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ABSTRACT

This thesis explores the use of capacitance measurements made between electrodes
embedded in or around a display surface, to detect the position, orientation and shape
of hands and fingers. This is of interest for unobtrusive 3D gesture input for interactive
displays, so called touch-less interaction. The hand is assumed to be grounded.

The forward problem is solved using Green’s theorem and an appropriate Green’s
function. This leads to an operator factorisation for the forward Dirichlet to Neumann
map Ap : L*(OH) — L*(0H). The foward map is demonstrated to be compact,
injective and depends uniquely on the object. An alternative factorisation based on
double layer potentials and involving a Fredholm equation of the second kind is also
presented. These operator expressions are used in numerical calculations in two and
three space dimensions using the Boundary Element Method for discretization.

Four methods are presented for the solution of the inverse problem of recovering
the object from a measured forward map. The first uses modified Gauss-Newton op-
timization. The method is successful if the degrees of freedom are limited to object
position, size and orientation, but is unpractical for shape reconstruction.

The second method recovers the zero potential contour of a solution to Laplace’s
equation from Cauchy data on part of the boundary of a domain. An algorithm is used
where at each iteration there is an approximation dD; to 0D on which approximate
Cauchy data are calculated by solving a Tikhonov regularised linear system. This
data is used to modify 0Dy by extrapolation towards the zero-surface giving the next
approximation 0Dy, 1.

In the third method the problem is solved with the so-called Factorisation Method.
A test function g, is used to characterise points z € D <= g, € R(A}:)/Q). Implicit
regularisation due to the finite aperture of the measurement electrode results in a level
set P(z) that is finite and differentiable everywhere. The level representing the object
0D is found through minimization of the cost function.

The fourth method uses a monotonicity property of the forward map to test if
a probe object is contained within the unknown object. For an infinitesimal probe
object and finite aperture measurements the method is shown to be identical to the
factorisation method.

The thesis closes with conclusions on the relative merits of these methods.
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PREFACE

“Is it possible, using capacitance measurements with electrodes around the edge of
display, to detect the location, orientation and shape of one or more hands or fingers?”
Put simply; “Can we give displays ‘eyes’ with which to see, in particular see in 3D?”

The question arose as part of my work on 3D displays and interactive displays. At
Philips Research we had developed some empirical methods for simple object detection,
but it was important to know if mathematics in general, and the magic of inverse
problem theory in particular, could provide better answers.

Bill Lionheart at Manchester combined expertise and enthusiasm in this area and
initially we tried to set up a collaboration as part of a European project, but this
unfortunately failed. We then thought that a good way to work together was under
the banner of an external PhD. Rather than wait for this or that grant, we could start
immediately and there were obvious benefits to both organisations. There also was a
personal motivation. Both my physics education at the university of Utrecht and my
work at Philips Research had involved substantial amounts of mathematics, but here
was a chance to understand, use and ‘do” mathematics at a much more sophisticated
level.

The maths, the research, the papers and also the writing of this thesis itself have
been fantastic experiences. Not least because we have come up with answers, but
also because at every stage the standard of the intellectual challenge was raised. I am
grateful to Bill for guiding and coaching me through this process so skilfully.

I am indebted for the support and encouragement of a large number of people
who have helped me in getting this thesis written. There is however one person who
deserves special mention and that is my wife Fran. She has not only rewarded me with
her support and admiration, but she has also put up with a distracted husband and
taken the strain of running a large family while I was shut away during many evenings

and weekends.
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1. INTERACTIVE DISPLAYS AND CROSS CAPACITANCE
SENSING

1.1 Introduction

Electronic information displays are everywhere. Even if once the word ‘display’ was
synonymous with “T'V’, the word is now used in the context of phones, computers and
even clothes[I], and this spectrum is certain to spread. Displays will appear in every
aspect of our lives. In almost every case we want to interact with the content shown
on the screen; we’d like to run our thumb over the display of our mobile phone, we
will want to draw characters with our fingers in the space in front of the screen. In the
kitchen, or bathroom, we’d like to control the channels on the screen without getting
dirty finger marks on the screen. The interaction paradigm will not be just one mouse

pointer, but encompass two hands, ten fingers and gestures.

Existing interaction techniques such as keyboard, mouse, joystick, touch screen,
data gloves or camera-based gesture recognition are too awkward, limited or expensive
to be used by different people across a large range of applications. An attractive
alternative is to use weak electric fields around the display to sense finger and hand
movements. The central ‘thesis’ is that it is possible to extract the position, size,
orientation and shape information from capacitance measurements made in the plane of
the display. Section|1.2]details the contribution that this thesis makes toward achieving
this goal.

It is important to place the possibilities of capacitance based interaction in the
context of other interaction technologies that have been developed and section [I.3] of
this introductory chapter presents a selection of these. The chapter then presents a
superficial description of the capacitance measurements of interest in this thesis and
discusses a number of hardware demonstrations that have been made or are under

development. A mathematically rigorous description of the electrostatics is presented
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later in chapter [3] This introductory chapter proceeds with a brief review of other
applications in which capacitance or impedance measurements are used. It is interesting
to note that our ambition to provide a display with electrostatic eyes to ‘see’, is a
direct analogy to the way some types of fish use electric fields to ‘see’ in dark and
muddy water[2], B]. The last section of this chapter therefore presents a brief review of

electroreception in biology.

1.2 The Contribution of this Work

This thesis presents a comprehensive analysis of the forward problem, four different
methods for solving the inverse problem and a numerical implementation of the for-
ward and inverse solutions. A superficial solution to the forward problem had been
presented by others[4] and the basic electrostatics of a transmitter in a ground plane is
undergraduate electrostatics[5], [6]. However, the derivation of an explicit expression for
the capacitive coupling between electrodes is, if not novel, at least useful. Calculating
the change in this coupling in response to the introduction of a grounded object; the
forward map and the operator factorisation of the forward map, had not been done
before for the situation of an unbounded domain. The demonstration that this forward
map is compact and has a monotonicity property (theorems and is new.
The thesis presents four approaches to solving the inverse problem of varying de-
grees of novelty. We show through numerical simulation experiments that the choice
of optimum algorithm depends on the trade-off between required detail, the amount
of measurement data, the noise in that data, and, of course, speed. The shape fit-
ting approach described in chapter 5| does not provide new mathematical results but is
worthwhile to present and evaluate because it represents a basic way of attacking any
inverse problem. It is also practically useful for finding the initial guess and some deter-
mination of orientation. We show however that the method fails at meaningful shape
reconstruction and this demonstrates the requirement for more sophisticated methods
to solve the inverse problem. In the second and third inversion methods we apply
and extend techniques developed for inverse acoustic and electromagnetic scattering
to the situation here. Iterative reconstruction methods based on analytic continuation
are common in inverse problems and we have developed one for the situation here in

chapter [6] Methods like this are heavily dependent on regularisation and we study
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the regularisation for the limited aperture and noise in this case. The Factorisation
Method of chapter [7] is used here for the first time on an unbounded domain and a
test function suitable for a Dirichlet to Neumann map rather than the scattering far
field data or an electrostatic Neumann to Dirichlet map on a bounded domain. The
chapter also makes a contribution to the understanding of the implicit regularisation
in the Factorisation Method and the link with the Linear Sampling Method. The final
method in chapter |8 presents a new adaptation of a method developed for Electrical
Resistance Tomography by taking advantage of the monotonicity property of the for-
ward map. A link is demonstrated between these independently developed methods
by demonstrating that under certain circumstances the Factorisation Method and the

Monotonicity Method can be regarded as equivalent.

1.3 Interaction Technologies

The functional advantage of an intuitive interaction system that responds to com-
mands as well as humans do, was put succinctly by Bolt in the title of his paper
‘Put-That-There Voice and Gesture at the Graphics Interface’[7]. The desire to cre-
ate a system that combines contextual information (knowing what ‘that’ refers to)
with gesture (where ‘there’ is) and an apparently unambiguous voice command, has
remained strong in interactivity research directed at a wide variety to applications
ranging from information kiosks, consumer electronics and medical systems. Separate
research fields exists around the different components of this central question including

voice recognition, context awareness and gesture recognition.

A number of technologies have been investigated for gesture recognition. Conven-
tional touch screens, made of resistive or capacitive pads[8], are ubiquitous but are
limited by the fact that they can only sense one finger position at the time. More
interesting are systems that can detect multiple fingers or hands. This can be done
for instance with an X-Y grid of wires and monitoring the capacitance at each cross
over between the wires. Rekimoto[9] in particular has made some interesting demon-
strations. Han[I0] uses a glass plate in which total internal reflection is frustrated at a
touch point to achieve multi finger touch input. At each touch point light is coupled out

at the rear side and detected with a simple camera system. The demonstration movie



18 1. Interactive Displays and Cross Capacitance Sensing
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Fig. 1.1: Cross Capacitance Sensing

on the web is worth watching]] The detection of multiple hands and fingers extends
to environments in which multiple users interact with a graphical display creating a
social experienceld] [IT) 12]. Although they are interesting platforms to demonstrate
new methods to interact with computer graphics, these methods have not led to actual
new products. This may be because the usefulness of multi-finger input is limited, but
it may also be because the systems are physically too large, expensive and cumbersome
for wide scale adoption.

Some gesture recognition technologies, particularly the electric field sensing tech-
nology that this thesis is concerned with, have been suggested to take the interaction
away from the graphical user interface itself. An interesting example in this respect
is a “Finger-Joint Gesture keypad”[I3] in which it is proposed that the palm of the
hand itself becomes the (imagined) interaction pad. The practical implementation of
this simple, but challenging idea probably awaits substantial future improvements in
both sensing technology and theory. Continuing down in scale, from displays to hands
and then down to fingerprints, there have been suggestions to merge fingerprint sens-
ing and interaction with some innovative technologies proposed, for instance NASA’s
capaciflextor[I4] and different finger print sensor technologies[15, [16].

Because human beings have a strong visual bias, camera based gesture recogni-
tion has been investigated by many groups, in particular because, as web cams, cam-
era capture systems have recently become low cost. A recent example is the visual
Touchpad[I7, 18] from the university of Toronto, which uses algorithms that go back
to Segen[19]. It is worthwhile to note that the finger tip detection is made straightfor-

ward in this case by creating an artificially high contrast ratio by insisting on a uniform

L http://mrl.nyu.edu/ jhan/ftirtouch/multitouchreel.mpg
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background. Indeed the point has been made[19] that the challenge in machine vision
is not the recognition of the object itself, but its dissociation from the background.
There has been little success in developing algorithms that are independent of assump-
tions about the background. One approach is to make the object highly distinct from
that background, for instance through wearing special suits with reflective markers, as
is common for motion capture in the film industry[20], or by placing reflecting dots
on key joints[21]. These solutions are robust but have obvious limitations in a general
purpose consumer setting. An alternative is to control the infra-red lighting of a scene
or by using two or more cameras to create a confocal plane where hands are detected

for interaction while the background is blurred out[22].

1.4 Cross Capacitance Sensing

The simplest form of capacitance sensing is one in which just one electrode is used,
while the other half of the two plate capacitor is formed by the object that is being
sensed. The electronics measures the amount of charge that is required to bring the
single electrode to a fixed voltage. This capacitive load increases as the object comes
in closer, thus providing a proximity sensor. This method is used for buttons[23],
fingerprint sensors[24] and foot sensors[25]. It is available in cars to asess the size of
a person occupying a seat[26l, 27] to adjust the response of the airbags and there have
been attempts at 3D profile sensing[28].

This thesis is concerned with a cross capacitance sensing (CCS) technique in which
not the load capacitance of an electrode is measured, but the change in capacitance
between two electrodes as the object approaches. Figure shows a simple combina-
tion of two electrodes forming a capacitor, with a capacitive current flowing between
them. A simplified description of the way cross capacitance works is that if a hand
is placed near the electrodes, some of the field lines will be terminated on the hand
and the current will decrease[29]. A measurable effect can be obtained in which the
spatial range is roughly equivalent to the separation between the electrodes. The idea
of sensing capacitance between electrodes is certainly not new, with some references
going back to the work by Blumlein on capacitance sensing between two electrodes
for aircraft altimeters during the second World War[30], described in more detail by
McLeod et al[31]. Electric field sensing has also been used in works of art[32] and has
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Fig. 1.2: Transmitter-
Receiver Response

Normalised Response

Normalised Position p =r/d

recently become available in integrated chip format[33].

To measure the response of a single transmitter-receiver pair, two electrodes were
placed on a table at 25cm separation[34]. As a hand phantom an upright metal plate
of 5em (wide) x 10cm (height) connected to ground was used. The hand phantom was
moved across the table on a line (the r-axis) perpendicular to the axis between the T /R
pair (the z-axis), crossing the axis midway between the electrodes (z = 0). Figure
shows the normalized response curve. The horizontal axis is the normalized r position
with respect to the transmitter-receiver separation. The response on the vertical axis is
normalized with respect to minimum and maximum signal strengths. Measuring curves
at different T-R separations or at different z-values yields similar curves if plotted in
this way. A good fit for the normalized response curve for an electrode pair is given by

a Lorentzian curve of the form

o w
Cdptw’

S(p) (1.1)

in which w is the full width at half height. A typical value for w is 1 and this can be
demonstrated to derive from a simple electrostatic model[34].

Although there have been some concerns about the effects of electric fields on
humans|35], the relatively low voltage and frequencies (10V, 100kHz) used induce cur-

rents that are so small (< 107'°A) that they are unlikely to cause problems.
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Arrays of multiple electrodes offer rich possibilities for object and gesture recog-
nition. For instance, n transmitters and m receivers arranged around the edge of a
display will contain nm electrode pairs at many different separations. These measure-
ments are performed at a frequency of f = 100kHz. At this frequency the impedance
of the human body is relatively low, approximately 50k(2, smaller than the capacitive
coupling between hand and electrodes, estimated at 20aF, or 1/2xf C= 80MS). The
body can be regarded as connected to ground through the capacitance of the shoes,
which, using the permitivity of PVC, can be estimated at 310 nF, much larger than the
above mentioned coupling between hand and electrodes and a much smaller impedance
at 100kHz than the body impedance.

At 100kHz the wavelength in air is ¢/ f =3km, much longer than the typical dimen-
sion of the transmitter-receiver distance or the display-user distance. The analysis can
therefore be performed in the near field limit of an electrostatic formulation]29]. More-
over, commercial LCD screens typically carry a transparent indium tin oxide (ITO)
electrode on the glass substrate closest to the observer which is either grounded or
carries low frequency, low impedance signals. The display is therefore regarded as a

ground plane with known voltage distribution.

The physics of the cross capacitance sensing allows us therefore to formulate the
cross capacitance sensing as a boundary value problem for the Laplace equation in the
(half) space surrounding the hand above the display. The boundary value on the plane
(display) is given by the known potential (that is the amplitude of the 100kHz AC
signal on the transmitter electrodes) and the boundary value on the hand is zero. The
boundary value problem has to be solved to find the normal derivative of the potential,
or field, on the ground plane which, on the ground plane, is directly proportional to
the capacitance or current amplitude measured at the receiver electrodes. A formal

definition of the problem and solution is given in chapter

The unique opportunity provided by this sensing modality lies in the combination
of these features: 1) The technique is compatible with active matrix technology. It
can therefore be integrated into the glass of the display itself, thus providing a very
cost-effec