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Abstract. The presented study describes developing a method for observing 
building occupants’ activity. Once their activity is registered, such data can be 
used to identify typical patterns in their behaviour. The collected information will 
support development of an occupant-behaviour-energy-related model in residen-
tial buildings. Data registration was done with the use of the Microsoft Kinect 
device as a depth registration camera. This research explores an innovative ap-
proach to investigating residents’ living and working habits. It supports the al-
ready existing thermal comfort models by delivering high resolution information 
about occupants’ activities. The obtained solution and its output will be used in 
the next stage of developing a dynamic metabolic rate (D-MET) model that will 
simulate the MET value. With proper data, it will be possible to estimate the real 
impact of occupants and their behaviour on energy consumption of buildings. 

Keywords: Occupant Behaviour, Metabolic Factor, Building Performance Sim-
ulations. 

1 INTRODUCTION 

Description of thermal sensation of a human body is a multidimensional problem 
that has not as yet been thoroughly investigated. Thermal comfort has a different mean-
ing for each person. The main reasons of this absence of consistency are geo-graphical 
location, culture and many more other factors. The importance of this problem has been 
previously investigated [1], and it has been proven that overall energy-related behaiour 
in buildings has an important impact on their energy performance. The already existing 
models are able to capture and simulate building energy performance, but their accu-
racy needs to be improved. In order to do it, it is necessary to capture data that will 
directly evaluate models’ performance. The most common obstacle that makes the de-
scription of occupants’ behaviour difficult is related to deficiency of real data that re-
searchers could use to verify their findings. Data is scarce because of ethical and pri-
vacy issues. It is difficult to obtain reliable data with the resolution allowing interpre-
tation of occupants’ behaviour in buildings without crossing certain important bounda-
ries. The most common situation researchers in this field have to deal with is a tradeoff 
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between the quality of measurements and the simplicity of output data and its applica-
bility 

A good example illustrating the difficulty of data collection is the comparison be-
tween PIR (the abbreviation is not explained, is it obvious for everybody what this 
means+) detector and video registration camera. The first device gives information 
about the activity that is deemed sufficiently significant, i.e. one that exceeds the thresh-
old value pre-set in the device and is therefore detected within the monitoring area. This 
solution allows obtaining brief information about an occupant’s activity but it is unable 
to define the vector of movement. On the other hand, video recordings can be processed 
to achieve fine, precise data about movement distribution. It can be done with the use 
of background analyses combined with the Kalman filter. Despite its efficiency, such a 
solution cannot be used inside residential buildings. The reason is that it would cross 
important boundaries related to ethical issues, and there-fore the chances of obtaining 
approval to conduct such a measurement are low due to the potential violation of occu-
pants’ privacy. 

However, research on this subject still continues, and scientists conduct numerus 
experiments in various controlled environments, which allows them to develop differ-
ent models that can be used as approximations for investigating thermal comfort. Most 
common solutions are proposed by Fanger [2]. ASHRAE standard 55 3] introduces 
usage of a calculation formula that enables calculation of thermal condition of occu-
pants. The formula evaluates the energy balance of a human body, but, to do so, it still 
requires considerable amounts of input information whose source is usually statistical 
or derivative. Lack of real life recordings makes it difficult to improve the accuracy of 
the developed models and limits their applicability to standardized scenarios. Such a 
solution does not guarantee results that will satisfy all of the interested parties. In order 
to increase the thermal comfort of a building’s occupants, it is necessary to understand 
their preferences, needs and habits. Direct response mechanisms may misunderstand 
actions performed by occupants and, eventually, they may de-crease the level of satis-
faction among them. Such a situation cannot occur. Incorrect functionality of HVAC 
control systems may lead to a decrease in occupants’ confidence in their ability to per-
form adequately, and this, in turn, may cause a huge in-crease in the operating costs of 
buildings’ HVAC unit. If we want to understand occupants’ intentions, it is necessary 
to monitor their activities. The most common way to do it is to use an additional device 
– similar to a smartphone or a wrist band – that occupants carry with them all the time. 
Such appliances can deliver exact information about occupants’ positions and it is even 
able to track the human body core temperature [4]. The main downside of this solution 
is that it requires constant carrying of the monitoring device. Although the collected 
information is highly accurate, once the device is disconnected from the occupant, it 
may stream faulty information. Additionally, if it is requested from occupants to carry 
some supplementary device at all times. They may grow excessively self-conscious 
about it and, in consequence, their “normal” behaviour may be disturbed. 

There is, however, a way that allows avoiding all this inconvenience - a tested solu-
tion that is able to track occupants’ behaviour without interfering directly into their 
privacy. This kind of measurements can be done with the use of a depth registration 
camera. A normal camera captures colour picture that are reassembled by a raster pic-
ture, and each pixel has a variety of three prime colours intensities. Depth registration 
camera pixels hold information about the depth of the monitored exposition. In order 
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to obtain this information, the camera is scanning the exposition area via a projector of 
points in infra-red spectrum and analyses the distance of these points. The range and 
angle of such scanning depends on the signal amplifier. The principles of operation of 
these devices is the same as in the case of three-dimensional surface scanners. One of 
the most popular products that have a depth registration camera built-in as a default 
setting is the Microsoft Kinect Device [5]. Commonly used for the purpose of enter-
tainment, it also proves to be a useful tool for investigating occupants’ behaviour in 
residential buildings. It seems that this solution delivers quantitative data of sufficient 
quality, while at the same time avoiding violation ethical boundaries. Observed occu-
pants cannot be directly identified, yet the input data allows differentiating one from 
another. The obtained data will support further development of HVAC control systems 
with identification of individual needs. Such a solution can deliver a higher resolution 
picture about the thermal situation inside a building. Once each occupant’s thermal 
preferences are known, a range of possible decisions will be created to support an in-
door air adjustment process that will be more concerned with occupants’ needs. 

This work is focused on investigating the possibility of approximating an occupant’s 
metabolic rate as a value of generated heat per square meter of human body skin. This 
estimation will be based on measurements taken with the use of the Microsoft Kinect 
Device [5]. The obtained data, owing to its quality and amount, can be used for model 
predictive control (MPC) connected with a control system. It can also be used to build 
performance profiles that can possibly lead to development of a dynamic metabolic 
model (D-MET). This research, with its innovative approach, endeavours to contribute 
to the existing knowledge on the subject. The measurements in question were con-
ducted inside the ZEB Living Lab at NTNU in Trondheim [6], a laboratory that recre-
ates the conditions of a modern residential building. This trial enabled obtaining a 48-
hour of measurement data, with one occupant living inside the laboratory on normal 
working days of the week. The participant of the study had been fully informed about 
the nature and aim of the conducted research and he took part in this research voluntar-
ily. 

2 METHODS 

The greatest advantage of the Kinect device, when compared to other depth registration 
cameras available on the market, is that it has direct support in the form of the software 
developer kit (SDK), which allows access to all of the functionalities of the device of-
fering a wide range of options. Other depth registration camera delivers data represen-
tation of observed field as a raster picture. Resolution of these pictures depends on de-
vice quality, and each pixel holds information about distance from device to observed 
surface (if the surface is in the registration range of the used de-vice). Kinect device 
used in this study has an additional build-in software that allows to track people’s ac-
tivity. If it detects human-like shape, it bounds observed person with skeleton model 
(SM). It is a numerical representation of human skeleton that has a joint points con-
nected to the observed occupant. Some of the most important input that the published 
SDK has granted, was the access to the SM data.  Successful usage of SM was presented 
while investigating occupants’ chosen pathways [7]. A list of SM representative joints 
have been displayed in Table 1 from Kinect web [5]. 
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Table 1. Skeleton model joints 

Num-
ber 

Joint name Num-
ber 

Joint name 

1 Spine Base 14 Knee Left 
2 Spine Mid 15 Ankle Left 
3 Neck 16 Foot Left 
4 Head 17 Hip Right 
5 Shoulder Left 18 Knee Right 
6 Elbow Left 19 Ankle Right 
7 Wrist Left 20 Foot Right 
8 Hand Left 21 Spine Shoulder 
9 Shoulder Right 22 Hand Tip Left 

10 Elbow Right 23 Thumb Left 
11 Wrist Right 24 Hand Tip Right 
12 Hand Right 25 Thumb Right 
13 Hip Left   

 
When in possession of the whole set of data, it is possible to monitor the activity of all 
body limbs. Such data has a huge potential in development of a new metabolic rate 
model that can be used for more accurate prediction of the influence of occupants’ be-
haviour on indoor air quality. Two devices were installed inside the research facility in 
the discussed measurement trial. The Kinect device is not a stand-alone device able to 
record and store information, an additional computer is required to capture the recorded 
data. Due to the data transfer limitation of the connection between the device and the 
computer unit, it is only possible to connect one device to one unit. The quality of com-
puter (hardware) performance greatly influences the registration procedure, so it is im-
portant to use powerful units. Precise information about the device that has been used 
in the trial has been provided in the acknowledgments below. In order to demonstrate 
the scale of the conducted measurements, Fig. 1 presents the location of the measure-
ment devices and their range. The information about each body limb was stored in 
chronological order, with a note about the exact sampling time and date. Whenever 
there is a registered activity of the occupant with a continuous stream, it is called an 
event. Due to the fact that more than one device was used during the measurement 
procedure, it is necessary to recalculate some of the recorded data by a transfer vector, 
to make it more uniform and easier to process. 
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Fig. 1. Living Lab layout with localization and range of Kinect devices [8] 

Kinect bound the observed occupant with an SM, which offered a simple way to 
monitor the occupant’s activity. Once the data is sorted and cleared of artefacts, it is 
ready for analysis. The first step is to calculate the value of velocity of each body part. 
While knowing the exact time of each sampling and the exact positions of each joint on 
the SM, it is possible to calculate travel distances between samplings and the movement 
velocity. With the view of reducing the amount of data to be processed, all the recorded 
joint velocities are tested on a correlation matrix. It is a structure composed of n-to-the 
power of-2 plots, where n it is the number of variables (matrix plot). This analysis vis-
ualizes all the correlations between input data. If there is a strong linear signal, it means 
that they are somehow dependent on each other. If metadata about the joint context 
(what joints represent) proves that there may be some connection, the data analysis 
process can be simplified by reducing the included inputs. To make movement corre-
lation more visible only few joints were displayed in from plot matrix format Fig.2. 

The visual analysis enables detection of several data correlations. It is not necessary 
to cheque and understand each particular plot, but only to find rectangles with clear 
diagonal lines. The movement correlations are connected via the SM, so, somehow, the 
bound joints influence each other. For example, records representing hand joints (8 with 
22 and 23; 12 with 23 and 25) are similar and they can be reduced to one representative 
joint. The same can be observed in joints representing SM spine joints (21 with 1, 2, 3) 
or hips with spine base joints (1 with 13 and 17). Only the scenario about hand move-
ment can be reduced, but the information about thumb orientation supports the approx-
imation of the occupant’s observed position. That is why it is possible to reduce the 
number of analysed joints to twenty-three for the analysis by reducing the data describ-
ing the movement of hands tip joints (22 and 24). 
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Fig. 2. SM joint movement correlation matrix 

With the use of SM combined with a sketch of a typical body shape, it is possible to 
calculate the mass and surface area of each limb. It can be done by selecting the surface 
coverage of each body limb. SM provides a map of joint connections, each of the con-
nections being represented by a straight line with joint points at both ends. In the middle 
of the connection line, a perpendicular symmetrical line has been added, limited by the 
outline of a typical body shape. Some of the joint connections have to be eliminated, 
because they provide very small area coverage, with minimum influence on the overall 
calculations. This is the case of e.g. information about ankles, which has been dis-
carded. Once body parts are separated, with the resulting twenty-one significant sur-
faces, the percentage of each area value of each limb was calculated. This approach is 
a simple approximation that does not take into account the non-homogenous structure 
of the human body or its surface, but it can be treated as a base for further development. 

Three series of calibration tests were conducted, first, to answer the question what is 
a typical movement and, second, to generate the threshold value to filter errors out of 
the measured data. Each test was aiming to observe a different movement speed (lei-
surely walk, normal walking, jogging) and how each body part velocity differs. The test 
was performed in a small hallway to gather a representative number of samples and to 
get significant data to select the mean value and standard deviation. The calibration 
process was conducted with one volunteer involved. Participating person was asked to 
walk back and forth between two selected points on a floor Fig 3. There were no obsta-
cles on a straight line between selected points. The test participant was advised to stick 
to the straight line between fixed points. Main purpose of conducted test was to monitor 
typical movement of each limb during walking. Such data allows to detect measurement 
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errors. If some particular move of the limb was out of the calibration rage, it was dis-
carded from analysis set .Each test took approximately 60 seconds. The collected cali-
bration data results were displayed with 3 different methods Fig 3-5 

Fig. 3. Movement map of generated pathways 

Fig. 4. General histogram of all collected data for each trial  

Since this trial measurement included only one participant, there was no need for 
distinguishing between occupants. If there were more occupants, they would have to be 
differentiated by their body ratio index (BRI). This value represents simplified infor-
mation about the body shape, and will vary between different persons. BRI represents 
the proportion between the person’s height and the width of their shoulders. It is highly 
unlikely that different occupants will have the same BRI value, but if such a situation 
occurs, the decoding process can be supported by measurements of the occupant’s 
height. Clear information about the BRI value is essential due to the performance of the 
Microsoft Kinect device. It can register up to six people at the same time. It holds six 
slots with one SM for each occupant. The choice which SM is bound to which observed 
occupant is random, and that is why BRI enables detection of which person was con-
nected to which SM at a given time. Finally, BRI delivers a QR–code, which is like a 
key for personalizing the collected data. 
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Fig. 5. Mapped colorization of human body by mean velocity, during calibration 

Measurements of occupants’ activity can be done whenever they are within the reg-
istration range. In that case, there are only two ways to capture activity: by covering the 
whole potential movement area (apart from private rooms) or by approximation based 
on the assumption that whenever an occupant’s activity is registered in one event, 
his/her behaviour does not change. The first method provides direct data but the second 
method requires additional knowledge about the spatial distribution of rooms and the 
location of the device inside the investigated space. Once the distribution of the rooms 
and location of the occupants is known, their activity can be approximated if they go 
out of the monitoring zone, by assumption that their locomotion has same pattern and 
that their activities decrease to a minimum when they reach their destination. This ap-
proximation can be done with a simple survival model approximating life span (dis-
tance) of the walk, where the main influencing factors are the distance between the 
device and the entry into the destination zone, the type of zone (living room, kitchen, 
office, etc.) and the geometrical shape of the zone/room. Description of how this 
method has been developed goes beyond the scope of this paper. 

 When the number of joints is reduced to the necessary minimum, data can be recal-
culated to obtain the acceleration value. This will be the calculation foundation for es-
timating the metabolic factor. With use of the knowledge about occupants’ body gen-
eral dimensions, it is possible to estimate his/her weight with use of the body mass 
index (BMI) [9]. For this trial, body weight is estimated with an assumption that in-
volved person had mean value of the BMI factor for Norway, 27 kg/m2. The data about 
body weight was taken from The World Health Organization (WHO) [10]. The global 
body movement vector was used to approximate metabolic rate. While occupant was 
outside measurement area, the metabolic rate was calculated by a typical value that was 
connected with a type of zone that was occupied in that time. Functionalities of different 
zones of the house (like kitchen or bedroom) was set based on a previous research [6]. 
The values with typical metabolic rates were taken from previously developed tables 
[11-12]. To calculate exact value of the heat gains from human body, it was necessary 
to calculate skin area. It was estimated with most commonly used body surface area 
(BSA) [13]. 
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3 RESULTS 

Results were shown Fig.6 in various time resolution: native recording (raw data), sec-
onds, minutes and hours. This way allows to display difference between direct meas-
urements and estimated values. Plotted set of graphs shown huge contrast be-tween 
direct measurements and estimated activates. The main noticeable differences accrued 
occurred while analyzing the raw data. It stands out from approximated values, even 
after averaging results to the resolution of minutes. Kinect device is capable of record-
ing with a frequency of 30 frames per second and that is the highest resolution of re-
cording included on this set of graphs. The rest of graphs were developed by averaging 
of recorded values to the unit of used scale. 

 
Fig. 6. Heat gains from occupant’s activity inside residential building 



10 

4 DISCUSSION 

The achieved results prove that it is possible to track an occupant’s activity with high 
accuracy. However, monitoring of the whole body shape can be difficult due to the fact 
that usually the monitoring device will be placed at a position to cover a maxi-mum 
area. Additionally, its position will be selected to minimize interaction with the ob-
served occupants and prevent them getting distracted from their normal behaviour. Due 
to this fact, it may happen during measurement that some parts of the body may not be 
captured. This can be observed in a movement of joints that should be connected with 
feet. Where there are no sufficient data (no sight of human feet), SM tries to recreate 
their position, but sometimes it locates them randomly for a very short time. This is the 
situation when joints “jump” very quickly to another position, generating noticeable 
change of joint velocity, which does not match the current movement regime. However, 
apart from this situation, no other unusual events appeared 

Access to a better source of data about a human body shape may grant better accu-
racy of the corresponding description of the observed occupant, without involving that 
person. With the use of a good special representation of human body metrics, it is pos-
sible to approximate the figure of the observed occupants. Different metrics and their 
distribution about the human body shape may appear due to various factors, such as: 
geographical location, culture, wealth and many more. Additionally, data that shows 
typical patterns of an occupant’s activity, can be used to support medical research con-
nected with work environment. It can promote developing healthier habits or more er-
gonomic protocols that support employees (in office type buildings) to prevent devel-
opment of cardiac diseases and increase their performance. Same profits can be 
achieved inside residential buildings, where certain specific occupant’s activity may be 
promoted.  

5 CONCLUSIONS 

The obtained results show that dynamic estimation of a metabolic rate and of a met 
value can be accomplished. With the use of such data, it is possible to develop a meta-
bolic rate reactive model that can be used for building performance simulations. Tradi-
tionally, it is assumed what kind of human activity is expected for different building 
zones. Knowledge about possible dynamics of heat gains from occupants will be 
granted by developed model. It will put a new light on calculating of energy gains, 
during building design phase. It has to be checked, how fixed and dynamic values of 
MET-factor differs in same building zones. Outcomes of such solution are hard to esti-
mate in current state, because it was not tested for a wide range of participants. Besides 
modeling, a real-time measurement of this factor will benefit building management 
system, by supporting it, with information of required adjustment of ventilation and air 
conditioning unit. Such application may increase accuracy of overall simulation, clos-
ing the existing gap between energy readings obtained between the design phase and 
building operation. Additionally, such solution may accelerate developing of new and 
more sustainable building designs that will fulfil promised energy performance. It 
seems necessary to find more accurate data about transition of the metabolic energy 
used for movement to the overall generated energy, and how the amount of generated 
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heat changes during a longer activity. Such data would have tremendous impact on 
estimation of the metabolic rate. Thus, the situation where an occupant’s thermal com-
fort can be estimated with the use of direct estimation of numerous variables in real 
time seems to be achievable. It is al-ready possible to describe and establish clothing 
resistance [14] and certain rules of behaviour related to heat generation can also be 
captured. Once such estimation is validated with a higher number of participating oc-
cupants inside a climate chamber or in another meticulously monitored environment, 
this measurement method can be safely introduced for use in MPC solutions. 

Development of a survival model of potential movement outside the monitoring zone 
seems to be a step in the right direction in the aspect of further progress. It is under-
standable that in most cases it will be difficult to get access to a whole house or apart-
ment for registration due to the resistance from occupants, as it will undoubted-ly in-
vade their private space. Development of such a model can be done in various ways, 
but it has to be targeted as a goal for further development. 
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