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ABSTRACT

The constant pursuit of new architectural design methods and panding use of
multi-sensory music presentation calls for increased knowledgé human response
to audio-tactile stimuli. This thesis presents an experimentd explore the human
ability to distinguish di erences in tactile signals generatd by musical sources cou-
pled with typical stage oor constructions. A contrabass is usedatgenerate binaural
audio and vibration signals. The mechanical impedance of seakstage construc-
tions is measured and used to synthesize tactile signals genedatéhen coupled to
the contrabass. The audio and tactile signals are reproduced mgiheadphones and
a calibrated motion platform. Test participants are asked todentify di erences in
tactile signals given a xed audio environment. Multidimensonal scaling is used
to identify perceptual dimensions in subjective responses. Resushow that stage
vibration exceeds the threshold of perception ranging withcaeleration up to 0.04
ms 2 W, peak on one construction. Vibration attenuation, propagatio times and
modal damping vary with construction type and direction of popagation with re-
spect to beams and joists. Sensation level dominates perceive@mnces between
tactile signals, while audio-tactile time delays of up to 74 mbave little to no in u-

ence on perceptual di erences.
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1. Introduction

The information presented to humans about their environmenby vibration is
thought to be insigni cant in comparison to that provided by sight and sound, and
thus tactile stimulation is often ignored unless it causes a distbance. One might
not realize the levels of vibration that are generated in hisnvironment until he has
been asked to evaluate such signals. However, when vibration degsst we cannot
ignore its in uence on our perception of a situation. Imaginesitting in an airplane
in ight and hearing the roar of the engines and moving air wihout the shaking of
the seat and jumps of turbulence. Image hearing and seeing akaoncert, but not
perceiving the impact of the kick drum and bass guitar. It is had to understand
the importance of the tactile mode of perception, until it istaken away.

Multimodal research, the study of how di erent modes or senses dfiman
perception interact, allows us to explore perception by onmode in the presence
of the others. While technically demanding, this type of reseeh moves closer to
evaluating human perception in its most natural form, with al types of input inter-
acting. Audio and vision are the modes most often studied due to &fr importance
in the exchange of information. When the interest moves beydnthe exchange
of information into the ability to communicate presence the tactile, olfactory and
gestation senses become important.

The performance of music in an ensemble is a complex and demaugdtask,
and musicians make use of every method of communication possibludition is
obviously important, but musicians also use eye contact, bodyriguage and report-
edly the tactile sensation generated by instruments around the to communicate
during a performance. Interest in the last form of communicatin, vibration, is wit-
nessed by a growing interest in research of tactile music percegptiand the design
of orchestral stage platforms.

This thesis marks a continuation and convergence of researannusician com-
munication, the human perception of vibration, structural mechanics and virtual

multimodal displays. Several general questions guide the cant exploration:



How important is structural vibration in the perception of a musical perfor-

mance?

How do the materials and technique by which a stage is constructe ect

structural vibration generated by musical performance?
How do humans di erentiate tactile signals?

What physical characteristics of musical vibration in structues control human

perception?

What requirements must be met to accurately represent the taidé mode of

perception in a virtual display?

These questions and more discovered along the way are the mdiiva for
conducting this study. An experiment outlined in Section 5 is esigned to measure
stage vibration generated by musical performances and humaesponse to this
vibration. A review of work conducted in the past is presentechi Section 2 followed
by highlights and useful information regarding tactile pereption and structural
mechanics in Sections 3 and 4. Results and methods of analysie aresented
in Section 6 and their implications discussed in Section 7. Soma@swers to the
guestions above and other interesting ndings are summarized Section 8. A list
of mathematical symbols and de nitions used in this documentan be found in

Appendix A.



2. Motivation

The multidisciplinary approach to this study is inspired by the meeting of sev-
eral di erent paths of research. These paths could be broadhategorized as stage
acoustics, multimodal perception of vibration, telepresenaesearch and multivari-

ate statistical methods.

2.1 Stage Acoustics

Stage acoustics is a sub eld of architectural acoustics conoed with the evalu-
ation and design of the aural conditions experienced by musaais. Primary concerns
include ability of musicians to communicate e ectively and lheir overall comfort in
performance. Documented study of musicians' subjective resporsestage acous-
tics began in 1978 with a study by Marshalket al. and their nding that acoustic
re ections within an early temporal window improve ensembleluring performance
[26]. Michael Barron provided controlled experimental dat to show the impor-
tance of early re ections [4]. The results of early experimésnin stage acoustics was
continued and solidi ed by the development of three acoustitgparameters used to
quantify \stage support”|ST1, ST2 and ST |y [13], [14], later revised to STany,
ST, and STya [15]. Research into the subjective preference of stage acousts
a function of instrument type continues to be a hot topic [36][34].

In addition to their focus on time-energy ratios, Marshallet al., Barron and
Gade acknowledged that the perception of stage acoustics is altidimensional
phenomenon in uenced not only by the level, arrival time, tinbre, and location of
sound; but the instrument played and inter-subject di erencesn preference. The
authors also note that some variation in subjective responses ag to be controlled
by factors other than those under consideration. The presencé ather factors in
stage support for musicians raises the question as to the importanof other modes
of perception in musicians' judgment of stage acoustics. A study tfe interaction
of perceptual modes such as vibration and sound will provide adader perspective

and help to more fully understand stage acoustics.



2.2 Multimodal Perception and Telepresence

Multimodal perception is the process of gathering informatin from all the
human senses and the combining it into a coherent \image" of theorld. The study
of multimodal perception is of obvious interest in the undersinding of how humans
process complex, real world situations. The topic is frequegtimentioned in uni-
modal studies, only to identify the presence of other factors acting the results.
Conducting a study in which all modes of perception are stimuled simultaneously
is a di cult task. However, studies in which musical signals are pgsented to two
or three modes simultaneously are currently being conducted the elds of psy-
chophysics and telepresence [9]. The impact and signi cancenain-auditory factors

in acoustic presentation are summarized by Durand R. Begault][5

2.3 Multimodal Perception and Whole-body Vibration

The focus of the current study is on the perception of vibratio generated
by musical sources in the presence of audio. While much of the rasa in human
perception of vibration has been conducted in the interest @bmfort or communica-
tion, as presented in Michael Gri n's book The Handbook of Human Vibration[18],
there has been a recent emergence of research in the perceptb musical signals
by authors such as Michael Daub, M. Ercan Altinsoy and Kent Walke William
Martens, and Sungyoung Kim [10],[23]. In musical situations, thtype of vibration
that is most often considered isvhole-body vibration(see section 3.1).

These recent studies mark the rst published investigations intdhe impor-
tance of vibration in the perception of musical performanceand also happen to
be multimodal. This is not suprising, as removing audio from a usical environ-
ment would drastically alter the perception. The three studis also share a common
theme, focusing on the ability of humans to perceive time dinces between audio
and haptic musical source stimuli.

The study presented by Daub and Altinsoy is a short experiment to asse
the human ability to perceive audio-tactile synchrony. In tkeir study, audio and
tactile signals were measured using a binaural microphone (dom head) and seat-

mounted accelerometer during the performance of a pipe orga a church and a



cello supported by a board in an anechoic chamber. The signalere presented to
listeners in unmodi ed form via headphones and a shaker chaikeept for inserting
several time delays to both audio and tactile signals. The listemns were asked to
identify the signals as \synchronous" or\asynchronous" in a two léernative forced
choice test. There is no mention of frequency or level calilitan for either the
audio or tactile reproduction systems. The magnitudes of sigratecorded were not
calibrated.

Psychoacoustic test results indicated that the mean user idengd the point of
subjective simultaneity(PSS) at a 135 ms tactile delay (negative values indicating
a tactile lead) for the pipe organ signal and a 29 ms tactile delay for the cello
(subjects with musical experience choosing a43to 66 ms PSS). The authors note
that a simple cross correlation between the signals in the timeothain indicated that
the audio and tactile organ stimuli were most similar when the fetile signals was
moved forward by 119 ms (119 ms delay with respect to audio), indicating that
the tactile signal arrived later than the audio signal in the masurement. The cello
signals were found to have the highest correlation at a59 ms delay with respect
to audio.

Daub and Altinsoy then draw the conclusion that the PPS was not agl to
the point of objective simultaneity (POS) and that as a result, the measurement
of tactile signals is not required for realistic audio-tacté reproduction. However,
the experimental data seems to present an alternative hypotbis. The POS chosen
by the authors is the point of 0 ms time delay between audio anthctile signals
in the recording, leading to large error between the PSS andd3. If the POS is
chosen to be the time at which the signals are most similar (measdresing the
cross correlation function), the POS and PSS selected by the gabts become much
closer. With the POS at the time of maximum correlation, the sufective PSS
would be a 16 ms tactile lead for the organ and 5 ms tactile fohé cello (average
of musical listeners). Finally, the authors' conclusion that tatile signals are not
necessary for accurate reproduction based on unequal POS andSPi§nores any

information about magnitude and frequency contained in strctural vibration.



Walker et al. presented a study to the Audio Engineering Society with a
similar objective: to evaluate the human ability to identify time synchrony in audio-
tactile signals produced by musical instruments. In this study, aurround sound
microphone technique is used to record the performance of &lkidrum, piano, pipe
organ, and contrabass. Tactile signals were created from a camdttion of near- eld
microphone and contact pickup audio transducers and low passtered at 60 Hz.
The signals were reproduced using a multi-channel loudspealsrstem including
a subwoofer and a wooden shaker platform measuring 2.4 m by 1.2 @ubjects
were seated in soft cushioned chairs. In this study, the authorslamwledge and
attempt to record large structural resonances in the platforna ecting the frequency
content of the tactile signals presented. Calibration of levas accomplished only
by a rough perceptual judgment of matched psychophysical sengat level between
audio and tactile signals while seated on the chair. The authsrindicate peak
acceleration values recorded on the platform range from 8.9ns ? to 1.93 ms ?,
values exceeding those experienced during a rough car rideregorted by Grin
[18]. The POS chosen by Walkeet al. is based on the synchronized recording
and corrected for a time di erence between the audio and ta¢ components of the
reproduction system. As a result, the physical POS selected incleslthe di erence
in arrival time between the tactile signal measurechear or in contact with the
source and the audio signal traveling to the acoustic center di¢ microphone array.

Two experiments are conducted, the rst to measure the PSS usiraytime-
order judgment in which subjects are asked to identify which sigl comes rst|
audio or tactile. The second experiment assesses the ability torpeive time syn-
chrony by using a three interval two alternative forced choie task with time adjust-
ments centered around the PSS measured in the time-order judgnt task. Walker
et al. come to similar conclusions as Daub and Altinsoy, with di erentnstruments
providing di erent tactile time delay values for the PSS. Owerall, the values obtained
by Walker et al. are much lower with the PSS/POS di erence ranging from a 30:2
ms to 14.8 ms tactile delay with respect to audio, depending anstrument. In
fact, these values are in the range of the POS/PSS di erencas the Daub/Altinsoy
study if the PSS were to be chosen using the point of maximum crossrielation.



Walker et al. go on to report that frequency content and temporal charactestics
of the performance (legato or pizzicato playing styles) in uece both the ability
to perceived time-order and the resulting PSS. In addition, atistically signi cant
inter-subject di erences in time-order judgments are obseed.

A review of the two recent studies indicates some confusion alidbe point
of objective simultaneity in audio-tactile signals observedireal life conditions. In
addition, the authors discuss a need for further study regardgnthe importance and
human response to magnitude and frequencies di erences oagtuy in structural
vibration generated by musical sources. The current study addsses these areas of

research.

2.4 Multidimensional Scaling

Multidimension scaling is a multivariate technique for the eploration of the
structure of di erences in a data set. It is most commonly used ingrceptual exper-
imentation to present stimuli in their natural form and discove the \dimensions" of
percieved di erences (see Section 5.3.1 for a full descriptjo Multidimensional scal-
ing, or MDS, was used by John Grey in his study on musical timbre psented in the
Journal of the Acoustical Society of American in 1977 [16]. In &istudy, Grey pre-
sented subjects with musical tones synthesized to represent thetuval di erences in
harmonic and temporal structure between musical instruments. WMtidimensional
scaling was used to identify perceptual dimensions governiniget subjects’ ratings of
di erences in the musical tones. The perceptual dimensions veeable to be linked
to attributes of timbre such as \spectral energy distribution”, \spectral uctuation”
and \low amplitude, high-frequency energy in attacks."

Multivariate techniques have also been applied to the study gberception
in room acoustics by Kiminori Yamaguchi in 1972 and Schroedefottlob and
Siebrasse in 1974 [35], [32]. In these studies, subjects are presgkntith musical
stimuli representing the sound eld experienced at di erent lgations in a concert
hall. Both studies made use of a controlled sound source and measuents con-
ducted in real halls in an attempt to present stimuli in the most mtural manner
possible at the time. Subjects are asked to rate di erences in s@s in Yamaguchi's



study and preference in Schroedet al.'s study. Multivariate techniques allowed the
experimenters to extract important information about whatphysical attributes con-
trol perception in complex sound elds (MDS for Yamaguchi, pncipal component
analysis for Schroedeet al.).

Presentation of signals in their natural form is an important kene t in early
studies of perception in complex situations. The precedent sey these studies leads
to the selection of a multivariate technique in this study of mltimodal perception
in audio and vibration. Many of the decisions made with respedb experimental
design and analysis of results are in uenced by the studies of Greramaguchi and
Schroederet al.



3. Tactile Perception

By nature, multimodal research requires a broad, multidiscimary approach. Knowl-
edge of structural vibration, wave propagation, modal measement techniques, sig-
nal processing, auditory perception, tactile perception andognition are all required
to make sound decisions in experimental design and analysis ot thudio-tactile
human response. Information presented in the next two sectionsiwprovide an
overview of some of the knowledge base required for experinagiin and evalua-

tion of results.

3.1 Whole-body Vibration

Whole-body vibration refers to vibratory excitation of the entire body by the
supporting surface such as a oor or chair, as apposed to single poor small
area excitation generated by sources such as the Braille systemadoot massager.
Vibration is experienced by most individuals on a daily basis itransportation such
as automobiles or trains and structural vibration occurringn architecture generated
by footfall or building service equipment such as large fans @ompressors. As a
result, most of the research regarding the perception of whabedy vibration has
been conducted in search of a means to quantify and evaluateetdegree to which
a certain vibration signal will cause discomfort or annoyanceHowever, the basic
principles of level, time and frequency discrimination apglto the perception of
any signal type. In this section, an introduction to the basic mans of vibration

perception will be presented.

3.1.1 Sensation Level

\Sensation level" is the perceived intensity of vibration thais linked to physi-
cal measures of vibration amplitude such as acceleration or@eity. It is analogous
to the perceived \loudness" of sound. As one might expect, the huan response to
vibration changes depending on how the body is supported anlde direction(s) the

supporting surface is moving. Several standards including ISZ831 [2] have adopted
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X
Figure 3.1: Frequency axis used in evaluation of human vibra tion as

de ned in 1SO 2631.

a standard basicentric coordinate system with which to refer tohie placement and
direction of whole-body vibration shown in Figure 3.1. A singl axis of vibration is
often isolated in pyschophysical experiments.

One of the rst attributes of the tactile perception system studed is the abso-
lute threshold of perception. Results of many these studies areegented in Grin's
handbook and have resulted in a generally accepted minimumysical magnitude of
0.01 ms? peak amplitude to be percieved by the average human exhilsiti normal
perception. Other levels of instantaneous vibration and cogsponding semantic la-
bels are presented in Table 3.1.Vibration magnitudes expenieed in common events
are listed in Table 3.2. Both tables are adapted from Gri n's handbook [18].

The standard method of evaluating the relationship between pisical magni-
tude and psychophysical intensity is to use Steven's power lawg[1 This relation-
ship, presented in Equation 3.1, suggests that sensation levelwill increase with
physical magnitude# according a constant growth exponenh wherek depends on

the units:

= k#": (3.1)
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The growth exponentn will vary with axis of excitation, frequency, duration,
and physical magnitude; but is expected to approach a mean ual across subjects.
Many studies have reported values of the growth exponent measd under various
conditions, and are summarized in Grin's Handbook [18]. Of paticular interest
in this study is a paper published by Howarth and Grin in which th e frequency
dependence of sensation level is studied for signals at low amules [20]. The
authors report growth exponents between 1.04 to 1.47 for ¥eal (z-axis) motion
and 0.68 to 1.99 for horizontal (y- and x-axis) motion for sine ave signals between
4 and 63 Hz presented at 6 magnitudes ranging from 0.04 to 0.4 ris The mean
growth exponent value measured in the vertical direction is.2 and is statistically
independent of frequency, while the mean value in the horiatal direction is 1.4 but

varies with frequency.

Table 3.1: Semantic labels associated with physical magnit udes of accel-
eration (adapted from  Handbook of Human Vibration [18].)

Semantic Label ms 2 W, r.m.s.
0.315
0.25
0.20
0.16
0.125
Strong perception 0.10
0.08
0.063
Very clear perception 0.05
0.04
0.0315
Clear perception 0.025
0.02
0.016
Perception probable 0.0125
0.01
0.008
Perception improbable 0.0063
0.005

Very strong perception
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Table 3.2: Vibration experienced during common events (ada pted from
Handbook of Human Vibration [18].

Vibration Type Physical Magnitude
Smooth car ride 0.2 ms 2 Wy r.m.s.
Rought car ride 1.0 ms 2 Wy r.m.s.
< 0.1 ms ? Wy r.m.s.
< 1.0 ms 2 Wy peak

Building vibration

The results presented by Howarth and Grin con rm the accepted etimate
of a growth exponent of approximately 1|indicating a linear relationship between
physical magnitude and sensation level [18],[20].

Morioka and Grin have studied the "just noticeable di erence" threshold,
de ned as the minimum physical magnitude by which a signal mustd changed to
result in a perceived di erence [29]. The authors report thathe human response
follows the concept of Weber's fraction developed by Germagwsychologist E. H.
Weber shown in Equation 3.2 in whichl represents perceived sensation level. The
just noticeable di erence in whole-body vibration is reporéd as approximately 10

% for sinusoidal signals at 5 and 20 Hz in the region of 0.1 and 0.5 rAs.m.s.:

I
T = constant: (3.2)

3.1.2 Frequency

Humans perceive vibrations of di erent frequencies to have drent associated
levels of sensation. This phenomena indicates that the humaeasponse to vibration
is frequency dependent. One method of exploring this frequey dependence is
to present sinusoidal or narrow band vibration signals to listems and ask them
to assign a subjective sensation level estimation based on a giveference signal
and number, as conducted by Howarth and Grin [20]. A second médtod is to
present the same signals, but to adjust physical magnitudes of testiratli until
their test subjects indicate sensation levels match a target myence, as conducted
by Mans eld and Maeda [25]. Results of these studies are oftenegafed to as \equal

sensation curves" or \equal sensation contours".
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Signi cant variation in measured equal sensation curves has & presented,
primarily due to the expected di erences found when using tesitimuli of dier-
ent magnitude, frequency range and duration level [18]. Inddition, di erences in
experimental conditions such as platform distortion, backgund noise and seat dy-
namics have also contributed to variation. Despite variationthe broad knowledge
base has resulted in several standard frequency weightings, thesh popular of
which are presented International Organization for Standalization 1ISO 2631 and
British Standards Institute BS 6841 [2], [3], [1]. The frequery weighting curve
presented in Figure 3.2 has been designed for use in measuringéhergy in a raw
vibration waveform while adjusting frequencies to match e@l sensation contours.
As a result, the frequency weighted magnitude can be used to coanp the expected
sensation level generated by signals of di erent frequency. €hgeneral trends in
this contour are marked by band limiting between 0.4 Hz and 10Biz, a peak in
sensitivity between 3 Hz and 12 Hz, and a steady decline in sensitiibetween 12
Hz and 100 Hz that occurs as a result of the human response's cortielato velocity
instead of acceleration.

10
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Figure 3.2: Frequency weighting curves de ned in ISO 2631. T he W
curve corresponds to vibration in the vertical direction an d the W ,
curves correspond to vibration in the horizontal direction
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Results of the study conducted by Howarth and Grin using stimuli in the
same frequency and amplitude range as those observed during roakperformances
on stage are in slight disagreement with the 1SO 2631 frequencyighting curve,
as shown in Figure 3.3. Their results shows that humans may be neosensitive to
high frequencies at low magnitudes than indicated by the vical frequency weight-
ing curve W, which was created taking into consideration results of sensitiies

measured across a wide range of experimental conditions.

Frequency Weighting
T

il I
1 10 100
Frequency (Hz)

0.1

Figure 3.3: Subjective frequency sensitivity as measured b y Howarth
and Grin in comparison to standardized frequency weightin g curves
presented in BSI 6841 [20]. | Measured. BSI 6841 W g IS an asymptotic
approximaion to 1SO 2631 W .

A common theme in all equal sensation contours is a fairly broasinooth
transition between frequencies. One explanation for the smdwtess is the relatively
few frequency data points obtained during experimentatian In addition, discus-
sion presented by Gri n cites current research in biodynamics stwing that high
levels of damping and complex connections in the human bodyeate a system in
which no individual resonances dominate, leading to fairly sooth response across

all frequencies of excitation for whole-body vibration []8 Individual parts of the
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body still possess resonant frequencies which can lead to di etemeas of localized

stimulation, but do not create peaks in frequency sensitivity.

3.1.3 Time

The behavior of structural vibration in the time domain also ha an impact on
the human perception. Key areas of interest are dynamic chaggin the waveform
and a signal's distribution time, i.e. duration or impulsivenss. As an example,
understanding the human response to vibration duration can helto understand
the di erence in sensation caused by a car traveling over a smalbghole versus the
sensation of a large fan shaking the oor of a building.

T. Miwa proposed an integration time similar to that studied in the auditory
system published in an article inndustrial Health in 1968 [28]. The author observed
that sensation level increased with vibration duration up to 2 ssnds for excitation
between 2{60 Hz and up to 0.8 seconds between 60{200 Hz. Sincd tirae, studies
in whole-body vibration have focused on understanding the mive disturbance
of vibrations of di erent duration and distribution in time. Michael Grin and
Eleri Whitman have proposed a \root mean quad” (r.m.q.) measw to be used
in quantifying the disturbance or annoyance of complex vibteon [17]. Similar
to the \root mean square" value used in many elds, the r.m.q. vale shown in
Equation 3.3 is a method of averaging over some time duratian The fourth-order
relationship causes impulsive signals (signals with a high creatfor) to be weighted
more heavily according to subjective experimentation:

1 Z; 1=4

rma.= < . at(t)ydt (3.3)
While Gri n and Whitman have shown that the r.m.q. method is a b etter predictor
of subjective disturbance and applies to a signal of any duratipit is not as useful
as a time constant for the assessment of arbitrary signals in time. Mgn evaluating
musical signals, the researcher would like to be able to compalethuman response
to di erent passages. The most useful method of accomplishing thigould be to
plot an estimate of sensation level versus time, similar to the glof an A-weighted
sound pressure level versus time. In the latter situation, a standa integration

time of 125 ms (the \Fast" setting on a sound level meter) has beesccepted. No
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such integration time has yet been accepted for the assessment tration. As a
result, this study will present signals in the time domain at instataneous, absolute

amplitude with no integration time.

3.1.4 Other Factors
A number of factors exist that will a ect the human perception of vibration

independent of the physical characteristics of the signal it$elSurprisingly, footwear
has not been found to be one of these factors, even in standing ditions [27]. Many
factors that should be kept in mind when considering human respse to vibration
typical of that experienced in buildings include: the presare of visual or auditory
stimuli, posture (knee or back position), the relationship of \daration between seat
and footrest, the presence of a backrest in the seated position aselat type (hard
or soft) in addition to those listed in Appendix B.



4. Structural Vibration

4.1 Theoretical Mechanics of Motion

The most direct method of describing oscillatory motion resportde for whole-
body is to present the wave equation governing displacement floending waves as
shown in Equation 4.1 derived in Fahy and Gardonio's boosound and Structural
Vibration for a one-dimensional bar [12] where represents displacement:

@ @ .

Inserting the complex exponential expression for displacemeas a function

(4.1)

of time and position as shown in Equation 4.2 results in the releinship between
physical properties of the material|Young's Modulus E, second moment area of the
cross section of the neutral axis, and mass per unit lengthm|and the traveling

wave's wavenumbek and frequency! as shown in Equation 4.3:

(x;t) = ~el(t kO (4.2)
Elk*=1?m: (4.3)

The fourth-order spatial derivative of Equation 4.1 and resting relationship
shown in Equation 4.3 indicates that bending waves in solidsedispersive In other
words, the phase speed of the traveling wave is dependent on freqcy, as shown in
Equation 4.4. High frequency oscillations will travel throufj a solid more quickly
than low frequency oscillations. The dispersive nature of bemdj waves sets them

apart from other types of waves that travel through solids andghose observed in air.

p_ EIl 1=4-

T (4.4)

Coending = 1=k bending =

While the wave equation provides useful information about th factors in a
structure in uencing vibration transmission and the manner in vhich bending waves

travel, the situation becomes much more complex as complex ttures including

17
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nite, inhomogeneous materials and geometries come undamsideration. The tra-
ditional approach to dealing with a complex system is to form aigcrete model of
the system composed of a network of individual masses, each with assaciated
set of equations of motion determined by its physical propeds and modeled con-
nection to surrounding elements. This method is referred to dke \ nite element”
approach.

The method, as presented in Ewindlodal Testing: Theory and Practice[11],
as well as Fahy and Gardonio [12], describes the motion of aded system with
hysteric or structural damping' in multiple degrees of freedom with the expression

shown in Equation 4.5:

Mx + Kx + jHx = fel': (4.5)

In this equation, M, K andH representN N mass, sti ness and hysteric/structural
damping loss factor matrices, respectively, where N is the numbof degrees of free-
dom in the system. The symbolxgsx andf denoteN 1 time varying vectors of
acceleration, displacement, and forces. In the case of bendingves,x = . N is
equal to the number of degrees of freedom assumed for each négiement in the
system multiplied by the number of elements in the system. Each geee of freedom
represents a direction in which an element is allowed to move deform. In order to
model all types of a wave motion in a solid, six degrees of fre@donust be included
for each element: x-, y-, and z-axis displacement as well as -, and z-axis rota-
tion. However, models are often simpli ed to isolate motion ofnterest and reduce
computational load.

Equation 4.5 results in a set of N equations of forced oscillatonotion as
shown in Equation 4.6 which describe the displacement of onerakent in one degree

of freedom as a function of force, time, frequency and physiqgaarameters.

(K+jH 12M)xe" = felt:

1A forced system with hysteric damping is considered here solely for its applicalty to the
current study in which harmonic forces drive a system that exhibits a damping rate that varies
inversely with frequency [11].
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or
x=(K+jH 12M) tf= (1) (4.6)

The individual equations of motion and resulting nite elemat model allow
for highly feasible computational models of real systems. Thesedels can predict
the response at any point in a mechanical system (or the entire systeat once)
to single or multiple forces. In regards to music produced stagébvations, nite
element analysis could be used to predict vibration of interest one listener location
resulting from the force created by a musical instrument at anber. Because there
are many types of instruments and associated complex forcing chanisms, it would
be bene cial to remove the dependence on force from Equatigh6 in order to
guantify the stage's response independent of driving force. €hresulting function

is calledreceptance

4.2 Receptance, Mobility, and Accelerance

In one form, receptance can written by rearranging Equatiod.6 as shown in

Equation 4.7:

(1)=(K+jH 12M) & (4.7)

However, an expression that is more applicable to measurementdaa cient
computation can found by relating receptance to eigenvectoand eigenvalues, oth-
erwise known as mode shapes and resonant frequencies. The rst stemding this
equation is to identify the natural resonant frequencies ohe system. These eigen-
values can be found in the non-trivial, unforced, undamped kion to Equation

4.5 as shown in Equations 4.8 and 4.9:
K 1?2M xé&" =0: (4.8)

detik !?Mj=0: (4.9)

Substituting the diagonal matrix of eigenvalues back into Egation 4.8 yields an

N N matrix containing the corresponding eigenvector mode shape$¥hese two
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Table 4.1: De nitions of frequency response functions used in structural
modal analysis.
Receptance (M) = x=f
Mobility Y()=x=f =j ()
Accelerancel A(! )=«=f = 12 (1)

matrices describe the all of the resonant frequencies and asatail physical dis-
placements of the unforced, undamped discrete system. Ewins wi3othat that a
similar set of eigenvalues [ can be found by solving the unforced, damped Equation
4.5. In the case of hysteric damping, the eigenvaluesare related to the natural

resonant frequencies , by the damping loss factor , as shown in Equation 4.10:

2= 121+ o) (4.10)

The damped eigenvalues and eigenvectors can be used to resvEfjuation 4.7
as shown in Equation 4.11:
X rir x

k()= 3
r=1 " f

(4.11)

124] 12
Equation 4.11 is quite useful in that it is dependent on resonaifrequencies, mode
shapes and damping loss factors which can be readily obtainedrh measurements
of existing structures. The measurement of modal frequenciesdashapes can then
be used to describe the response of a real system to an arbitrary ®&s shown in
Equation 4.12 with mass-normalized eigenvectors:

X Tf

— ; 4.12
EREEIE (@12

X =
r=1

Once receptance has been obtained, mobility and accelerarman be evaluated

through the simple relationships shown in Table 4.1.

4.3 Measurements

The process of measuring modal resonances, mode shapes, and dagripss

factors is called modal analysis. Many advanced measurementhiaiques have been
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Figure 4.1: a) Typical receptance frequency response funct ion showing
modal resonances. b) Detail of single resonant peak. Dampin g ratio
is dependent upon the height and bandwidth of the peak. Taken from

Modal Testing: Theory and Practice

developed and are discussed in Ewins' book [11]. In all methodsgetbbjective is
to obtain the system's response to a known input force in the fregacy domain at
a resolution su cient enough to properly identify frequencies and damping factors
as shown in Figure 4.1. Mode shapes are obtained by making mangasurements
across a structure in a grid and using the di erences in responsermalized by
input force. Figure 4.2 shows a simple example of a grid and retsugd (exaggerated)

displacements used to calculate a mode shape.
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Figure 4.2: Example mode shape. Acceleration is exaggerate
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5. Experimental Design

Two primary objectives are considered in the experiment presed in this paper: (1)
to measure and compare the physical vibration created on commorchestral stage
constructions during a musical performance and (2) to evaluatthe characteristics
of stage vibration that control perceptual di erences. This setion discusses the
following steps taken to accomplish these objectives:

Record vibration created on a stage by a contrabass performireg musical

passage in a coupled and uncoupled condition

Measure the mechanical response of ve stage constructions usingdal anal-

ysis techniques

Use the mechanical impulse responses and uncoupled vibration teate musi-
cal vibration signals that are experienced at each stage measnrent location

by convolution
Present the audio and tactile signals to listeners using an audiactile display

Ask subjects to rate perceived di erences between signals in an B/compar-

ison

Use multidimensional scaling to explore the physical charactstics underlying

perceptual di erences

Experimental procedures are discussed for data collection vééopment of the audio-

tactile display and psychoacoustic test methods.

5.1 Data Collection

Prior to beginning the in depth study of di erences in stage vibation, the au-
thor is rst interested in con rming that a musical instrument performed on orches-
tral stages generates enough force to excite perceivableraiton at typical listening

distances. A simple pilot study was conducted on the stage at the g&rimental

23
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Time (s)
Figure 5.1: Peak frequency weighted acceleration measured at 2 m on
the Slab-A concrete slab stage construction during a musica | contra bass
performance. Absolute threshold of perception is approxim ately 0.01

ms 2 W .

Media Performing Arts Center (EMPAC) Concert Hall in Troy, NY. Mi chael Bul-
lock performed several musical passages on the contrabass supabtty the stage
in a traditional manner while vibration waveforms are recated at a distance of 2
meters. Figure 5.1 shows the instantaneous, absolute peak viboat measured dur-
ing 400 seconds of the musical performance. Stage vibratiomesorded with a PCB
Piezotronics 333B50 accelerometer (see Appendix E for equigmh speci cations).
Approximately 2.4% or about 9.5 seconds of the measured signate&ded the
threshold of probable sensation at 0.01 m$ W, peak. Above this level, perceptible
vibration reached amplitudes of up to 0.04 ms W, peak. Peak acceleration levels
are used in order to maximum compatibility with other results ad avoid incon-
sistencies that occur when averaging methods such as r.m.s. on.q. are used, as
suggested by Grin [18]. Sensation levels associated with these gratudes would
range from \probably perceptible" to greater than \very strong perception” as shown

in Table 3.1. The implication of the measured distribution andnagnitudes is that
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vibration is important for perception only during the strongest portions of perfor-
mance, in this case the attack portion of notes. However, the viition generated
results in highly perceptible levels of sensation. The measurents presented in this

section also serve as a guideline for level calibration of thedio-tactile display.

5.1.1 Musical Source Material

Previous studies in audio-tactile music perception have be@onducted using
single note source material recorded during a performance in a ort to minimize
di erences between stimuli in musical content and performarc[10], [23]. In this
study, there is exists a desire to present musical source materialiis most natural
form, such as a short musical passage with no restrictions on perfance. A tech-
nique inspired by the anechoic musical recordings used in conuauralizations is
used to eliminate inter-stimulus di erences.

The rst task in this process is to obtain vibration created by the instrument
that is not a ected by the supporting surface it is performed on In practice, this
turns out to require less e ort than obtaining anechoic recatings. The contrabass
is supported by a small platform, roughly the size of the peg, thas isolated from
the oor by a spring/damper system as shown in Figure 5.2. Vibratio generated
by the instrument is then measured next to the peg on the platfon with the PCB
Piezotronics 333B50 accelerometer.

The resonant frequency of the combined mass/spring/damper systesmea-
sured at approximately 7 Hz. The result of isolation and dampingithat acceleration
generated by the instrument situated on the platform will be mimally impacted by
stage response above 35 Hz (approximately 5 times the resonangfrency as sug-
gested by Ewins [11]). The method used in this study may also be usedhe future
to evaluate the relative contributions of structure-borne ®rsus airborne excitation
of structural vibration [30].

A Head Acoustics HMS V.1l binaural dummy head measurement system is
used to record the audio portion of the musical performance at r2eters in front
of the contrabass player facing the musician on the EMPAC stageOther audio

measurement conditions more familiar to orchestral seating vee considered, but
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Accelerometer

Acceleration Motu 828
Binaural Audic Audio Interface

(O
Dummy Head
Figure 5.2: Diagram of musical source material recording sy stem.
Binaural audio is recorded with a Head Acoustics HMS V.II dum my

head, the contrabass is isolated from in uence of stage vibr ation by a
spring/damper system and recorded with a PCB 333B50 acceler ometer.

this location has been selected due to ease and naturalness & tlstening task

presented with the audio-tactile display.

5.1.2 Stage Structural Response

The structural responses of ve stage constructions are measurduio stages
constructed with wood beams and joists and a thin wooden sub odrelow a nish
oor; two stages constructed with a wood nish mounted on sleepsrsupported by
a thick concrete slab; and one hydraulic pit riser. Architectual details of each stage
construction can be found in Appendix C. Structural responses emeasured with

the intention of quantifying the following properties:
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Front
—4m

Side } 1 1 o
4m 2m 1m

Figure 5.3: Structural response measurement locations. Da shes mark
source positions, black circle marks receiver position.

The physical magnitude of vibration generated by a known foecin the fre-

guency range important to the human perception of vibratior(O to 100 Hz).
The change in vibration with distance and direction on each stge.

The change in vibration response controlled by stage charadtgics such as

nish material or structural design.

A measurement technique designed for use in modal analysis is émgpd at
six locations on each stage construction as shown in Figure 5.$tructural response
is measured by accelerance, as de ned in Section 4.2, using rapulsive source. An
instrumented sledge hammer is used to create and measure a braaubinput force
while a Polytec PDV-100 laser doppler vibrometer is used to measuthe vibration
response (acceleration calculated by integrating the measdreelocity) as shown in
Figure 5.4.

The transfer function between force input and accelerationutput in the fre-
guency domain as shown in Equation 5.1 represents the frequgnitependent accel-

erance function where- represents force and represents acceleration:

FFTfF(t)g.

A= EeTramg

(5.1)

20ne stage construction is a narrow pit riser along which only one direction of mesurements
could be made, resulting in three data points. One measurement location at 4 meters the
forward direction on the EMPAC stage is missing due to technical di culties.
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Figure 5.4: Structural impulse response measurement equip ment. In-
strumented sledhammer used to measure force input, laser do ppler vi-
brometer used to measure force output (isolated from stage w ith bungee
cord). Not Shown: 150 Ibs of sand placed on chair used to mass | oad

reciver position, source position mass loaded by experimen ter operating
hammer.
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As discussed in Section 2.3 previous studies have shown an inter@stime
delays between audio and tactile signals [10],[23]. The sttucal impulse responses
measured in this study allow a comparison to be made between thenditions used
in these previous studies and time delays occurring in real-vid situations. The
cross-correlation function between the force input and acesation output measured
for the impulse response is used to identify the vibration propagjon time between
source and receiver. The arrival time is chosen to be the time which the maximum
of the absolute value of the cross-correlation function occursThe discrete cross
correlation function is shown in Equation 5.2.

X
(f?9)n] = f [m] g[n+ mj: (5.2)

m=1

In this study, force input is estimated by measuring the accelation generated
by the hammer with a PCB Piezotronics 308B03 accelerometené assuming a
constant mass of the sledge hammer head. In an ideal situationyde would be
measured directly with a force transducer. However, the resuiiy errors would
be in calculating the overall scale of the force input to a refence value such as 1
Newton. Relative changes in energy transfer as a function oéfuency would remain
accurate and can be compared between one another because timeesmass is used
in each measurement. As a result, accelerance values presentethis paper are
evaluated only in a relative manner and any comparison of thelues with other test
data should be done so with caution. See Appendix E for equipmespeci cations.

Vibration signals matching those experienced at each of the 26easurement
positions are created by convolving the uncoupled vibratiosignal with the struc-

tural impulse responses using the method shown in Equation 5.3.

b
(f gIn]= f[m] gin  m] (5.3)

m=1
The full list of construction types and measurement locationsra provided in Ap-
pendix C.
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5.2 Audio-Tactile Display

Audio and tactile signals must be presented to listeners in a mannéhat
is both plausible and adjustable to match experimental paranters. Historically,
two methods of presentation have been accepted: (1) placingténers in real world
situations and evaluating results based on net di erences in ghical parameters and
(2) using a plausible virtual display. The bene ts and drawback of each method
have been widely discussed and are presented in the following pep [4], [13],
[7], [24]. A summary of the tradeo s is that placing listenersn actual listening
conditions provides the most accurate representation at thexpense of the ability
to isolate and control separate variables, while using a virtuadlisplay sacri ces
delity and the completeness of a real environment. In this stdy, the need exists to
adjust vibration independent of visual and audio cues, a feat ipossible using real
world conditions. This section presents the design and detail$ the audio-tactile

presentation developed for this experiment.

5.2.1 Motion Platform

Tactile signals are presented to the listener via a Buttkickerlectrodynamic
shaker mounted to the bottom center of a motion platform as showin Figure 5.5.
The shaker is powered by a 1000-watt ampli er. A hard, woodenhair is rigidly
attached to the top of the platform.

A calibration process is conducted to minimize the impact oftie structural
response inherent to the platform itself on signals presented tbe listener. Heavy
wood construction and extensive bracing are used to make the fftam as sti as
possible and raise the natural resonances to a frequency rangeabthat important
for human perception. Once the platform is constructed, thedéquency response is
measured at several locations on the top of the platform and ktoim of seat with a
180-Ib subject sitting in a relaxed position on the platform. Asxpected, frequency
response varied with location due to the complex structure. Thieottom center of
the seat is selected for the calibration and measurement loaati due to its maximum

contribution to the vibration transmitted to the body.
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Figure 5.5 Motion platform used in multimodal presentatio
tactile stimuli. Sennheiser HD280 headphones are used for a
nation.

n of audio-
udio prese-
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Figure 5.6: Frequency response measured at the bottom of har d wooden
seat mounted to the motion platform before and after calibra tion. Mea-
surements are made with a 180 Ib human subject seated on the pl atform.

Figure 5.6 shows the frequency response of the bottom of the gaim seat
before and after frequency response calibration with a 1804#iluman subject seated
on the platform. Equalization is accomplished by a minimum4pase, inverse FFT
Iter and occurs o ine before presentation. Band limiting of the platform is set by
a high-pass Iter at 30 Hz and a low-pass Iter at 100 Hz due to the gaabilities of
the shaker/platform system and the lowest frequency generated the contrabass -
approximately 40 Hz. The time delay between an audio signal ahé subject's ear
and a tactile signal at the bottom of the seat is measured by takgthe transfer
function between the output of a dummy head wearing the heatipnes and an
accelerometer attached to the seat bottom. The 3-ms time dglabserved (vibration
lagging) is corrected for by adding a 3-ms delay to audio sigisaluring presentation.

Amplitude calibration is accomplished by matching the r.m.s. eceleration of
a signal generated by convolution with a signal recorded on thetage directly as
presented in Section 5.1. A 30 second sample generated by covingl the uncou-

pled vibration with the 2 meter forward direction EMPAC stagemechanical impulse
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response is compared to a 30 second measurement made in the sanedidmcon
the same stage with the contrabass supported by the stage. Becauke vibration
generated by the bass could only be recorded with an acceleetsr, actual force
input levels to the stage are currently unknown. The level anfiequency calibration
process used ensures inter-stimulis di erences in level, freqcy, and time are repro-
duced accurately. The correlation to actual levels that wdd be measured on each
stage can only be represented as approximately and within thamge of plausibility.
As a result, correlation between stimulus characteristics and bjective response are
analyzed using signals recordedn the platform during experimentation.

5.2.2 Binaural Audio

In this study, audio is presented as a reference by which subjeatan ground
their perception of vibration. The audio environment mainains xed across all
tactile signal comparisons. Subjects are not asked to analyzeethudio environment.
As a result, the primary concern in the audio portion of this tests plausibility. That
is, the subjects should feel as if the audio environment accuedy represents the one
they might experience if they were sitting in front of the bassison the stage.

Binaural recording and playback techniques are employedrfthe presentation
of audio in the audio-tactile display. The theory and applicaon of binaural tech-
niques are presented in depth in Jens BlauertSpatial Hearingand summarized in
this section [6]. A binaural microphone system consisting of a duny head and
two microphones located at the ear canal entrances is used &pture the interaural
time and level di erences that the human auditory system uses ffdocalization in
the horizontal plane. When played back via headphones, thesgsals accurately
represent the spatial qualities of a sound eld, resulting in a hghtened sense of per-
ceived reality. In a more complex system, head-related transfeinctions (HRTFs)
representing the frequency response function of the actual kster's torso, head and
pinnae of sources from di erent directions would be includedia a Itering process.
This step, which helps moved the perceived location of sourcestside the head, is

not necessary for this experiment, but may be included in futerresearch.
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The headphone ampli cation system is calibrated such that sighs are pre-
sented to the listener at the exact levels recorded, by methoescribed in the HEAD
Acoustics application note [19]. Closed-ear Sennheiser HD28@thehones used for
audio presentation are selected for quality and to isolate noigenerated by the plat-
form. Ampli cation levels are limited such that A-weighted sourd pressure levels
do not exceed 80 dBA.

5.3 Subjective Testing

This study marks one of the rst experiments in the overall pereption of
musical vibration in the presence of sound. One of the primary @xtives is to
explore the dimensions of perception to see what characterestiof the signals govern
subjective responses. A psychometric procedure called multicdmsional scaling
(MDS) is selected to explore the subjective responses. This prduoee is a popular
choice for the exploration of subjective qualities and has be employed in past
studies into the perceptual dimensions of timbre [16] and peafence for concert hall

acoustics [35].

5.3.1 Multidimensional Scaling
5.3.1.1 De nition

Multidimensional scaling (MDS) is a method for exploring the nderlying fac-
tors or \structure" of a data set. It is an exploratory data analysis technique in
which an iterative process is used to nd a mathematical transfaation that maps
a set of distances between objects or stimuli into am-dimensional space in which
Euclidean distances approximate the input distances. In a typal introductory ex-
ample, MDS is used to recreate a two-dimensional map given arnpirt table of
distances between cities [22].

The bene ts of MDS are that test stimuli can be presented in theinaturally
occurring form and the in uence of experimental design on subgtive responses is
minimized. Test subjects are simply presented with two stimuli ashasked to provide

a single value \di erence" between the two. The experimenters not required to
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Table 5.1: Sample di erence matrix used in Multidimensiona | Scaling.
Each cell represents the perceptual di erence between the s timulus as-
sociated with row i and column j.
Stm# |1|2|3|/4|5/6|7|8|9(10|11 (12|13 |14
1 -1312(1(3|1|2|5|1|2|4|2]|2]|6
2 3|-14|5|/6|4|5|6|4|5|2|2]|3]|5
3 2|4|-1413/1(2|3|3|1|5|4]|6]|7
4 1/5/4|-/6|5(/5/6(3]4 |4 ] 1] 3]3
5 3/6/3|6|-]2|2|3|6/5| 6|6 |6/|6
6 1(4/1(5/2|-|1{3(4] 3|6 |5]|6]|7
7 2|5/2(5]2/1|-|3|1]1|5|4]| 3|7
8 5/6[(3/6[3[/3[/3|-/3[3|7|6|6]|7
9 1/4/3/3/6[{4/1/3|-|/1]4,3|4]|6
10 2/5/1/4/5/3/1|3|1|-|3|4|5]|6
11 412|5|4|6|6|5|7|/4, 3| -|1|2]|2
12 21241654634 |1]|-1]3]|6
13 2/3/6/3/6[6[3|6{4|5|2|3]| -5
14 6573/ 6|7|7|7|6|6|2)|6]|5]| -

pre-select a set of attributes to be studied, as in a related medd called factor
analysis [21].

The input to an MDS model is a di erence matrix. Each row and clumn of
the matrix represents an object or stimulus. The matrix is popwlted with subjective
\di erences" or \proximities". A sample matrix taken from this study is shown in
Table 5.1.

From the set of di erences, MDS creates am-dimensional space in which the
objects labeling the di erence matrix are given coordinate The dimensionalitym
is de ned by the user. The Euclidean distance between these cdorates, shown in
Equation 5.4, are given by a transformation to equal the inputiata plus an error
value [8]. Xjz and xj, represent the stimulus coordinate in dimensioa for proximity

ij and d; represents the calculated distance:

" Xn #122
dj (X) = (Xia  Xja)® (5.4)
a=1

The purpose of MDS is to nd a transformation that matches these idtances
as shown byf in Equation 5.5 wherep; represents the input proximities andd;
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the distance de ned by the transformation. The form thatf takes de nes the type
of MDS model. The transformationf is selected by the user based on guidelines
provided by empirical data [22], [31], [8]:

f - Bij ! dij (X) (55)

Two popular MDS models areanterval and ordinal MDS. In interval MDS, the
transformation is de ned by a linear function as shown in Equabn 5.6 [8] wherea
and b are free to be adjusted by the model. Interval MDS falls undere broader
category of metric MDS transformations. Metric MDS models are de ned by a

transformation maintaining a strict mathematical relationshp:

pj ! a+b py = dj(X): (5.6)

Ordinal MDS is de ned by a simple monotonic function that preseves the order of
distances. That is, all greater-than and less-than relationshipzre maintained. The

ordinal transformation is de ned by the following relationstp:

if pj < puw;then dj (X) <dg(X): (5.7)

If two input proximites are equal (o; = pq), called a \tie", a decision must be
made whether to maintain the equality in the MDS con guratian, or to ignore
the equality allow relationship between the two equal proxiities to be de ned by
other proximities. The latter in which \ties are broken" is identi ed as the primary
approach and the former the secondary approach The primary approach is often
the most appropriate when proximities are based on a percepiuscale because the
equality occurs due to the use of a discrete rating scale whereetberceptual scale
is continuous [31].

Of course the transformation model selected will not result in a sef Euclidian
distances that are equal to proximities for all pairs of stimul Thus, the notion of

error is introduced. The error of representation is de ned byequation 5.8:

& =[f(p) dy (X)* (5.8)
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The rst and most commonly used goodness-of- t measure is de ned bsumming
the squared error function over all proximity/distancef (p; )/ d; pairs and normal-
izing by the transformed distanced; . The resulting value is Kruskal'sStress-1 as
de ned in Equation 5.9 [8]. Stress-1 is used in the iteration paoess to select the

transformation used in de ning the nal stimulus space con gurdion.

S

Stress-1= ; = [ (B Lﬁ (?(”)(X)]Z: (5.9)

The use of an ordinal transformation allows the scaling procetzito t a model
to the data without the assumption of linearity. Model distance are optimized such
that they match the rank order of perceptual distances. In praee, researchers have
found that the use of ordinal or metric scaling techniques oftehas little impact on
the resulting model con guration [31]. The metric con guraion will have a higher
\stress" due to larger residual errors that may occur from tting a linear model to
a non-linear system.

5.3.1.2 Application

A typical course of action in gathering subjective data for usenimultidimen-
sional scaling is outlined below:

Present subjects with stimuli in pairs, making sure each pair of stiuli is
testecf.

Ask subjects to provide a single rating of theli erence between the two stimuli

encompassing their overall perception of the stimuli.

Create a matrix for each subject in which the di erence betweetwo stimuli

is located at the rowi and columnj for the stimuli pair ij .

The set of di erence matrices can be analyzed in one of two way$he rst

option is to average all the matrices into a single di erence atrix to be used in

3The possibility of using multidimensional scaling to evaluate incomplete di erence matrices
has been evaluated by Spence and Domoney [33]. Their ndings indicate data becomes highly
inaccurate with less than approximately 40 stimuli (high relative to this study) or even a marginal
amount of error in the data (approximately 15%).
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a two-way MDS con guration [31]. The second option is to us¢hree-way MDS to
create individual MDS con gurations for each matrix as wellas a combined group
con guration and \subject space". The group con guration is related to individual
con gurations in that each individual matrix can be obtained by \stretching" the
group space by a scalar value for each dimension/axis. These scalalues can be
plotted in vector form to show the relative contribution or importance of each di-
mension to the individual subjects' ratings called the subject sice. For this reason,
the case of three-way MDS in which the third mode (the additiomf multiple matri-
ces) represents individual subjects in a subjective test is refed to as an Individual
Di erence Scaling procedure. An interesting e ect of the indiidual di erence scal-
ing procedure is that the group stimulus space can not be rotateresulting in one
less variable to explore in the interpretation of the spaces.

MDS con gurations are computed using the SPSS statistical anadis software
package version 16.0. SPSS implements the ALSCAL multidimensa scaling al-
gorithm developed by Forrest Young. Both two-way and three-ay ordinal con gu-
rations are computed with \ties broken."

Stress-1 is used to evaluate the t of the model. A typical methamlogyis to
calculate several models of di erent dimensionalitiesn and plot their stress values
in ascending order of dimensionality. Ideally, the resulting Scree-plot" will have
a knee at which the model has obtained the highest level of t,ral any further
decrease in stress represents an improvement in the model's tmdise in the data.
The dimensionality at which the knee occurs should representéhtrue dimension-
ality of the data. It is not uncommon for the scree-plot to lacka knee. In this case,
Monte Carlo methods are employed to compare the stress obtatheith experimen-
tal input data to the stress obtained when tting random noise [§ At minimum,
the experimental data's stress should be less than that of noiseeynd these tests,
a rule of thumb scale has been proposed and is presented in Tabl2. 5

Stress should always be considered with an estimate of noise in tega. It is
possible for an MDS to accurately represent the dimensionalityf a data set despite
a high stress value due to noisy data. Alternative, a low stress vaunay simply
indicate a high level of tto erroneous data.
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Table 5.2: Rules of thumb for evaluating Kruskal's Stress-1 g oodness-of-
t measure [8].
Fit Kruskal Stress-1
Poor 0.2
Fair 0.1
Good/Excellent 0.05
Perfect 0

Once a proper MDS con guration is obtained the user is responsbfor inter-
preting the meaning of the axis. One method of interpretatiors regression analysis,
as suggested by Schi man, Reynolds and Young [31] and as conigaicby Yamaguchi
and Schroeder, Gottlob and Siebrasse [35], [32]. Regression loarused to evaluate
the correlation between perceptual axis identi ed by MDS ad physical parameters
of the stimuli. Linear regression assumes that an independent iable can be used
to predict a dependent variable based on a linear relationships shown in Equation
5.10. Two-way MDS con gurations can be rotated or translatedh order to identify

the proper correlation.

Y=a X+b (5.10)

The method of least squares is used to determine the slopend intercept b
of the line used to model the dependent variable. The model ingEation 5.10 can
be expanded to include several variables, called multiple &ar regression as shown
in Equation 5.11. Technically, the use of ordinal MDS does n@uarantee a linear
scale of the perceptual values. However, linear regression pa®s a simple and
useful method of identifying correlations despite the complerelationship between
the physical and perceived worlds.

Y= ot X1+ 2Xo+ i+ Xqo (511)

The coe cient of regression R? is used to assess the goodness-of-t of the
model. A related value, the Pearson product moment coe cienbf correlationp can
be used to measure the extent to which the independent and degemt variables
are correlated. In this study, a high coe cient of correlatian indicates a connection

between perceptual dimensions and physical parameters.
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Table 5.3: Stimuli used for Subjective Experimentation.

Stimulus # Stage Construction Meas. Dist. (m) Direction
1 Slab-A 1 Front
2 Slab-A 2 Front
3 Slab-A 1 Side
4 Slab-A 2 Side
5 Slab-B 1 Front
6 Slab-B 2 Front
7 Slab-B 1 Side
8 Pit Riser 1 Side
9 Pit Riser 2 Side
10 Joist-B 1 Front
11 Joist-B 2 Front
12 Joist-B 1 Side
13 Joist-B 2 Side
14 Joist-B 4 Side

5.3.2 Subjective Testing

A total of 26 structural impulse responses are measured for ve ddrent stage
constructions. The 26 impulse responses are used to create 26 tactignals that
would be perceived at each measurement location as describe&ection 5.1.1. The
number of pairs required to complete a full di erence matrixs given byn(n 2)=2
wheren is the number of stimuli. 26 stimuli would result in 325 pairs. If shjects
chose to listen to the entire 2 minute musical sample, using all th&timuli would
result in a test that would take 10 hours and 48 minutes. Such a dation is highly
undesirable, resulting in the need to eliminate some stimuli fro the experiment.

A simple methodology is used to select 14 of the stimuli for use indhper-
ceptual test. After evaluating all of the structural impulse respnses, an estimate is
made of the r.m.s. acceleration amplitude of the rst 30 seconasd the musical sam-
ple. Twelve of the stimuli indicated a level at or below the theshold of perception
and are thus eliminated. The resulting 14 stimuli are listed in @ble 5.3 along with
their associated stage constructions and measurement locationshe elimination
process is based on estimates of levels that would be generatgdhe platform and
should not be interpreted to mean that perceptible vibratiorwould not occur at the

measurement locations eliminated.
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The 14 stimuli selected are presented to listeners using the audaxtile display
described in Section 5.2. Listeners use a simple computer intaré implemented in
Max/MSP software controlled by a hand-held input device to ra the experiment.
An image of the interface is shown in Figure 5.7. The user is able $witch back and
forth between a current pair of stimuli in real-time while lisening to the musical
passage. The user can also restart the passage at the beginning. Thejett is
allowed to listen to as much of the 2 minute passage as they likefoee making a
decision as to the di erence rating. Once decided, the listenselects a di erence
rating from 1{7 and moves to the next pair of signals.

Each subject is presented with a total of 91 pairs of stimuli in A/Bcomparison
format. Signals are not tested against themselves. The presentat order of stimuli
is randomized and broken up into three segments (two of 30 stithand one of
31). The order of stimuli in each segment remains the same, but gabts take the
three segments in a randomized order. The subject is asked to quete 5 trial
tests to become familiar with the system and di erences betweestimuli. A copy
of the instructions provided to subjects in the Institutional Review Board approved

Informed Consent Form can be found in Appendix D.
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Figure 5.7: Computer interface used by subjects to operate e
Number values on the screen are controlled by a handheld vide
controller.
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6. Results and Analysis

Experimental data and results of analysis are presented in twaags: the rst dis-
cussing structural response measurements and the second coveringjesttive test-
ing. Each section will present an example of raw data measuredwsll as an analysis

of the data with regard to the objectives of this experiment.

6.1 Structural Response

An example of an impulse response measured on a stage constructiobath
the time and frequency domains is shown in Figures 6.1 and 6.2.

The general form of the impulse response shown in Figures 6.1 an@ @re

typical of all stage impulse response measurements. Each impulsg@nse measured

— Input, Force
—— Response, Acceleration|]

Amplitude
]
<

0 0.02 004 006 008 0.1 0.12 0.14 O0.16

Time (s)
Figure 6.1. Sample structural impulse response in the time d omain mea-
sured at 2 m on the Slab-B construction in the sideways direct ion. Am-

plitudes are scaled so that their absolute maxima are equal.

43
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| — Input, Force

—— Response, Acceleration

Energy (dB)
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Frequency (Hz)

Figure 6.2: Sample structural impulse response in the frequ ency domain
measured at 2 m on the Slab-B construction in the sideways dir ection.
Magnitude spectra represent the square amplitudes of force and acceler-
ation.

shares the same frequency range. The frequency range of theéanput determines
the range of validity for output data and is shown to be approxnately 10 Hz to
100 Hz. Input force rolls o above 100 Hz due to the hardness chataristics of
the hammer and wood puck upon which it is struck. Data below 10 Hzecomes
unusable due to a combination of decreasing excitation of thersgtture and the
noise oor of the measurement equipment. The lowest frequencemerated by the
contrabass is measured at 41 Hz. The upper frequency limit ext&sawell beyond
100 Hz, but is not expected to be important due to human frequey sensitivity to
whole-body vibration.

Each subsection below presents results of all structural impulsesponses mea-
sured from the perspective of vibration magnitude, frequenayontent and temporal

characteristics.



45

X

= - e - SlabAlFront
N —e— SlabAlSide

g - ¢ - SlabB!Front

E’ —o— SlabB!Side

o —=— JoistAlFront

© - & - JoistAlSide

Q —— Pit

§ ——JoistB!Front

< - » - JoistB!Side

Distance (m)

Figure 6.3: Stage vibration response as a function of distan ce.

6.1.1 Magnitude

Vibration response magnitude is presented in two forms: raw acegetion and
frequency weighted acceleration. Frequency weighted alsration is presented and
analyzed as representative of the sensation level experiengesibjects. The fre-
guency weighting curve used is Was de ned in ISO 2631 and discussed in Section
3.1.2. Table F.1 in Appendix F presents the acceleration and Wacceleration mea-
sured at each position. Figure 6.3 presents frequency weightadceleration as a
function distance. Each value represents the total energy lve¢en 10 and 100 Hz
generated on a stage by a 1 Newton impulse force.

A review of the data presented in Figure 6.3 indicates that vilation magnitude
does not decrease linearly with distance. Figure 6.4 shows atptd log,, of the
acceleration values versus distance. The data in Figure 6.4pesented as a scatter
plot with linear regression lines to show the trend of decreasingbration with

distance.
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Figure 6.4: log ,, of stage vibration response as a function of distance.
Individual measurements shown with linear regression line S.

Two data points are identied as outliers and eliminated fron Figure 6.4.
One of the outlying data points is measured with the force indgudirectly above a
structural beam and the other with the force input within a de@ameter of the edge of
a oor (close to the point at which the oor supports a wall). Accderation response
at both of these locations is found to be signi cantly lower tha the attenuation-
with-distance trend observed for all other measurement sets.

With outlying data points eliminated, a linear regression lie can be t to
all data sets with an absolute coe cient of regression of greatethan 0.93. An
interesting phenomenon observed is that there appears to beawsets of slopes,
with each stage having one slope from each category. The datae aplit into two
groups and a two-tailed, two sample t-test is used to test the alteative hypothesis
that two groups have di erent means. The null hypothesis that loth sets of data
have the same mean value is rejected at the 99% con dence lewgth a signi cance
of p = 0.005 or 0.0068 (depending on whether the two sets of data amesumed to

have equal or di erent variance),indicating two statisticaly signi cant attenuation
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Figure 6.5: Histogram of slopes observed in linear regressi on of logarith-
mic acceleration data plotted against distance.

slopes are observed. A histogram of attenuation slopes obserneglotted in Figure
6.5.

6.1.2 Frequency

Each point for which vibration magnitude is measured has an assated fre-
guency response representing acceleration in response to fongrii. The frequency
response plot is used in modal analysis to identify the frequenaypagnitude and
bandwidth of natural resonances observed at a speci ¢ point in structure. Per-
ceptually, the frequency response contains information abbthe \tonal" makeup
of the stage vibration at a specic point. Two examples of struetral frequency
responses are shown in Figure 6.6. The \Joisted Stage" response shawFigure
6.6 is measured at 2 meters along the joists on Joist-A construmti. The \Slab
Stage" response is measured at 2 meters across the sleepers ondherete Slab-A.

Figure 6.6 presents the two types of responses observed. The pusstage
shows a modal or \peaky" type response typical of all the joistedaod stages and

orchestra pit riser. The slab stage shows a damped or \smooth" fregicy response
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Figure 6.6: Modal and non-modal accelerance frequency resp onse func-
tions typical of joisted and concrete slab stage constructi ons, respectively.

typical of all the concrete slab constructions. All frequency sponse functions mea-

sured are included in Appendix G.

6.1.3 Time

Structural impulse responses are also evaluated in the time doma The
impulse response in Figure 6.1 shows that as time progresses afte impact, the
induced bending wave travels through the receiver point. Té structure begins
to move initially with small displacement and high frequency scillations. It then
reaches a maximum acceleration controlled by a rise time folled by period of
\ringing" at a lower frequency. The result is an impulse respons@ which energy
at di erent frequencies is spread out in time. Reasons for thishenomenon include

the dispersive nature of bending waves and mechanical ringing \reverberation”.
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Figure 6.7: Vibration propagation times as a function of dis tance.

Also of interest is the propagation time between source and recei. This
value is calculated using the cross-correlation function as stzibed in Section 5.1.2.
Propagation times measured for each source/receiver comitioa are presented
graphically in Figure 6.7 and in Appendix H. The resulting di erences in arrival
time between vibration and the audio signals traveling throgh air are also presented
in Figure 6.8 and Appendix H.
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Figure 6.8: Time delay between vibration and audio signals a s a function
of distance.

6.2 Human Response

Ten individuals completed the subjective test as described ine&tion 5.3.2.
Volunteer subjects varied in age between 23 and 38 years andreveecruited via
email or personal invitation. Eight of the subjects play a musal instrument and
four have had formal training. Their responses resulted in teni drence matrices
which are evaluated through multidimensional scaling. Eachdividual subjective
response can be found in Appendix I. Two methods of MDS are used:otmway for

an average matrix and three-way for individual di erence sdang.

6.2.1 Multidimensional Scaling Con gurations
6.2.1.1 Two-Way MDS

Averaging each value in the stimulus di erence matrices resutin the average
di erence matrix shown in Table 6.1.

Ordinal MDS with broken ties is used to create con gurations ©5 di erent
dimensionalities. The scree-plot in Figure 6.9 shows the expedtimprovement of

t with increasing dimensionality, but no apparent knee. Kruslal Stress-1 values
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indicate a very good level of t across all dimensionalities, Widelow the t expected
for a random data set.

The lack of a knee in the scree-plot provides no initial indi¢eon of the true
dimensionality of the data set. A two-dimensional con guratio is presented in
Figure 6.10. Each data point represents a vibration signal egpenced on an indi-
vidual stage construction and the two axes represent some pertiegd parameter or

combination of parameters by which subjects rated the di engces in vibration.

6.2.1.2 Individual Dierence Scaling

Ordinal MDS with broken ties is also used for three-way, indidual di erence
scaling. In this case, stimulus-space con gurations are creatéat each subject using
their individual di erence matrices. A combined group stimuls space is evaluated
in the same way as the two-way stimulus space. In addition, a sulsfespace is
also presented to examine the relative importance of each dinson to individual

subjects.

Table 6.1: Dierence matrix found by averaging subjective d i erence
ratings across subjects.

1,2 3, 4] 5| 6, 7| 8| 910111213 | 14
- 33|23 3 362323422325 [43|24)43|53
33| - [39(31/54/43|54|57]27(38|28|28|25]|35
23139 - (47/28|19|19|28|26|2.7|53| 4 |51]6.2
3 (3147 - 5 41(38|54/29|35|45] 2 [3.2|3.9
365428 5| - 23212242 |32|6.2|51|55]|6.3
2314311941 /23| - [16]26(21|24,56|45|57| 6
23/54/19,38|21|16| - |27|28]24|52 4 | 5 |65
42157|28|54|22 26|27 - (46|39 6 |53|57|6.7
23127126(29/4212128|46| - |23,36|28|35]| 6
10 25|38|27(35(32|24|24|39|23| - [3.7|26|34]| 5
11 1431 28|53[45|/6.2/56|52| 6 |[3.6|3.7| - 3 33|24
12 124128 4 | 2 |[51|45 53|28|26]| 3 - 122 4
13143[25(51|32|55|57 571351343322 - |37
14 15335623963 6 |[65/6.7| 6 | 5 24| 4 37| -
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Figure 6.9: Kruskal Stress-1 values calculated for two-way M DS con-

gurations of ve dimensionalities. \Random Data" represe nts Stress-1

values for an equivalent MDS con guration generated with a s et of ran-

dom numbers as the input.

MDS con gurations of ve di erent dimensionalities are creded in search of
the best t. The scree-plot in Figure 6.11 shows the Kruskal Streskvalues of the
group space found for each dimensionality.

Stress values for each individual di erence scaling dimensiality are signif-
icantly higher than those found in the two-way case. The reasowff this is that
individual di erence scaling attempts to account for di erences in perception across
individual subjects' responses. The fairly abstract and unfamdr nature of this
experiment has likely resulted in large di erences in indidual perceptual \strate-
gies" for ranking resulting in \noisy" data. However, because ehcsubject has only
ranked each set of stimuli once, there is no method of evaluagimepeatability. As
in the two-way case, there is no apparent point at which an inease in dimension-
ality stops improving the t. However, stress values exceed theogdness-of-t for a

con guration modeling random noise at a dimensionality of apximately 3.
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o

MDS Dimension 1

Figure 6.10: Two-dimensional, two-way MDS con guration. E ach point

represents a di erent stimulus.

Fit data presented in Figures 6.9 and 6.11 both apply to the sanaata and
stimulus set and should therefore share the same core dimensiayalMDS stress
exceeds that for a model t to random data a dimensionality of 3n the individual
di erence scaling procedure. As a result, it is unlikely that sufective di erences
measured in this test are made with more than two perceptual diemsions. The lack
of a knee in either scree-plot supports this hypothesis. A two+densional, individual
di erence scaling MDS group stimulus space is shown in Figure @ &long with the

associated subject space in Figure 6.13.

6.2.2 Correlation to Physical Parameters

One of the goals of this experiment is to nd a connection be®en the percep-
tual dimensions identi ed through MDS with physical characteistics of the stimuli.
Listeners are not required to rate speci c physical propertieduring the subjective

experiment. As a result, perceptual dimensions identi ed candbcompared to any
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Figure 6.11: Kruskal Stress-1 values calculated for individ ual di erence
scaling MDS con gurations of ve dimensionalities. "Rando m Data" rep-
resents Stress-1 values for an equivalent MDS con guration generated

with a set of random numbers as the input.

physical parameter chosen by the experimenter. Eleven phydigaarameters are
selected for evaluation with respect to the perceptual dimersis obtained through
MDS. Each of the magnitude values are measured on the platforan the bottom of
the seat with a 180 pound human subject are presented in Table 6.2

The rst seven values listed in Table 6.2 represent measures of seima
level, each responding dierently to the stimulus' frequency antent or temporal
attributes. The values reported are measured with a 180-lb sudgjt sitting on the
platform. Vibration levels would be higher for lighter subjets. The eighth value
is the di erence in arrival time between tactile and audio sigals presented to the
listener, with a negative value indicating a lead by vibratio. The remaining three
parameters are measures of frequency content independennadgnitude. The two
\bass ratio" values represent the ratio of energy below the cssover frequency to
that above the crossover frequency. The spectral center of gigvis the frequency



Table 6.2: Physical parameters measured at the middle of the seat with a 180-Ib human subject seated on

the platform. %> thresh. = % of signal above human threshold for perception, W x = frequency weighting, B.R. = bass ratio, Spec. CoG =
spectral center of gravity.
Stim. %> ms 2] ms 2 [Wgms 2[Wyms 2| ms?[ ms?T] dT |[B.R. | B.R. Spec.
# thresh. | r.m.s. | rm.q. r.m.s. r.m.g. rms. | rm.q. | (ms) | 50Hz | 72Hz | CoG (Hz)
1 8.1 0.18 0.37 0.006 0.011 45.1 51.1 6.1 0.18 0.64 75
2 5.3 0.12 0.22 0.005 0.01 31.8 42.5 9.7 0.1 0.7 75
3 20.3 0.23 0.4 0.01 0.016 68 81.8 4.1 0.12 0.54 76
4 24 0.14 0.36 0.004 0.009 100.9 114 6.7 0.11 0.52 77
5 27.1 0.37 0.8 0.013 0.026 16.2 21.6 9.6 0.18 1.24 69
6 27.2 0.23 0.37 0.012 0.02 18.3 22 7.7 0.03 0.66 76
7 19 0.24 0.45 0.009 0.015 110.1 | 138.6 6.6 0.04 0.33 81
8 37.7 0.31 0.54 0.018 0.028 64.4 83.1 13.1 | 0.12 0.8 72
9 17.3 0.17 0.27 0.008 0.014 92.3 113.1 31.7 0.11 0.7 74
10 10.9 0.2 0.4 0.007 0.013 26 29.8 9.6 0.44 15 64
11 19 0.06 0.14 0.003 0.008 233 263.6 | 26.7 | 0.56 3.63 58
12 2.3 0.13 0.29 0.003 0.007 178.4 | 210.6 2.1 0.4 1 69
13 1.1 0.1 0.23 0.003 0.005 101.7 | 123.9 2.2 0.18 0.73 74
14 0.1 0.03 0.08 0.002 0.003 64.6 89.7 3.4 0.39 1.24 67

GS
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Figure 6.12: Two-dimensional, individual di erence scali ng MDS con g-

uration. Each point represents a di erent stimulus.

for which equal energy exists above and below, within the vdlifrequency in this
experiment of 30-100 Hz. Spectral measures are taken from theustural impulse
responses rather than platform measurements for clarity.

Linear regression is used to identify correlations between thpdysical param-
eters shown in Table 6.2 and the axis of MDS con gurations asstiussed in Section
5.3.1.2. The Pearson product-moment correlation coe cierst obtained from corre-
lation of eleven parameters with the 1,2 and 3 dimensional taway and individual
di erence MDS con gurations are presented in Figures 6.14 tbugh 6.16. Correla-
tion coe cients can also be found in Tables J.1 and J.2 in Append J.

In some cases, de nite trends in data sets can be identi ed simplyylddenti-
fying similarities in groups of data points in close proximityto one another. Several
plot labels taken from Table 6.2 are explored. When sensatioevkels are plotted
as labels, the model shows not only a monotonic increase along txis of highest

correlation, but that sensation levels are quite close in grogp This grouping could
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MDS Dimension 2

0 0.2 0.4 0.6 0.8 1

MDS Dimension 1
Figure 6.13: Two-dimensional subject space for individual di erence scal-
ing MDS con guration. Each vector represents a di erence su bject and
the importance of each dimension used in making their di ere nce ratings.

indicate that both of the axis are related to sensation level. Umeighted accelera-
tion, the measure of sensation level with the highest correlatipis used to label and
plot the two-way MDS con guration, shown in Figure 6.17.
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6.2.3 Survey Responses
Subjects were provided with a short survey during debrie ng. &ch subject
was asked to answer the following questions:

Did the presentation seem realistic?

Do you feel the presence of vibration added to the plausibilitgf the musical

presentation?
What strategy did you use to di erentiate between signals?

What characteristics of the vibration most heavily in uencedyour di erence

rating?
Describe the vibration signals that you most preferred.

In response to this survey, 7 of the 10 subjects stated directly théhey used
intensity or sensation level to di erentiate signals. Four of thesubjects stated a
di culty in putting words to their method of di erentiating signals. Other methods
of di erentiation mentioned are \di erent types of tinglin g sensations in di erent
areas of my body", \ area of stimulation”, \highest frequency 6 vibration", \fre-
guencies that the stage responds to" and \directionality in tle vibration signals".
One subject mentioned \quickest response to audio signal" in regpge to a question
regarding preference. All 10 subjects stated that the presentah seemed realistic

and added to the perception of presence.



7. Discussion

7.1 Structural Response

Structural impulse response measurements conducted in this syushdicate a
wide range of response magnitudes, both physical and perceptughis was expected
to some degree, due to the modal nature of wood oor constructis. Not expected
was the lack of a clear trend separating concrete slab and woodor constructions.
The data presented in Figure 6.3 shows that of the stages respamgliwith the
highest magnitudes, one is the orchestra pit riser and the other @oncrete slab
stage. Following that, a group of similar magnitudes of vibrabn occur on a joisted
stage and four concrete constructions, followed by two lower maitudes on one of
the joisted stages. The linear levels plotted in Figure 6.3 caspond more accurately
to di erences in perception than logarithmic levels, as dis@sed in Section 3.1.1.

The concrete slab stage exhibiting the highest magnitude happeto be sup-
ported by a by a Mason Industries jack-up spring system. The authaxpects the
rst resonant frequency designed for the system is much lower thahe frequencies
measured in this study, but the spring system could result in some c@fiance above
this isolation frequency. However, the lower vibration magtudes observed in the
perpendicular direction from the receiver do not support ths theory, showing similar
response magnitudes to the other concrete slab stage measured.

Low magnitudes of response observed in the Joist-A stage are expda by
the fact that the receiver position is inadvertently locateddirectly above a major
support beam, veri ed by visual inspection after the measuremé&nare conducted.
When measurements are conducted on the Joist-B stage, which isanly identical
in structure and oor covering, the receiver measurement positn is chosen to be
directly between two beams, also veri ed visually. The resultip magnitudes are
observed to be much higher for all source locations. Support lmes at the source
location also a ect vibration response, as shown by the two datagints found to
be much lower than the trend of vibration attenuation with distance observed when

measurements are not conducted over a beam.
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High correlation coe cients of linear regression to logarithnt levels of vibra-
tion with distance provide strong evidence for the wave-basedadel of propagation
in stage structures. The observation of two statistically signi cat mean decay
rates indicates that while modal response is present, it is notochinant, even in
wood joisted constructions. The exception is that when source ogceiver locations
are positioned above support beams, vibration levels are redutcdrastically.

Observation of structural response in the frequency domain inchtes that
narrow air space, close spacing of sleepers and sti ness in the tvamcrete slab con-
structions provide higher levels of damping than the open, wa oor constructions.
Modal type frequency response may have implications for highhting certain notes
on an instrument coupled to the oor. In addition to the \modalness" of frequency
response functions, slight variations in the balance of low to ¢in energy between
10 and 100 Hz are observed (see Appendix G).

Propagation times appear to increase linearly with distanceniFigure 6.7,
indicating a constant speed of sound for each combination of seagonstruction
and measurement direction. Changes in slope indicate varyirgpeeds of sound
dependent on both stage constructioand direction of propagation. Positive slopes
for each measurement set show that the speed of sound in most struesiis slower
than that of air (sound speed values can be found in Appendix H). @umonly
accepted knowledge says that sound|which is typically analyed in frequencies
ranging up to thousands of Hertz|travels faster in solids than in air. However,
these results highlight the frequency dependence of the speddending waves in
solids, and show that at low frequencies, sound is observed to tragwer in solids
than in air.

The results shown in Figure 6.8 indicate time delays between @io and vi-
bration of up to 74 ms, with vibration lagging in nearly all cass. These results are
interesting in light of the results presented by Daub and Altinsoyand Walker et
al. Daub and Altinsoy found that subjects chose subjective points @fudio-tactile
simultaneity preceding the point of objective simultaneity ér all listeners. Walker
et al. also found PSS preceding POS for three instruments ranging ino-30 ms to
-2 ms and a PSS lagging POS for two instruments from 2 ms to 15 ms.
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The question to be asked is then, why do humans perceive vibrati to advance
audio in subjective experiments when real-world musical coitidns indicate that
vibration more often than not lags audio? The answer may renmaiin the point at
which we identify objective simultaneity. As discussed in Sectio4.1, the vibration
responsible for whole-body excitation travels in the form ofigpersive waves. In
these waves, high frequencies travel faster than low frequesgi Using the cross-
correlation function to identify the point of objective simutaneity between audio
and tactile signals simply selects the point of maximum amplie as the arrival
time for vibration, ignoring frequency information. It is possible that high frequency
vibration is more important for the perception of temporal sychrony. If a high pass
Iter were applied to the structural impulse response, the crossacrelation function
would indicate an earlier time of arrival which may coincidemore with perceived

temporal synchrony.

7.2 Human Response

The correlation coe cients between axes of MDS con guratias and physical
parameters presented in Figures 6.14 through 6.16 provide smportant insight into
how humans perceive di erences in vibration signals. Physicparameters with high
correlations are likely to in uence the perception of di eences while those with low
correlation are likely to be relatively unimportant. Undersainding the perception of
di erences is a prerequisite for understanding preference.

A look at the one dimensional models in Figure 6.14 shows strongrielation
with all of the % -above-threshold or acceleration measuresdmweak correlation to
the velocity and frequency parameters. The inverse signs of theo-way and indi-
vidual di erence scaling models indicate that the two con guations are very similar,
but rotated by 180 degrees with respect to one another. High getations between
measures of sensation level also occur in the 2 and 3 dimensionaldeis shown
in Figures 6.15 and 6.16. Comparing the two-dimensional andhree-dimensional
models shows that a third axis provides very little correlatn to any parameter for

both two-way and individual di erence MDS, which provides gidence that the true
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dimensionality of perception in this study is two in addition b the t data discussed
in Section 6.2.

If the models are perceptually orthogonal, a parameter thas highly correlated
with one axis should have a low correlation to all other axis. @mogonality is
observed to some degree only in sensation level measures for thdinZensional
two-way model shown by the solid bars in Figure 6.15. The remang frequency
measures in the two-way MDS con guration and all parametersnithe three-way
MDS con guration show similar correlations to both axes, a laclof orthogonality.

It is possible that averaging all subjective responses into the daway di erence
matrix normalized the importance of a two competing dimensits to zero. The
individual di erence subject space shown in Figure 6.13 showsahall subjects
found both axes of perception to be important in discerning drences, with some
subjects leaning more heavily towards the rst axis. Correlatin coe cients in
Figure 6.15 show that both of these axis might be di erent perg#ions of sensation
level. When individual di erences in perception are elimiated, the two axis of the
three-way model might have collapsed into one important axis the two-way model
with the other representing only a t to noise.

The hypothesis that both the axes in the 2-dimensional con gations rep-
resent some frequency dependent measure of sensation level is stupf by the
con guration itself, shown in Figure 6.17. Even in the two-waymodel, groupings of
stimuli seem to be controlled by the sensation level measure withe highest corre-
lation coe cient: unweighted r.m.s. acceleration. Small derences in acceleration
create tight groups of stimuli usingboth axis.

Sensation level measures show stronger correlation than any béttemporal
or frequency measures. In fact, correlation to the time di enece between tactile
and audio signals is extremely low across all con gurations. T low correlation
indicates that audio-tactile time delays are relatively ummportant in evaluating
di erences in tactile signals in a multimodal environment. Fevious studies have
reported a strong ability to identify audio-tactile time delays with unexplained vari-
ation with musical instrument. The results of this study do not réute these ndings,
but show that when asked to evaluate signals in their natural fon, audio-tactile
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time delays are swamped by di erences in magnitude. Results tfe studies by
Daub/Altinsoy and Walker et al. indicate that humans have the ability to judge
audio-tactile synchrony, but do not draw conclusions regardg the importance of
synchrony in perception of musical situations.

The variety of sound speeds measured in structures indicates thtaere may
some ecological basis for the relative unimportance of audwetile time delays.
In other modes of perception such as the audio-visual relatigiip, di erences in
arrival time of information change have a clear relationshipThe small variation of
the speed of sound in air and the constant speed of light means thi@ihe delays
at a given distance will remain constant across nearly all situgins experienced in
normal life. In the audio-tactile relationship, the time dehy relationship between
modes of perception is observed to change with oor construoti and even position
on a oor. The constant uctuation of tactile propagation tim es means that humans
do not get the chance to build up a reference upon which to come tactile signals.

A strong correlation between perceptual di erences and sensa level in vi-
bration is not surprising. The auditory equivalent \loudness" tas long been un-
derstood to govern perceived di erences and even preferenesonic environments.
As a result, auditory stimuli are adjusted to have equal loudness imodern stud-
ies in order to amplify other perceptual di erences, as in thatudies conducted by
Grey and Schroeder, Gottlob and Siebrasse [16], [32]. Di eregs in sensation level
were included in Yamaguchi's study using MDS to explore di emces in concert
hall sound elds [35]. Yamaguchi used loudness to \calibrate'he orientation of the
MDS con guration such that one axis had the highest correlatio with sound pres-
sure level. The problem with this approach is that researchetsave found that in
MDS studies, the inclusion of one very strong perceptual di erex@ can overpower
other di erences [31]. Other would-be dimensions in the MDSoa gurations get
attened into one and represent a t to other aspects of the rst dmension noise.

The inclusion of di erent magnitudes of vibration in this study has (1) iden-
ti ed sensation level as the dominant physical parameter in peeptual di erences
and (2) suppressed the ability to identify the importance of otar physical param-
eters. The most highly correlated measure of sensation level in KIDS con gura-
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tions is unweighted r.m.s. acceleration. This nding suppod the results reported
by Howarth and Gri n that humans may be more sensitive to high frequency vi-
bration than indicated by the 1SO 2631 frequency weightingantour, especially in
critical listening situations such as music performance [20]. Nile other perceptual
di erences are suppressed, the results show that time synchronyafdio and tactile
signals and frequency characteristics are at least not as impamt as sensation level.
The large number of subjects identifying sensation level as a ategy of dif-
ferentiation supports the ndings of the MDS metrics while oher responses provide
some indication of other parameters that are harder to iderfii. The presence of
only one listener commented regarding audio-tactile delaysa veri es the lack of a

correlation between this parameter and MDS con gurations.



8. Summary and Conclusions

The results presented in this study have provided new informath on the presence of
vibration in stage constructions and the way in which humans peeived these vibra-
tions. The ndings are summarized as answers to questions posedtla beginning
of this thesis.

How important is vibration in the perception of a musical péormance?

All 10 subjects who completed the perceptual experiment statétat the pres-
ence of vibration made the musical performance seem more rsiadi and plausible.
The positive response is veri ed by the measurement of vibratiolevels well above
the threshold of human perception generated during the perfmance of a contra-
bass. The feeling of realism in a virtual presentation indicatethat the memory
of musical performances the subjects have experienced in@adhe tactile mode of
perception. As a result, vibration in musical performances isnaimportant part of

the perception.

How do the materials and technique by which a stage is constedca ect vibration

generated by musical performance?

Vibration is observed to propagate as a dispersive wave across st@ptforms,
resulting in predictably lower levels with distance. Structual beams are found to
restrict this wave propagation, resulting in locations of lowibration either sources
or receivers are positioned above them. Propagation time isund to vary with
stage construction and orientation of path between source an@aeiver and beam
lines. Audio-tactile time delays of up to 74 ms are observed withibration most
often lagging audio.

No methodical link is observed between the type of structure omish material
used and the overall magnitude of vibrational response. Howeyex wide range of
physical magnitudes are observed, spanning the semantic labefgperception from

\probably perceptible" to \very strong perception” dependent on listening position
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and stage type. Structure and nish material are found to a ectthe amount of
damping provided by a structure, with concrete slab construatins resulting in a

smoother frequency response than joisted wood constructions grdhaulic risers.
What physical characteristics of musical vibration control iiman perception?

Physical magnitude dominates the perception of di erencesdbween vibration
signals in an audio-tactile display. Frequency characterists probably have some
e ect, but results are currently inconclusive. Time di erenes between audio and
tactile signals are found to be insigni cant as a result of the wlie variety of vibration
propagation times observed in real life situations comparea tthe relatively small

variation of the speed of sound in air.

What requirements must be met to accurately represent thectde mode of

perception in a virtual display?

While di erences in tactile signals generated on real stage mstructions is
controlled by sensation level, the impact of varying these lelgeeon plausibility is
most likely small. Only one subject provided a stipulation on plasibility by stating
the presentation was plausible \in general, but not when it seeed way too strong."
The rule of thumb could be suggested that vibration magnitudepresented in a
virtual display should be adjusted to be slightly above the threstid of perception
SO as to not draw attention by sensation levels that are too high.

The variety of magnitudes and frequency content measured omal stage con-
structions means that a wide range of presentation levels wille perceptually ac-
cepted. The relative insigni cance of audio-tactile time diays indicates that audio-
tactile synchrony is of low importance with respect to plausiltity. However, the
complex nature of dispersive wave propagation and variatiorf propagation times
implies that tactile signals used in future investigation of adio-tactile synchrony
must include measured vibration signals and a new method of idégying objec-
tive simultaneity. Finally, the subtle di erences observed instructural frequency
response and an indication of the perceptual importance of freency information

means that tactile displays must be calibration in the frequery domain.
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APPENDIX A
Mathematical Symbols

receptance (displacement/unit force)
A accelerance (acceleration/unit force)
a acceleration
c wave speed / speed of sound
audio-tactile time delay

d;j Euclidian distance
g error

displacement

» damping loss factor
E Young's Modulus
f structural force or mathematical transformation
FFT fast fourier transform
H hysteric/structural damping
| subjective intensity or second moment area of the cross section of the neutral
axis of a bar
K apparent sti ness
k mathematical constantor wave number

. eigenvalues of hysterically damped structural system
M apparent mass
m mass per unit length
N degrees of freedom
n growth exponent
p Pearson's product moment coe cient of correlation
p; perceptual distance / disparity

eigenvector of hysterically damped structural system

sensation level

+ eigenvector of hysterically damped structural system
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1 Kruskal Stress-1
R? coe cient of regression
r:m:s: root mean square averaging method
rm:g: root mean quad averaging method
T=t time
# physical magnitude
I frequency
I, resonant frequency of hysterically damped structural system
X m-dimensional coordinate in MDS con guration
x distance
Y mobility (velocity/unit force)
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APPENDIX B
Confounding Factors in the Perception of Vibration

From Handbook of Human Vibration [18]

Vibration characteristics

Type (sine, random, real)

Magnitude (r.m.s., peak. Vibration Dose Value, amplitude disibution)
Frequency (range, spectra)

Direction (axis, roll, pitch, yaw)

Input position (ischial tuberosities, back, feet)

Duration (each motion, total, rest periods)

Distortions (acceleration waveform distortion, backgroundvibration, cross-axis
motions)

Source (hydraulic vibrator, vehicle type, seat position andperating conditions)
Measurement method (accelerometers, signal conditioning,pg and performance)
Other environmental conditions

Noise (level, spectra, correlation with vibration)

Lighting (illumination level, dark adaptation, viewing distance)

Thermal environment (temperature, humidity, air ow)

Seating or standing conditions

Seat type (real, simulated, experimental laboratory seat)

Seat components (squab, backrest, headrest, feet: position amdentation)
Seat dynamics

Harness

Position of seat (on vibrator, in vibrating room, in vehicle)

Orientation (standing, sitting, recumbent)

Posture (erect, slouched, uncontrolled)

Activities

Task description (principles, objective)

Information input characteristics (display size, position)
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Information output characteristics (control position, contol gain, control

dynamics)

Instructions (objectives, motivation)

Performance measures (accurace and speed)

Training (previous experience, learning e ect)

Subjective assessments

Psychophysical method (rating, paired comparison)
Instructions (requirements of subject, set)

Subject training

Subject characteristics

Number of subjects

Type of subject (pilots, truck drivers, students, researchers)
Gender

Age

Dimensions of body (height, leg length, hip circumference)
Mass of body (weight, moments of intertia)

Posture

Experience (vibration, relevant tasks)

Expectation

Physical conditions ( tness, health)

Personality of subjects (introvert, extrovert)
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APPENDIX C

Stage Construction Details and Structural Response

Measurement Positions

30 Oak -

2 lyrs 3/8° Plywood—/
1°x1°Wood Sleeper
4° Concrete Sla

Ll ALl

=

=

Y

Yy s

22T 7

Figure C.1: Stage Construction Slab-A.

3 lyrs 1/2° Plywood—/

_ L

1°x1°Wood Sleepers—

6° Concrete Slab on Jack-u
Springs over 5°A.S.

Figure C.2: Stage Construction Slab-B.
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3/4° Wood (spec. unkown)%

3/4° Plywood

11.5°x 3° Joists, 16°O0.C.—

19°x 113 Beams
17" Spacing

Figure C.3: Stage Construction Joist-A.

3/4° Wood (spec. unkown)y

3/4° Plywood
Steel Framin
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BANNY/ZIBWARI NS SR ARV NV ISA

- —

N7 TN 7TV NN 77T

E

——

Hydraulic Lift, 4 Total
Supporting 20'x 11' Riser

Figure C.4: Stage Construction Orchestra Pit Riser.
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1/4° Homosotei‘j —
2 lyrs 5/8° Plywoo —

11°x 1.5° Joists, 16°O:

. D
14-1/49X 7-1/4°TJI Beams _—  ——=

~12' Spacing

Figure C.5: Stage Construction Joist-B.




APPENDIX D
Institutional Review Board Approved Informed Consent

Form
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INFORMED CONSENT FORM

The Architectural Acoustics program at Rensselaer Polytechnic Institute is conducti
study to explore the dimensions of perception of musical vibration. The study is

conducted by asking participants to rate the similarity of vibration signals. Specific
knowledge of music, acoustics, or vibration is not required to participate in this study.

S,
7y W
E Pofyrophns

Instructions for participant: :

You are asked to judge how different a number of vibrations are. A short musical passage
will be played through headphones while you are seated on a motion platform. During
the experiment, you will be able to switch between two vibrations. Please rate the
difference between the vibrations on a scale from 1-7 and continue on to the next set. If
you find two vibrations completely different, rank them as «7”. If the two signals are
identical, rank them as “1”. For all other cases, rank the signals somewhere in between
according to your perceived difference. The sound heard through the headphones will be
the same throughout the entire experiment.

The experiment will begin with a few sets of vibrations that will not be recorded. Please
use these orientation tasks to orient yourself with the sounds and vibrations. The aim of
this test is not to evaluate your individual performance, but to gather findings about the
perception of vibration in general. Everyone’s perception is different and there are no
“right” or “wrong” answers. Please make use of the entire difference scale and try to
maintain a consistent method of ranking.

Please take your time to respond carefully to each presentation. Session length is
determined in part by the participant and will not exceed a maximum duration of 30
minutes each for three sessions. You are encouraged to take a break during the
experiment, and to end the session if you become fatigued with the option to continue at a
later date. It is your right to discontinue participation at any point during the experiment
without providing a reason. Any questions or reports of discomfort should be directed to
the researcher.

Disclosure:

Sound pressure levels during the test will not exceed federal standards set by the
Occupational Safety and Health Administration. Vibration amplitudes will not exceed the
“health guidance zone™ level identified in ISO 2631-1:1997(E) Annex B.

Your name will not be disclosed at any time. In oral and written presentations of this
study, your responses will be assigned a number and will be grouped with those of the
other participants for later analysis. Note that the results from this experiment will be
held strictly confidential, and will in no way be associated with any individual
participant.

1 have read the above description and understand that I may discontinue participation at
any point during the experiment without penalty. 1 also understand that my name will not
be disclosed at any time before, during, or after the experiment. 1 have had the study
explained to me, and have been provided an opportunity t have questions about the

NOTE: Do not sign this consent torm
if it does not have an IRB approvai
stamp, or if the date has lapsed.
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APPENDIX E
Measurement Equipment Speci cations
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(4]

Al specifications are at room temperature unless otherwise specified.
In the interest of constant product improvement, we reserve the right to change specifications without
notice.

ICP® is a registered trademark of PCB group, Inc.

Model Number ® Revision G
333850 ACCELEROMETER, ICP ECN #: 17564
Performance ENGLISH SI Optional Versions (Optional versions have identical specifications and accessories as listed
Sensitivity (+10 %) 1000 mV/g 102 mV/(m/s?) for standard model except where noted below. More than one option maybe used.)
Measurement Range +5 g pk +49 m/s? pk T - TEDS Capable of Digital Memory and Communication Compliant with
Frequency Range (+5 %) 0.5 to 3000 Hz 0.5 to 3000 Hz |IEEE P1451.4
Resonant Frequency 320 kHz 320 kHz TLA - TEDS LMS International - Free Format
Phase Response (+5 °) (at 70&#176F 2.5 to 3000 Hz 2.5 to0 3000 Hz TLB - TEDS LMS International - Automotive Format
[21&#176C]) TLC - TEDS LMS International - Aeronautical Format
Broadband Resolution (1 to 10000 Hz) 0.00005 g rms 0.0005 m/s2 rms 1] Output Bias Voltage 7.5t0 13 VDC 7.5t013VDC
Non-Linearity £1% £1 % [2] Notes
Transverse Sensitivity £5% £5 % [3] [1] Typical.
Environmental [2] Zero-based, least-squares, straight line method.
Overload Limit +4000 g pk +39000 m/s? pk [3] Transverse sensitivity is typically <= 3%.
Temperature Range 0to +150 °F -18t0 +66 °C [4] See PCB Declaration of Conformance PS023 for details.
Temperature Response See Graph See Graph [1] . i
Base Strain Sensitivity 0.01g/ e 0.1 (M/is?)/ e [1]| Supplied Accessories
Electrical 080A109 Petro Wax (1)
Excitation Voltage 18 to 30 VDC 18 to 30 VDC 080A25 Adhesive base, 0.438" hex, 5-40 tapped hole, aluminum hardcoat. (1)
Constant Current Excitation 21020 mA 21020 mA 080A90 Quick Bonding Gel (1)
Output Impedance £500 ohm £500 ohm 081A27 Mounting Stud (5-40 to 5-40) (1) _
Output Bias Voltage 7to 12 VDC 7to0 12 VDC ACS-1 NIST trgceable f_requency response (10 Hz to upper 5% point). (1)
Discharge Time Constant 0.7 to 2.0 sec 0.7 to 2.0 sec MO081A27 Metric mounting stud, 5-40 to M3 x 0.50 long (1)
Spectral Noise (10 Hz) 3.8 g/tHz 37 ( m/s?)/CHz [1]
Spectral Noise (100 Hz) 1.1 gl/CHz 11 ( m/s?)/CHz [1]
Spectral Noise (1 kHz) 0.4 g/CHz 3.9 ( m/s?)/CHz [1]
Physical
Sensing Element Ceramic Ceramic
Sensing Geometry Shear Shear
Housing Material Titanium Titanium
Sealing Hermetic Hermetic
Size (Length x Width) 0.68inx0.45in 17.3 mm x 11.4 mm
Weight 0.26 0z 7.5gm 1]
Electrical Connector 10-32 Coaxial Jack 10-32 Coaxial Jack
Electrical Connection Position Side Side
Mounting Thread 5-40 Female 5-40 Female
Mounting Torque 4to5in-lb 45 to 56 N-cm

Entered: APC Engineer: APC | Sales: WDC Approved: BAM Spec Number:

Date: Date: Date: Date: 11867
05/14/2003 05/14/2003 05/14/2003 05/15/2003

3425 Walden Avenue
Depew, NY 14043
UNITED STATES

Phone: 888-684-0013
Fax: 716-685-3886

E-mail: vibration@pcbh.com
Web site: www.pcb.com
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& Palytee

PDV-100 Technical Data

General Specifications

Decoder type

DSP velocity decoder, 3 measurement ranges

Frequency range

0 ¥4 22 kHz (digital output); 0.5 Hz ¥ 22 kHz (analo g output)

Measurement ranges

3

Full scale peak’ (mm s) 20 100 500
Scaling factor (mm s*/V) 5 25 125
Velocity resolution? <0.02 <0.02 <0.1
('m s /" Hz)

Maximum acceleration (m s?) | 2,760 13,800 69,000

Working distance®

0.1m..ca.30m

Laser safety
% Adjustable via the display.

Eye-safe class Il visible HeNe laser

2 The resolution is defined as the signal amplitude (rms) at which the signal-to-noise ratio is 0 dB in a 1 Hz spectral bandwidth
(RBW), measured on 3M Scotchlite’ tape.
¥ The maximum stand-off distance depends on the surface properties of the object.

Output Signals

Analog velocity output

Output voltage swing

"4V (24 bit DAC)

Frequency range

0.5 Hz %422 kHz

Dynamic range®

>90 dB

Calibration accuracy

"1 % (20 Hz %222 kHz)

Digital velocity output

Electrical S/P-DIF interfacé

24 bit, 48 kSals

Frequency range

0Y222 kHz

Calibration accuracy

"0.2 % (0.05 Hz ¥4 22 kHz)

Output filter

Digital low pass filter (FIR type)

1, 5, 22 kHz (-0.1dB), roll-off >120 dB/dec

Analog high pass filter

100 Hz (-3dB), roll-off -60 dB/dec

" Defined as spurious free dynamic range (SFDR).
2 S/P-DIF: Sony/Philips Digital Audio InterFace.

Housing and Power

Dimensions L x W x H

300 mm x 63 mm x 129 mm (11.8 in x 2.5 in x 5.1 in)

Weight ~ 2.6 kg (~ 5.7 Ibs)
Protection rating IP 64 (dust and spray water protected)
Power 12V DC, max. 15 W

Operating temperature

+5 $C ... +40 $C (41$F...104 $F)

Storage temperature

-10 $C... +65 $C (14 $F...149 $ F)

Relative humidity

max. 80 %, non-condensing

Display

LCD, 3-line, with background lighting

Battery Kit PDV-BS

Compliance with Standards

Rechargeable Li-lon battery for min. 4 hours operation time

Electrical safety

IEC/EN61010

EMC

IEC/EN61326

Laser safety

Advancing Measurements by Light

IEC/EN60825-1

www.polytec.com

Polytec GmbH (Germany)
Polytec-Platz 1-7

76337 Waldbronn

Tel. +49 (0) 7243 604-0
Fax +49 (0) 7243 69944
info@polytec.de

Polytec-PI, S.A. (France)
32 rue Dllizy

93694 Pantin

Tel. +33(0) 148 1039 34
Fax +33(0) 148 10 09 66
info@polytec-pi.fr

Lambda Photometrics Ltd.
(Great Britain)

Lambda House, Batford Mill
Harpenden, Herts AL5 5BZ
Tel. +44 (0) 1582 764334
Fax +44 (0) 1582 712084
info@lambdaphoto.co.uk

Polytec KK (Japan)
Hakusan High Tech Park
1-18-2 Hakusan, Midori-ku
Yokohama-shi, 226-0006
Kanagawa-ken

Tel. +81(0) 45 938-4960
Fax +81(0) 45 938-4961
info@polytec.co.jp

Polytec, Inc. (USA)

North American Headquarters
1342 Bell Avenue, Suite 3-A
Tustin, CA 92780

Tel. +1 714 850 1835

Fax +1 714 850 1831
info@polytec.com

Midwest Office

3915 Research Park Dr.
Suite A-12

Ann Arbor, MI 48108
Tel. +1 734 662 4900
Fax +1 734 662 4451

East Coast Office

25 South Street, Suite A
Hopkinton, MA 01748
Tel. +1 508 544 1224
Fax +1 508 544 1225



Table F.1: Vibration magnitudes measured in unweighted and
weighted acceleration between 10 and 100 Hz. Values represe

APPENDIX F

Structural Response Magnitudes

W ms 2
nt the re-

sponse to a 1 Newton unit force impulse at each stage measurem ent

position.

Measurement ms 2| Wy, ms ?
Slab-1, 1m, Front | 2.736 0.42
Slab-1, 2m Front 2.165 0.301
Slab-1, 1m, Side | 4.012 0.562
Slab-1, 2m, Side 1.166 0.157
Slab-1, 4m, Side 0.311 0.052
Slab-2, 1m, Front | 5.455 0.978
Slab-2, 2m, Front | 4.811 0.616
Slab-2, 4m, Front | 1.406 0.171
Slab-2, 1m, Side 3.199 0.361
Slab-2, 2m, Side 1.305 0.135
Slab-2, 4m, Side 0.441 0.049
Joist-1, 1m, Front | 0.175 0.026
Joist-1, 2m, Front | 0.124 0.018
Joist-1, 4m, Front | 0.078 0.011
Joist-1, 1m, Side 0.543 0.086
Joist-1, 2m, Side | 0.313 0.069
Joist-1, 4m, Side | 0.425 0.071
Pit Riser, 1m, Side| 5.862 0.846
Pit Riser, 2m, Side| 3.305 0.497
Pit Riser, 4m, Side| 1.181 0.196
Joist-2, 1m, Front | 3.679 0.727
Joist-2, 2m, Front 1.99 0.415
Joist-2, 4m, Front | 0.532 0.117
Joist-2, 1m, Side | 2.056 0.456
Joist-2, 2m, Side 1.518 0.241
Joist-2, 4m, Side 1.303 0.241
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APPENDIX G
Structural Frequency Response Functions

Accelerance (dB re 1 ms2 IN)

Frequency (Hz)

Figure G.1: Accelerance frequency response functions for S lab-A con-
struction in the front direction.
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Accelerance (dB re 1 ms 2 IN)

Frequency (Hz)

Figure G.2: Accelerance frequency response functions for S
struction in the side direction.

Accelerance (dBre 1 ms 2 IN)

Frequency (Hz)

Figure G.3: Accelerance frequency response functions for S
struction in the front direction.
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Accelerance (dB re 1 ms 2 IN)

Frequency (Hz)

Figure G.4: Accelerance frequency response functions for S
struction in the side direction.

Accelerance (dBre 1 ms 2 IN)

Frequency (Hz)

Figure G.5: Accelerance frequency response functions for J
struction in the front direction.
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Accelerance (dB re 1 ms 2 IN)

Frequency (Hz)

Figure G.6: Accelerance frequency response functions for J
struction in the side direction.

Accelerance (dBre 1 ms 2 IN)

Frequency (Hz)

Figure G.7: Accelerance frequency response functions for O
Riser construction in the side direction.
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Accelerance (dB re 1 ms 2 IN)

10 10
Frequency (Hz)

Figure G.8: Accelerance frequency response functions for J
struction in the front direction.

N
o

o
o

Accelerance (dBre 1 ms 2 IN)

10 10
Frequency (Hz)

Figure G.9: Accelerance frequency response functions for J
struction in the side direction.
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APPENDIX H
Vibration Propagation Times

eceiver and
ated using the
e tactile lead.

Table H.1: Vibration propegation times between source and r
time delays of vibration signal with respect to audio calcul
cross-correlation function. Negative time delays indicat

Prop. Sound Delay to
Measurement Time (ms) | Speed (m/s) | Audio (ms)
Slab-1, 1m, Front 9 111.1 6.1
Slab-1, 2m Front 15.5 129 9.7
Slab-1, 1m, Side 7 142.9 4.1
Slab-1, 2m, Side 12.5 160 6.7
Slab-1, 4m, Side 16.5 242.4 4.9
Slab-2, 1m, Front 12.5 80 9.6
Slab-2, 2m, Front 13.5 148.1 7.7
Slab-2, 4m, Front 21.5 186 9.9
Slab-2, 1m, Side 9.5 105.3 6.6
Slab-2, 2m, Side 18.5 108.1 12.7
Slab-2, 4m, Side 31.5 127 19.9
Joist-1, 1m, Front 8 125 5.1
Joist-1, 2m, Front 29 69 23.2
Joist-1, 4m, Front 50.5 79.2 38.9
Joist-1, 1m, Side 3.5 285.7 0.6
Joist-1, 2m, Side 5.5 363.6 -0.3
Joist-1, 4m, Side 9 444 4 -2.6
Pit Riser, 1m, Side 16 62.5 13.1
Pit Riser, 2m, Side 37.5 53.3 31.7
Pit Riser, 4m, Side 58 69 46.4
Joist-2, 1m, Front 12.5 80 9.6
Joist-2, 2m, Front 325 61.5 26.7
Joist-2, 4m, Front 84 47.6 72.4
Joist-2, 1m, Side 5 200 2.1
Joist-2, 2m, Side 8 250 2.2
Joist-2, 4m, Side 15 266.7 3.4
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APPENDIX |
Individual Subject Di erence Matrices

Table 1.1: Dierence matrix: Subject #1

9/10|11 |12 |13 |14

8

10
11

12
13
14

Table 1.2: Dierence matrix: Subject #2

9/10| 11|12 |13 |14

8

7

5
7

41 41| 4

10
11

12
13
14
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Table 1.3: Di erence matrix: Subject #3

9/10|11 12|13 |14

8

314|0

10
11

12
13
14

Table 1.4: Dierence matrix: Subject #4

9/10|11 |12 |13 |14

8

4

10
11

12
13
14
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Table 1.5: Dierence matrix: Subject #5

9/10|11 12|13 |14

8

10
11

12
13
14

Table 1.6: Dierence matrix: Subject #6

9/10|11 |12 |13 |14

8

10
11

12
13

14| 3| 4| 3
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Table 1.7: Dierence matrix: Subject #7

9/10|11 12|13 |14

8

314|0

10
11

12
13
14

Table 1.8: Dierence matrix: Subject #8

9/10|11 |12 |13 |14

8

10
11

12
13
14
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Table 1.9: Dierence matrix: Subject #9

9/10|11 12|13 |14

8

6

10
11

12
13
14

Table 1.10: Dierence matrix: Subject #10

9/10|11 |12 |13 |14

8

10
11

12
13
14




APPENDIX J
Correlation Coe cients for MDS Con guration Axis and

Physical Parameters
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Table J.1: Pearson product-moment correlation coe cients
MDS con gurations.

for correlation of physical parameters to two-way

Space/ | %> ms?2|[ ms? [Wyms 2 Wyms ?|[ms?®|ms?] dT |BR. |BR Spec.
Dim. thresh. | rm.s. | r.m.q. r.m.s. r.m.g. rms. | rm.q. | (ms) | 50Hz | 72Hz | CoG (Hz)
1D -0.91 -0.95 -0.86 -0.91 -0.92 0.42 043 | -0.02 | 0.58 0.4 -0.44
2D-1 0.92 0.95 0.84 0.91 0.92 -0.47 | -0.48 0 -0.55 | -0.39 0.42
2D-2 -0.13 0.02 -0.01 -0.14 -0.12 0.04 0.01 | 0.05 | -0.47 | -0.46 0.58
3D-1 0.91 0.94 0.84 0.91 0.91 -0.47 | -0.48 | -0.02 | -0.57 | -0.41 0.45
3D-2 -0.18 -0.03 | -0.07 -0.19 -0.18 0.07 0.04 | 0.08 | -0.36 | -0.37 0.47
3D-3 0.16 -0.13 | -0.33 0.14 0.09 0.02 0.02 | 048 | 0.07 | 031 -0.18

coT



Table J.2: Pearson product-moment correlation coe cients
vidual di erence scaling MDS con gurations.

for correlation of physical

parameters to indi-

Space/ | %> ms 2| ms? [Wyms ?[Wyms 2| msI | ms?] dT |[BR. |BR. Spec.
Dim. thresh. | r.m.s. | rm.q. r.m.s. r.m.g. rms. | rm.q. | (ms) | 50Hz | 72Hz | CoG (Hz)
1D 0.92 0.95 0.84 0.92 0.92 -0.44 | -0.44 | 0.02 | -0.51 | -0.36 0.38
2D-1 0.76 0.83 0.72 0.75 0.75 -0.38 -0.4 0.05 | -0.66 | -0.53 0.59
2D-2 0.87 0.81 0.74 0.87 0.87 -0.44 | -0.43 | -0.04| -0.2 | -0.04 0.01
3D-1 0.93 0.92 0.85 0.93 0.93 -0.47 | -0.47 | -0.09 | -0.49 | -0.32 0.33
3D-2 0.53 0.58 0.43 0.51 0.51 -0.31 | -0.33 | 0.21 | -0.48 | -0.37 0.45
3D-3 -0.16 0.12 0.27 -0.14 -0.11 0 0 -0.42 | -01 | -041 0.28

€oT



