











TABLE OF CONTENTS

L INTRODUGCTION. ..ttt sttt et sbe e st satesbeebeesbeesbeesateenteeneean 1
1.1 General BaCKgrOUNG...........cooiiriiiiiieieieieee ettt 1
1.2 RESLAICH ODJECTIVE ...ttt 4
1.3 TheSiS OrganiZaliON ........ccceecuiiieieiiciee ettt e e s e e aesteesaebesraensesreeneas 5
2. EMA SYSTEM OVERVIEW ....cooiiiiiiiiieeet ettt ettt st st 6
2.1 EMA SUIMIMATY ..ottt sttt sttt sttt ettt sbe et bt et e bt sae et s be e b e sbeemeenbesaeenes 6
2.2 EIMA HISTOTY ...ttt sttt b e bbbttt et se b e b e 6
2.3 MOOEIN EIMA ..ottt sttt b e bbbttt et be b et be e 9
2.4 EMA Orientation Datal.........ccccoveriririenieieieieienesiese ettt 11
2.4.1 Quaternion Introduction and PrOCESSES .........ccveeveeeevieereeeteeeteeeee e eve e eeveeereeeaeeens 12
2.4.2 POSItiON DAta PrOCESSING ....ccveiveeiiciieieiticeete sttt ete et e et re e e sbesraeresteenaens 20

3. EGG SYSTEM OVERVIEW. ...ttt st s s 24
3.1 EGG SUIMIMAIY ..ottt ettt st sttt sttt sae e st st e s teesbeesaeesatesabessbesnsaenseesasesnsesnsenn 24
3.2 EGG Operating PriNCIPIES .....ccueecieiieieieeeetese ettt sae st ebe e e sneenees 24
3.3 EGG Data POSt PrOCESSING .....ccuvccveiiieeeeieetieiecteeeesteeteeste s e eaeste e estesteeaesteeseesbesseeaesreennas 25
4. INITIAL DETERMINATION OF INTERFERENCE .......ccccooiiiiiiiieeeeeeeeeeeeeen 31
AL IMEENO ... 31
4.2 ANAIYSIS IMELNOUS ..ottt sre s reeneas 33
B3 RESUILS ..ottt bbb 34
4.4 DISCUSSION.....utiteuirteiieteitetet ettt ettt sttt b et b et st sa et b et eb et bt et s b sn bt s ebs 41

5. DETERMINATION OF EFFECTS OF VELOCITY ON ACCURACY ...cccecvvrveenrirene 44






Q. APPENDICES ...t e et e e e et e e e e e e e e et eeeaaeeesaaneeeesaaenereseaareneseaarenes 75
AL TNITIAL DAL COHBCTION ....eieieeeeeee ettt ettt e et e e et e e e e et esesaeeesesseeesesraeessasnees 75
B. NON-Ferrous ROTALION IMOUEI ........eveeiieeeee ettt ettt e e st e s e eaeeas 88

C. Non-Ferrous OrienNtation IMOOEL..........oooeeveeeieeieeeeeeee ettt e e et e s et e e sesaeee s 93



LIST OF FIGURES

Figure 1 - Representation of complex number in complex plane [2] ....ccoceeveeeveieeceneeieceeene 13
Figure 2 - Calculation of the current sensor norm vector orientation..........ccceceveveeceseeveseenene, 19
Figure 3 — Axes of the NDI Wave system, with the origin at the center of the field generator [2]20

Figure 4- Subject with sensors attached to the tongue and lips and a reference sensor on the

Dridge Of the GIASSES [2] ...eeeeieieieieeieete et 21
Figure 5 - Biteplate with the MS and OS sensors labeled [2]........ccecvevievieiieieniceee e 22
Figure 6 - Diagram of EGG positioning and use to obtain VFCA measurements [19] ................. 25

Figure 7 - Ideal EGG waveform segment with the accompanying vocal fold events labeled [20] 26

Figure 8 - Glottal air flow and low frequency component of the EGG signal during an adult male
subject's pronunciation of the phrase, "the hut™ [19] .....ccooievieriiieereee e 28

Figure 9 - Glottal air flow and the high frequency components of the EGG signal during an adult
male's pronunciation of the phrase, "the NUt" [19]........cccoviririneeee e 29

Figure 10 - Data waveforms from a male subject with FO at approximately 120Hz. [20] ............ 30

Figure 11 - Biteplate used for stationary trials, with the lowest sensor being sensor 1, the middle
sensor being sensor 2, and the highest SENSOr aS SENSOI 3 .......ccviveecierieeeeieereeeeere e sre s 31

Figure 12 — Inter-sensor distance error for sensors 1 and 2 for four interference conditions when
sensors are stationary and in center of field..........oooveeieiiiiciecece e 35

Figure 13 — Inter-sensor distance error for sensors 1 and 2 for four interference conditions when
sensors are stationary and are at edge of field ........ccooveiiiicecee s 36

Figure 14 — Inter-sensor distance error for sensors 1 and 2 for four interference conditions when
sensors are stationary and EGG sensors are outside of the field..........ccccoeevevevenieveniciecesees 36

Figure 15 — Inter-sensor angular error when the systems were in the center of the field .............. 38

Figure 16 — Inter-sensor angular error for sensors 1 and 2 in the stationary trials when the systems
were at the edge OF the FIelU.......c.ece e 39

Figure 17 — Inter-sensor angular error for sensors 1 and 2 in the stationary trials when the EGG
sensors were outside OF the FIElU..........coi i 39



Vi

Figure 18 — The final Lego model and experimental SEtUP. ........cccecvrererereneneneieeeeeecreeenee 46
Figure 19- Path of the sensors on platform of model............cccooeieiiinninene 47
Figure 20 - Arrangement of the sensors on the non-ferrous rotation model...........cccccoevevenennenne. 48
Figure 21 - Baseline results with the sensors moving at 125.79 MM/S. ......cccceeeveveeceveeeecreenenn 50
Figure 22 - Moment in which physical JErk OCCUIS .........coeririerieieiriresereeeeee e 51
Figure 23 - Experimental setup of the non-ferrous rotation model............ccccoeveveieininencnennenn. 55

Figure 24 — Inter-sensor distance error for sensors 6 and 5 in the non-ferrous rotation model under
different iNterferenCe CONTITIONS .......ccevverieieieeeeeer et 56

Figure 25 — Inter-sensor angular error for sensors 6 and 5 in the non-ferrous rotation model with

SOUICES OF INTEITEIENCE PrESENT.....cueiiieeiete ettt ettt e be st e e s e be e e e besbeeasesteennans 57
Figure 26 - Construction of the non-ferrous orientation model with palate expander................... 61
Figure 27 - Diagram of model and itS MOVEMENT .........cccooererierieieinieeseseesreseeeee e 61

Figure 28 — Inter-sensor distance error for sensors 1 and 2 in the non-ferrous orientation model 63

Figure 29 — Inter-sensor angular error for sensors 1 and 2 present in the non-ferrous orientation

1107 L] OSSR RR 65
Figure 30 - Inter-sensor error for sensors 2 and 3 in stationary trialS.........ccoeeveveieeceveeieceeneene, 75
Figure 31 - Inter-sensor distance error for sensors 2 and 3 in stationary trials...........ccceccecevennene. 76
Figure 32 - Inter-sensor distance error for sensors 2 and 3 in stationary trials...........ccceceecevennene. 76
Figure 33 - Inter-sensor distance error for sensors 1 and 3 in stationary trialS..........cccccoevevenneene. 78
Figure 34 - Inter-sensor distance error for sensors 1 and 3 in stationary trials..........c.ccceevevenneene. 79
Figure 35 - Inter-sensor distance error for sensors 1 and 3 in stationary trials...........cccecevcevenee. 79

Figure 36 — Inter-sensor angular error present between sensors 2 and 3 in the center of the field
TOr the STAtIONAIY TFIAIS ...ccveeeeeieeeceeeeee ettt se e be e e tesreeneesreeneens 81

Figure 37 — Inter-sensor angular error present between sensors 2 and 3 at the edge of the field for
the SEALIONANY TrHAIS......cveirieeeeeeeeee et e e e et e st e ess e beesaetesseenseseenseens 82



vii

Figure 38 — Angular error present between sensors 2 and 3 with the EGG outside of the field for
the SEALIONANY TrHALS .....ccveieeeeee ettt neea 82

Figure 39 - Inter-sensor angular error present between sensors 1 and 3 in the center of the field for
the SEATIONANY TrHAIS .....ccveieeee ettt neea 84

Figure 40 - Inter-sensor angular error present between sensors 1 and 3 at the edge of the field for
the SEATIONANY TrHALS ....ccvereeeeee ettt neea 85

Figure 41 - Inter-sensor angular error present between sensors 1 and 3 with the EGG outside of
the field for the StatioNAry trialS .........ccvevviiieiececee et eanens 85

Figure 42 — Distance error measured with the non-ferrous rotation model while experiencing
different SOUrCes OF INEITEIEINCE .......ccoouiviiuiricie s 88

Figure 43 — Inter-sensor angular error of the non-ferrous rotation model with sources of
INTEITEIENCE PIrESENL. ... cceeitieeeete ettt ettt ettt e st e e e et e e e et et e e e e tesbeensesteesaensesrnensesseeneas 90

Figure 44 - Inter-sensor distances error for sensors 6 and 5 at approximately 25mm/s in the non-
ferrous rotation model at approximately 25 MM/S.........coevieieiiiiecesececceee e e 91

Figure 45 - Inter-sensor angular error for sensors 6 and 5 in the non-ferrous rotation model at
approximately 25 INM/S ettt ettt sttt sttt e ste s s e sesteenteseeneentenneeneas 92

Figure 46 - Inter-sensor distance error for sensors 6 and 5 in the non-ferrous rotation model at
approximately B5 IMM/S..eeiiceeceeste ettt ettt e b sseetesseessesressnens 92

Figure 47 - Inter-sensor angular error for sensors 6 and 5 in the non-ferrous rotation model at
approximately B5 INIM/S.c.eiieectete ettt sttt st ae et e seeseetesseennesrenneens 93

Figure 48 - Inter-sensor distance error for sensors 2 and 3 in the non-ferrous orientation model .93
Figure 49 - Inter-sensor angular error for sensors 2 and 3 in the non-ferrous orientation model .. 94
Figure 50 - Inter-sensor distance error for sensors 1 and 3 in the non-ferrous orientation model . 95

Figure 51 - Inter-sensor angular error for sensors 1 and 3 in the non-ferrous orientation model ..97



1. INTRODUCTION

1.1 General Background

Electromagnetic Articulography (EMA) has been developed as an important tool
in the characterization of speech kinematics, which can be used in a variety of speech
applications that include speech synthesis, speech recognition, and motor learning [1]. In
EMA, sensors are attached to the anatomical components of articulation, such as the jaw,
lips, and tongue. The subject is then positioned so that his or her head is within an
electromagnetic field, and the movements of the sensors are tracked as the subject speaks.
The sensors provide information that can be manipulated to obtain the position, velocity,
acceleration, and range of motion of the articulators.

Clinically, EMA can potentially increase the objectivity of motor speech disorder
assessment. Currently, assessment of such disorders occurs mostly through subjective
perceptual assessments that are prone to bias from the clinician. The data provided by the
EMA can be used to create objective measures that help characterize the disorder and
improve the diagnosis [2].

In the Marquette University Speech and Swallowing Lab, EMA is currently used
in conjunction with the Rehabilitory Articulatory Speech Synthesizer (RASS) system,
which uses the position and orientation data provided by the EMA sensors to derive input
parameters to a Maeda synthesizer [3]. The virtual vocal tract allows researchers to
manually adjust these parameters to study how changing one parameter affects the

synthesized speech. Through the use of sensor-to-synthesizer mapping and post-



processing software, auditory feedback can be modified for the subject as a method to
influence the subject’s articulation.

The electroglottograph (EGG) is another system that has been used to characterize
speech disorders, specifically of the laryngeal variety. When using the EGG, two
electrodes are attached to the throat, one on either side of the vocal folds. A small current
is passed between them — as the vocal fold contact area (VFCA) changes with vocal fold
vibration, the change in resistance is recorded by the system [4]. The researcher or
clinician can then interpret the information to show the area and duration of contact.

The primary clinical use of the EGG is to objectively assess patient voice
abnormalities and disorders. In two studies conducted by Behrman and Orlikoff, patients
with voice abnormalities were assessed and treated successfully using the EGG [5]. One
of these patients had no visual or acoustic abnormalities, and it was only with the use of
the EGG as both an assessment tool and as a measure of the progress made with
treatment that the subject regained normal voice quality [5].

If used together, the EMA and EGG systems could potentially provide useful
information both with regards to clinical assessment and to research. With regards to
RASS, the current configuration uses a generic LF model of glottal flow. The EGG signal
contains information such as the fundamental frequency, open quotient, and skewing
quotient that could aid the RASS system in producing a more realistic synthesized
version of the subject’s voice [3]. The objective would be to utilize the EMA and EGG
systems simultaneously to allow for real-time updates of the input parameters to the
RASS system. As a result, it would be possible to conduct studies involving changes in

pitch and vocal quality in addition to the current ability to study articulatory perturbation



[3]. Story also suggested that incorporating laryngeal data with articulator movement data
would create a more successful speech synthesizer. He pointed out that the vibration of
the vocal folds generates flow pulses that create acoustic resonances of the nasal
passages, trachea, and vocal tract [6]. The movement of the articulators is responsible for
shifting the characteristics of the resulting acoustic wave, essentially acting as a modifier
of the carrier signal. From this perspective, the development of a synthesis model
requires a set of parameters that allows time-dependent control of both the shape of the
vocal tract area and the way that it is coupled to the nasal system. However, Story argued
that to create a complete model for speech synthesis, it would also be necessary to
include kinematic representations of the vocal fold surfaces with the model of the vocal
tract area. Using the EGG to obtain data concerning vocal fold contact area while
simultaneously collecting data regarding EMA sensor position would allow for a more
accurate model. Without simultaneous collection, these parameters can only be
understood by collecting first EMA data, then EGG, before attempting to shift the signals
so that they align correctly with respect to time.

With regards to clinical application, using the EMA and EGG systems together
would aid in the understanding of dysarthria, which can affect multiple speech
subsystems (respiratory, laryngeal, resonance, and articulatory). Having additional
concurrent physiological data would provide a more detailed understanding of the motor
problems involved across the subsystems.

However, the EGG and EMA systems are currently not used simultaneously. As
EMA utilizes an electromagnetic field, the presence of additional metal within the field is

hypothesized to create interference with the EMA system and result in inaccurate position



and orientation data. EMA system descriptions include warnings about this interference.
The Carstens AG500 system, for example, states that the sensors should be positioned so
that interference from metal will be minimal [7], and effort has been devoted to
constructing a calibration mechanism that doesn’t contain any metal and so won’t affect
the system [8]. The NDI Wave user’s manual states that the field generator should not be
in the vicinity of any metal equipment within a radius of 1.0m, with the field generator at

the center of the sphere [9].

1.2 Research Objective

The objective of this research is to determine whether there is a significant level
of interference between the EGG and EMA systems when used simultaneously. If so, the
secondary objective is to characterize the interference and create an algorithm to reduce
the interference and allow for simultaneous use of the EGG and EMA. Additional trials
have been added to examine whether a significant level of interference is present when
orthodontic appliances are present. The orientation data provided by the EMA system
during these trials has also been analyzed. As the quaternion data used to represent
orientations is not familiar to many researchers in the speech and audiology research
communities, a brief description of quaternions and their different mathematical
operations has been included.

The level of interference was deemed to be significant if the presence of the EGG
caused the measurements of the EMA system to exceed the error specification of the
system, which, in the Marquette Speech and Swallowing Lab, is the NDI Wave system.
This thesis describes the standard deviation in inter-sensor distance and angle

measurements with and without sources of interference present and so provides the user



with an understanding of the degree to which metallic interference affects EMA sensor

measurement data.

1.3 Thesis Organization

This thesis contains seven chapters and an appendix. The second chapter
describes the history of EMA systems and provides both a technical understanding of
how the EMA systems work and a description of the data that is gathered. The third
chapter provides an explanation for how the EGG system works and the method by which
the resulting waveform is analyzed. The fourth chapter presents the initial experiments
performed to determine if there was interference present in the EMA signal when the
EGG was present and the EMA sensors were kept stationary. The fifth chapter elaborates
on this analysis by placing the EMA sensors on a moving platform in order to explore the
effects of velocity on the EMA results, both with and without the EGG present. Two
dental orthodontic appliances were also placed in the field to test the effect of orthodontia
on the EMA system results. The sixth chapter describes a similar exploration that was
accomplished by putting the EMA sensors along an axis of rotation. The effects of the
EGG system and orthodontic devices on the EMA data were assessed to determine the
degree of interference. The seventh chapter contains a summary of the previous chapters
and explains the implications of the results, particularly in regards to clinical applications
in speech pathology. The appendices contain additional figures and tables from the trials
that were deemed nonessential to the thesis but that the reader may find useful in further

understanding of the conclusions drawn by the thesis.



2. EMA SYSTEM OVERVIEW

2.1 EMA Summary

Electromagnetic articulography is a methodology that enables the tracking of articulator
position and orientation during speech. This is accomplished through the attachment of
sensors to the articulators. The sensors’ kinematic data is then recorded in a 3-D
coordinate system as the articulators are moved through an electromagnetic field.
Advantages of using EMA over radiological procedures, such as x-ray
microbeam, include increased information concerning the movements of the tongue and
lesser radiation for the subject. In addition, the location of the mandibular bone, which
can cause a shadow during radiological procedures if the subject is not positioned
correctly, is not a factor in EMA [10]. However, changes in orientation often present
issues in obtaining accurate data from the sensors, which Perkell et. al. (1992) refers to as
an issue of rotational misalignment [10]. This is most likely to be observed with tongue
and jaw sensors, which experience a change in orientation with variations in pitch [11].
The NDI Wave system used by the Marquette Speech and Swallowing Lab has a
spatial resolution of less than 0.5 mm. The sampling frequency is 400 Hz, which results

in a temporal resolution of 2.5 ms [11].

2.2 EMA History

Developing an accurate method to track the movement and orientation of sensors

with regards to speech is valuable for several important applications, such as assembling

a database that could establish statistical characterizations of speech movements to aid



with dysarthria characterization [12]. Tracking articulator movement can also be used to
assess the tongue-jaw coordination during speech for subjects who had suffered a
traumatic brain injury (TBI) [13]. An additional application is incorporation of articulator
position and orientation data into speech synthesis models; for example, computer-
animated talking heads utilize two-dimensional dynamic tongue movement data from
articulatory sensors [14]. Due to the variety of applications, it was deemed important to
implement a method for tracking articulator movements.

One initial response to this need was the development of x-ray microbeam systems,
such as the one described by John R. Westbury [12]. This system determines the location
of spherical gold pellets inside its image field by aiming an x-ray beam in the direction of
the pellets. Positions are then assigned to each pellet based on the point on the 2D
midsagittal plane at which the maximum absorption occurs. The tracking process
involves stepping the x-ray beam across the system field in small intervals. The subject
is seated between an x-ray detector and an x-ray generator containing a pinhole. Under
optimal conditions and with an image plane that is 60 cm from the system pinhole, the
pellet centers can be found at spatial intervals separated by a minimum of 0.0625 mm.
The spatial resolution is inversely proportional to the distance that lies between the image
plane and the system pinhole [12].

However, Westbury also noted several disadvantages of this system [12]. While
positional error during dynamic trials was not quantified, it has been hypothesized that
the error is velocity-dependent. The pellet might move across an entire grid interval in the
time that it takes for the system to produce the raster. The changing sensor position will

thus not be correctly perceived by the system. In addition, subjects were exposed to



ionizing radiation during the procedure. While steps were taken to limit the exposure,
such as decreasing the dwell-time of the x-ray beam per unit area, this method still put
subjects at risk [12].

In order to address these concerns, Perkell et al. introduced the ElectroMagnetic
Midsagittal Articulometer (EMMA) system [10]. This system took advantage of
alternating magnetic fields to measure motion. The fundamental principle is that when a
transmitter coil and a transducer coil are separated by a distance and lie parallel to one
another with midlines on the same axis, the flux density is inversely proportional to the
cube of the distance from the transmitter. The alternating magnetic field sent through the
transducer coil induces an alternating signal, which is proportional to flux linkage and
thus proportional to the cross-sectional area of the transducer coil and the flux density. As
a result, the voltage induced in the transducer is inversely proportional to the cube of the
distance between transmitter and transducer [10].

Three magnetic-field transmitters, driven at different carrier frequencies, are
oriented so that they are parallel to one another and perpendicular to the plane established
by their sensors. Single-axis transducer coils are fixed to the articulators so that their
centers are located within the plane of measurement while the coils themselves are
perpendicular to the plane. When the subject speaks, the transducers become misaligned
as a result of the tilt and twist. The voltage that each transmitter induced was reduced by
a factor of the cosine of the angle of misalignment [10].

While less hazardous than the x-ray microbeam system, the three-transmitter
system relied heavily on the accurate placement of the transmitters in the midsagittal

plane. Incorrect placement led to rotational misalignment and incorrect position



measurements. Similarly, erroneous measurements would occur if the articulators moved

perpendicular to the midsagittal plane [10].

2.3 Modern EMA

In order to solve the issue of rotational misalignment, Zierdt, Hoole, and Tillman
created a three-dimensional EMA system [15]. The waves generated by the coils differ
from regular radio waves in that they do not interfere with each other, making it possible
for transmitters to be set up in spherical orientation.

The receiver coil can be viewed as a dipole with five degrees of freedom: three
Cartesian coordinates and two angles that represent the alignment of the dipole. Each of
these values must be found to determine the coil’s position. By placing the six transmitter
coils in a sphere with a right angle between them, an absolute symmetrical arrangement is
achieved [15]. The spherical arrangement results in each receiver coil not being
perpendicular to more than three transmitters at any given point. The voltage measured at
the receiver coils changes as a function of the varying distance and angle between the
axis of each transmitter as well as a function of each sensor. The six voltage amplitudes
can then be used to calculate the distance between each transmitter and each sensor. The
six transmitter coils provide six equations with which to calculate the values that describe
the Cartesian coordinates and angular position of the receiver coil [7]. By creating a
three-dimensional system, the data gathered about the sensor increased to include two
rotational degrees of freedom. [15]

This principle was used to create the modern Carstens AG500 and AG501
(Carstens Medizinelectronik, Lenglern, Germany) EMA systems, described by Yunusova

et. al. in 2009 [7]. The six transmitter coils are arranged spherically on a plexiglass cube,
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with each transmitter driven at different frequencies ranging from 7.5 to 13.75 kHz. The
receiver coils and subject are positioned inside of this cube while data are collected. The
AG500 system is capable of tracking up to 12 sensors simultaneously, with signals
acquired at 200 Hz [7].

Another commercial 3D EMA system is the NDI Wave system, which is a
proprietary EMA system that contains a data collection unit and a rectangular box
containing the transmitter coils [9]. The box with the transmitter coils can be placed
around the subject as desired. The standard Wave system allows for an electromagnetic
field of either 300 mm? or 500 mm? at 100 Hz. It is capable of tracking up to eight
sensors with an accuracy within 0.5 mm, which falls within the acceptable error for the
analysis of speech kinematics [11]. An upgraded unit allows for an increased sampling
rate of 400 Hz, and a second data collection unit can be attached to allow for eight more
sensors to be used to obtain data [9]. This upgraded NDI Wave system is the EMA unit
that is used by the Marquette University Speech and Swallowing Lab. The Wave system
requires no user calibration to minimize error, unlike the alternative AG500 system [11].

There are alternative methods of tracking articulator movement besides EMA.
One such method is collecting real-time articulatory and acoustic data using a multimodal
real-time MRI [16]. While the current sampling rates of rtMRI are lower than that of the
EMA and the x-ray microbeam systems, midsagittal rtMRI1 allows for analysis of not just
the tongue, lip, and jaw movements, but also of the velum, pharynx, and larynx
movements. Subjects are positioned within the MRI scanner and given text to read as
their upper airways are imaged. At the same time, the audio signals are collected at a

sampling frequency of 20 kHz using a fiber-optic microphone noise-cancelling system.
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The internal clock of the MRI is used to help synchronize the acoustic signal with the
images.

Another method is combining ultrasound with the Optotrak system [17], which is
produced by NDI. Optotrak uses three coupled charge-coupled devices as a way to
identify the locations of infra-red-emitting diodes (IREDS) in space. Each IRED is about
5 mm in diameter, and can be attached to the lips, chin, and other exterior points. When
used with ultrasound, three IREDS are attached to goggles that the subject wears to
provide a reference for the position of the ultrasound probe. Three additional IREDs are
attached to the handle of the ultrasound probe. An alignment program analyzes the
Optotrak data to calculate the position and orientation of the probe relative to the head.
The ultrasound component allows users to image the tongue in either sagittal or coronal
orientation. However, contact must be made between the skin and probe at all times; this
is commonly maintained through either hand-applied pressure or with elastic cords

fastened over the head.

2.4 EMA Orientation Data

The Wave system can be utilized to obtain data about each sensor’s three-
dimensional position. The position of the sensor is given by Cartesian coordinates, which
can be used to track the trajectory of the sensor and its distance in regards to the other
sensors. The sensors also provide information regarding the orientation of the sensor,
which is given in the form of quaternions. The orientation data can be either two-
dimensional or three-dimensional, depending on whether the sensors are 5-degrees-of-
freedom (5-DOF) or 6-degrees-of-freedom (6-DOF). 5-DOF sensors track the Cartesian

spatial coordinates but also track the angular coordinates that describe rotation around
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the anterior-posterior axis, also known as roll, and rotation around the transverse axis,
also known as pitch. 6-DOF sensors track these coordinates as well and additionally track
the angular coordinates that describe the rotation about the inferior-superior axis, also
known as yaw [11]. Orientation data is provided through a four-dimensional quaternion
vector that represents the three-dimensional rotation of the sensor relative to an
established baseline orientation. Quaternions have generally been used in computer
graphics and aviation but have recently become used with regards to speech processing

[2]. With this in mind, a brief introduction to quaternions has been included.

2.4.1 Quaternion Introduction and Processes

Quaternions were first formalized in 1843 by Sir William Hamilton in his
attempts to generalize complex numbers so that they could be used with respect to three-
dimensional space. Since complex numbers have an imaginary component, Hamilton
believed that he would have to identify at least one additional imaginary component to
achieve his goal. According to a letter that Hamilton wrote to his son Archibald,
Hamilton was walking to a meeting of the Royal Irish Academy when the solution to the
complex number problem struck him. He carved the solution into the nearby Broome
Bridge so that in the event that he forgot or collapsed, his work would not be lost. [18]

Hamilton recognized that quaternions are closely related to three-dimensional
rotations, a fact which was first published by Arthur Cayley in 1845. Hamilton also
devised a quaternion multiplication rule with three additional rules related to complex
multiplication. This multiplication rule further expresses the connection between unit-

length, four-dimensional vectors — quaternions — and three dimensional rotations. This
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connection was also a conclusion that Olinde Rodrigues arrived at by examining rotation
formulas [18].

An initial review of complex numbers will be presented before the quaternion is
introduced [2]. A complex number consists of a real component and an imaginary

component, such as
c=a+bhi. (2.4.1)

The components a and b are real numbers, and i is equal to v—1. When graphing a
complex number, the vertical axis is considered the imaginary axis and the horizontal

axis is considered the real axis, as seen below in this plot of ¢ = 3 + 4i [2].

Complex Plane

+

Imaginary Part of C
8 =4 MK W &

0 1 2 3 4 &
Real Part of C

Figure 1 - Representation of complex number in complex plane [2]

Complex addition and subtraction are accomplished by adding or subtracting the
real components of the complex numbers and then adding or subtracting the imaginary

components of the complex numbers such as
(a+bi)+(c+di)=e+fi, (2.4.2)

where e is equal to (a+c) and fis equal to (b+d) [2].
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The multiplication of complex numbers is distributive, meaning that the order in

which the complex numbers are multiplied does not matter:
(a+bi)(c+di)=(c+di)(a+bi)=(ac—bd)+(ad +bc)i . (2.4.3)

The complex conjugate is found by changing the sign of the imaginary part of the

complex number:
¢ =a-—bi. (2.4.4)

In two dimensions, the rotation of a complex number takes place through a rotor.
A rotor can be defined as a complex number that is used to rotate another complex
number by an angle & around the origin. The specific rotor can be found through the

equation below:
r=cosé+ising. (2.4.5)

By multiplying the rotor with the complex number to be rotated, the final rotated
complex number can be obtained [2].

A quaternion exists in a four-dimensional space that is comprised of a real axis
and three orthogonal imaginary axes, marked as i, j, and k. In general, quaternions can be

written with respect to these axes, as in the form seen in the equation below:
g=W-+Xi+yj+zK. (2.4.6)

In this representation, w, x, y, and z are real numbers and satisfy the following equation:

i2= j2 =k =ijk =—1. (2.4.7)
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The above equation shows the parallels that can be drawn between complex numbers
quaternions. The primary difference is that quaternions contain two additional imaginary
dimensions, which allows for three-dimensional rotation and additional complexity in
behavior [2].

Another common notation is that of a real number and a vector, seen below:

q=(w,v), (2.4.8)

where w is the real component of the quaternion and v is a vector containing the i, j, and k
components with coefficients of x,y,and z respectively.

Unit-normalized quaternions can be used to conceptualize the rotation of complex
numbers in three-dimensional planes. Normalizing quaternions is also similar to

normalizing vectors, as seen here:

_ q
norm(q) = \jwz v : (2.4.9)

A normalized quaternion will have a magnitude of one. Normalized quaternions, also
known as unit-length quaternions, are desirable for rotations of vectors because the
quaternion magnitude of one results in the vector magnitude being unchanged through
multiplication [2].

The inverse of a quaternion can be found using a similar method to the

normalized quaternion:

*

qt= d . (2.4.10)
\/W2+x2+y2+22
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If the magnitude of the quaternion is one before the inverse operation is performed, the
inverse quaternion will be equal to the conjugate of the quaternion

Rotating a quaternion is similar to the rotation of a complex number. The
imaginary components of the quaternion describe the axis about which another point or
vector will be rotated. In order to rotate a point by an angle 4 in three-dimensional space,

the following equation must be used:

q=[cos(§} sm( j(XI+yj+Zk)} (2.4.11)

where X, y, and z describe the axis of rotation.
As an example, if a unit vector in the positive x-direction ([1,0,0]) were to be
rotated to the y-axis ([0,1,0]), a 90° rotation would be required. The quaternion required

to effect this rotation would be equal to

:{cos(g—go),sin(g—g)(Oi +0j +1k)} : (2.4.12)

7z 2

The resulting quaternion would be q = {— —k} The rotated vector can be calculated

using the sandwich product rule seen below:

rotated qvq (2 A4, 13)

In this equation, g represents the quaternion for the desired rotation, q* represents the
inverse of that quaternion, and v is the vector represented as a pure quaternion. A pure
quaternion requires that the vector’s X, y, and z components are represented as the i, j, and

k components of the quaternion [2]. Note that since the quaternion is already a unit-
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normalized quaternion, the inverse of the quaternion is the same as the conjugate of the
quaternion.

The resulting vector becomes

G 2

Vo :{i V2, }[01 +0 j+0k]{— ——} [0,1,0] . (2.4.14)

2

While in this case a 90°-rotation was used, a 270°-rotation in the opposite
direction would have achieved the same result. In addition, a different axis of rotation
could have been used. This operation was used to rotate between two points and so can
be called a point rotation, in which the vector is rotated but the system axes remain
stationary. In a frame rotation, which occurs in the equation shown below, the coordinate

axes are rotated while the vector remains stationary [2]:

rotated q Vq (2 A4, 15)

Quaternion addition can be carried out using the same method as complex
number addition. However, quaternion multiplication differs from complex number
multiplication; unlike complex number multiplication, quaternion multiplication is not
commutative, meaning that the order of multiplication matters. Quaternion multiplication
follows the same rules as those of taking a cross product between vectors, as seen below
[18]

Polo — P& — PG, — P50,
Py + Pl + P20 — P50,

pzqo + poqz + p3q1 - p1q3 . (2-4-16)
Psdo + Pols + PG, — P,0;

Ped =(Po» Py P2y P3) (Gg, 0, Oy, Os) =

= (Pdy — Ped, PG+, P+ Px0)
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in which p and g are both quaternions. Taking the conjugate of a quaternion is similar to
taking the conjugate of a two-dimensional complex number. The sign of the imaginary

components is reversed to form the conjugate, as seen below: [18]

q =(w,~v)=w—xi—yj—zk. (2.4.17)

These operations can be used to find the difference between two quaternions as a

measure of the net angle between them, as follows:

diff (p,q) = pq, (2.4.18)

where the multiplication taking place is the quaternion multiplication seen above in Eq.
2.4.16.

Since quaternion multiplication is not commutative, the difference formula for
quaternions is not commutative. In order to calculate the difference between two
quaternions, the two quaternions p and q are first normalized. The two differences

diff (p,q)and diff (g, p) are then calculated using Equation 2.4.18 above. The angle of

rotation is calculated from each of these differences using the following equation:
theta(p,q) =2cos™ (diff (p,q)), (2.4.19)

where the inverse cosine is calculated in degrees.

It is desirable for distance measures to be symmetric. Since theta(p,q) and
theta(g, p) are not equivalent values, a symmetric distance measure can be created by

averaging the two theta values together in order to calculate the net angle difference

between the two quaternions:
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theta(p,q) +theta(q, p)

: (2.4.20)

average =

With this in mind, the orientation data provided by the EMA sensors can be
interpreted more easily. As quaternions represent rotations between two vectors, the
quaternion itself does not represent the absolute orientation of the sensor. With regards to
the NDI Wave system, quaternions represent the rotation required to acquire the sensor’s
present orientation from a baseline orientation [2].

Specifically, the quaternion information gathered from the NDI Wave describes
the rotation that is needed to rotate a vector that is normal to the XY plane to the current
sensor norm vector orientation. The example shown below in Figure 2 multiplies the
vector [0, 0, 1] by the sensor’s quaternion data to obtain the present sensor norm vector

orientation [2].

Figure 2 - Calculation of the current sensor norm vector orientation

The [0, 0, 1] vector represents the baseline data provided by the NDI Wave system.
Multiplying the sensor’s quaternion g vector by the baseline data results in the direction

shown by the [1, 1, 0] vector [2].
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2.4.2 Position Data Processing

When tracking speech kinematics, it is important to be able to accurately track
where the sensors are positioned during the data collection. It is often valuable to
transform the data into a new coordinate system for a better understanding of sensor
movement. There are several available reference spaces in which EMA Cartesian
coordinate data can be presented, including a global coordinate system, a head-corrected
space, and a bite-plate-corrected space. Within the global coordinate system, the X, y, and
z axes are defined with respect to the field generator box, as seen below in Figure 3. The
origin of the axes is found at the center of the box. The x-axis is represented by the red
arrow and is oriented vertically, with the positive x-direction pointing upwards. The y-
axis is represented by the green arrow and is pointed forward, towards the right side of
the transmitter box. The z-axis is oriented into the transmitter and is represented by a blue
arrow, unseen here because of the sensor position at the surface of the transmitter. The

Wave system provides sensor data with respect to these global axes [2].

Figure 3 — Axes of the NDI Wave system, with the origin at the center of the field generator [2]
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However, global position is often not useful for speech analysis, as head
movements during speech production would result in movement of the articulators that is
not related to speech production. In the Marquette University Speech and Swallowing
Lab, the 6-DOF sensor is attached to the bridge of a pair of glasses that is worn by the
subject so that the reference sensor will experience any head movements or tremors that
may take place, as seen below in Figure 4. This reference sensor allows for the creation
of a new origin and new axes for the sensors [2]. The 6-DOF sensor can be used to
identify these movements and how they affect each sensor by subtracting the position of
the reference sensor from the absolute position of the specific sensor to obtain that

sensor’s head-corrected position. The NDI Wave implements this method internally.

Figure 4- Subject with sensors attached to the tongue and lips and a reference sensor on the bridge of the glasses [2]

While head-correcting the data accounts for head movement, it is not optimal for

representing speech articulation. The axes defined by the reference sensor are not well-
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defined for the end user and so attempting to identify the direction of articulator
movement can be difficult. In addition, the distance between the bridge of the nose and
the articulators varies for each subject, making it difficult to compare speech kinematics
for different subjects. It is thus desirable to convert the head-corrected data to a uniform
coordinate space that makes allowances for the differences in facial features of the
subjects. This transform is known as biteplate correction, named thus because during data
collection, a plate is placed between the subject’s jaws for the subject to bite [2].
Biteplate correction involves the selection of a new origin and axes for the data
and the implementation of a method to translate data from the previous coordinate space
to the biteplate-corrected space. In the Marquette Speech and Swallowing Lab, the
reference frame is selected so that the origin is at the intersection of the maxillary
occlusal plane and the midsagittal plane, anterior to the central maxillary incisors. The x-
axis is in the anterior direction along the midsagittal plane, while the y-axis points
superior and the z-axis points to the right of the subject. The x-y plane thus becomes the
midsagittal plane, and the x-z plane becomes the maxillary occlusal plane. [2] The

biteplate below in Figure 5 is used to define the new origin and axes.

b il
Figure 5 - Biteplate with the MS and OS sensors labeled [2]
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For the biteplate correction done in the Marquette Speech and Swallowing Lab,
two sensors are placed along the midsagittal line of the biteplate as shown above in Figure
5. The 6-DOF reference sensor is placed between the subject’s eyes utilizing the same
device as the head-correction method. The OS sensor, which defines the new origin for
the biteplate-corrected coordinate space, is located on the anterior side of the central
maxillary incisors when the biteplate is placed in the mouth. The line from the MS sensor
to the OS sensor forms the positive x-axis, while the perpendicular component to the line
to the OS sensor from the reference sensor defines the y-axis. The cross-product of these

vectors is taken to form the z-axis [2].















B. Non-Ferrous Rotation Model
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Figure 42 — Distance error measured with the non-ferrous rotation model while experiencing different sources of

interference
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Figure 48 - Inter-sensor distance error for sensors 2 and 3 in the non-ferrous orientation model



Table 53 - Comparison of average baseline inter-sensor distance with average inter-sensor distance of each
interference trial for sensors 2 and 3 in the non-ferrous orientation model
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Trial condition Inter-sensor distance | Bias (mm) % difference
(outside) (mm)

Baseline 7734 |- e

EGG 77.35 0.01 0.01

EGG and 77.49 0.15 0.19
Retainer

EGG and Palate | 77.48 0.14 0.18
Expander

Retainer 77.36 0.02 0.02

Palate Expander | 77.31 -0.03 -0.38

Table 54 - Mean error for sensors 2 and 3 in the non-ferrous orientation model

Bias (mm) | Standard deviation (mm) | Mean error (mm)
Baseline 0.00 0.21 0.21
EGG 0.01 0.20 0.21
EGG and Retainer | 0.15 0.31 0.46
EGG and Palate 0.14 0.22 0.36
Expander
Retainer 0.02 0.21 0.23
Palate Expander -0.03 0.26 -0.29
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Figure 49 - Inter-sensor angular error for sensors 2 and 3 in the non-ferrous orientation model




Table 55 - Inter-sensor angle bias present with different interference conditions
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Trial condition Average inter- Bias (°) % difference
sensor angle (°)
Baseline 4899 |- e
EGG 38.40 -10.60 -21.63
EGG and retainer 30.16 -19.83 -38.44
EGG and palate 52.73 3.74 7.62
expander
Retainer 35.07 -13.92 -28.42
Palate expander 39.49 -9.51 -19.40
Table 56 - Mean error of sensors 6 and 5 for the non-ferrous rotation model
Trial condition | Inter-sensor Standard deviation (°) Mean error
angular bias (°) (°)
Baseline 0.00 22.63 22.63
EGG -10.60 25.57 -36.17
EGG and -19.83 24.30 -44.13
retainer
EGG and palate | 3.74 24.02 27.76
expander
Retainer -13.92 25.68 -39.60
Palate expander | -9.51 24.56 -34.07
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Figure 50 - Inter-sensor distance error for sensors 1 and 3 in the non-ferrous orientation model



Table 57 - Comparison of average baseline inter-sensor distance with average inter-sensor distance of each
interference trial for sensors 1 and 3 in the non-ferrous orientation model
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Trial condition Inter-sensor distance | Bias (mm) % difference
(outside) (mm)

Baseline 151.73 |- ] e

EGG 151.79 0.06 0.04

EGG and 151.71 -0.02 -0.01
Retainer

EGG and Palate 151.67 -0.06 -0.04
Expander

Retainer 151.77 0.04 0.03

Palate Expander | 151.82 0.09 0.06

Table 58 - Mean error for sensors 1 and 3 in the non-ferrous orientation model

Bias (mm) | Standard deviation (mm) | Mean error (mm)

Baseline 0.00 0.40 0.40
EGG 0.06 0.36 0.42
EGG and Retainer | -0.02 0.29 -0.31
EGG and Palate -0.06 0.32 -0.38
Expander

Retainer 0.04 0.34 0.38
Palate Expander 0.09 0.48 0.57
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Figure 51 - Inter-sensor angular error for sensors 1 and 3 in the non-ferrous orientation model

Table 59 - Inter-sensor angular bias present with different interference conditions
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Trial condition Average inter- Bias (°) % difference
sensor angle (°)

Baseline 3317 |- e

EGG 28.56 -4.61 -13.90

EGG and retainer 23.99 -9.18 -27.68

EGG and palate 34.26 1.09 3.29

expander

Retainer 28.20 -4.97 -14.98

Palate expander 39.14 5.97 18.00




Table 60 - Mean error of sensors 1 and 3 for the non-ferrous orientation model
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Trial condition | Inter-sensor Standard deviation (°) Mean error
angular bias (°) ()

Baseline 0.00 23.48 23.48

EGG -4.61 16.02 -20.63

EGG and -9.18 19.82 -29.00

retainer

EGG and palate | 1.09 24.57 25.66

expander

Retainer -4.97 15.49 -20.46

Palate expander | 5.97 18.01 23.98




