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Abstract

Wind-induced vibrations of buildings can be perceived when movement of objects caused by the vibration is seen. However,
movement of objects that would normally be expected to trigger visual perception of building vibrations is not necessarily seen
in actual building environments. Therefore, to evaluate habitability to building vibrations, it is necessary to examine the
influence of movement of objects on vibration perception taking into account probability of seeing the objects. As the first step
in this study, those data necessary to estimate probability of vibration perception from seeing of swaying objects have been
measured during normal activities in actual buildings. In addition, statistical analysis of the data has also been carried out. As
the second step in this study, the probability distribution of vibration perception by visual sensation is estimated using the series
of data measured in the first step. Probability of seeing object is considered in the estimated probability distribution.
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1. Introduction

Concerns about vibration perception and the unpleasant-
ness of building vibrations have been expressed, and the
number of complaints and discussions have been increa-
sing. One report stated that 11.4% of 1483 cases were
sent to a Japanese organization concerned with vibration
problems (Inoue, 2004), and many of these were concerned
by wind-induced vibrations. It is an important factor to
consider in the design stage of buildings and maintenance.
Thus, habitability to wind-induced vibrations of buildings
is often evaluated before or after building construction, and
countermeasures based on the evaluation results are car-
ried out (Ohkuma et al., 1996). Several methods for eva-
luating habitability to building vibrations based on the vib-
ration perception amplitude level have been also published
(AIJ-GEH-2004, ISO 2631-2, ISO 6897). In addition, much
research has been carried out for investigating human
reactions to building vibrations in an attempt to develop
evaluation methods (e.g. Jeary et al., 1988; Irwin, 1975;
Griffin and Whithman, 1980; Ishikawa et al., 1993).

Building vibrations are perceived by body sensation
when the vibrations are passed to them via body parts in
contact with the building (expressed as “vibration percep-
tion by body sensation” hereafter). Building vibrations can
also be perceived when objects inside buildings and sce-
nery outside windows (expressed as “visual cues” here-
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after) are seen to be swaying because of building vibra-
tions (expressed as “vibration perception by visual sensa-
tion” hereafter) (Nakamura et al., 1995, Kawana and Hi-
sada, 2002). Furthermore, there is a possibility building
vibrations would be perceived by visual sensation, al-
though the vibrations are not big enough to be perceived
by body sensation.

Some medical experiments have shown that passive vib-
ration of human bodies is a major cause of human balance
unsteadiness and unpleasant feelings due to vibration.
Passive vibration of human bodies is generated when
vibration feelings felt by each sensations are clearly dif-
ferent (Takahashi, 1995, 1997). The situation between
vibration sensation felt by body sensation and vibration
sensation felt by visual sensation is a main causes why
passive vibration of the human body occurs. Therefore,
vibration perception by body sensation and vibration
perception by visual sensation should be investigated
statistically and quantitatively to determine methods for
evaluating habitability to building vibrations. In previous
research, vibration perception by body sensation has been
investigated and analyzed using statistical methods, taking
into account individual differences of vibration perception
and other influential factors (Shioya et al., 1994, 1996,
Ishikawa and Noda, 1998, 1999). However, there have
been few studies of visual sensation effects on vibration
perception (Shindo and Goto, 2002; Ishikawa and Noda,
1999). In addition, the following three factors have not
been considered in previous studies. Therefore, the results
of previous studies are not accurate enough:

1) Visual cues under experimental conditions are differ-
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ent from real visual cues in an actual building environ-
ment. The visual cues were not sufficiently realistic.

2) Effects of visual sensation on vibration feelings were
experimentally investigated under the condition visual
cues were always seen. However, the visual cues are not
necessarily seen in normal condition of actual buildings.

3) In questionnaires about vibration feelings in actual
buildings, vibrations were perceived more often by seeing
sways of objects inside rooms than by seeing the sway of
scenery outside windows (Ishikawa et al., 1993; Nakamura
et al., 1995; Kawana and Hisada, 2002). However, pre-
vious experimental studies have been concerned with only
visual cues of scenery outside windows.

Thus, for evaluation of habitability under building vib-
ration, statistical analysis of vibration perception by visual
sensation yielding results that can be easily compared
with those of previous researches on vibration perception
by body sensation should be conducted considering pro-
bability of seeing visual cues.

Building vibrations are perceived by visual sensation in
two ways: 1) by accidental seeing of visual cues without
any vibration perception by other sensations, and 2) by
other sensations first, and then visually from active ob-
servation of visual cues to confirm the vibration percep-
tion. The medical reports (Takahashi, 1995, 1997) have
shown their findings under a condition those two vibration
perceptions by visual sensation are intermingled. In this
study, vibration perception by visual sensation by acciden-
tal seeing of visual cues is focused upon, under a con-
dition that lighting is turned on. When building vibrations
are perceived by other sensations first and visual cues are
actively observed, the statistical results become different.
In this case, it is necessary to do the same investigation
under the condition that visual cues are actively observed
at each vibration amplitude of buildings. However, the
active observation of visual cues to confirm initial uncer-
tain vibration perceptions due to the other sensations
should be the subject of a future study.

As the first step of this study, a series of data necessary
to estimate a probability distribution of vibration percep-
tion by visual sensation considering probability of seeing
visual cues are measured during normal activities in
actual buildings. Statistical analysis is then carried out to
investigate statistical values of those data. The results of
statistical analysis of vibration perception by visual sen-
sation are influenced by mean values, coefficients of
variation and shapes of relative frequency distributions of
the measured data. Thus, these statistical parameters are
investigated. Identification of the most appropriate pro-
bability distribution model for the obtained data has also
been investigated. In this paper, outline of the investi-
gation is described. Detail of the first step is already
described in the reference (Kawana et al. 2008).

As the second step of this study, a probability distribu-
tion of vibration perception by visual sensation is esti-
mated using the series of data measured in the first step.

The probability of seeing visual cues is considered in the
results. Furthermore, the results are compared with the
probability distribution of vibration perception by body
sensation, and the possibility of vibration perception by
visual sensation against probability of vibration percep-
tion by body sensation is investigated.

In this study, selected visual cues would sway because
of airflow from air conditioners and open windows. How-
ever, it is natural to perceive the airflow by hearing noise
made by air conditioners and by body sensation. It is
considered that people notice swaying of the visual cues
occurs because of this airflow, if vibrations of the visual
cues correspond to the feeling about airflow. Thus, vibra-
tion perception by visual sensation of visual cues by air-
flow is discriminated from vibration perception of build-
ings, and is not considered.

2. The Research in Context

Figure 1 summarizes our understanding of vibration per-
ception phenomena and the relationship to the research of
this investigation.

According to previous studies (e.g. Ohyama et al., 1994;
Leibowitz, 1955; Johnson and Leibowitz, 1976; Finlay,
1982) on cognitive psychology, the distance of observers
from an seen visual cue and the length of time during
which it is seen, are important parameters for estimating
the minimum vibration amplitude of an seen visual cue
that is necessary for that vibration to be perceived by
visual sensation (this amplitude is referred to as “visual
perception threshold” hereafter). Knowledge of visual per-
ception thresholds and vibration characteristics of seen
visual cues is necessary for estimating the probability of
vibration perception of buildings by visual sensation.
Length of time to see visual cues and the number of times
they are seen are also important data for estimating the
probability of vibration perception by visual sensation. In
the first step of this study, three following three data are

Figure 1. Research in context.
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measured under normal activities in actual buildings and
they are statistically analyzed:

1) Length of time to see visual cues

2) Distance between subjects and visual cues while the
visual cues are being seen

3) Number of times visual cues are seen

In this study, visual cues were seen many times during
the measurement period. The length of time to see visual
cues and the distance between subjects and seen visual
cues for each event of seeing were measured and statis-
tically analyzed. The measurement methodology and in-
vestigated results are shown in chapter 3.

According to previous studies on cognitive psychology
(Finlay, 1982; Johnson and Scobey, 1980; Post and Leibo-
witz, 1981; Duncker, 1929), visual perception thresholds
vary under different situations as follows.

1) Differences between seeing of visual cues on the
foveal visual field (central part of visual field) and on the
peripheral visual field (edge of visual field).

2) Differences between existence and non-existence of
stuck objects near visual cues that would become refer-
ence lines for perceiving vibration of visual cues

In previous studies, no clear difference between visual
perception thresholds was found for the cases of “gazing”
and “not gazing”. No academic proof of other factors that
would influence visual perception thresholds could be
found. Thus, obtained data in the first step of this study
was categorized into the following two groups for statis-
tical analysis in the second step of this study. Further-
more, these two different situations and individual dif-
ferences are considered in the process of the second step
of this study.

1) Categorized into the two cases of seeing of visual
cues either on the foveal visual field or on the peripheral
visual field

2) Categorized into the two cases of seeing of visual cues
under either existence or non-existence reference lines

In the second step of this study, probability of vibration
perception by visual sensation was investigated based on
the measurement and investigation results in chapter 3.
Investigation methodology and results are shown in chap-
ter 4.

3. Measurement and Statistical Analysis of
Length of Time to See Visual Cues

3.1. Measurement methodology

It is anticipated that measured data and the probability
of occurrence of vibration perception by visual sensation
would vary greatly under different circumstances (for ins-
tance, differences in kinds of activities being undertaken,
and differences in the positions of objects inside rooms).
Thus, the following types of measurements were carried
out in residences and offices separately, places where
people usually stay for the longest periods. Deskwork is
mainly done in offices.

1) A small camera is set between the eyes of subjects
who work in office buildings and subjects who live in
residences. Where they look during their normal activities
is recorded as a movie. The length of measurement period
is set at 80 minutes to suit the realities of the durations in
which people stay in the same location.

2) A researcher stays with the subjects in the same
rooms. The researcher notes the positions of the subjects
and the situations of objects that might become visual cues
on plans of those buildings. Postures of subjects and the
contents of their activities during the measurement period
are also noted in time series on the plans of buildings.

3) Based on the recorded movies and plans of the build-
ings, the three types of data cited above are collected.

A picture of a small camera set on the face of a subject
is shown in Fig. 2. The camera is set between the eyes of
the subject, and is connected by a cable to batteries and
a video camera in a shoulder bag. Subjects are asked to
perform their normal activities while the video camera
and the small camera record the places looked at by the
subject.

If there is free eyeball movement, the data on what is
being watched cannot be relied on. The subjects are the-
refore asked to refrain from eyeball movement, and asked
instead to maintain their line of vision in the same direc-
tion in which the camera is recording. In addition, they
are asked to directly face the place they are looking at.

The angle of the visual field is about +45 degrees hori-
zontally and about +25 degrees vertically, from the direc-
tion of the line of vision. However, the angle of the movies
range recorded by the small camera was £30 degrees hori-
zontally, and £22 degrees vertically, from the center point.
Thus, the range of the recorded movies is narrower than
that of the actual visual field, especially taking eyeball
movement into account. However, the range of visual field
that is thoroughly seen is recorded on the movie.

3.1.1. Outline of buildings and subjects
The numbers of subjects and rooms where subjects stayed

Figure 2. Situation of small camera set on face of subject.
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Table 1. Number of subjects according to sex and age

Residences Offices
Men Women Men Women

10’s 0 1 0 0
20’s 4 0 7 3
30’s 2 2 9 1
40’s 0 0 0 0
50’s 1 3 0 0
60’s 4 3 0 0

11 9 16 4
Total 20 20

Table 2. Sizes of rooms, where subjects stayed during the
measurement period

Each room size in residences (m?) 10.8
Total room size in residences (m?) 384
Each room size in offices (m?) 39.7

during the measurement period are outlined in Table 1
and Table 2, respectively. There were 20 subjects in 11
houses and apartments. Their ages were between 12 and
69. The number of rooms in which any subject stayed
during the measurement period was between 3 and 7. There
were 20 subjects in 3 office buildings. Their ages were
between 22 and 39. The number of rooms in which any
subject stayed was between 1 and 3.

3.1.2. Selected visual cues

Objects fitting the following two conditions were chosen
as visual cues.

1) The same objects that seemed to be swaying under
actual building vibrations. These were obtained from ques-
tionnaires about sensitivity to wind-induced vibration vib-
rations in actual buildings (Ishikawa et al., 1993; Nakamura
et al., 1995; Kawana and Hisada, 2002). The installation
situations of experimental and questionnaire objects also
had to be the same.

2) Similar objects whose installation situation was similar
to the above situation.

Objects fitting the above two conditions are listed
below.

Residences

1) Curtains hung from the tops of windows
2) Lights hung from ceilings

3) Blinds hung from the tops of windows
4) Hangers and clothes on hooks on walls
5) Hung calendars

6) Towels hung from hooks on walls

7) Picture frames hung on walls
8) Message boards hung on walls

Offices

1) Blinds hung from the top of windows

2) Hung calendars

3) Strings hung from ceilings for lighting power supply
4) Papers hung on walls

5) Message boards and amulets hung on hooks on walls
6) Curtains hung from the tops of windows

7) Towels hung from hooks on walls

8) Notebooks hung from hooks on walls

3.2. Measurement result
3.2.1. Postures of subjects

The ratio of the time spend in each posture to the length
of the total measurement period (80 minutes for one sub-
ject) is shown in Table 3. Time spent sitting is the longest,
followed by time standing.

3.2.2. Main activities of subjects

Conversation with families and friends (18 subjects per
20), eating (17 subjects) and watching TV (10 subjects)
were the most common activities in the residences. 17
subjects were eating while they were making conversa-
tion and watching TV. The other subjects were observed
smoking, ironing, taking care of plants, or brushing their
teeth. In the offices, all subjects were observed doing
their computer work, such as checking e-mail, searching
references using web sites of libraries, or writing reports.
15 subjects were observed reading books and making
conversation. 5 subjects were observed arranging books
and papers, and 4 subjects were observed relaxing. These
activities were performed whether visual cues were seen
or not.

3.2.3. Length of time to see visual cues

An example of a seeing time history for a subject is
shown in Fig. 3. This figure shows that hung curtains are
the most seen visual cues. It was found that hung curtains
are seen the most in residences, and hung blinds are the
most seen in offices, in the case of other subjects. Hung
curtains and hung blinds are bigger than the other visual
cues. Therefore, it can be said that hung curtains and hung
blinds could be seen more easily and more often than the
other visual cues.

Figure 4 shows a comparison between a lognormal dis-
tribution of the relative frequency distribution of the length
of time to see visual cues for each event of seeing for
residences. The type of seen visual cues and the age and

Table 3. Time sent in each posture as a percentage of the total measurement period

Lying Sitting on a Floor Sitting on Chars Standing Walking
Residences 1% 33% 42% 19% 5%
Offices 0% 1% 90% 8% 1%
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Figure 3. Example of an observation time history (case of
a residences).

Figure 4. Comparison of lognormal distribution and rela-
tive frequency distribution of time to see visual cues (Case
of residences. Types of visual cues not considered).

sex of subjects are ignored. The type of seen visual cue
is not considered hereafter. Figure 4 shows that the log-
normal distribution fits well with the relative frequencies
of the length of time. A similar result is obtained for
offices. It can be said that the lognormal distribution is a
good approximation for the probability distribution model
of the lengths of time to see visual cues. When the time
length of seeing are categorized according to subjects’
sex and age, the same result is obtained. For residences,
time to see visual cues is 7.1 seconds on average and the
coefficient of variation (COV) is 3.5. For offices, average
time is 6.9 seconds and the coefficient of variation is 2.0.

The mean values and coefficients of variance of the
length of time to see visual cues are shown in Table 4.
They are categorized according to sex and age of sub-
jects. The table shows that mean values are not obviously
affected by age or sex. Differences of mean values are not

Table 4. Comparison of mean values and coefficients of
variation of length of time to see visual cues, categorized
according to sex and age of subjects

clear between residences and offices. However, the co-
efficients of variation for residences are bigger than those
for offices.

3.2.4. Distance between subjects and visual cues

The relative frequency distribution of distances between
subjects and seen visual cues was examined by Chi-square
tests for goodness of fit to normal, lognormal and Rayleigh
distributions (Alfredo and Wilson 1977). Table 5 shows
the results of the Chi-square tests. They show that all of
these probability distribution models fit well within a 5%
significance level. However, the Rayleigh distribution
shows the best fit for residences, and the lognormal distri-
bution shows the best fit for offices. Some other probabi-
lity distribution models (e.g. Gumbel and Weibull distri-
bution) were also tested. However, the results were in-
ferior to the results shown in Table 5. Therefore, it can be
said that the lognormal distribution and the Rayleigh dis-
tribution are the most appropriate probability distribution
models for distances for residences and offices respec-
tively.

Figure 5 compares the relative frequencies, average
values, and coefficients of variation of distances between
subjects and seen visual cues. They are categorized accor-
ding to sex and age of subjects. When the age and sex of
subjects are not considered, the distance is 2.3 meters for
residences on average, and the coefficient of variation is
0.50. The distance is 2.5 meters for offices on average and
the coefficient of variation is 0.76. If the environmental
conditions of the buildings are the same, the relative fre-
quencies, mean values and coefficients of variation are
almost the same for all subject ages and for both sexes.
The mean values were almost the same for both resi-
dences and offices, although the coefficients of variation
for offices were bigger than those for residences. This is
because the relative frequencies at around 1m were greater
than those for other distances.

3.2.5. Number of times visual cues were seen

The numbers of times visual cues were seen by each
subject during the measurement period (80 minutes for
one subject) were statistically analyzed. The results for
residences are shown in Fig. 6. The cumulative frequency
distribution of the number of times is compared with the
cumulative probability distribution model of a normal
distribution and of a lognormal distribution. Sex and age
of subjects are not considered in the figure. The lognor-
mal distribution model fits better than the normal distri-

Residences
All Women Men  10s-30s 40s-60s Table 5. Result of Chi-square test for goodness of fit for
Average 7.1 11 6.7 6.7 1.1 relative frequency of distance and some probability distri-
COV 3.5 3.5 3.4 34 3.5 bution models

Offices 5% Significant .

All Women  Men 20s 30s level Normal Lognormal Rayleigh
Average 6.9 5.8 7.1 7.1 5.8 Residences 9.26 0.07 0.08 0.04
cov 2.0 1.9 2.0 2.0 1.9 Offices 10.5 0.41 0.19 0.57
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Figure 5. Comparison of relative frequencies of distance
between subjects and visual cues categories according to
sex and age of subjects.

Figure 6. Comparison of cumulative frequencies of num-
ber of times visual cues were seen, ‘normal distribution’
and ‘lognormal distribution’ (Case of residences, types of
visual cues not considered).

bution model for the cumulative frequency distribution.
The same result is obtained for offices.

The mean values and coefficients of variation of the
number of times to see visual cues, categorized according
to age and sex of subjects, are shown in Table 6. When
they are categorized according to sex and age, the statis-

Table 6. Comparison of ‘mean values’ and ‘coefficient of
variation’ of number of times visual cues were seen, cate-
gorized according to sex and age of subjects

Residences
All Women Men  10s-30s 40s-60s
Average 180 161 197 250 133
Cov 0.73 0.83 0.67 0.57 0.68
Offices
All Women  Men 20s 30s
Average 111 103 142 126 97

Ccov 0.81 0.87 0.69 0.62 1.0

tical stability of the results is not good enough, since there
were not enough data samples. However, the number of
times for offices is clearly smaller than that for residences
for all subjects as shown in Table 6. The difference occurs
because the number of objects that can be visual cues in
offices is smaller than that for residences. The number of
objects that can be visual cues is 7.8 in residences and 3.5
in offices on average.

4. Estimation of Probability of Vibration
Perception by Visual Sensation Taking
into Account Probability of Seeing Visual
Cues

In previous studies (Shioya et al., 1994, 1996; Ishikawa
and Noda, 1998, 1999; Shindo and Goto, 2002), vibration
perceptions by body sensation have been investigated over
a range of peak accelerations and natural frequencies that
would be expected to occur in actual buildings. Thus, the
probability distribution of vibration perception by visual
sensation should be investigated in the same range to get
results that can be easily compared to those of the pre-
vious studies.

In the previous chapter, length of time to see visual cues
and distances between subjects and seen visual cues were
measured for each event of seeing visual cues, during
normal activities in actual residences and offices. The
number of times visual cues were seen during measure-
ment was also obtained. Environmental conditions in those
residences and offices (for instance, room size, illuminance
in rooms and activities of subjects) are almost the same as
those of general residences and offices.

In this chapter, the following two things have to be
clear in the process of estimating probability distribution
of vibration perception by visual sensation taking into
account probability of seeing visual cues.

1) Relationship between each event of seeing and visual
perception threshold as velocity amplitudes of each event.

2) Relationship between visual perception threshold of
each event of seeing visual cues and acceleration ampli-
tude of building rooms vibration, which is necessary to
generate the perception thresholds.

In this study, measured data of 20 subjects in the chap-
ter 3 is brought together as measured data of one subject.
Furthermore, vibration perception by visual sensation is
statistically investigated using this series of data. The flow
of the investigation is as follows:

1) Visual perception thresholds of each event of seeing
visual cues under the condition that lighting is turned on
are estimated. In this process, length of time to see visual
cues and distance between subjects and seen visual cues
under each event, and results from previous studies (Ohyama
et al., 1994; Leibowitz, 1995; Johnson and Leibowitz, 1976;
Finlay, 1982; Johnson and Scobey, 1980; Post and Leibo-
witz, 1981; Duncker, 1929; Mack et al., 1975) are used.
(Details of the process are described in Chapter 4.1)
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2) Acceleration amplitudes of building room vibrations
necessary to generate the visual perception thresholds of
each event of seeing visual cues estimated in process 1)
are estimated. In this process, visual perception thres-
holds of each event of seeing and vibration characteristics
of seen visual cues are used. (Details of the process are
described in Chapter 4.2)

3) Probability of vibration perception by visual sensa-
tion in either events of seeing visual cues is estimated for
each vibration amplitude of building rooms. The estima-
tion is carried out separately for each natural frequency of
building room vibration, using three types of data (length
of time to see visual cues of each seeing event, length of
measurement period, and estimated data in the above pro-
cesses). (Details of the process are described in Chapter
4.3)

The details of each process are described as follows.

4.1. Estimation of visual perception thresholds for
each event of seeing visual cues

Figure 7 shows the relationship between length of time
to see movement of visual cues and visual perception
thresholds as angular velocity amplitudes obtained from
previous studies on cognitive psychology (Ohyama et al.,
1994; Leibowitz, 1995; Johnson and Leibowitz, 1976; Fin-
lay, 1982; Johnson and Scobey, 1980; Post and Leibowitz,
1981; Duncker, 1929; Mack et al., 1975). The perception
thresholds as angular velocity amplitudes are a value 6,
against a head of a person, distance L between the head
of a person and a seen visual cue that seems to sway, and

Figure 7. Relationship vetween length of time to see
movement and perception thresholds as angular velocity
amplitudes (e.g. Ohyama, Imai, and Waki, 1994).

Figure 8. Relationship between a human head, a percep-
tion threshold as angular velocity amplitude (¢ ) and a
perception threshold as velocity amplitude (V).

a minimum velocity amplitude of the seen visual cue to
perceive sway of the visual cues V (expressed as “vibra-
tion perception threshold as a velocity amplitude” here-
after) as shown in Fig. 8.

In those previous studies, the perception thresholds as
angular velocity amplitudes were measured for each time
to see swaying visual cues, under the condition that sub-
jects were not swayed and that they saw swaying visual
cues. When the length of time to see is shorter than 1
second, the perception thresholds have a dependency on
angular displacement amplitudes. However, when the
length of time to see is longer than 1 second, the percep-
tion thresholds have a dependency on angular velocity
amplitudes. In some of those previous studies (Ohyama et
al., 1994), visual perception thresholds are investigated
using angular velocity amplitudes for all time length. Thus,
in this study, visual vibration perception is investigated
based on the perception thresholds as angular velocity
amplitudes.

In those studies, the perception thresholds as angular
velocity amplitudes are investigated under different illu-
minance between 0.02 and 1500 1x. When the length of
time to see swaying visual cues was 1 second, it was found
that the perception thresholds for an illuminance of 0.02 Ix
was about 6.6 times bigger than those for an illuminance
of 1500 Ix (Ohyama et al., 1994). On the other hand, illu-
minance in rooms under the condition of lighting turned
on was measured at several points of rooms when the
investigation of the previous chapter in this study was
conducted. As a result, the average value (411 Ix in offices
and 231 Ix in residences) was close to the illuminance
standard of JIS Z 9110-1979 (Tanaka et al., 1996). Figure
7 shows visual perception thresholds as angular velocity
amplitudes, which correspond to an average value + the
standard deviation of illuminance measured in the previ-
ous chapter. It is assumed that visual cues were seen under
the illuminance range. Furthermore, visual perception
thresholds of each event of seeing visual cues as velocity
amplitudes (¥ shown in Fig. 8) are estimated using three
data: visual perception thresholds as angular velocity
amplitudes shown in Fig. 7, length of time to see visual
cues and distance between subjects and seen visual cues
of each event of seeing measured in chapter 3.

The visual perception thresholds as angular velocity
amplitudes have individual differences under the same
illuminance condition. In the previous studies (Finlay,
1982; Johnson and Scobey, 1980; Post and Leibowitz,
1981; Duncker, 1929; Mack et al., 1975), it was experi-
mentally found that there are clear differences between
the perception thresholds of seeing visual cues on foveal
and peripheral visual fields, and between existence and
non-existence of stuck objects near visual cues that would
become reference lines for perceiving vibration of visual
cues. However, in previous studies, no academic proof of
other factors that would influence visual perception
thresholds could be found. Thus, in the step of estimation
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of visual perception thresholds as velocity amplitudes, the
following three things are considered.

a) Individual differences

b) Differences between foveal and peripheral visual
fields

¢) Differences between existence and non-existence of
stuck objects as reference lines

Details of the consideration methodology are described
below.

In this study, the estimation is carried out under the
assumption that all visual cues sway from right to left
direction from the viewpoint of subjects. There is a po-
ssibility that the visual cues sway backward and forward.
However, no reasonable academic proofs concerning dif-
ferences in perception thresholds have been found bet-
ween right and left direction and backward and forward
direction, under the condition that vibration amplitudes
are smaller than 15 cm(Ohyama et al., 1994). Thus, bet-
ween these two modes are not considered.

4.1.1. Consideration of individual differences

There are individual differences between visual per-
ception thresholds. Thus, all people do not necessarily
perceive vibration of visual cues via a specific visual
perception threshold as angular velocity amplitude under
the same conditions of illuminance, distance between

Figure 9. Probability distribution of perception thresholds
as angular velocity amplitudes (a case of time length is
0.125 sec) (e.g., Ohyama, Imai, and Waki, 1994; Leibowitz,
1955; Johnson and Leibowitz, 1976; Finlay, 1982).

Figure 10. Regression equations of perception thresholds
as angular velocity amplitudes for each perception prob-
ability (e.g., Ohyama, Imai, and Waki, 1994; Leibowitz,
1955; Johnson and Leibowitz, 1976; Finlay, 1982).

subjects and seen visual cues, and length of time to see.
Figure 9 shows a cumulative distribution function of the
perception thresholds that describes individual differen-
ces, in a case where length of time to see swaying visual
cues is 0.125 sec. Figure 9 shows that both normal and
lognormal distributions are appropriate for the cumulative
distribution function. The same results are obtained for all
the other time of seeing. The following handling is carried
out to consider individual differences of perception thres-
holds as angular velocity amplitudes.

1) The cumulative probability distribution of the per-
ception thresholds as angular velocity amplitudes for the
same length of time is estimated using the lognormal dis-
tribution model. Perception thresholds as angular velocity
amplitudes are extracted for 10%, 30%, 50%, 70%, and
90% perception probabilities.

2) The same handling is carried out for several different
lengths of time. Furthermore, regression equations for the
five perception probabilities are calculated(Alfredo and
Wilson, 1977).

Figure 10 shows the regression equations. Perception
thresholds as angular velocity amplitudes for every events
of seeing visual cues are calculated for all five perception
probabilities, using the five regression equations and
length of time of each event of seeing measured in chap-
ter 3. Table 7 shows an example of the calculation results
where length of time to see visual cues is 2 sec.

The following assumption is made, and the individual
differences for each event of seeing visual cues are con-
sidered in the process of estimating probability of vibra-
tion perception by visual sensation.

1) People who can perceive vibration by perception
thresholds where the perception probability is between
0% and 20%, perceive vibration by perception thresholds,
which are calculated from the regression equation whose
perception probability is 10%. The ratio of the number of
those people is 20%.

2) The same assumption is made for the range of per-
ception probabilities from 20% to 40%, from 40% to 60%,
from 60% to 80%, and from 80% to 100%.

In a previous study (Ohoyama et al., 1994), it was found
that perception thresholds as angular velocity amplitudes
are constant regardless of length of time to see move-
ment, when the length of time is longer than 13 seconds.
Thus, it is assumed that perception thresholds as angular
velocity amplitudes are constant for each event of seeing

Table 7. Example of estimated perception thresholds as
angular velocity amplitudes for time length 2 sec

Perception threshold (rad/s)

Perception probability

10% 1.01
30% 1.09
50% 1.12
70% 1.16
90% 1.22
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Table 8. Perception thresholds as angular velocity ampli-
tudes for observation times longer than 13 sec

Perception threshold (rad/s)

Perception probability

10% 0.00007692
30% 0.00007895
50% 0.00008076
70% 0.00008263
90% 0.00008507

visual cues, if the time length of the event is longer than
13 seconds. Table 8 shows the perception thresholds as
angular velocity amplitudes for lengths of time longer
than 13 seconds.

4.1.2. Consideration of differences between foveal and
peripheral visual fields

To perceive vibration of visual cues for seeing in the
peripheral visual field, vibration amplitudes of visual cues
have to be bigger than perception thresholds for seeing in
the foveal visual field. According to previous studies
(Finlay, 1982; Johnson and Scobey, 1980; Post and Lei-
bowitz, 1981), the visual perception threshold in the
peripheral visual field is about 2.6 times bigger than that
in the foveal visual field under the same conditions of
length of time to see motion, distance between subjects
and seen motion, and illuminance. Here, the angle of the
foveal visual field was less than 20 degrees, and the angle
of the peripheral visual field was greater than 20 degrees
from the line of vision. The visual field with angle less
than 20 degrees corresponds to the central part of the
recorded movies in the previous chapter. The visual field
with angle greater than 20 degrees corresponds to the
corners of the recorded movies. Thus, 2.6 times multipli-
cation (¢ in Eq. (1)) is carried out for perception thres-
holds as angular velocity amplitudes, if visual cues were
recorded only in the range of recorded movies with angles
greater than 20 degrees to the center of the movies for each
event of seeing visual cues.

4.1.3. Consideration of differences between existence
and non-existence of reference lines

Where unmoving reference lines exist close to seen
motion (nearer than 2 cm from the motion), visual per-
ception thresholds are much smaller (about 1/6) than when
there is not fixed reference lines, for the same length of
time to see motion, distance between subjects and the seen
motion, and illuminance (Duncker, 1929). Vibrations of
visual cues are perceived with smaller vibration ampli-
tudes if fixed objects (e.g. window frames and change of
wall color) exist around the seen visual cues. Figure 11
shows an example of this kind of object, which becomes
a reference line. If fixed objects are exist near seen visual
cues (nearer than 2 cm from the visual cues) as shown in
Fig. 11, vibrations of the seen visual cues would be per-
ceived by smaller vibration amplitudes of the visual cues.
Thus, 1/6 times multiplication (&, in Eq. (1)) is carried out

Figure 11. Examples of objects that reference lines.

for perception thresholds as angular velocity amplitudes
if fixed objects that would become reference lines are
existed around visual cues each event of seeing visual cues.
Five different perception thresholds as velocity ampli-
tudes of each event of seeing visual cues (V in Fig. 8),
whose perception probabilities are different, are estimated
from Eq. (1) and two data: perception thresholds as angular
velocity amplitudes of each event of seeing that considers
the above three things, and distance between subjects and
seen visual cues for each event of seeing visual cues.

V=La,o,0 1

where V is perception threshold of each event of seeing
visual cues as velocity amplitudes (minimum vibration
amplitudes necessary to perceive vibration of seen visual
cues), L is distance between subjects and seen visual cues
for each event of seeing, @ is perception threshold of
each event of seeing as angular velocity amplitudes cal-
culated from length of time to see visual cues and regre-
ssion equations in Fig. 10, ¢ is a coefficient that expre-
sses different conditions described in Chapter 4.1.2 (2.6
or 1), o, is a coefficient that expresses different condi-
tions described in Chapter 4.1.3 (1/6 or 1).

Two data measured in chapter 3 of this study (length of
time to see visual cues, and distance between subjects and
seen visual cues) are different for each event of seeing
visual cues. Those two measured data are used directly to
estimate perception thresholds as velocity amplitudes for
the each event, using Eq. (1). Thus, estimated perception
thresholds as velocity amplitudes for each event of seeing
visual cues vary widely because of differences in length
of time to see and distance between subjects and seen
visual cues.

4.2. Estimation of acceleration amplitudes of building
rooms necessary to generate visual perception
thresholds

In this process, it is necessary to obtain damping ratios
and natural frequencies of all visual cues first. Thus, free
damped vibrations of all visual cues are measured by a
laser displacement sensor. The damping ratios and natural



292 Seizou Kawana et al. | International Journal of High-Rise Buildings

frequencies are estimated from adjoining peak displace-
ment (yy, 1), reciprocals of time between adjoining peak
displacement, and Eq. (2). Table 9 shows a list of the esti-
mated damping ratios and natural frequencies (Ohkuma
et al.,, 1996; Shibata, 1981).

h=In(d)2z d=2 )
b

where 4 is damping ratio, 7 is the circular constant, and
1, »» are adjoining peak displacements.

Acceleration amplitudes of building room vibrations ne-
cessary to generate perception thresholds as velocity ampli-
tudes are estimated for each of five different perception pro-
babilities for every event of seeing visual cues from Eq.
(3)(Ohkuma et al., 1996; Shibata, 1981). Eq. (3) is gene-
rated based on an equation of the response magnification
factor of absolute acceleration.

27fV
1+4(fy/f)’
(= 4R ()

where A is acceleration amplitude of building room

A=

©)

Table 9. List of damping ratio and natural frequencies of
visual cues for houses and offices

Residences
Damping ratio  Frequency (Hz)
Thick hung curtains 11.1% 0.4
Thin hung curtains 11.5% 0.4
Hung lights 1.2% 0.82
Hung blinds 4.1% 0.6
Hung clothes 2% 0.65
Hung calendars (1) 6% 0.73
Hung calendars (2) 16.8% 1.07
Hung calendars (3) 9.5% 0.67
Hung towels (1) 11% 1.11
Hung towels (2) 12.9% 2.08
Hung towels (3) 10.7% 1.1
Hung frames (1) 7.6% 1.5
Hung frames (2) 0.3% 0.51
Hung strings for
switgch of fl%ight 6.8% 1.43
Offices
Damping ratio  Frequency (Hz)
Hung blinds (1) 0.4% 0.34
Hung blinds (2) 10.3% 0.45
Hung calendars (1) 9.7% 0.69
Hung calendars (2) 10.2% 0.38
Hung strings for
switgch of %ight 7.8% 1.52
Hung papers 2.1% 1.19
Hung boards 4% 0.99
Hung amulet 2.1% 1.19
Hung towels 11.6% 1.08

necessary to generate perception threshold as velocity
amplitudes of each event of seeing visual cues, V' is per-
ception threshold of each event of seeing as velocity am-
plitude, 4 is damping ratio of seen visual cue for each
event of seeing, fis natural frequency of seen visual cue
for each event of seeing, f; is natural frequencies of build-
ing room, and 7 is the circular constant.

Here, ten different natural frequencies between 0.10
and 6.3 Hz of building rooms that queued on the logari-
thm axis with the same intervals are used for the natural
frequency of building rooms f;. This estimation methodo-
logy is carried out for each natural frequency of building
rooms.

In the process of estimating the acceleration amplitudes,
it is assumed that every visual cue sways as a single
lumped mass system. It is also assumed that the edge of
visual cues whose vibration amplitudes are the largest is
seen, and the acceleration amplitudes of a building room
necessary to generate the vibration perception thresholds
of visual cues as velocity amplitudes at the edge are
estimated. Whole visual cues were seen for every event
of seeing visual cues measured in chapter 3 of this study,
except hung curtains and blinds. However, there are two
different conditions for curtains and blinds. One is that
the edge of the curtains and blinds whose vibration am-
plitudes would be the largest were seen. The other is that
only the central parts of the curtains and blinds whose
vibration amplitudes were not the largest were seen.
Where only the central parts of the curtains and blinds
were seen, the acceleration amplitude necessary to gene-
rate perception thresholds at the central parts of visual
cues is twice bigger than that of the edge. Thus, accelera-
tion amplitudes of rooms necessary to generate percep-
tion thresholds estimated by Eq. (3) are multiplied by two
for every event of seeing visual cues where only the
central parts of the curtains and blinds were seen.

Differences between seeing in foveal and peripheral
visual field and between existence and non-existence of
reference lines are already considered in the process of
estimating perception thresholds as velocity amplitudes.
Thus, the estimation in chapter 4.2 is carried out without
any relation to differences of seeing in fovea and peri-
pheral visual field, and differences between existence and
non-existence of reference lines. Table 10 shows some
examples of the estimated acceleration amplitudes of
rooms necessary to generate visual perception thresholds
as velocity amplitudes. In two cases of Table 10, accel-
eration amplitudes necessary to generate visual percep-
tion thresholds are 46.6 cm/s* and 29.9 cm/s®. The accel-
eration amplitudes are bigger than that of other cases. In
these 2 cases, visual cues are seen in the peripheral visual
field and fixed reference lines did not exist. It is the most
difficult case to perceive vibration of visual cues. Thus,
visual vibration thresholds of the cases are bigger than
that of other cases and calculation results shown in Table
10 also became bigger than other cases.
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Table 10. Examples of estimated acceleration amplitudes
necessary to generate visual perception thresholds as velo-
city amplitudes

Residences
Length of time Acceleration
to see (s) (cm/s?)
Thick hung curtains 17.75 1.4
Thin hung curtains 21.2 1.1
Hung lights 791 9.4
Hung blinds 5.55 1
Hung clothes 0.99 8.1
Hung calendars (1) 222 19.1
Hung calendars (2) 5.67 46.6
Hung calendars (3) 8.55 2.5
Hung towels (1) 2.7 9.2
Hung towels (2) 1.19 29.9
Hung towels (3) 2.84 3.8
Hung frames (1) 82.78 1.4
Hung frames (2) 3.37 2.9
Hung strings for
switgch of %ight 9.32 4.8
Offices
Length of time Acceleration
to see (s) (cm/s?)
Hung blinds (1) 1.02 0.3
Hung blinds (2) 1.01 3.8
Hung calendars (1) 1.51 53
Hung calendars (2) 21.3 1.3
Hung strings for
swi%ch of fl%ight 15.56 37
Hung papers 1.96 2.1
Hung boards 5.61 23
Hung amulet 4.38 2.4
Hung towels 6.4 2.6

4.3. Estimation of probability of vibration perception
by visual sensation

Probability distributions of vibration perception by visual
sensation are estimated by the following methodology
(Mark et al., 1975), using three data: acceleration ampli-
tudes necessary to generate perception thresholds as velo-
city amplitudes of each event of seeing visual cues, length
of time to see visual cues of each event of seeing visual
cues, and length of measurement period of the experiment
in chapter 3 of this study (80 minutes for one subject).

1) Probabilities of vibration perception by visual sensa-
tion for each event of seeing visual cues are estimated for
each acceleration amplitude of building rooms. (described
in chapter 4.3.1.)

2) Using the series of data obtained in 1), probabilities
of perceiving vibration in either of many event of seeing
visual cues that existed in the measurement period are
estimated for each acceleration amplitude of buildings
rooms. (described in chapter 4.3.2.)

3) Probability estimation described in 1) and 2) is con-

ducted for each natural frequency of building rooms. Fur-
thermore, probability distribution models of vibration per-
ception by visual sensation taking into account a prob-
ability of seeing visual cues are estimated, based on
results of the above steps. (described in chapter 4.3.3.)

Here, it is assumed that vibrations of building rooms
are sinusoidal waves whose durations are optionally limi-
ted. The estimation is carried out separately, for each of
10 natural frequencies of building rooms. The natural fre-
quencies queue up on the logarithm axis with the same
intervals between 0.10 and 6.3 Hz. Details of the metho-
dology are described as follows.

4.3.1. Estimation of probability of vibration perception
Jfor each event of seeing visual cues

Probability of vibration perception of each event of
seeing visual cues is estimated from Eq. (4) for each ac-
celeration amplitude of building rooms.

‘.
Pl:ﬂix?i i=1,2,3, ", n 4)

where, P; is probability of vibration perception of each
event of seeing visual cues, f3; is probability of vibration
perception under the condition that each event of seeing
visual cues and building vibrations occur at the same
time, ¢; is time length of each event of seeing visual cues
measured in chapter 3, and 7T is length of measurement
period of the experiment conducted in chapter 3.

In chapter 3 of this study, the measurement period was
80 minutes for one subject. Furthermore, the experiment
was conducted for 20 subjects for residences and offices,
respectively. Thus, the length of measurement period 7 is
1600 minutes for this estimation.

It is assumed that S; becomes one of 6 different num-
bers between 0 and 1 according to the following condi-
tion.

1) If velocity vibration amplitudes of seen visual cues
generated by the target acceleration amplitude of building
rooms are smaller than perception thresholds as velocity
vibration amplitudes whose perception probability is
10%, f; of each event of seeing visual cues is 0.

2) If velocity vibration amplitudes of seen visual cues
generated by the target acceleration amplitude of building
rooms are greater than perception thresholds whose per-
ception probability is 10% and smaller than perception
thresholds whose perception probability is 30%, f; of each
event of seeing visual cues is 0.2.

3) Similarly, 5; becomes 0.4 for perception thresholds
whose perception probability is between 30% and 50%.
P becomes 0.6 for perception thresholds whose the per-
ception probability is between 50% and 70%. f; becomes
0.8 for perception thresholds whose the perception prob-
ability is between 70% and 90%. If velocity vibration
amplitudes of observed visual cues are bigger than per-
ception thresholds whose the perception probability is
90%, f; becomes 1.0.
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It is assumed that vibrations of building rooms are
sinusoidal waves whose durations are optionally limited.
Thus, visual cues are not necessarily seen for each event
of seeing during vibrations of buildings that generate vib-
ration amplitudes of visual cues greater than perception
thresholds. Thus, f; is multiplied by #/7. Here, t/T is the
probability of seeing visual cues of each event of seeing
during building vibrations. The perception probabilities
of every event of seeing visual cues are estimated by the
same methodology for every acceleration amplitudes of
building rooms.

4.3.2. Estimation of probability of vibration perception
by either event of seeing visual cues

Events of seeing visual cues measured in chapter 3 of
this study are not necessarily independent statistically.
Thus, the probability of which building vibrations are per-
ceived by visual sensation by either of the event of seeing
visual cues is calculated from Eq. (5) for each acceleration
amplitude of building rooms. The probability of an event’s
occurrence that is not statistically independent can be cal-
culated accurately for Eq. (5).

PV=P1+P2+...+Pi—p12—p13—...—pij 5)

P13 TPt APy L k=123, n

where P; is perception probability of each o event of
seeing visual cues estimated in chapter 4.3.1., p; is prob-
ability of seeing visual cues by either two events of
seeing and visually perceiving vibrations by both of the
events of seeing, p; is probability of seeing visual cues
by either three events of seeing and of visually perceiving
vibrations by all three events of seeing, and Py is the
probability of perceiving vibration by visual sensation by
either events of seeing visual cues.

In the measurement in chapter 3 of this study, two
events of seeing visual cues occurred in the same time.
Thus, to estimate probability p;, the length of time during
which two events of seeing visual cues occurred at the
same time was measured from the movies recorded in
chapter 3 of this study. Furthermore, the probability p; is
estimated from Eq. (6).

p[f:ﬁy.x% i j=1,2,3, ., n (6)

where p; is probability of seeing visual cues by either
of two events of seeing visual cues and of visually per-
ceiving vibration by both of the events of seeing, #; is
length of time during which two events of seeing occur-
red at the same time, 7 is length of measurement period
of the experiment conducted in chapter 3 of this study
(1600 minutes for residences and offices respectively), and
B is a smaller probability of vibration perception of two
: under the condition that seeing visual cues and build-
ing vibrations occur at the same time.

Figure 12. Estimation results of probability distribution of
vibration perception by visual sensation from Egs. (5) and
(6) (top: residences, bottom: offices).

If more than two events of seeing visual cues occur at
the same time during the measurement, the same consi-
deration has to be carried out for that situation. However,
in this study, this situation did not occur, so it is not
considered.

The probability of vibration perception by visual sensa-
tion is estimated using Egs. (5) and (6) for each accelera-
tion amplitude and each natural frequency of building
rooms. Figure 12 shows five examples of estimated prob-
ability distributions.

In this results, individual differences of vibration per-
ception, differences between seeing visual cues on foveal
and peripheral visual fields, differences between existence
and non-existence of reference lines, and differences bet-
ween seeing central parts or edge of visual cues are con-
sidered for each event of seeing visual cues. Length of
time to see visual cues and distance between subjects and
seen visual cues vary widely for each event of seeing
visual cues. The variations are considered in the process
of estimating perception thresholds as velocity amplitudes.

4.3.3. Probability distribution model of vibration
perception by visual sensation

Estimated results shown in Fig. 18 are directly estimated
using a series of data measured in chapter 3 of this study.
Thus, it is necessary to estimate a probability distribution
model of the vibration perception by visual sensation
based on the results.

In Fig. 12, the maximum probability of vibration per-
ception by visual sensation is not 100%. This is because
visual cues are not necessarily seen during building vib-
rations. Here, the maximum probability is equal to the ratio
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of total length of time to see visual cues by each event of
seeing to the measurement period, which can be calcu-
lated by Eq. (7). It is the same as the probability that sub-
jects see visual cues by either event of seeing visual cues.
n n n
L= 2
=1 ==l
pPw= T

i=

L j=1,2,3, wun )

where p,, is probability of seeing visual cues by either
event of seeing visual cues, # is length of time to see
visual cues in each event of seeing visual cues measured
in chapter 3 of this study, and #; is length of time to see
visual cues during which two events of seeing visual cues
occurred at the same time, and T is length of measure-
ment period of the experiment conducted in chapter 3
(1600 minutes for residences and offices respectively).

Curves with ruggedness are drawn between 0% and
maximum probability of visual vibration perception. Visual
cues are seen in the range of this probability. However,
there are two conditions in which vibration amplitudes of
seen visual cues are greater or smaller than perception
thresholds. The curves are drawn since the two conditions
are intermingled and the situations differ according to
acceleration amplitude of building rooms.

In this case, probability distribution models of the fol-
lowing two things are estimated using three data: length
of time to see visual cues in each event of seeing visual
cues, length of measurement period of experiment conduc-
ted chapter 3 of this study, and probability distribution of
vibration perception by visual sensation shown in Fig. 12.

1) Probability of seeing visual cues by either event of
seeing visual cues

2) Probability of vibration perception by visual sensa-
tion by either event of seeing visual cues under a condi-
tion visual cues are seen

Furthermore, the following two things are multiplied to
estimate probability distribution models of vibration per-
ception by visual sensation in consideration of probability
of seeing.

1) Average probability of seeing visual cues by either
event of seeing

2) Probability distribution model of vibration percep-
tion by visual sensation by either event of seeing visual
cues under a condition visual cues are seen

4.3.3.1. Probability distribution model of seeing visual
cues

Probability of seeing visual cues by either event of see-
ing visual cues for each subject is estimated using a series
of measured data in chapter 3 and Eq. (7). Here, length of
measurement period of the experiment 7 is 80 minutes.
This is the measurement period for one subject. Further-
more, frequency distribution of the probability of seeing
visual cues is estimated and examined by Chi-square tests
for goodness of fit to normal, lognormal, and beta dis-
tribution. Table 11 shows results of the Chi-square tests.

Table 11. Results of Chi-square tests for probability of
seeing visual cues

0,
si isﬁ/coance Lognormal Normal Beta
gnlevel distribution distribution distribution
Residences 10.9 1.6 3.11 1.46
Offices 10.9 3.96 442 2.85

The upper and lower bound values of beta distribution are
set as 1 and 0, since it is obvious that the probability of
seeing is between 0 and 1.

Table 11 shows that all probability distribution models
are appropriate within 5% significance level. However, it
can be said that beta distribution is the most appropriate
as a probability distribution model for the probability of
seeing visual cues. Some other probability distribution
models (for instance, Gumbel and Rayleigh distribution)
were also tested. However, the results were inferior to
those in Table 11. It is thought that beta distribution is the
most appropriate probability distribution model, since it is
also obvious that the upper and lower bound values of the
probability of seeing visual cues is 1 and 0.

Here, the probability of seeing visual cues for 20 sub-
jects calculated by Eq. (7) is 23.8% on average for resi-
dences and 18.4% on average for offices. The coefficient
of variation is 0.88 for residences and 1.07 for offices.

4.3.3.2. Probability distribution model of vibration
perception under the condition that visual cues are seen

The probability distributions of vibration perception
shown in Fig. 12 are divided by the maximum probability.
These are probability distributions of vibration perception
under the condition that visual cues are seen by either
event of seeing visual cues. Mean values and standard
deviations of the probability distributions are not known.
Thus, it is necessary to estimate the mean values g and
standard deviations o by the least square method (Tanaka,
1977). Furthermore, some probability distribution models
are calculated based on the mean values x and standard
deviations o, to investigate the most appropriate probability
model.

In the least square method, standard points Z; are esti-

Figure 13. Comparison of probability distribution of vib-
ration perception by visual sensation under the condition
that visual cues are seen by either event of seeing and
lognormal distribution (Residences, 0.10 Hz).
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mated using some stimulus values S; (they correspond to
accelerations on the horizontal axis of Fig. 12) and cumu-
lative probabilities P; correspond to the stimulus values
(they correspond to values in which the probability on ver-
tical axis of Fig. 12 is divided by maximum probability).
Furthermore, the mean values x and the standard devia-
tions o are estimated using the three types of data, Egs. (8)
and (9) (Alfredo and Wilson, 1977).

u=S-Zo (®)
— 2

o= Z—SZ_L(S_)_ ©)
38,2-nSZ

where u is mean value, ois standard deviation, S; is sti-
mulus value, P; is cumulative probability corresponding to
stimulus value S, Z; is standard point corresponding to
cumulative probability P;, # is number of stimulus values
used for the estimation, S is mean value of stimulus values
S;, and Z is mean value of standard value Z,.

In Fig. 13, the probability distribution model of lognor-
mal distribution estimated by calculated mean value g,
standard deviation o; and Egs. (10) and (11) is compared
with probability distributions of vibration perception under

the condition that visual cues are seen by either event of
seeing visual cues. It shows the case of 0.1 Hz for resi-

dences.
fux)= Jz_;gxem[—%(lmg lﬂ (10)

A=In(u) -2 C=In(1+6 /i) (11)
It is clearly understood that the lognormal distribution
is appropriate as a probability distribution model. Some
other probability distribution models (for instance, nor-
mal distribution and Rayleigh distribution) are compared
with the probability distributions to confirm their appro-
priateness. However, it was found that the results were
inferior to those for the lognormal distribution. The same
results are obtained for every other natural frequency of
residences and offices. Thus, the probability distribution
model of vibration perception by visual sensation under
the condition that visual cues are seen by either event of
seeing visual cues is estimated by lognormal distribution
for every natural frequency of residences and offices.
The following two things are multiplied together to
estimate the probability distributions of vibration percep-

Figure 14. Comparison of probability curves of vibration perception by only visual sensation and vibration perception by
only humans (AIJ-GDH-2004, 2004; Tamura, 1997) (top: residences, bottom: offices).
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tion by visual sensation taking into account probability of
seeing visual cues.

1) Mean values of probability of seeing visual cues by
either event of seeing visual cues

2) Probability distribution model of vibration percep-
tion by visual sensation under condition that visual cues
are seen by either event of seeing visual cues (estimated
by lognormal distribution)

Acceleration amplitudes that correspond to probabilities
queued up at the same intervals are found from the prob-
ability distributions of vibration perception by visual sen-
sation. The probabilities are 1%, 50%, 10%, 15%, 20%
and 23% for residences, and 1%, 50%, 10%, 15% and
18% for offices. Furthermore, curves of the same prob-
abilities of vibration perception by visual sensation are
drawn and compared with curves of probabilities of
vibration perception by body sensation (AIJ-GEH-2004,
Tamura, 1997). The comparison is shown in Fig. 14. The
solid lines indicate probability distributions of vibration
perception by body sensation (results of previous studies),
and the dotted lines are probability distributions of vibra-
tion perception by visual sensation taking into account
probability of seeing visual cues (results of this study).

In this study, it is assumed that building vibrations are
sinusoidal vibration with durations optionally limited. In
some previous studies(Jeary et al., 1988; Irwin, 1975;
Griffin and Whithman, 1980; Nakamura et al., 1995;
Shioya et al., 1994, 1996; Ishikawa and Noda, 1998,
1999; Denoot et al., 2000; Kwok et al., 2007), vibration
perceptions by body sensation were investigated for maxi-
mum acceleration amplitudes of random vibration. How-
ever, it was found that there are no clear differences bet-
ween vibration perceptions by body sensation for sinu-
soidal vibration and that of a random vibration (Shioya et
al., 1994, 1996). Thus, in this study, difference of sinu-
soidal and random vibrations is not considered.

4.4. Discussion

By comparing the probability curves of vibration per-
ception by visual sensation with those of vibration per-
ception by body sensation (AIJ-GEH-2004, Tamura, 1997)
shown Fig. 14, the following can be deduced.

1) In the range of natural frequency of building below
1.0 Hz and peak acceleration below 2 cm/s, the prob-
ability curves of vibration perception by visual sensation
are in the range of smaller peak acceleration. In this
range, it can be said that vibration perception by visual
sensation would occur more often than vibration percep-
tion by body sensation.

2) In the range of natural frequency below 1.0 Hz and
peak acceleration above 10 cm/s?, the probability of vib-
ration perception by body sensation is greater than 90%.
However, the probability of vibration perception by visual
sensation is 23% for residences and 18% for offices. Visual
cues are not necessarily seen when building vibrations
occur. Thus, it can be said that the probability of vibration

Figure 15. Comparison of estimation results in this study
and questionnaire results of a previous study (dotted line:
estimation results of this study, thick solid line: ques-
tionnaire resuluts (Kawana, Tamura, and Matsui, 2008)).

perception by visual sensation does not increase with in-
crease in peak acceleration, compared to the increase of
probability of vibration perception by body sensation.
3) In the range of natural frequency higher than 2.5 Hz,
probability curves of vibration perception by visual sen-
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sation are in the range of bigger acceleration amplitude
than probability curves of vibration perception by body
sensation, for both residences and offices. In the range of
natural frequency, the probability of vibration perception
by body sensation is greater than 90% for 10 cm/s* of
acceleration amplitude. However, the probability of vibra-
tion perception by visual sensation is less than 1% for the
same acceleration amplitude. In this range of natural fre-
quency, vibration perception by visual sensation rarely
occurs, compared with vibration perception by body sen-
sation, since very large acceleration amplitudes of build-
ings are necessary to generate minimum vibration ampli-
tudes of visual cues to perceive the vibration by visual
sensation.

4) Maximum probability of vibration perception by
visual sensation is 23.9% for residences and 18.4% for
offices. The probability for offices is smaller than that for
residences. The difference occurred because the number
of visual cues for offices was smaller than that for resi-
dences. Furthermore, subjects saw visual cues less often
in offices, while they were concentrating on their work.
In buildings where the measurement in chapter 3 of this
study was conducted, the number of visual cues was 3.5
in offices and 7.8 in residences on average. The number
of times visual cues were seen during the measurement
was 126 times for offices and 180 times for residences on
average. When the number of visual cues is increased
from 6 to 10, the maximum probability of vibration per-
ception by visual sensation is increased from 23.2% to
24.7%, even in the same circumstance of residences. When
number of visual cues is increased from 2 to 5, the maxi-
mum probability of visual vibration perception is increa-
sed from 16.7% to 21%, for the same circumstance of
offices. It seems that the maximum probability would in-
crease if the number of visual cues was increased.

5) Probability curves of vibration perception by visual
sensation for residences are at slightly smaller accel-
eration amplitude than those for offices. Furthermore, va-
riation of vibration perception by visual sensation for
offices is bigger than that for residences.

6) The authors of this paper conducted a full-scale mea-
surement of wind-induced vibration and questionnaires
about vibration perception simultaneously in an actual
high-rise building. Furthermore, ratios of occupants who
saw swaying of objects inside the building were inves-
tigated (Kawana et al., 2008). The ratios and estimation
results of this paper were compared as shown in Fig. 15.
Dotted lines are estimation results of this paper, and thick
solid lines are questionnaire results. The questionnaires
and full-scale measurement were conducted 4 times on
March 7% 1998, September 11" 2001, July 16" 2002, and
October 1% 2002. Time history of acceleration amplitudes
of the same building floor was measured in the same day.
However, the questionnaires were not necessarily con-
ducted on the same floor of the high-rise building. Thus,

the questionnaire results are shown based on peak accel-
erations amplitude measured on the nearest floor of which
the questionnaires were conducted. In this study, probabi-
lity distribution of vibration perception by visual sensa-
tion was estimated separately for residence and office. The
questionnaire results are compared with the probability
distribution for offices, since environmental conditions of
a building for which questionnaires were conducted was
very similar to the condition of offices. It was found that
all questionnaire results and estimation results of this
study correspond with each other well.

5. Conclusions

This study focused on vibration perception by visual
sensation by accidental seeing of visual cues as the first
perception of vibration, under a condition that lighting is
turned on.

In the first step of this study, three types of data nece-
ssary to estimate the probability of vibration perception
by visual sensation taking into account probability of
seeing visual cues were measured using a small camera
during normal activities in actual residences and offices.
Probability distribution of vibration perception by visual
sensation depends upon mean values, coefficients of vari-
ation and shapes of relative frequencies of the measured
data. Thus, these statistical parameters were investigated.
The most appropriate probability distribution models
were also investigated. A Rayleigh distribution shows a
good approximation as a probability distribution model of
the distance between subjects and seen visual cues for
residences. However, a lognormal distribution shows the
best approximation as the probability distribution model
for all other measured data. Mean values of the length of
time to see visual cues for each event of seeing visual
cues is the same, regardless of age and sex of subjects and
type of building. However, the coefficient of variation for
residences is bigger than that for offices. Mean values of
distance between subjects and seen visual cues are almost
the same for both residences and offices, regardless of
age and sex of subjects. The number of times visual cues
are seen in measurement period for offices is smaller than
that for residences, for all subjects.

In the second step of this study, probability distribution
of vibration perception by visual sensation by accidental
seeing of visual cues was estimated using a series of data
measured in the first step of this study. Individual differ-
ences of vibration perception, variation of measured data,
and different way of seeing visual cues which influence
to vibration perception by visual sensation are considered
in the process of the estimation. As a result, it was found
that the relationship between vibration perception by visual
sensation and vibration perception by body sensation varies
greatly, according to natural frequencies and acceleration
amplitudes of building rooms.
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Appendix: Notation

A : Acceleration amplitude of building room nece-
ssary to generate perception threshold as velo-
city amplitudes of each observational condition

f : Natural frequency of seen visual cue for each
event of seeing

f : Natural frequencies of building room

Dij

P ijk

Py

=
S

N &l

QX

: Damping ratio of seen visual cue for each event

of seeing

: Distance between subjects and seen visual cues

for each event of seeing

: Number of stimulus values used for estimation

of mean values and standard daviations

: Probability of vibration perception of each event

of seeing visual cues

: Probability of seeing visual cues by either two

events of seeing and visually perceiving vibra-
tions by both of the events of seeing

: Probability of seeing visual cues by either three

events of seeing and of visually perceiving vib-
rations by all three events of seeing

: the probability of perceiving vibration by vi-

sual sensation by either events of seeing visual
cues.

: Probability of seeing visual cues by either event

of seeing visual cues,

: Mean value of stimulus values S
: Stimulus value
: Length of measurement period of the experi-

ment conducted in the first step of this study

: Time length of each event of seeing measured

in the first step of this study

: Length of time to see visual cues during which

two events of seeing occurred at the same time

: Perception threshold of each event of seeing

visual cues as velocity amplitudes (minimum vib-
ration amplitudes necessary to perceive vibra-
tion of seen visual cues)

: Adjoining peak displacement amplitudes
: Mean value of standard value Z;.
: Standard point corresponding to cumulative pro-

bability P;

: Cumulative probability of Chi-square distribution
: A coefficient that expresses different condi-

tions described in Chapter 4.1.2 (2.6 or 1)

: A coefficient that expresses different condi-

tions described in Chapter 4.1.3 (1/6 or 1)

: Probability of vibration perception under the

condition that each event of seeing visual cues
and building vibrations occur at the same time

: A smaller probability of vibration perception of

two f; under the condition that seeing visual
cues and building vibrations occur at the same
time

: Perception threshold of each event of seeing as

angular velocity amplitudes calculated from
length of time to see visual cues and regression
equations in Fig. 10

: The circular constant
: Mean value
: Standard deviation



