuild.2015.10.033
http://www.sciencedirect.com/science/journal/03787788
http://www.elsevier.com/locate/enbuild
http://crossmark.crossref.org/dialog/?doi=10.1016/j.enbuild.2015.10.033&domain=pdf
mailto:thong@lbl.gov
dx.doi.org/10.1016/j.enbuild.2015.10.033
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nhances individual components of BEM programs, by describing
eparate, discrete, algebraic equations that concurrently simulate
ith the primary BEM, such as EnergyPlus [25]. EnergyPlus, is one of

he most widely used BEM programs, simulating heating, cooling,
ighting, ventilation and water use in buildings [26]. To enhance
nergyPlus capabilities, co-simulation programs have been writ-
en for indoor air quality [27], advanced lighting and daylighting,
omputational fluid dynamics (CFD), multi-zone airflow networks,
nd HVAC systems and controls [25]. This paper presents a co-
imulation software tool providing another approach to enhancing
ccupant behavior modeling with existing BEM programs such as
nergyPlus.

Co-simulation in EnergyPlus can be performed in three dis-
inct ways. First, one-to-one coupling is where a specific interface
s implemented such as coupling EnergyPlus with a CFD tool
o improve the accuracy of convective heat transfer coefficients
28,29]. Secondly, middleware coupling is where a co-simulation

aster orchestrates the exchange of data [27]. The building con-
rols virtual test bed (BCVTB) [30] allows users to link modules
ith MATLAB, Simulink, Dymola [31], Radiance [32], and ESP-r

33]. Thirdly, the standardization of co-simulation using functional
ock-up interface (FMI), the technique used in this paper, allows

or the direct coupling with various programs.
Few researchers have integrated a separate occupant behavior

oftware module with a BEM program, using co-simulation. Gunay
t al. [15] considered 3 domains, the building, HVAC and occu-
ant and coupled these using a discrete event system specification
DEVS) building energy model. Langevin et al. [18] developed an
gent-based model (ABM) of office occupant behaviors coupling the
BM in MATLAB with the building energy simulation EnergyPlus via

he BCVTB. Similarly, Lee and Malkawi [17] coupled an ABM pro-
rammed in MATLAB with EnergyPlus, with the assistance of BCVTB
nd MLE+ architecture. MLE+ provides integrated support for con-
rol design and optimization, by assisting communication between
ntegrated building simulations and controller formulation [34].
ndrews et al. [35] developed a framework using an agent-based
pproach to test how well buildings are likely to perform, given
ealistic occupants. Abanda and Cabeza [36] suggested that one of
he most important criterion when exploring building occupants’
ehavior in emerging building information modeling (BIM) is the
bility for interoperability and flexibility between different pack-
ges. Co-simulation allows for interoperability between OB models
nd existing BEM programs providing flexibility to new users and
otential use in BIM.

This paper describes the development of an OB modeling tool
hich includes the creation of the occupant behavior FMU  (obFMU)

1.0 and its co-simulation abilities with EnergyPlus v8.3.0. The
nterface follows the FMI, an independent standard that allows for
omponent development and tool coupling using a combination of
Xtensible Markup Language (XML) and compiled C-code [37–40].
he standard contains two main parts, (1) an explanation of how a
odeling environment can generate C-code and be utilized and, (2)

he interface standard for coupling in a co-simulation environment
25]. The component or simulation model that implements the FMI
ramework is called the functional mock-up unit (FMU).

The development of the OB modeling tool aims to provide
esearchers with a new methodology to simulate occupant
ehaviors within the context of building energy modeling. New
ontributions to the field include the creation of the obFMU
nabling co-simulation of occupant behavior with BEM programs.
hree occupant behavior examples in lighting control, window
peration and HVAC control, in a Florida office building, are pro-

ided to demonstrate some of the modeling tool’s simulation
apabilities. The resulting occupant schedule outputs from these
xamples can be used in building energy simulation. Finally, the
dvancements and limitations of this work are discussed.
ings 117 (2016) 272–281 273

2. Methodology

An obFMU was  developed for co-simulation, requiring an XML
file to be generated based on an obXML (occupant behavior
eXtensible Markup Language) schema [41] and configuration with
EnergyPlus. Fig. 1(a) shows the architecture of the obFMU which
contains four main components, including the co-simulation inter-
face, the interface description file in XML  format, the data model,
and solvers. The obXML schema describes the occupant behavior by
implementing a DNAS (drivers-needs-actions-systems) framework
[42]. The obFMU is the engine of the occupant behavior simula-
tion and co-simulates via the FMI  with the simulation tools, e.g.
EnergyPlus. To show how the new tool can be used, examples of
different occupant behaviors (i.e. lights switching, window open-
ing, and HVAC control) are presented. The objective of the obFMU is
to simulate the occupants’ behaviors at each time step based on the
occupant behavior description file defined in the XML  format and
the environmental conditions obtained through the co-simulation
interface (Fig. 1(b)). A further detailed description of each compo-
nent is introduced in Sections 2.1–2.4.

2.1. Overview of the DNAS ontology and obXML schema

The objective of this section is to provide a high-level overview
of the DNAS ontology and resulting occupant behavior obXML
schema. Specific details about the development of the ontology and
implementation of the obXML schema can be found in Hong et al.
[41,42].

To systematically describe the impact of occupant behaviors
on building energy consumption, a human-building interaction
framework was created [41]. The ontology was  based on four key
elements, drivers, needs, actions and systems (DNAS). Within this
DNAS ontology the drivers represent the stimulating factors that
provoke occupants to desire a change or need to perform an action
or in-action with the building environment. The needs represent
the physical or non-physical criteria that must be met  to ensure
occupant comfort with their surroundings. The actions are the inter-
actions of the occupant with the building systems. The systems refer
to the equipment or mechanisms within the building that the occu-
pant alters to achieve comfort. An example of applying the DNAS
concept is as follows: An occupant enters his/her office space and
it is dark. So the driver is darkness or the lack of work plane illumi-
nance. The need is to obtain visual comfort. The action is switching
on the lights and the system is the lighting system in the office.

The DNAS framework was  implemented into an obXML schema
[42]. The obXML schema v1.0 for obFMU v1.0 is a subset of obXML
schema presented in [42]. It is styled with one main root element
OccupantBehavior and three parent elements buildings, occupants
and behaviors. The parent building element is tailored specifically to
the inputs required to detail occupant behavior and is not intended
to replicate other schemas, such as the Green Building XML  schema
(gbXML) [43] nor duplicate the building input files already estab-
lished in EnergyPlus. The parent occupants element describes all of
the occupants in the building using a unique occupant ID attribute,
coupling the occupant with a behavioral action. The parent behav-
iors element, shown in Fig. 2, has child elements that follow the
DNAS framework. The drivers element is divided into four sub-
child elements of (1) time (time of day, day of week, season), (2)
environment (describing the major categories of temperature, IAQ,
daylight factor, illuminance, glare, relative humidity, solar irradi-
ance, raining and noise parameters), (3) eventtype (detail occupants’
circumstance), and (4) otherconstraints. The needs element is cate-

gorized into physical comprised of 3 sub-child elements of thermal,
visual and IAQ. For example, a thermal driver (e.g. indoor tem-
perature) can signal occupant discomfort and be characterized
under the needs comfort criteria using the ISO adaptive comfort
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ig. 1. (a) An overview schematic of the OB modeling tool and (b) a detailed structur

tandard [44], the ASHRAE adaptive comfort standard [45] or a user
efined comfort envelope. The actions element has 2 child elements
f interaction and movement.  Interaction element includes the input
ption of mathematical models (i.e. constant value, linear 1D, 2D,
D, quadratic 1D, logit1D, 2D, 3D and Weibull 1D) used to calculate
he probability of an action occurring. The systems element rep-
esents the building equipment or components that the occupant
hysically interacts with and has the child elements of windows,

ights, and HVAC.
The obXML schema contains the definition and description of all

ariables for the FMU  and provides a basis for the xml  output file.
his xml  output file is a key piece in the obFMU development and
s used as part of the overall OB modeling tool process.

.2. The co-simulation interface based on the FMI  standard

FMI  is a tool independent standard developed by the Infor-
ation Technology for European Advancement (ITEA2) project

alled MODELISAR [38]. The FMI  supports model exchange and

o-simulation using XML, C-code and C-header files [37]. Fig. 3
hows the schematic diagram of the obFMU co-simulation interface
hich follows the FMI  standard. The co-simulation manager ini-

ializes each obFMU through two FMI  functions: fmiInstantiateSlave
e obFMU structure with obXML file inputs and co-simulation manager components.

and fmiInitializeSlave. The fmiInstantiateSlave allocates the required
memory for each obFMU instance, while the fmiInitializeSlave sets
the default values for the instance. Then, the co-simulation man-
ager performs time step simulations by calling the fmiGetReal,
fmiSetReal, and fmiDoStep functions. The fmiGetReal passes data
from the obFMU to the co-simulation manager, and the fmiSe-
tReal provides data from the co-simulation manager to the obFMU.
After each time step simulation, the co-simulation manager checks
whether it is at the end of the simulation or not. If yes, then the
fmiFreeSlaveInstance function is called to release the memory of the
obFMU instance.

2.3. FMU interface description file in xml format

Following the FMI  standard, the relevant information for com-
munication in the co-simulation environment is provided by the
XML-file. Fig. 4 shows the description of the input and output vari-
ables for obFMU v1.0 in XML  format. The obFMU v1.0 requires
4 input variables (zone dry-bulb air temperature, zone daylight-

ing illumination level, zone CO2 concentration, and zone lighting
power) and generates 4 output variables (zone HVAC operation
schedule, zone lighting operation schedule, zone infiltration sched-
ule, and zone occupancy schedule).
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Fig. 2. The tree diagram from the xsd file showing the general characteristics of the behaviors root element, with behavior parent element and children elements of drivers,
needs, actions and systems (DNAS).
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Fig. 3. Schematic diagram of t

.4. Data model and solvers

The obFMU data model is developed based on the obXML
chema v1.0. Each obFMU instance handles the occupant behav-
or simulation for one zone. The co-simulation manager can create

ultiple obFMU instances for multi-zoned buildings. The data
odel requires the zone level information, such as zone floor area,

one type, zone meeting events, and so on, to be defined. This is fol-
owed by information about the occupant including their behavior

escription. In obFMU v1.0, the lighting system, windows system,
ir conditioning system, and heating system are considered (Fig. 5).
n obXML parser is developed to obtain the occupant behavior
escription from the obXML file.
FMU co-simulation interface.

There are two types of solvers in obFMU v1.0 the movement
solver and interaction solver. The movement solver is called once
per co-simulation to determine the location of each occupant at
each time step. The occupant movement model uses Markov chain
movement [46] with a transition probability matrix that deter-
mines the probability of an occupant moving from location to
location based on the previous location. The interaction solver is
called at each time step in each obFMU instance to simulate the
occupants’ behavior in the associated zone. Such behaviors consist

of turning on and off the lights, opening or closing the windows, or
controlling the HVAC. The obFMU can be used by other BEM pro-
grams with the FMU  management feature, such as EnergyPlus. Fig. 5
shows the data exchange between EnergyPlus and obFMU during
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Fig. 4. FMU  interface description file for the obFMU v1.0.
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Fig. 5. Data exchange betw

ach time step. The EnergyPlus is the co-simulation manager, while
he obFMU is the slave.

. Applications

To show how obFMU can be used, three examples are presented.
he obFMU co-simulates with EnergyPlus to simulate occupant
ehavioral actions, specific to (1) turning on and off the lights,
2) opening or closing the windows, and (3) operating the HVAC
ontrol. For all examples, a simple single story building with the
eometry of 44 m × 20 m × 3.5 m located in Miami, Florida, was
onsidered. The single-story office building had a central corridor
nd with single office rooms on either side of the central hallway.
ach office had one operable window and on/off lighting control
i.e. no dimming or occupancy sensors). The HVAC system used in
he building was a packaged single zone heat-pump system. A total
umber of 16 occupants were work in the building. In the simu-

ations, both the movement solver and the interaction solver were
sed.

.1. Coupling the obFMU with EnergyPlus to model occupant
ehavior lighting control
Office lighting can reach 20–60% of an office building’s total
lectrical consumption [47,48]. In this example, the occupant
ction of lighting control (turning on and off the lights) is simu-
ated using the OB modeling tool. For turning the lights on, two
nergyPlus and the obFMU.

contingencies are considered: (1) turning on the lights when occu-
pants first entering the room or (2) turning on the lights when
occupants feel the room is dark. For turning the lights off, the two
scenarios are considered: (1) turning off the lights when occu-
pants leaving the room or (2) turning off the lights when it is
bright outside. In the XML  schema, the child element interaction,
from the parent element action,  includes different mathematical
methods that define the probability of the action occurring. In this
case, Weibull functions were used to determine the probability of
turning the light on or off as a function of the illuminance level.
Fig. A.1(a) shows a code snippet of the xml  code describing the
action of turning the lights on and Fig. A.1(b) displays the cumula-
tive distribution function with the probability of turning the lights
on as a function of the illuminance.

The simulation results for the lighting control in an office
and spanning a 3-day period are shown in Fig. 6. The results
indicate that as the illuminance level increases due to natural
daylighting, there is enough work plane illuminance in the office
to satisfy the occupants’ visual comfort, without turning on the
lights. As the outside lighting level decreases (around 6:00 pm)
the lighting is switched on and off for a period of time to satisfy
occupant comfort. Additionally, on days 1 and 2 a single occu-
pant remains in the office slightly past 6:00 pm,  perhaps working

after hours, and during this brief period the lights are turned on
and off. The lighting schedule indicated from this simulation cap-
tures the integrated nature of the occupant’s activity on a daily
basis.
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ig. 6. The simulation results for lighting over a 3-day period, showing the occu-
ancy, lighting schedule and the outdoor daylight level.

.2. Coupling the obFMU with EnergyPlus to model occupant
ehavior window action

One of the most important issues in the built environment is
egulating the indoor and outdoor thermal and air quality inter-
ction [49], with the window being one of the most widely used
ystems to manipulate the IEQ [50]. Indoor and outdoor tempera-
ures are some of the most relevant parameters affecting window
pening and closing behavior [51,52]. Andersen et al. [53] also
uggested that indoor stuffiness, monitored by the carbon dioxide
CO2) concentration levels, was an important driver for window
pening behavior. In this example, the occupant action of win-
ow control (opening and closing the window in the office) is
imulated. For the window open model, two contingencies are con-
idered: (1) opening the window when the occupant feels hot or (2)
pening the window when feeling stuffy. For the window closing
odel, the two scenarios are considered: (1) closing the window
hen leaving the room or (2) closing the window when feeling

old. The Weibull model of the window opening or closing can be
escribed as a function of temperature (when feeling hot), occupant
ovement (leaving the room) or CO2 concentration (when feeling

tuffy). Fig. A.2(a) shows a code snippet of the xml  code describ-
ng the action of opening the window. For this case the drivers
re environmental, specifically the indoor temperature, the needs
re thermal comfort, the actions include opening the window and
he system is the window. Fig. A.2(b) displays the Weibull function
ith the probability of opening the window as a function of the

emperature.
The simulation results for the window control in an office and

panning a 3-day period are shown in Fig. 7. Schedules includ-
ng occupant presence (number of people), the window opening
nd closing action indicated by infiltration, the indoor CO2 con-
entration and the indoor air temperature. For reference the CO2
oncentrations in outdoor air typically range from 300 to 500 ppm
54]. The results indicate that as the CO2 concentration increases
from roughly 500 ppm to 1000 ppm), the indoor temperature
lso slightly increases (from 25 ◦C to 32 ◦C), resulting in stuffy
r stale office conditions. This discomfort drives the occupant to
ake action and open the window. Upon window opening, almost
nstantaneously the CO2 concentration drops to about 500 ppm

ccompanied with a drop in the indoor temperature (to 25 ◦C).
he closing of the window correlates with the occupant’s satisfac-
ion with their indoor environment or the occupant vacating the
ffice.
Fig. 7. The results for window operation simulated over a 3-day period, showing
the occupancy, the window open/close action indicated by the infiltration, the CO2

concentration and the indoor temperature.

3.3. Coupling the obFMU with EnergyPlus to model HVAC control

In general, the energy consumption used for heating and cool-
ing in developed countries accounts for 50% of the building energy
use and roughly 20% of the total national energy [55]. The common
practice among building simulation programs is to fix the heating
set-point temperature at 20 ◦C [49], which is often unrepresenta-
tive of actual conditions. In this example, the occupant action of air
conditioning (AC) control (turning on and off the air conditioner) is
simulated. For turning on the AC, two  contingencies are considered:
(1) turning on the AC when occupants enter the room or (2) turning
on the AC when occupants are feeling hot. For turning off the AC, the
two scenarios are considered: (1) turning off the AC when leaving
the room or (2) turning off the AC when feeling cold. The Weibull
model of turning on the AC when feeling hot can be described as a
function of temperature [11]. Fig. A.3(a) shows a code snippet of the
xml  code describing the action of turning on the AC. For this case
the drivers are environmental, specifically the indoor temperature,
the needs are thermal comfort, the actions include turning on the
AC system and the system is the HVAC system. Fig. A.3(b) displays
the Weibull function with the probability of turning on the AC as a
function of the temperature.

The simulation results for the AC control in an office and in a
meeting room, spanning a 3-day period, are presented in Fig. 8.
The simulation takes into effect the cumulative distribution fre-
quency of the probability of the AC being turned on or off, based on
the temperature. The occupant presence, the real-time simulation
results of the air conditioning schedule derived from the contin-
gency scenarios, and the indoor temperature are presented (Fig. 8).
The results indicate that as the room occupancy or the indoor tem-
perature increases the AC turns on. If the occupants vacate the office
(or the meeting room) or the temperature set point is achieved, the
AC turns off. In general, the resulting AC schedule is unique for each
day.

4. Discussion

The modernity of co-simulation enables researchers and prac-
titioners to generate less pre-defined schedules that reflect key
drivers that motivate an occupant’s behavior. The obFMU pro-

vides an environment for co-simulation, utilizing the capabilities
of domain-specific simulation and providing the flexibility to be
integrated with an array of building modeling programs, extend-
ing beyond EnergyPlus. This allows users the ability to select
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ig. 8. The results for air conditioning operation simulated over a 3-day period,
howing the indoor temperature, occupant presence, and air conditioning operation
or  (a) conference room and (b) office.

referred simulation programs. The obFMU is self-integrating with
he co-simulation manager to perform the numerical integration,
romoting the interoperability of the tool.

The current version (v1.0) of the obFMU enables the co-
imulation of the two interaction types: turn on (open) or turn off
close) the system; three systems: lights, windows, and HVAC sys-
em; three event types and their combinations (totally 7 types):
tay, entering, or leaving the room; two other constraints: have or
ave no other occupants in the room; and nine probability models.

n addition to the example scenarios introduced in Sections 3.1–3.3,
he obFMU allows the combination of the interaction types, sys-
ems, event types, other constraints and probability models, which
an provides up to (2 × 3 × 7 × 2 × 9 = ) 756 different behavior sce-
arios. The obFMU v1.0 can be used to perform co-simulation of
he above mentioned behaviors in any buildings without coding
nd rebuilding the FMU, by specifying the occupant behaviors using
he obXML schema. It also provides a platform for other researchers
o contribute their own occupant behavior models by writing new
ode and rebuilding the FMU. The current version focuses on win-
ow action, lighting and HVAC control. Future behaviors that can be
asily implemented include shade/blind action, plug load operation
nd thermostat action.

Despite significant advancements, limitations arose including

he current inability to pass simulation flags to the obFMU includ-
ng WarmUp, SizingCalc,  WatherPeriodSim.  In addition, EnergyPlus
terations lag one time step behind the obFMU. Currently, during
ach iteration the existing schedules are overwritten. Moreover,
ings 117 (2016) 272–281

additional areas of improvement include reconsidering the con-
straints associated with: (1) systems partially open or partially
closed, (2) groups versus individual behavior, (3) the occurrence
of simultaneous multiple-actions and the sequence of occupant
actions and, (4) accounting for culturally motivated actions. Cur-
rently, the occupant behavior model considers individual actions
on a first come basis and that groups of occupants perform one-time
actions in agreement. Capturing these diverse aspects of behavior
in simulation and co-simulation with BEM programs (e.g. Energy-
Plus, DeST, ESP-r) proves challenging. Future work will also include
organizational decision making considering an interdisciplinary
collaboration with experts from social and behavioral sciences.

The main aim in the creation of the OB modeling tool was
to provide a new approach to enhancing OB modeling in current
BEM programs, which captures diversity and stochastic nature of
occupant activities in buildings rather than using homogeneous
user schedules [56]. The objectives of this paper were to describe
how the OB modeling tool works and provide a few examples
of how it can be used. Future work will compare and contrast
the OB modeling tool with traditional methods or directly with
EnergyPlus inputs, to assess building performance. More testing of
the modeling tool including improvements to the obXML schema
and updating the obFMU will occur resulting in a second version
released and made available to the public at http://behavior.lbl.gov.

5. Conclusions

Presented was the development of an occupant behavior
modeling tool, obFMU. The obFMU reads occupant behavior repre-
sentation using an XML  file based on an obXML schema following
the DNAS (drivers-needs-actions-systems) ontology. The obFMU
enables co-simulation of occupant behavior with building energy
modeling programs based on the FMI  standard. The Weibull func-
tion characterized in the obXML schema was able to describe
lighting, window and HVAC actions based on environmental
parameters such as illuminance, outdoor air temperature, indoor
CO2 concentration or indoor air temperature. The results demon-
strate how the co-simulation module works, providing occupant
actions based on drivers and probability functions. The significant
advancements from this work include:

(1) The development and applications of a new occupant behav-
ior tool, the obFMU, for co-simulation with all building energy
modeling programs implementing the FMI, which does not
limit users to a particular simulation program.

(2) The obXML and obFMU enables and implements interoperabil-
ity of occupant behavior models.

The behavior modeling tool provides a new approach to sim-
ulating occupant actions, with the aim of eventually improving
occupant information modeling. The model provides a diverse set of
options, proving flexible and promoting interoperability between
occupant behavior models and existing building energy modeling
programs. Broadly, this work and future versions of the obFMU will
aid in accounting for some of the discrepancies that arise between
simulated and actual building energy use.
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Glossary

ABM: agent based model
AC: air conditioning
ASHRAE: American Society of Heating, Refrigerating, and Air-Conditioning Engineers
BCVTB: building controls virtual test bed
BEM: building energy modeling
CFD: computational fluid dynamics
DNAS: drivers, needs, actions, systems
EBC: Energy in Buildings and Communities Programme
FMI: functional mock-up interface
FMU: functional mock-up unit
HVAC: heating, ventilating, and air conditioning
IAQ: indoor air quality
IEA: International Energy Agency
IEQ: indoor environmental quality

ISO: International Organization for Standardization
OB: occupant behavior
XML: eXtensible Markup Language
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