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A Stochastic Model of User Behaviour

Regarding Ventilation
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Airflow rates are directly affected by the amount of open area connecting rovms to the outside
and consequently by the inhabitant behaviour with respect to window opening. In this paper, a
stochastic model using Markov chains is praposed to generate time series of window angle. It is
based on data from four office rooms and a whole heating season (from October to May). The
model is then validated by a comparison of the real and generated data. The use of this model
within building air infiliration design programmes should significantly improve their realism.

1. INTRODUCTION

THE IMPORTANCE of airflow rates to heating costs
and the elimination of pollutants within buildings is an
established fact and already much software is available
to simulate them [1]. However, it must be pointed out
that all these programmes run with unoccupied buildings,
even though airflow rates are closely related to the
amount of open area and therefore the inhabitant be-
haviour concerning window opening. For instance, mea-
surements conducted in 25 Danish buildings show
that on average the increase in the airflow rate due to
occupancy is more than 100% [2].

In order to improve future programmes a model simu-
lating window opening during the winter has been
developed and will be presented in this paper. It is based
on measured data from four offices of the LESO exper-
imental office building [3]. Using a method similar to that
described by Fewkes and Ferris [4], the model generates
time series of window opening angles with the same stat-
istics (i.e. average opening angle and time, correlation. . .)
as the measured openings for the heating period.

2. DATA USED FOR THE MODEL BUILDING

The model developed is based on measurements taken
every half hour in four office rooms facing south in the
LESO building (solar units) [3]. The dimensions of the
rooms are identical, but the south facades differ. Each
one is occupied by one or two persons (Fig. 1).

The facade of the first two solar units considered is a
direct gain facade (GDIR facade). It is comprised of
double glazed windows sustained by wooden frames
covered with aluminium. The breast wall is made of wood
and glass wool protected by Eternit panel (U = 0.4 W
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m~2 K~ "). There is one side-mounted casement window
(156 x 90 cm) on the side. For a volume of 86 m® (both
rooms), the average air renewal rate due to infiltration is
0.39 h='[5].

The facade of the remaining two rooms is based on a
high thermal insulation technique (HIT facade) which
consists of double glazed windows with two infra red
films (heat mirror) in between, and frames of poly-
urethane foam in an aluminium profile. The breast wall
is also made of polyurethane foam protected by metal
sheets (U = 0.25 W m~2K ~"). There is one side-mounted
casement window in the center of 78 x 152 cm. The vol-
ume is as before, 86 m?, and the average air renewal rate
due to infiltration is very low, 0.16 h~".

The opening angle of the four windows is measured
every half hour and stored on magnetic tapes. The winters
of 1983-84 for the local HIT and 1984-85 for the local
GDIR were used for the model construction and vali-
dation. Meteorological variables such as ambient tem-
perature, wind speed or the south vertical solar radiation
as well as the inside temperature were also available.

3. SETTING UP THE MODEL

Autocorrelation functions

The first approach was to analyse the autocorrelation
functions of the measured data. Figure 2 presents the
simple autocorrelation as well as the differentiated auto-
correlation of the window opening angle. From the sim-
ple autocorrelation we can observe that the relationship
between two successive measurements (0.5 h delay) is
strong : this simply states the fact that a window is usually
left in one position for long periods of time. On the other
hand, the differentiated autocorrelation function shows
clearly that there is not any significative dependance of
any greater order. We can deduce from both these graphs
that the probability of finding a window in a certain
position depends only on its preceding position and not



174 R. Fritsch et al.

Autocorrelation ()

| P e

Differentiated

Q 50 100 15.0 20.0

Delay (0.5h)

Fig. 2. Simple and differentiated autocorrelations (winter 1984-85, room GDIR-west).

on any others. Therefore we can assume that discrete
Markov chains can be used to make a suitable model. A
Markovian process has no memory: the next state will
depend only on the present state and no others. Tho-
roughly described in the literature [6], it is rather simple
and commonly used.

Driving variables

The second logical step was to find out whether the
window opening angle is an independent variable and, if
not, what are the driving variables.

Different studies [2, 7, 8] tend to prove that there is a
multitude of factors influencing window opening (see
Table 1) but most of them are very hard to estimate
without even considering their relation to window open-
ing. In an attempt to be realistic and simple, we restricted
ourselves to the study of the room temperature and a
few meteorological variables like wind speed, the south
vertical solar radiation and the ambient temperature T,.
All the values of these variables were available for the
considered period and office rooms. Moreover, the litera-
ture [2, 7, 8] already gives us some clues as to, their
importance. Figures 3-5 present the dependance of the
percentage of opened windows vs T,, wind speed and
sunshine.

The wind speed was found to be weakly correlated to
the window opening angle as shown by Fig. 6. This is

Table 1. Factors influencing window opening

Table of driving variables

External Outdoor temperature
Solar radiation

Wind speed and direction
Rain

Noise

Odours and pollutants

Internal Indoor temperature
Odours and contaminants

Humidity

“Human’’ parameters Type of activities

Habits

confirmed by Fig. 4: there is a relatively constant per-
centage of open window for wind speeds less than 5-6 m
s~ ! which is the case for more than 80% of the observed
winters. This is the main reason why we did not retain
wind speed as a major driving variable.

The south vertical solar radiation was also discarded
although it does have some importance especially in the
mid season (October, April and May) by starting
increases in the room temperature.
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Fig. 3. Relationship between the average use of windows and
the average outdoor temperature (AIVC, Technical Notes 23).
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Fig. 6. Intercorrelation: window angle vs wind speed (winter
1983-84, room HIT-west).

However, this compelled us to consider the room tem-
perature even more carefully. Its influence with regards
to window opening is complex: several typical types of
inhabitant behaviour were pointed out within the frame-
work of an earlier study [7, 8].

Outside the heating period, the inhabitants
usually open windows in an attempt to cool the
rooms, hoping that T, will be less than the room
temperature.

During the mid season (October, April and May)
windows act as a more convenient heater control
than thermostatic valves.

In the LESO building, room temperatures were found
to be relatively constant and pleasant (between 19° and
23°C) during the heating period. Therefore there was
hardly any noticeable correlation with the window pos-
itton (Fig. 7). It should also be stressed that as soon as
the window is opened, the temperature drops due to
fresh air and the angle is then correlated to low room
temperature. In brief, this variable usually drives us to
open a window. Considering that, on top of this, the
room temperature is not easily accessible and that it is
necessary to simulate it for non-existent buildings, it
seems reasonable to eliminate it.

The remaining driving variable we considered, the out-
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Fig. 7. Intercorrelation: window angle vs room temperature
(winter 1983-84, room HIT-west).
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Fig. 8. Intercorrelation : window angle vs ambient temperature
(winter 1984-85, room GDIR-west).

door temperature, was found to be the most meaningful
one. The intercorrelation function (Fig. 8) of the window
angle and 7, is very strong during the winter. This can
also be deduced from the bi-parametric graph (Fig. 9):
the cloud of points is clearly drawn higher for increasing
temperature. But what is evident for the winter period is
no longer true for the summer. As the bi-parametric
graph (Fig. 10) shows, for temperature over 18°C, the
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Fig. 9. Bi-parametric graph: window angle vs ambient tem-
perature (winter 1984-85, room GDIR-west).
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Fig. 10. Bi-parametric graph: window angle vs ambient tem-
perature (summer 1984, room HIT-west).

occurrence of open window as well as the opening angle
is independent of the ambient temperature. It appears
here that the proposed model for the winter period will
not be suitable for the summer period without significant
changes.

Discretisation of T, and window opening angle

Finally it should be stressed out that our model refers
to discrete Markov chains. T, and the window opening
angle were divided into classes. The airflow rate through
our single window office rooms vs the opening angle
follows a curve described by Warren [9]. In order to
obtain meaningful average airflow rates, it is obvious that
narrower classes should be chosen at small angles. We
set ourselves upon [0, 1) (closed), [1, 15), [15, 35), [35, 60),
[60,90), [90, + o). In the model the value taken by a
window angle inside a class was the average of the mea-
sured angle inside the same class throughout the whole
winter. These classes were indicated on the bi-parametric
graph. Dense parts of the cloud were isolated and deter-
mined the ambient temperature classes: (— 00, 0), [0, 8),
[8,16) and [16, + ). (Fig. 11).

4. STOCHASTIC MODEL FOR WINDOW
OPENING ANGLE DURING WINTER

Description of the winter model

The winter model is based on Markov chains of six
states. Each one of the states corresponds to a definite
class of window opening angles.

During office hours, that is to say from 8:00 am to 6:00
pm, four different Markov chains realised the link
between the ambient temperature and the inhabitant
behaviour concerning windows. Each one of them refers
to a different class of temperature (taken from (— o0, 0),
[0,8), [8,16), [16,+)). The four matrices, cor-
responding to the four chains, were derived for a definite
winter and for a precise office room : the matrices elements
are the probabilities of moving a window to a certain
angle given a certain temperature (Fig. 12) and they
depend closely on the inhabitants and the particularities
of a room.

During the night and weekend, we have imposed win-
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Fig. 11. Window angle classes and temperature classes on the
bi-parametric graph.
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room GDIR - east 0° C to 8°C class

output closed [1,15) [15,35)  [35,60) [60,90) [90, +<0)
input
dosed 8539.104 985.10% 285104 156104  35.104 0
[1,15) 7311104 1103104  1172.10%  345.10%  69.104 0
[15, 35) 5161.10%  1774.10"% 1129.10% 968.10¢  968.10°4 0
[35, 60) 3056.104  2778.10%  833.104 1944104 1389.104 0
(60, 90) 2857.104 35710 1429.104 357.104¢ 5000104 0
[90, +o0)
Note: - = never reached

room HIT - east 0° Cto 8°Cclass
output closed [1,15) [15,35) [35,60) {60,900  [90, 4w}
input
closed 9956.10 38.104 6.10 0 0 0
(1,15 7500.104 2500.104 0 0 0 0
[15,35) 0 1 0 0 0 0
{35, 60)
(60, 90)
[90, +e<)
Note - = never reached

Fig. 12. Probability matrices for the ambient temperature class [0°C, 8°C] of the rooms GDIR-east and
HIT-east.

dow closure. This is due to the fact that only two occur-
rences of a window opened all night were found during
the whole winter and for the four rooms considered.

Generation of window angle time series

The technique used to reproduce synthetic data ol
window opening angle refers to the inverse function
method [10]. This method is commonly used with sto-
chastic processes and therefore we will just present it
roughly here.

Figure 13 illustrates the inverse function method. It
allows the generation of time series of a stochastic process
given its distribution function. The only requirement is
to dispose of a random number generator with a constant
probability density function between 0 and 1. The gen-
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Fig. 13. Generating a new window position for a given tem-

perature class (inverse function method).



178 R. Fritsch et al.

erated numbers, between 0 and 1, are compared to the
distribution function as shown on the figure : every num-
ber given by the generator corresponds to only one class
of window opening angles. It has been proved that the
distribution function of the generated series using this
method is identical to the one used to create them. In our
case, these distribution functions are given by the lines
of the probabilities matrices as defined in the model
description. Figure 14 shows us how to deduce the dis-
tribution function given a matrix.

To generate the time series, the procedure is as follows :

The first step is to check the time. If it is during office
hours, we choose the appropriate matrix given the ambi-
ent temperature and we generate the next state with the
inverse function method described above. If it is out of
office hours then the next state of the window is closed.
The next state becomes the present state and is stored.
We then come back to the first step. Table 2 summarises
the procedure and Fig. 15 describes it. For comparison
purposes, synthetic and real time series of window angle
are reproduced in Fig. 16.

5. VALIDATION OF THE MODEL

In order to validate our model, the major charac-
teristics of the generated data were compared to reality.
The first stage was the comparison of the autocor-

Markov matrix for the

Table 2. Procedure tor the generation of synthetic time series of

window angle

Steps Operations

#1 Check the time, if it is not in the office hours the
window is closed and go to #3

#2 Choose a Markow matrix according to the outdoor
temperature
#3 Build the distribution function from a line of the

matrix (# of the line corresponds to # of
precedent class of the window angle)

#4 Generate a new realisation for the window position
for the next half hour

#5 Memorise the window position or window angle
class

#6 Start in # | for the next half hour.

relation and intercorrelations calculated from the syn-
thetic and real time series of window opening angle. The
general shapes of the autocorrelation are very similar (see
Fig. 17). It is therefore possible to conclude that the time
dependance was respected : for a given temperature, both
the window represented by the synthetic data and the
real window stay open the same amount of time. The
intercorrelations between the window opening angle and
the ambient temperature were also considered. It is clear
that the link is very strong in both cases (Fig. 18).

Then we studied the average angle over the winter.
Figure 19 represents the histogram of the average of 14

Distribution function

ambient temperature class /

"= ine
Class of the precedent —=
window position

X X X X

EATEre s ralere]

1
n5
on3 pnd P

—_— onl pn2
Ambient temperature
clqss i \

01S 35 60 90

X

Window angle (degrees)

Fig. 14. Building the distribution function from the lines of the Markov probability matrix.
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Fig. 16. Real and synthetic time series of window opening angle (winter 1984-85, room GDIR-west).
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Fig. 18. Intercorrelation function between the window angle and the ambient temperature (winter 1984
85, room GDIR-west).

simulations (14 winters). The mean of this histogram was
computed and a 95% confidence interval was estimated
[11]. The measured mean was found to be in the interval
in all four offices considered.

And last, the histogram of generated (14 simulations
for each room) and measured probabilities of finding the
window open at an angle within a certain class were
compared (Table 3). The comparison is very satisfying.

6. CONCLUSION

A stochastic model of the window opening angle for
office room has been developed [12].

This model is simple and refers to a basic stochastic
process: Markov chains. The day is divided into two
periods: office hours and night or weekend. During the
night or weekend, all windows are closed. During office
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Table 3. Comparison of the probabilities of finding a window angle within a certain class for the real and synthetic data. y? test

R. Fritsch et al.

Solar Unit HIT-west

Solar Unit HIT-east

Measured Calculated Measured Calculated
Opening angle Class probabilities probabilities probabilities probabilities
Closed 9786.10* 9791.10* 9938.107* 9938.10~*
[1, 15) 1e1-* 113.107* 44.10~° 43.10~*
[15, 35) 45.107* 51.107¢ 7.107* 7.107*
35, 60 58.107¢ 45,1074 11.10-# 12.1071
[ )
[60, 90) 0 0 0 0
[90, +c0) 0 0 0 0

Solar Unit GDIR-west Solar Unit GDIR-east

Measured Calculated Measured Calculated
Opening angle Class probabilities probabilities probabilities probabilities
Closed 9605.10~* 9608.10~* 9235.10°* 9252.1074
[1, 15) 164.107* 174.10°* 283.107¢ 280.107¢
[15, 35) 84.107* 71.107* 171.10-* 166.10*
[35: 60) 79.10~* 75.107* 103.10* 104.107¢
[60, 90) 69.10~* 72.107¢ 188.10~* 182.10~*
[90, + ) 0 0 20.107¢ 16.10~*

Average of the measuremerrts

Average and
confidence interval
of 14 simulations

Number of simulations
n

] 1.0 11 12 1.3

Average window opening angle (degrees)
Fig. 19. Histogram of the averages of |4 simulations of the

opening angle, compared to the measured average on the whole
winter (room GDIR-west).

hours, the outside temperature acts as a driving variable
for window opening or closing.

A validation was conducted on the generated
series. The major statistic characteristics were compared
and found to be similar.

In order to use this model for other offices, it is neces-
sary to have at disposal time series of window openings
covering a significant period of time. The Markov matri-
ces computed with these measurements will take into
account all the particularities of the room (such as the
window size, the volume of the room etc.) and of the
users. The only restrictions are different office hours
which will affect the length of the night period, as well as
the presence of air conditioning devices or mechanical
ventilation which could suppress the correlation of the
window opening with the ambient temperature.

The lack of adequate measurements and therefore the
impossibility to compute the Markov matrices is a diffi-
cult problem. In order to transpose the model to such
an office and keep a reasonable fit with reality, selected
occupant’s behaviour and room geometry should be
extracted and standard matrices computed. This is
planned for a future study.
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