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Abstract 

The identification of the proper occupant models for 

building performance simulation applications is not a 

trivial task. Thereby, a key challenge concerns the 

matching between the nature and level of building-related 

performance queries and the appropriate resolution of 

applied occupant models. In this paper, we follow both a 

"top-down" path to examine the ontological scope of a 

comprehensive, theory-driven representations of building 

occupants, and a "bottom-up" path to look at the 

representational implications of currently existing 

occupant models in building performance simulation 

tools. The pursuit of these paths can contribute to the 

closure of the gap between behavioural domain 

knowledge and effective occupant models needed for 

building performance simulation applications.  

Key Innovations 

• Outlining the necessary conditions for a 

comprehensive solution to the representational 

challenges concerning the inclusion of occupant 

models in building performance simulation 

applications 

• Conception of a path toward seamless transition 

from a comprehensive ontology of building 

users down to specific input schema tailored for 

individual simulation applications 

• Combination of top-down and bottom-up 

inquiries toward mapping the gap between 

behavioural theories and occupant 

representations in building simulation  

Practical Implications 

The availability of reliable occupant models and the 

choice of the right model for the specific task remains a 

critical problem for the application of performance 

simulation tools. This paper outlines a path from 

foundational behavioural theories to ontologies of 

occupant behaviour and their instantiation in performance 

simulation tools. 

Introduction 

Recently, increasing attention is being paid in the building 

performance simulation research community to the 

quality and resolution of representations of building users 

in simulation models. This is reflected in a host of 

publications and projects with highly diverse starting 

points, approaches, and results (Berger and Mahdavi, 

2020; Yan et al., 2017). Whereas such diversity can be 

productive and fruitful, it may also involve redundancy 

and lack of strategic orientation. In this context, it is 

beneficial to re-examine this subject from two 

complementary directions. One ontological direction, 

characterized here as "top-down", pursues the required 

format and dimensions of a generalized representation of 

building users that could be distilled down as needed to 

cater for the informational requirements of specific 

applications. The second direction, which can be seen as 

"bottom-up", starts by reverse-engineering the occupant-

specific input templates of common performance 

simulations in view of any existing shared features and 

structure. We suggest that the pursuit of these two 

directions reveals a discontinuity or gap, indicating that 

there is not yet a seamless path leading from occupant-

centric ontologies to occupant-related model input 

requirements of common performance simulation tools.  

Conventional representations of building occupants in 

performance simulation have been rather simplistic, 

consisting mainly of schedules and rules. 

Notwithstanding recent efforts to enhance the resolution 

of occupant models in simulation applications, there 

remain many open questions concerning the scope and 

format of occupant-related computational 

representations. Researchers generally agree that the 

resolution of occupant-related models should correspond 

to the nature of the performance queries at hand, but 

sufficiently robust methods that could identify the fitting 

levels of resolution have not emerged (Mahdavi and 

Tahmasebi, 2019; 2016).  

Three layers of inquiry 

We propose that, in order to address the challenges 

outlined in the introduction, it might be helpful to conduct 

a broader discourse involving three layers of inquiry. 

These layers are described below in more detail. 

The layer of theories 

This layer pertains to the requisite source of information 

with regard to those facets of human perception and 

behaviour that are of relevance to building performance 

queries. On the one hand, occupants' needs and 

expectations imply specific ranges of indoor-

environmental variables. On the other hand, occupants' 

control-oriented actions (i.e., their operation of building 

control systems and devices) influence indoor-

environmental conditions. Information on patterns of 

occupants' presence and actions in buildings can be 
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accumulated via observational studies. Such data, 

together with foundational theories of occupants' 

behaviour (Mahdavi, 2020) can facilitate the development 

of flexible occupant models for performance simulation 

applications. 

The layer of ontologies 

This ontology layer is key for a shared representation and 

the operationalization of the domain knowledge needed 

for the development of computational models of people's 

perception of and behaviour in buildings. Given the 

syntax character of ontologies, they need not be 

formulated for a specific behavioural theory. Rather, they 

could be developed and implemented in a manner that 

could accommodate a variety of theoretical views on the 

pertinent domain knowledge. 

The layer of applications  

The layer of application is directly relevant to the actual 

computational implementation of knowledge-based, 

ontologically organized models of occupants' behaviour 

in buildings. There may be a wide spectrum of 

performance-related queries in building performance 

simulation. But they can be all accommodated in terms of 

common ontological implementation.  

A two-fold path 

We can pursue a top-down path to examine the 

ontological scope of comprehensive theory-driven 

occupant models. Theoretically, such models could be 

variously customized so as to match the informational 

requirements of specific performance queries. On the 

other hand, the bottom-up path involves the reverse-

engineering of typical performance simulation tools in 

view of their occupant-specific input requirements. This 

could reveal the implicit scheme in the application's input 

requirements vis-à-vis occupant information. As such, 

these two paths point to the discontinuity between the 

ontological implications of theoretical domain knowledge 

on human behaviour and applications' current input 

modalities regarding occupant-related information in 

technical applications. Whereas the top-down path can 

support the definition of a common schema for occupant 

data (e.g., position and movement, physiological and 

cognitive processes, control actions, social interactions), 

the bottom-up reverse-engineering can support a reality 

check concerning the ontological depth of common 

occupant models in simulation tools.  

While not using the same conceptual framework, similar 

issues have been raised in past research and development 

efforts. For instance, a previously proposed ontology was 

meant to represent energy-related occupant behaviour in 

buildings (Hong et al., 2015a; 2015b). A related 

theoretical effort (D'Oca et al., 2017) proposed an 

"interdisciplinary framework for context and occupant 

behaviour in office buildings". These efforts have been 

undoubtedly useful. However, they entail also a number 

of limitations. Hence, further efforts are needed to 

develop a theory-driven ontology that could effectively 

support high-resolution models of human behaviour in 

buildings. 

Behavioural theories 

Motivation 

Detailed occupant models require more than basic 

physical factors, such as emission rates of sensible and 

latent heat and indoor air pollutants. There is also more to 

behavioural models than simple rules and schedules. In 

this context, theories of human behaviour in general and 

their control-oriented actions in particular could be highly 

beneficial. A recent review of behavioural theories 

(Heydarian et al., 2020) explored their application to the 

domain of built environment. However, this rather broad 

review could not delve into the details of each and every 

paper reviewed.  

To allow for a more in-depth discussion, we consider, in 

the following sections, four studies involving adaptation 

of distinct behavioural theories. Thereby, we are 

specifically interested in the theories' potential in 

informing the development process of a shared 

ontological framework. 

Energy-relevant behaviour in office buildings 

Energy-saving behaviour in four different organizations 

in the Dutch provinces Zuid-Holland and Limburg was 

studied by Lo et al. (2014). Thereby, an extended version 

of the Theory of Planned Behaviour (TPB) (Fishbein and 

Ajzen, 2010; Ajzen, 1991; 1985) was employed with 

perceived habit as an additional construct (Figure 1). 

It is suggested that a repeated behaviour becomes a habit 

eventually and is no longer accompanied by an evaluation 

process. The reliability of TPB constructs and the 

relevance of the organizational context were tested in 

view of predicting energy-saving behaviour. Office 

workers' actions regarding lighting and shading (i.e., 

switching off lights) and usage of appliances and 

electronics (i.e., printing and switching off monitors) 

were considered. An anonymous online survey was 

conducted concerning energy consumption behaviour. 

The TPB considers attitude, perceived norm, and 

perceived behavioural control as pertinent constructs for 

behavioural intention, which results in behaviour itself. A 

previous experience of a performed behaviour and the 

expected outcome of it form the individual's attitude. The 

moral evaluation of a behaviour forms the individuals' 

personal norm, which some consider to be a separate 

construct of the theory. 

The perceived behaviour control reflects occupants' 

judgment whether they are capable of performing an 

action given resources, knowledge, and skills. The 

influences of the social environment on the individual are 

expressed through the perceived norm, which includes 

also other people's judgment of the individual's past 

behaviour. Lo et al. (2014) combine the TPB constructs 

with habit and physical context to evaluate survey data. 

They suggest that typical office energy-saving behaviour 

is mainly influenced by the physical context and 

availability of operational devices and electronic 

appliances.
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Energy behaviour in social housing 

DellaValle et al. (2018) were concerned with the gap 

between expected and actual energy performance of 

social housing buildings. They conducted a pre-retrofit 

survey among occupants and analysed the collected data 

with reference to the Social Practice Theory (Shove et al., 

2012; Reckwitz, 2002) and Neoclassical Economic 

Theory (Simon, 1995; 1957).  

The objective was to identify the behavioural and social 

levers that would increase retrofit effectiveness (Figure 

2). The Neoclassical Economic Theory suggests that 

individual's decisions are based on rational choice and are 

influenced by the cognitive biases created in the 

momentary context. Preferring short-term benefits to 

long-term energy performance points to a type of myopic 

behaviour seen, for instance, in the choice of electricity 

suppliers or devices. In addition to prevailing social 

context, individual's moral norms (judgment on what is 

socially appropriate) can also contribute to predicting 

behaviour.  

The Social Practice Theory postulates that the material 

and cultural context plays an important role in decision 

making. Looking at the context where individuals grew 

up (long deep socialization) and where they now live 

(actual context) can support the understanding of their 

energy-related behaviour and the potential to influence it. 

Residential energy use results from activities such as 

heating and ventilation, showering, and cooking, which 

satisfy the individual’s needs and enhance personal 

comfort. Understanding and investigating these practices 

can provide clues as to more effective retrofit solutions.  

Energy use behaviour in households 

A study of the energy consumption behaviour in Qatari 

households and the residents' views on renewable energy 

and sustainability (Al-Marri et al., 2018) used survey data 

collected from a large number of occupants as well as 

qualitative data via interviews with energy experts. Self-

reported control actions were investigated, including 

window operation, ventilation, lighting, and shading. 

Data was analysed and interpreted with reference to the 

Self-Determination Theory (Ryan and Deci, 2000) and 

Maslow's Hierarchal Theory of Needs (Maslow, 1943) 

(Figure 3).  

The former theory suggests that individuals could be 

externally motived to engage in a specific behaviour using 

rewards, benefits, or penalties. The latter theory suggests 

that individuals are more likely to choose short-term 

comfort over the long-term impact of their behaviour. 

However, both theories suggest that social engagement, 

awareness, education, motivation, and encouragement 

can influence people's behaviour resulting in more 

responsible energy consumption choices. 

 

 

 

Behaviour in university buildings 

In an interventional experiment among university staff in 

15 public university buildings in Germany (Matthies et 

al., 2011) data was collected on energy use and behaviour. 

The information was analysed and an intervention 

program was developed using the Norm Activation Model 

(NAM) (Schwartz and Howard, 1981; Schwartz, 1977) 

leading to observation of changes in energy use 

behaviour. The NAM differentiates four behaviour 

forming stages (Figure 4). The attention stage consists of 

the individual’s needs, awareness of behavioural 

consequences, and perceived behaviour control. The 

second motivation stage reflects the individual’s personal 

norms in the context of established social norms and 

moral. The third evaluation stage concerns the 

individual’s judgement of a behaviour's outcome. The 

fourth stage results in adopting or abandoning a specific 

behaviour.  

The NAM focuses on activation and influence of personal 

norms. In the case of the specific experiment discussed 

here, this was approached through provision of 

information on behaviour and its impact, together with 

rewarding techniques. NAM addresses the conflict 

between personal norms and the social context. This 

explains why, in this case, fulfilling the expectations of 

colleagues and superiors results in behavioural changes. 

Summary observations 

The above instances of the application of behavioural 

theories domains related to energy and buildings echo the 

previously expressed concerns. For one thing, the theories 

themselves have arguably not converged toward a unified 

conceptual framework. This is perhaps understandable, as 

they have emerged from very different backgrounds and 

objectives. There have been a few efforts to synthesize 

some of these theories into some kind of a unified 

framework (D'Oca et al., 2017). However, these efforts do 

not seem to have been based on consistent and transparent 

methodological steps. Instead, they seem rather ad hoc 

and eclectic. This explains in part why the preceding 

instances of behavioural theory applications in building-

related domains display a disunity in concepts and 

constructs, and incongruous layers of postulated causal 

relationships.  

As such, these observations corroborate the perceived gap 

that necessitates the top-down inquiry path formulated at 

the outset of this paper. The application of high-level 

behavioural theories in building-related settings has not 

resulted in comprehensive and versatile ontologies for 

shared representations of building occupants.

________________________________________________________________________________________________

________________________________________________________________________________________________ 
Proceedings of the 17th IBPSA Conference 
Bruges, Belgium, Sept. 1-3, 2021

 
3434

 
 

https://doi.org/10.26868/25222708.2021.30216



 

Figure 1: Schematic illustration of the application of the Theory of Planned Behaviour (based on Lo et al. 2014). 

 

 

 

Figure 2: Schematic illustration of the application of Social Practice Theory and Neoclassical Economic Theory (based 

on DellaValle et al. 2018). 

 

 

 

Figure 3: Schematic illustration of the application of Self-Determination Theory and Maslow’s Hierarchal Theory of 

Needs (based on Al-Marri et al. 2018). 

 

 

Figure 4: Schematic illustration of the Norm Activation Model (based on Matthies et al. 2011). 
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The bottom-up path to schemata embedded 

in simulation tools  

We referred previously to the bottom-up path as the one 

involving reverse-engineering of common building 

performance simulation tools concerning their occupant-

specific data input requirements. The core elements of 

occupant models in typical performance simulation tools 

(Hong et al., 2018; Ouf et al., 2018) are summarized in 

Table 1. These elements pertain, aside from some basic 

information concerning the occupants' state (location, 

activity, clothing), to passive and active effects of 

occupants on the indoor environment (Mahdavi, 2011). 

Passive effects mainly refer to the emission of sensible 

and latent heat, carbon dioxide, water vapor, and other 

substances. Active effects refer to occupants' interaction 

with the buildings' indoor-environmental control devices 

and systems. 

From the ontological perspective, this brief observation 

reveals gaps and inconsistencies in how occupants and 

their impact are represented in common building 

performance simulation tools. Generally speaking, 

different representational approaches are taken 

concerning occupants' passive and active effects. Passive 

effects are typically assigned to the simulation model's 

zones. For instance, the number of occupants is specified 

for each zone. In this case, internal sensible heat gains 

associated with occupants are frequently expressed in 

area-related terms. Accordingly, people-related sensible 

heat gains are expressed in units of power per floor area 

(e.g., W.m-2). Alternatively, people-related internal heat 

gains are derived by multiplication of the number of 

occupants with a default per-occupant power term (i.e., 

W.person-1).  

When it comes to representing active behaviour, even this 

rudimentary link to representation of occupants as 

individuals disappears. Consider typical instances of 

control-oriented occupant behaviour in buildings, 

including, but not limited to the operation of windows, 

blinds, and luminaires. These actions are conventionally 

captured in term of either schedules or rules associated 

with target devices. The resulting effects – heat and mass 

transfer processes in case of thermal performance 

simulation – are then assigned to (thermal) zones. The 

schedules and rules may have been initially derived based 

on observational data or assumptions with regard to 

occupants' behaviour. However, common 

implementations of simulation algorithms do not 

necessarily include an explicit ontological representation 

of the occupants as individual active agents.  

Table 1: Schematic illustration of occupant-specific 

input in common BPS applications. 

Basic state 

attributes of the 

occupants 

Occupants' effects on the indoor 

environment 

Passive effects Active effects 

Presence 

Metabolic Rate 

CLO Value 

Sensible heat 

Latent heat 

CO2/Pollutants 

H2O 

Schedules 

Rules 

Toward a theory-driven ontology 

So far in this contribution we looked at a) studies 

involving the application of behavioural theories in 

building-related cases, b) a schema implicit in typical 

computational building performance modelling tools, and 

c) recent ontology proposals for representations of 

building occupants in energy analysis applications. The 

outcome of these investigations clearly reconfirms our 

initial conjecture. The examination of common 

representations of occupants in building performance 

applications reveals a clear gap between high-level 

behavioural theories in human sciences and technical 

applications in engineering domains. This circumstance 

highlights the importance of further ontology-guided 

efforts to bridge this gap. 

To work toward the formulation of the necessary 

theoretical underpinnings for an occupant-centric 

ontology, consider a concrete application scenario. 

Thereby, the specific explanatory theory we introduce is 

not necessarily meant to represent an ultimate scientific 

understanding of the salient aspects of the human 

behaviour. Such understanding is still outstanding, 

despite advances in the relevant fields of psychology, 

cognitive science, and sociology. Rather, what we expect 

here from an applied theory is to provide a plausible basis 

– a conceptual scaffolding as it were – that can serve as 

the basis of an occupant-centric ontology.  

To exemplify such a theoretical instance, we propose and 

outline here a rather simple schema, which is inspired by 

multiple intellectual currents, including past 

developments in theoretical biology and human ecology 

(Mahdavi, 2016; 1998a; 1998b; Knötig, 1992), 

cybernetics (Ashby, 1956; Wiener, 1948), and more 

recent work in cognitive neuroscience (Damasio, 2010). 

The conceptual constituents of this scheme (Figure 5) are 

as follows. The overall discourse domain is divided into 

the "individual" (in our case, a human agent) and the 

"surrounding outside world". The latter includes both 

physical entities and processes as well as social settings 

and relationships. The concept of "ecological valency" 

refers to the totality of the surrounding world's attribute 

(resources, opportunities, risks, etc.) as relevant to the 

individual. As applied to indoor environment, the 

existence of devices (and respective interfaces) for 

passive and active environmental control can be viewed 

as proxies of the environment's ecological valency. On the 

other hand, the concept of "ecological potency" refers to 

the totality of the individual's physical (sensorimotor) and 

cognitive capabilities in dealing with the surrounding 

world. Note that, attributes such as the individual's age, 

sex, health condition, education, training, experience do 

not constitute ecological potency as such, but may be 

regarded as its first-order candidate proxies.  

We assume that both ecological valency and ecological 

potency are objective properties of the world. As far as 

their cognitive representations in a behavioural theory is 

concerned, we suggest that the surrounding world is 

mapped in terms of a primary representation as the 

individual's "environment". The surrounding world's 
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ecological valency is mapped in terms of its "affordance", 

which we can understand as the perceived ecological 

valency (e.g., recognized opportunities regarding 

nutrition, shelter, social setting, as well as risks and 

hazards). Likewise, the mapping process includes also the 

representation of the individual's "self". This implies a 

kind of meta-mapping process, resulting in the cognitive 

model of the "self within the environment". The meta-

mapping is assumed to be accompanied by the capacity to 

imagine and anticipate future states of the individual.  

We further assume that the individual's mind entails a 

memory-based repository of "experience and 

knowledge". This repository can be assumed to inform the 

perception of the affordance and contribute to the 

anticipatory evaluation of behavioural options. Moreover, 

the individual can be assumed to be conditioned by a set 

of "beliefs and norms", which can narrow down the space 

of principle behavioural opportunities, for instance to 

those deemed admissible or proper.  

We can now conceive a basic explanatory model of 

control-oriented behaviour. We assume that the 

individual's control-oriented or regulatory behaviour is 

guided by the outcome of a process that involves the 

value-driven assessment and evaluation of its current state 

in view of possible distance to states that would be 

preferable. The preferable or desired state is the one that 

is – at the most basic (biological) level of values – 

oriented toward the individual's survival. Seeking 

nutrition and shelter are instances of such behaviour. 

Higher-level expressions of control-oriented behaviour 

may be motivated by desire for enhanced physical or 

intellectual values associated with satisfaction, comfort, 

and pleasure. Note that we are concerned here more with 

behavioural manifestations geared toward short-term and 

mid-term regulatory functions, rather than behaviour with 

complex cognitive background targeting long-term 

planning agenda. 

 

 

Figure 5: Schematic illustration of the structure and 

elements of a behavioural model for occupant-related 

ontological developments. 

Prior to execution, behavioural options may be assumed 

to be virtually probed in terms of "action models". Thus, 

the potential of "planned actions" in achieving the desired 

state can be assessed in an anticipatory fashion. Actions 

are executed if such pre-screening promises success. 

Otherwise they are reconsidered or revised. The entire 

process is informed and supported by the affordance 

(perceived ecological valency of the surrounding world), 

the memory-based repository of knowledge and 

experience, and the filter-function of belief systems and 

norms.  

Actions that have been repeatedly successful in the past 

may become part of the repository of experience in terms 

of "habits" and be executed without prior explicit 

assessment of their ramifications. Note that "habitual 

behaviour" must be distinguished from "reflexive 

behaviour". Whereas the former entails automated 

versions of previously conscious behaviour, the latter 

denotes primarily biologically-driven responses to 

specific stimuli and do not involve higher level cognitive 

(consciously planned) actions.  

Notwithstanding its schematic nature, this model (see 

Figure 5) entails the minimum conceptual ingredients 

necessary for the formulation of an ontology that would 

address core aspects of human behaviour as relevant to 

indoor-environmental applications (e.g., interactions with 

physical elements and interfaces constituting the 

environment's affordance). It is important to reiterate that 

this model is not suggested to be a physiologically or 

psychologically detailed, accurate, or validated model of 

the human control-oriented behaviour. What is suggested 

that it entails, as opposed to existing solutions, the 

requisite elements necessary for a general-purpose 

ontology. An ontology that is versatile enough to support 

the implementation of occupant behaviour models for 

engineering applications concerned with supporting the 

design and operation of built environments. 

Conclusion 

We highlighted the need to advance the state of art 

regarding building-related occupant behaviour 

ontologies. The bottom-up reverse-engineering approach 

displays the limitations of the implicit occupant-related 

schemata in building performance simulation tools. The 

top-down assessment of the applications of behavioural 

theories in building-related domains (e.g., energy use) 

displays the absence of consistent ontologies of the 

relevant phenomena and processes. Consequently, 

already implemented occupant behaviour schemata in the 

building performance domain do not appear to be built on 

solid foundations. We argued that closing the gap between 

domain knowledge concerning human behaviour and 

computationally implemented occupant models requires a 

consistent high-level theoretical framework. We 

presented a possible instance of such a framework. We are 

currently working on an ontology of control-oriented 

occupant actions based on this theoretical framework. 

This ontology is intended to guide a versatile agent-based 

representation of occupants' presence and behaviour in 

built environments. 
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