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ABSTRACT

We have explored the design and development of magneticaly-resonant tag readers for
gpplication to tangible computer interfaces. To this end, we constructed a ringdown tag
reader and a swept-frequency tag reader, both capable of red-time continuous interaction
with multiple tagged objects. Although the ringdown reader worked well for smdler
numbers of tags, the swept-frequency tag reader proved more efficient for work with
twenty to thirty tags, and so we did further work to extend and apply it.

Graphica and musica gpplications were developed for the swept-frequency tag reader and
proved its usability for driving tangible desktop interfaces. Findly, a 9x-coil variant was
congtructed in order to determine the three-dimensiond position and orientation of tagged
objects. Thisthesis describes both reader systems, outlines our demongtration

goplications, and givesfird test results from the multiple-coil tracker.
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Chapter 1

| ntroduction

An important direction that computer-human interface research has taken in recent
years focuses on enabling any object, anywhere, to interact with acomputer. For instance,
the "tangible interface,"* where the manipulation of physica, so-called “tangible’ objects
is observed by a computer and used asinput, is atopic of much exploration, in the hopes
that someday soon, interacting with a computer will be as naturd as manipulating standard,
everyday items. The present-day graphica user interface (GUI) paradigm uses keyboards,
mice, and 2D displays as interface devices, but despite its versdtility, the user is dill fairly
remote from the data being manipulated. This iff and somewhat artificid mode of
interaction will gradualy be augmented by a physica diaog with real world objects as
they become interfaces to an omnipresent ubiquitous computing environment.? Being able
to control acomputer by smply manipulating objects on a physical desktop would adlow a
seamless, intuitive interface well beyond what is commonly possible today on the virtud
desktop.

One approach to producing tangible objects is to embed each object with asmdll
wirdesstag.® These tags exhibit dectromagnetic behavior that enables a suitable tag
reader device to detect their key properties, such as location and identification, remotely.
With atag attached to the relevant objects, computers can observe their movements and
meanipulations and use these data as input. In this paper, we describe the devel opment of
severa wirelesstag readers well suited to these concepts and introduce severad applications
of them as tangible interfaces.
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Figure 1. Various types of common tags.

1.1. Typesof wirelesstags

Theterm "wirdlesstag" describes any of arange of small, inexpensive dectronic
circuits with eectromagnetic properties that enable atag reader system to detect the tags
and possibly read other properties of thetagsaswell. Severd examples of wirelesstags
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are shown in Figure 1 and are described below. Wirdesstagging is dready alarge, well-
established industry, and some wireless tagging technologies are dready in very common
usage. Perhgps most popular are the ubiquitous “ Electronic Article Surveillance” (EAS)
tagging systems found in many shops today; in order to prevent shoplifting, smal wireless
tags are embedded on or in merchandise packaging of the items stocked in astore. When
the tags come within range of areader device placed at the exit to the store, they are
detected, darmsring and the shoplifter has been caught. When the item is purchased
properly, the tags are deactivated so they no longer respond and the item can be removed
without incident.

As prevaent asthey are, the common types of EAS tags are amere subset of the
types of tags that have been developed for amultitude of applications. Firg, tagsfdl into
two primary categories, active and passve. Active tags draw upon a source of power (e.g.
battery) attached directly to the tag. These tags typicdly operate in alow-power mode,
waiting for an appropriate signal to wake them up. Whenever they receive such asgnd,
they draw upon their power sourcesto tranamit their programmed information. Passve
tags, in contrast, have no attached power source, and instead they use the power
transmitted by the detection antenna.

Within the category of passive tags are RFID tags, aswell as awhole assortment of
EAStag types. RFID tags have an onboard microchip, which upon receiving power either
sendsasgnd directly back or manipulates the field from which they receive power, for
example by modulating the impedance of their antennae. This enables their stored
information to be read and/or written. EAS tags, on the other hand, are typicaly less
complex, contain no integrated circuits, and manipulate the reeder’ sfiddsin asmple and
detectable fashion. In thisthesswe will concern oursalves with severd types of EAS-
style tags, which are in turn a subcategory of passive tags.

RFID tags can be split into categories based on the frequency and type of field they
operate in. High-frequency tags derive their power from arectified RF antenna
(“rectenna’) and commonly operate around 2.4 GHz. Thesetagstypicdly transmit data
back to the reader via RF reflections of the interrogating sgnd, eg. by modulating their



antenna impedance. Magneticaly-coupled tags operate a lower frequencies (typicdly a
125 kHz or 13 MHz). Tranamit coils at the reader produce a magnetic field which is
received by a coil wound around the chip. Power isinductively coupled into the chip tag’'s
coil (analogoudly to atransformer), which is dso used to transmit and recelve data to and
from the reader. Finally, electrogtatic tags* operate on asimilar principle, but instead of a
coil they use two flat metdlic plates, which extract power and communicate capecitively
viaachanging dectric fied.

The other generd dass of passive tag, which the remainder of this thesswill be
working with, isthe resonant EAStag. This class of tagsis very appropriate for smple
detection applications, most notably shoplifting detection. Compared to the more complex
RFID tags, these tags are often known as “ 1-bit tags’, because they traditionally provide
only oneitem of information: whether they are present in the detect field or not. Thetags
used in these gpplications tend to be smple and cheap, and so they produce only smple
responses, thus providing alimited space of ID codes, as opposed to the more complex
didog possble with chip-based RFID tags, which can store arbitrarily long ID bitstrings.

Currently, the most commonly found type of shoplifting tag is the magnetostrictor.
This extremdy inexpengve tag is Smply amagneticaly-coupled grip of metdlic glass
with mechanica properties that create a high-Q resonance (meaning their resonance
response is very strong and responds to very specific frequencies) in the sub-100 KHz
range, SO when it receives a magnetic pulse at its resonant frequency, it produces a
"ringdown’ response which can be detected by the reader. Because the response of the tag
is dependent on asmdll strip magnet attached to the tag, these tags can be deactivated by
demagnetizing the strip magnet. This makesit convenient for stores to turn off these tags
by bringing the tags near an erase coail, dlowing customersto leave with their purchases
without incident.

Another smple such resonant tag is the L C tag, which conssts of an inductor (L) in
serieswith a capacitor (C). This, too, is magneticaly coupled, through its inductor
component, and it is el ectromagneticaly resonant, making it smilarly detectable. This
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typeisusudly cut out of aflat sheet of conductive foil and can thus be used for shoplifting
detection for items such as books or boxes.

Two other examples of shoplifting tags are the magnetic wire tag,® which usesa
length of nonlinear magnetic wire to produce detectable high-order harmonics when
subjected to an AC magnetic field; and the microwave diode tag,” which uses adiode
whose bias varies when exposed to a capacitively-coupled 100 kHz eectric field generated
near the store’ s exit, thus producing detectable harmonics that distort an ambient
microwave sgnd reflected by the tag.

1.2 Magnetically resonant tags as sensors

The magnetostrictor and L C resonant tags have similar eectromagnetic properties.
They both resonate and couple magneticdly at relatively low frequencies, and thus both
types can be detected by smilar tag readers. An appropriately designed tag reader would
be able to detect the presence and proximity of such tagsto a coil generating an gppropriate
AC magnetic fidd.

Typicaly these tags are used to provide their single bit of ID, i.e., whether they are
present or not. However, there have been severa projects that examine more complex
sensing capabilities of such tags®® These center around adjusting physically varigble
parameters of the tags and detecting such changes using specidized readers. Specificdly,
tags could be constructed such that their resonant frequencies or Q vary in proportion to
some other parameter, such as temperature, pressure, or loca DC magnetic field.

Once such a shift in tag properties can be detected, these tags then enable yet
another dimension of manipulation aside from smple presence and position. For instance,
an LC tag could be embedded in the bottom of amilk carton, with an eastic materid
between the capacitor plates?® The presence and position of the milk carton can then be
idertified, by virtue of the distinct resonant frequency of the attached tag and the
meagnitude of itsreturned sgnd. Additiondly, the quantity of milk remaining in the carton
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could furthermore be measured, because the capacitor’s plate spacing, which determines
the capacitance and thus the tag' s resonant frequency, is shifted as a function of the weight
of the remaining milk.

1.3 Tagreadersfor real-time CHI interaction

Our purpose in working with tagging techniques was to design and explore systems
that could enhance red-time interaction with a computer, particularly to enable and
experiment with useful tangible interfaces. The systems available commonly on the
market tend to focus ether only on presence detection of asmal set of digtinct tags over a
reasonably large range, which is the case with shoplifting-detection systems, or only on
detection of alarge number of tags somewhat dowly and not so chegply, which isthe case
with chip tags, which have to use expensvely manufactured onboard chips with time-
consuming anticollison protocols designed to prevent multiple tags from interfering with
each other during operation. Essentidly no chip tags are optimized specificaly for red-
time, continuous tabletop interaction between auser, an array of severd didtinct physica
objects, and a computer.

For the purposes of this paper, we have explored the use of magneticaly resonant
(magnetostrictor and LC) tags in conjunction with two tag reading principles, pulsed
ringdown and continuous swept frequency, in order to develop an efficient and inexpendve
tag reader eadly gpplicable to awide variety of tangible interfaces.

The next two chapters introduce the two families of tag readers that we have
developed and the following two chapters present example applications and extensons.
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Chapter 2

Ringdown tag readers

Thefirg family of tag readers we examined was the “ringdown” teg reader. This

type of magneticaly resonant tag reader works on aprinciple smilar to that used in pulse-
induction metal detectors™® and nuclear magnetic resonance imaging systems!? This
family of tag readers, dready in fairly common usage in EAS systems, takes advantage of
the resonance properties of high-Q magnetostrictor and LC tags in order to detect them.

The basic operation of such tag readers can be described in three steps, as

diagrammed in Figure 2. First, amagnetic pulse is tranamitted by the reader a the

resonant frequency of the desired tag. Next, the tag, upon exposure to this pulse, produces

-
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Figure 2. Basic block diagram of the ringdown tag reader.
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its own mechanica or dectronic resonant response, which will continue for a short while
as the tag damps out after the transmitted pulse stops.  Findly, because the tag produces
its own weak resonant signd, the magnetic drive a the reader can be turned off once the
tag rings up, and then the reader “listens’ for this smal but detectable response.

The response of the tag, which does not cut off immediately but rather decreases
exponentidly over time, is described as a“ringdown,” and because these systems listen for
this ringdown response, they are called ringdown tag readers. Ringdown tag readers have
anumber of advantages. Firg, they have a good range; the transmit pulse can be very
powerful and so can eadily stimulate tags across arange of severd meters. For example,
common EAS systems can detect tags up to three meters away.*? Furthermore, the
configuration can be fairly flexible; one transmit antenna can broadcast the sgnd, and then
either the same coil can be used for detection, or other antennas can aso be used to listen
for the response from various locations. Also, the design of these circuitsisfarly
graightforward. Findly, the time required to detect one tag can be made relaively short,
with ring-up times within amillisecond or 0, compared to the more complex chip-based
RFID systems, which typicaly require more time to power up CMOS chips and transmit
back ID’s. These advantages led us to design and examine ringdown tag readers.
Enabling a ringdown reader to have continuous red-time interaction with multiple tags

was the first step.

2.1 Design of acontinuousreal-timeringdown tag reader

The ringdown reader has two responsibilities; it must transmit a magnetic pulse
(“ping”), and then it must stop that pulse and listen for aresponse from atag. However, in
order to satisfy our requirements for atangible interface backend, severd additiond
specifications must be added to the list.

First, we would like to detect multiple tags. For each tag that we wish to detect,
this requires thet we transmit a magnetic pulse at the tag' s resonant frequency. Second, we
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must design the receive circuitry to detect aringdown signd at the frequency of each of the
tags. Furthermore, in order to make the system continuous and redl-time, the reader must
be able to digtinguish the magnitude of the ringdown signd, and it must be able to perform
the tranamit-recaive cycle fairly quickly.

2.2. Implementation of ringdown reader transmit circuitry

The first god was to be able to transmit a pulse for the detection of multiple tags at
various resonant frequencies. Two approaches were considered for this objective. Fird,
the transmit antenna could smply be wired to transmit a burst of broadband noise, which
has components at al frequencies of interest. This noise would simulate dl tagswithin
range and provoke ringdown responses from al the tags at once. Second, the transmit
antenna could cycle through aknown ligt of resonant frequencies, pinging briefly at each
one and listening for a response.

Despite the relative smplicity of the broadband noise approach, we opted not to
use it because the transmission would require alarge amount of power in order to provide
aufficient excitation at dl rdlevant frequencies. Furthermore, the receiver would then be
somewhat complex; the smultaneous ringdown response of dl the tags at once would
create the need for ared-time Fourier transform in order to determine which tags were
responding at the relevant frequencies.

Once it was determined that pinging sequentialy on multiple known frequencies
would be more straightforward to implement, the issue became finding an efficient means
with which to do so. Generating and transmitting arelatively powerful Sgnd & a given set
of frequencies was not prohibitively difficult. Asseen in the schematics provided in the
gppendix, we used a voltage-controlled oscillator to provide the signa, and the
amplification of the signa was done using a pair of power MOSFET’ s that switched the

drive coils across the 40-volt supply ralls.
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One of the difficult design issues was finding away to drive asimilarly large
amount of current through the coil setup at dl the relevant frequencies, in order to produce
areasonably large magnetic fidld. Because the transmit coil would have its own resonant
curve, frequencies further from the coil’ s resonance would tend to produce weaker
transmitted signals. The gpparent solution, then, was to change the resonant frequency of
the coil dynamicdly, tuning it to match the frequency of the ping being transmitted.

The resonant frequency of the coil assembly, like dl inductor- capacitor resonant

dircuits, would be given by f = —— where L istheinductance of the coil and C is

2p+/LC
the series cgpacitance. The coil itsdlf, which represented the inductive load of the
resonance, could not be changed, and thus the coil we used had a constant inductance
around 120 uH. However, the capacitors connected to the coil could be ectrically
switched in and out, and this would enable redl-time adjustment of the coil’ s resonance.
The two possibilities were 1) to switch continuoudy and quickly between two capacitors,
alowing each one to have a partid impact on the totd resonance of the system, asina
switched-capacitor filter,:® or 2) to find some way to switch discretely between several
capacitors. The first gpproach would have the advantage of alowing any resonant
frequency to be attained between the values of the two attached capacitors, by adjusting the
switching duty cycle. However, it proved to be inefficient because of lossesin signd due
to the continuous, high-voltage, high-frequency switching in the power MOSFET’ s that we
used. Thisresulted in alow Q, meaning that the coil ended up transmitting too
inefficiently.

As aresult, we implemented the second gpproach instead, using a binary-weighted
ladder of Sx sengtive-gate triacs and capacitors, which enabled us to switch the high-
power AC sgnds necessary for tranamission usng smplelogic leve sgnds. Asseenin
the schemétic given in Appendix 1, each triac was connected to capacitors of different
vaues, and thus the capacitance of the coil circuitry could be switched between various
vaues, enabling a discrete shift in resonance for pinging more efficiently, and thus more
powerfully, a different frequencies. Thus, when generating pings, the transmit system
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first activated the proper triacs, and hence switched the proper capacitors into place, and
then the drive signd at the respective frequency was sent to the amplifier and coil. Each
ping was generated for about 1.5 milliseconds, and then the transmit circuit was rapidly
damped in order to silence it and listen for aringdown response. A circuit board with this
tranamit circuit, including the MOSFET drivers, the front-end receive amplifiers, the triacs
and dl the capacitors, can be seenin Figure 3.

Having sdlected a tranamit circuit design that was optimized to ping efficiently a a
st of discrete frequencies, we then had to select a set of tags that would respond well and
be reasonably optimized for detection by areceive circuit with our pecifications.

2.3. Selection of tags

Once the tranamit circuitry was designed, our next step was to decide on atype of
tag to use for detection. The choice was between magnetostrictor tags and LC tags, which
have differences in response power, resonance strength, and ease of tuning.

Magnetodtrictor tags have a higher Q vaue than LC tags. Thismeansthat in
general magnetostrictors have lower losses and a sharper frequency response, hence they

Figure 3. Triac and capacitor ladder board with driver and front-end circuitry.
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store more energy at their resonant frequency. Thisin turn produces alonger, more
powerful ringdown, which is easier to detect. LC tags, on the other hand, have alower Q
vaue, meaning they are less sharply tuned and more lossy, so that they respond alittle bit
more at frequencies near but not precisaly at their resonance, but at resonance they are
weeker. The Q vauein LC tagsis mainly determined by the series res stance of the wire
in the circuit, which is not dways easy to control.

Another factor is ease of tuning. LC tags have the advantage here because
inductors and capacitors for these tags can be selected in amultitude of vaues on any
electronics supply shelf. Thismeansthat LC tags can be created to resonate at any
arbitrary frequency. Magnetodtrictors, in contrast, need to be tuned by cutting the metdlic
drip to adifferent length, in order to affect its mechanically-based resonance. This cutting
process is fairly imprecise and leads to difficulties in tuning to pecific frequencies as well
asapotentidly sgnificant lossin Q due to mechanica damping in a suboptima package,
which nullifiesthe initid advantage of usng magnetodtrictors to begin with.

For the purposes of implementing our system, we opted to use magnetostrictors
because of their powerful responses. The ability to tune tags would play abigger rolein a
system with more tags, but for a smple test with few tags, we decided that
magnetogtrictors would produce better responses, which would make the abilities of our
system clearer.

The next step, then, was to create areceive circuit for our reader that could detect

these tags after excitation.

2.4. Implementation of ringdown reader receive circuitry

Given that the transmit circuitry transmitted pings on a pecific set of frequencies,
our receive system had to be designed to listen for asigna returned from the tags at their

respective resonant frequencies. Furthermore, in order to meet our additiona
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specifications, the systemn had to be able to determine the magnitude of areturned Sgnd, in
order to produce proximity information for the tags.

Once the tranamit system finished its ping, any tags in range of the coil would be
garting their ringdown responses. The entire receive section of the reader was disabled for
the duration of the transmit ping, and continued to stay off for between 100 and 350
microseconds from the end of the ping in order to dlow the transmit system to quiet down.
After this, the receive circuit was activated and began processng the incoming signd from
the coil. Any signa detected by the coil had to be amplified so it could be used; we used a
differential amplifier acrossthe coil for thistask. Asthe driver circuit (with the resonator
capacitors) was effectively disconnected from the coil viaatranamit/receive (T/R) diode
switch, the receiver front-end response was broadband. Accordingly, the frequency of the
receive signa had to be identified, to determine whether it was identical to the frequency
sent out in the ping. Findly, the total power of the response had to be determined in order
to infer the proximity of the tag to the coil.

As seen in the schematics in Appendix 1, amplification of the sgnd was
accomplished using a series of filters and operationd amplifiers, producing an output that
could then be sent to a quadrature demodulator in order to bring the received signd
directly to baseband. This had the effect of determining the magnitude of the received
ggnd that wasin-phase with the origind ping Sgnd, and dso the magnitude of the
received Sgnal that was ninety degrees out-of-phase with the origind ping sgnd. This
was necessary because the ringdown responses of the tags could be subject to dynamic and
unpredictable phase shifts due to variaionsin the tags resonant pesaks from small
mechanica differences between tag packages.

The demodulated sgnd was quite narrowband, i.e. it contained mainly the
component of the received signa that corresponded to the expected transmit frequency; out
of band noise was removed by smple low-passfilters following the demodulators. The
next step, finding the total power of the received signd, could be accomplished by taking
the square of each of the quadrature components and then adding them. This was dl done
in hardware via an analog multiplier the squared the bassband signas, followed by a

19



Figure 4. The completed functioning prototype ringdown reader setup.

summer that added them. A gated integrator accumulated the power sgnd for 10
milliseconds after the tranamit ping, producing a Sngle voltage whaose magnitude
corresponded to the net magnetic coupling, and hence proximity and inclination, of a
sngle tag rdlaive to the coil. Between the 1.5 millisecond ping time and this 10
millisecond accumulation time, dong with the wait times in between Sates, the conpleted
system thus could take around 12 milliseconds in the best case to finish detecting one tag.

With the receive circuitry in place, we were able to finish off the system by taking
measurements, setting up a system to digitize the integrator’ s output voltage, and
developing a smple demongtration gpplication to test its abilities. A picture of the
completed system on our lab benchis shown in Figure 4. A series of voltage traces
showing the performance of the system is shown in Figure 5.
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Figure 5. Signals from completed ringdown reader system.

2.5. Ringdown reader demo application and results

In order to assess the capabilities of the system, a stlandard Nationd Instruments

computer data- acquisition board was used to alow a computer to interface with the reader
and receive the finished sgnds coming from each tag detection. A smple Visua Basc
gpplication was written, in which three tags were represented by bars on a congtantly-
updating bar graph display. The height of each bar corresponded to the proximity of the

tag to the cail.

The reader was then configured to search at the resonant frequencies of three
magnetodtrictor tags. By cycling sequentialy between the three frequencies, the reader
provided congtantly updating information about the proximity of each of the three tags.
The computer then received this information and updated the bar graphs.
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The end result was reasonably encouraging. The bar graphs corresponded
accurady to the proximity of the threetags. Each individua signd tended to be affected
by noise, but the time-average of each signa wasin very good correspondence to
proximity, detecting magnetostrictor tags up to 1.5 feet away using asingle 1-foot diameter
reader coil. However, the speed of the system was not quite fast enough to enable ared-
time interface; because our system performed one read in about a tenth of a second,
including delays for DAQ card commands, tuning the reader, and software overheed, it
took dightly lessthan ahdf second to update dl three tags.

2.6. Ringdown reader conclusions

In the end, the ringdown tag reader could successtully detect high-Q magneticaly-
coupled resonators such as magnetodtrictor tags at different resonant frequencies and infer
the proximity of atag to the detect coil, provided the tag was oriented correctly to couple
to the coil’s magnetic fidd. In addition, the power that can be tranamitted through the
reader coil can befairly large and thus the detect range can be relaively good. Becausethe
tuning of the coil can be changed dynamically, the reader is d o effective at tranamitting
efficiently over arange of frequencies, making it possible to detect multiple tags without
auffering from gatic, unchanging coil properties.

The timing in our system, while reasonable, presented severa problems for red-
timeinteraction with multiple tags. Because of consderations such asthe interval needed
for asngle tag to be excited and ring down, detecting each tag took about 12 millissconds.
However, in our system we took approximately three reads per tag in order to compensate
for the asynchronous nature of the connection between the data acquisition system on our
computer and the tag reader, aswell asfor the time necessary for each section of the circuit
to settle into a new frequency setting. Taking atime average measurement over multiple

reads aso led to improved accuracy, but aso required correspondingly longer intervals.
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Severa disadvantages of this system became quickly evident asaresult. Firgt, the
system would be difficult to scale to larger numbers of tags. Supposing thet we can
achieve the feding of red-time interaction using about twenty detections per tag per
second, ten distinct tags would aready require about two hundred reads per second. Even
using an optimized reader with a decreased detect time, the intringc timing considerations
inherent to this technique would make it impaossible for it to update a thisrate.

Furthermore, each tag’ s frequency has to be preprogrammed into the hardware of
this system. The capacitorsin the capacitor ladder have to be chosen to enable retuning of
the coil assembly to the proper frequency for each frequency range, and the hardware itself
must ping a the specific resonant frequency of each tag. Thisleadsto more difficulties
because of the possibility of frequency drift and inaccuracies, both in the tagsand in the
reader. Our device was especialy prone to this because we used an open-loop analog
voltage-controlled oscillator.

The frequency limitations of magnetodtrictor tags were ancther issue. Although
they can be manufactured by today’ s vendors (e.g. Sensormatic Corp.) at frequencies
ranging from 55 to 65 kHz, they are commonly available only a 58 kHz (EAS tags) and 60
kHz (for industrial applications).* One can manually cut the magnetostrictor strip inside a
tag package or change its magnetic backing to adjust its frequency, but these techniques
areimprecise and awkward at best, presenting an additional complication in coordinating
the various frequency-dependent sections of the system. The maintenance of such a setup,
given ten or more tags, could then be nearly untenable.

Therefore we concluded that athough the ringdown reader has an advantageous
detect range and good power transmission abilities, we needed to examine other
approaches for our real-time, multiple-tag detection purposes before smply trying to
further optimize the ringdown reeder for our tangible interface applications. Concepts of
the sort that we applied to our reader have been used in subsequent work by Fletcher et
d.r® However, for our purposes a system that could quickly read multiple tags without
prior knowledge of their precise resonant frequencies would be more suitable for our

purposes, and to this end we began examining tag reader designs that continuoudy
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“sweep” through a given frequency range, intead of pinging on multiple frequencies
discretdly.
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Chapter 3
Swept-frequency tag readers

Because our prototype ringdown tag reader proved difficult to adapt to larger
numbers of tags, we began examining another approach to reading tags. The concept
behind swept-frequency tag reading involves passng through an entire range of
frequenciesin one continuous sweep. Thisisin contrast to the ringdown reader, which
pings at separate, discrete frequencies. As aresult, the swept-frequency tag reader usesa
different set of operationd principles, places other congtraints on the system architecture,
and as aresult has numerous advantages and disadvantages over the ringdown reader.

When aresonant tag receives asignd at its resonant frequency, its circuit draws
upon the energy of the reader coil’strandent field to produce its sympathetic oscillations.
A ringdown reader would listen for the decreasing oscillation after excitation in order to
detect the tag. However, a swept-frequency tag reader uses a different principle: When a
tag enters the reader’ sfidd and is exposed to a magneticaly-coupled signd at its resonant
frequency, it pulls current from the reader coil. This energy drawn from the fidd causesa
dight, brief, but detectable change in the perceived properties (e.g. inductance) of the cail,
which manifests as adip in the voltage or current being passed through the coil.

A cail tranamitting at a congtant frequency will only see a change in the coil
Impedance as a tag with a resonance a that frequency is brought into the field; the further
away the tag, the smaler the tag's response will be. Tags resonant at other frequencies
will have little to no impact on the coil impedance. By sweeping the frequency instead of
leaving it congtant, however, any tagsin the field produce sharp dterations to the coil
properties when the sweep reaches each of their resonances. These changes can be easily

emphasized and detected viasmple analog Sgnal processing.
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Asaresult, atag can be clearly detected by sweeping through arange that includes
itsfrequency. This method of tag detection has dso been gpplied to severd commercia
EAS systemsthat use LC tags.® Most of these systems take advantage of the range of the
sweep not to detect multiple tags, Sncethisis currently irrdlevant to EAS gpplications, but
rather to robustly detect tags within a smdl range while tolerating variance in the
resonance of manufactured tags. Unlike ringdown readers, the swept-frequency reader that
we' ve designed directly measures the properties of the transmit coil for its detection and o
cannot use separate coils for transmit and receive, dthough other designs can use separate
coilsto monitor disturbances in the transmit field. Swept-frequency reader ranges aso
tend to be less than those of ringdown readers, because the tag has to dter the read field
itself noticeably, and not just produce its own clear sgna without background from the
reader. Likewise, since the frequency is continuoudy sweeping, the dwdl time at any
particular tag's frequency is limited.

These disadvantages can be easly outweighed by the increase in the frequency
tolerance of the system over ringdown readers, and so swept-frequency tag readers have
their uses. Specificaly for the purposes of detecting multiple tags, an increase in the
sweep range to encompass a whole range of tags can bring about the sca ability to
detecting larger numbers of tags in rea-time, which our ringdown reader was unable to
produce.

3.1. Design of a continuousr eal-time swept-frequency tag

reader

In order to adapt the swept-frequency tag reading concept to the tangible interface,
severd condraints must be met. The system must dlow for multiple tags; it must be able
to determine the continuous proximity of the tag relative to the coil; and it must perform its
reading operations quickly enough to enable redl-time interaction.
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Firg, the sweep range of the sgnd being transmitted must span the frequencies of
al therelevant tags. In order to detect multiple tags, the receive circuit then needsto be
able to measure and digtinguish al of the frequencies at which sharp changes in the coil
Impedance occur, as opposed to just measuring whether or not thereis a change & one
point in the sweep range. Oncethisis done, the time during each sweep that atag is
detected provides information about which tag isin the fidd, essentialy converting
frequency properties of the tag into timing data.

Next, the system must be able to determine the proximity of the tag rdative to the
detect coil. The effect of atag on the coil’ s measured impedance varies with how strongly
the tag couples to the field, aswell as how quickly the sweep occurs and how much energy
the tag draws from thefied. If the sweep rate isfast enough such that the tag appearsto be
relatively unmoved during any given sweep, we can minimize the effect of thetag's
moation on the magnitude of the impedance change. With afixed sweep rate, the
meagnitude of thisimpedance shift is determined by the amount of energy being coupled
into the tag to pump itsresonance. Thisin turnisafunction of the orientation of the tag
and the distance of the tag relative to the cail, both of which determine the coupling of the
tag’ sinductive component to the field of the coil. Thuswe can design the system such that
there is ardation between the proximity and orientation of atag and the magnitude of the
changein the recaived Sgnd.

Findly, the reader must be able to run the sweep quickly enough that interactions
appear to be rea-time. Thiswould involve reading dl tagsin the sysem a least ten times
per second or higher, depending on the gpplication. Thanks to the nature of the swept-
frequency tag reader, each sweep should be able to detect dl tags in the frequency range,
S0 increasing the number of tagsin the system does not increase the time required to sense
thosetags. Furthermore, single tags are now detected as soon as the sweep crosses the
tag' s frequency, snce the time taken to listen for the tag's ringdown is no longer
necessary.

Thefirg gep, then, isto implement aworking transmit circuit that generates the

proper sweep.
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Figure 6. Block diagram of swept-frequency tag reader.

3.2. Implementation of swept-frequency transmit circuitry

In order to sweep through the necessary frequency range, the tranamit circuit of the
tag reader must be able to produce an appropriate sweep signa. Magnetostrictor tags tend
to resonate in the range near 60 kHz, and so we planned our transmit circuitry to sweep
from dightly below this frequency to higher frequencies, which are attainable by trimming
the magnetodtrictor tags to different lengths or by making smple LC tags with appropriate
off-the-shdlf inductors and capacitors. Our planned frequency range eventudly settled to a

low of near 50 kHz to a high of near 400 kHz.
In order to produce the sweep signd, we used a voltage-controlled sne wave
oscillator. This chip takes asinput an andog voltage, which determines the frequency of a
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snewavethat it outputs. Theinput to the oscillator came from a circuit that produces a
linear ramp Sgnd. Thissgnd smply varied linearly from one user-adjustable voltage to
another, and thirty times a second it would be reset to the origina voltage. The ramp itsdf
was generated using a 555 timer chip and asingle-transistor current source.*’ The
essentias of this system can be seen in the upper-right section of Figure 6.

Two factors led to modifications to the input ramp over severd revisons of the
system. Fird, it was eventualy found that the ringdown of the magnetostrictor tags led to
extra artifactsin the detected sgnds for short periods of time after the frequency of the tag
had aready been passed. We surmised that this was due to nonlinearitiesin the
magnetostrictor responses. By using LC tags, which have smaller ringdown responses, at
the higher frequencies, these fal se responses could be isolated to the lower end of our tag
frequency spectrum where the magnetodtrictorsresided. A fortuitous result from reversing
the sweep to start a a higher frequency and move to alower frequency aso led to these
fdse artifacts having less effect on the responses from other tags by dlowing some of the
artifacts to take place after the end of the sweep.

Next, the responses of tags at lower frequencies tended to be weaker than the
responses of tags at higher frequencies. We hypothesized that this was because alinear
sweep spent the same amount of time at a given high frequency that it did at agiven lower
frequency, but in any given time period there are fewer cycles of alow-frequency sgnd
than there are of a high-frequency one. The solution, then, was to switch to using an
exponential sweep, i.e. asweep that varied less quickly at lower frequenciesthan at high
frequencies. By spending more time sweeping &t lower frequencies, more cycles of those
low frequencies were produced, giving the tags a more adequate time to respond to the
field. The exponentid voltage driving the voltage- controlled oscillator was attained by
charging a capacitor when the 555 went high and letting it decay as anorma RC circuit.

The end result in our find system was an exponentia sweep from high to low
frequencies. The resulting sine wave was then passed through a pair of fast operationa
amplifiers, buffered through pushpull power transstor drivers. These drove the tranamit
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coil differentidly, a up to 40 volts peak-to-peak, producing the swept-frequency magnetic
field used to detect the tags.

Once the sweep was being tranamitted properly, the tags to be used for this system
had to be selected.

3.3. Selection of tagsfor swept-frequency tag reading

Aswith the ringdown tag reader, the decision to choose one type of tag over the
other dso came up with the swept-frequency tag reader. Because the two systemsuse
different principles for tag detection, the factors to consider were dightly different.

In a swept-frequency system, the Q vaue of each tag takes on a different
sgnificance; the sharpness of the resonance of the tag now determines how much
frequency space in the sweep range the tag occupies, in addition to the strength of the
response. Also, ringdown can now become a detriment, because the time spent in one
tag' s ringdown can interfere dightly with the measurements of other tags that come soon
afterwards in the sweep, especidly if that tag has nonlinear properties that can produce
multiple frequency pesks.

The magnetogtrictor tags, with their sharp frequency responses and high Q vaue,
thus took on the advantage of having smdler footprints in the sweep range, which
produced the possbility of fitting more tags into any given sweep. However, their strong
ringdowns led to interference between tags, and the difficulty involved in tuning them
became a much greater issue now, given that the swept-frequency system would be able to
read far more tags in red-time than the ringdown reader.

L C tags, on the other hand, with their lower Q vaues, took up more spacein the
frequency sweep, but their responses were gtill thoroughly detectable; in fact, by selecting
larger inductors, the tags could couple more effectively to the field of the coil, an effect
that helped sgnificantly here, snce our sengtivity was somewhat lower than for ringdown
tag -reading. Theflexibility afforded by being able to sdect the components of each tag
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aso meant far easier tuning. The relative weskness of the ringdown furthermore decreased
interference levels between tags, dthough, with our analog signa processing, astrongly
interacting tag could still suppress the sersitivity dightly to tags at adjacent frequencies.
However, fewer LC tags could be fit into any given range due to the width of their
respoNses.

In the end, LC tags provided the most convenient benefits for the purposes of
swept-frequency tag reading. However, one or two magnetostrictor tagswere dso used in
the system, left at their origind, relatively low frequencies, in order to avoid difficulties
associated with tuning them.  As discussed in the previous section, adjusting the sweep to
hit lower frequencies at the end of the sweep rather than at the beginning alowed the
lingering ringdown responses of the magnetostrictor tags to be less of an issue. Having
magnetostrictor tags present in the system made it easy to demongtrate that they could be
sensd judt like LC tags, only with dight complications.

Outside of the few magnetodtrictor tags, the remainder of the twenty or so tags
eventudly used in the systlem were L C tags, preferred for their ease of tuning as well asthe
ability of larger inductors to receive more flux from the coil, increasing the reponse. Note
that at these relatively low frequencies, the LC tags were three-dimensiond, bulky objects,
due to the large inductor coils, as opposed to the larger-area, flat, higher-frequency tags
shown in Fgure 1.

Having specified these types of tags, we then looked to implementing the detect
circuitry for this system.

3.4. Implementation of swept-frequency receive circuitry

On the receive end of the swept-frequency tag reader, severd things must be
accomplished. Firg, the dight shift in the coil properties caused by the presence of atag at
aparticular frequency must be detected. Next, this must be separated from the oscillations
of the originad sine wave sent through the coil and processed into asignd that Smply
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indicates the presence or absence of atag. Findly, thissignad must be trandated into
frequency and proximity information and sent to a computer for further processing.

As mentioned previoudy, when the resonance of atag in the fidld matches the
frequency being transmitted through the coil, the tag will draw energy from the fiddd. This
leads to atemporary change in the inductance of the coil, which can be trandated into
voltage changes using an inductive bridge circuit. The bridge circuit is an assembly of
four matched inductors (see Figure 6), of which the sense coil isone. The purpose of a
bridge circuit isto provide the first ep in measuring the difference in a given property of
some kind of sensor, relative to a reference value:'® the voltage across the bridge is
proportiond to the difference in current flowing down itstwo legs. Thus, the other
inductors in this bridge circuit serve as references, relative to which the smdl perturbations
to the inductance of the read coil can be measured. When the sweep signd is sent through
the cail, changesin the inductance of the coil become changesin the current flowing
through that leg, which in turn become changes in the voltage across the bridge. We then
used adifferentid amplifier asthe first stage to convert the voltage difference acrossthe
bridge into an absolute voltage relative to ground. From here, the signd is passed through
a synchronous demodulator in order to bring the bridge sgnal down to DC (removing the
snusoidd carrier) and filter out any noise components at frequencies other than the
tranamit frequency. After tuning the sweep and nulling the bridge, the result was a smooth
ggnd with smdl discontinuities thet reflected the presence and proximity of atag. This
sgna was then passed through a series of various high-pass and |ow-pass op-amp filters,
which enhanced the smal bumps and reduced the dow basdline shift (high-pass), and
attenuated noise (low-pass). The resulting output came as close as possible to staying near
zero in the absence of atag and risng towards five volts at points in the sweegp a which
corresponding tags are introduced. The specific sequence of filters can be seen in the
schematics given in the Appendix.
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Figure 7. Sample oscilloscope plots of the swept-frequency tag reader signal after the
completion of analog processing. Names like “finger tags” and “goblin” refer to objects in
which tags have been embedded to demonstrate the system. The large static signals

framing the sweep interval signify the boundaries of the sweep in time.

Thissgnd after the completion of filtering can be seen in the oscilloscope plots of
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Fgure7. Thisisessentidly afrequency andyss showing the response of dl resonant
objects that approach the reader coil, and could be easily processed using an embedded

microprocessor. Thus, we added an onboard PIC microcontroller to measure the voltages
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Figure 8. An early prototype swept-frequency tag reader.

of the finished sgnd and send magnitudes and timing information after each sweep viaa
serid link to a computer.

An early prototype reader with oscilloscope plotsis shown in Figure 8. This
system used a coil underneath a Lego board and bricks embedded with tags to demongtrate
the basic ahilities of a swept-frequency tag reader for gpplications like interactive games.

A later prototype, with improved signd conditioning, is shown with prototype reader
boards, coil, oscilloscope plots, and objects embedded with tagsin Figure 9; this device
was used to develop and demondtrate our initid “Musica Trinkets’ gpplication discussed
in the next chapter. Figure 10 shows a more findized verson of the circuit board, together
with tags and scope traces, that we have used for later versions of the Musica Trinkets and
subsequent gpplications.

3.5. Swept-frequency tag reader resultsand refinements

As described, we have produced severd versons of the swept-frequency tag reader
over the past few years, sarting from an early prototype reader with very little sgna
conditioning, up to our current printed circuit board, with selectable sweep types and many
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Figure 9. Second prototype of swept-frequency tag reader system.

adjustments. The key advantage common to these readersiis thet they al can run asweep
30 times a second, detecting every tag present in the sweep’ s frequency range and
measuring its parameters on each sweep. Because thisrateis not affected by the number
of tags present in the field, the swept-frequency tag readers demonstrated their superiority
for the purposes of real-time multiple tag detection a even their earliest stages.

Depending on the size of the tags, the detection range of our swept-frequency tag
reader could extend to alittle more than one foot with good rdliability. Although not large,
this was comparabl e to the read range of our ringdown reader. Note, however, that the
ringdown reeder could, in principle, easily be driven with even higher voltages, which
combined with its dynamicaly-tuned antenna would then lead to more improvementsin
read distance. However, one foot is perfectly acceptable for the desktop-scaeinteraction
with tagged objects that we are exploring.
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Figure 10. A more mature tag reader. Electronics have been incorporated into a single
board, and the ring for the coil was made specifically for this purpose.

Thejitter level of our system is quite good across our senditive region. For
example, atypically strong tag was placed in the reader field and held steedy for a
thousand samples. The PIC measured the integra of its Sgnd and reported a mean of
1685 in 8-hit unscaed units, with a sandard deviation of 2.13. Thisis an average jitter
level of around 0.126%, which is eadily precise enough for our purposes. Typicdly,
additiona background noiseis caused by devices that release magnetic radiation in this
frequency range, which apparently include CRT monitors and other smilar devices.
Keeping these noise sources at least Six feet away alows the tag reader to retain its usua
precison. A commercid implementation of such a system would use higher frequencies,
idedlly moved away from the dominant sources of environmenta noise (again, primarily
CRT monitors). These measurements aso compare favorably to the ringdown tag readers,
which required time-averaging on their proximity measurements because of phase-related
difficulties in reading tag responses.

One of the other concerns with the ringdown tag reeder was the drifting of
frequencies, both within the reader and in the tags themselves. Because of the discrete
neture of the ringdown tag reader’ s detection method, any sgnificant drift in the
frequencies being read quickly made the system inoperable. In contrast, the swept-
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Figure 11. Plot of frequencies at ten sample points during each sweep for a period of 12
hours. Very little fluctuation occurred beyond rounding error. f1-f10 are variables referred to
in Appendix B for frequency drift compensation.

frequency tag reader, because it continuoudy sweeps through a frequency range, ensures
that frequency drift has alimited effect on tag detection. However, given enough drift it
can become difficult to distinguish one tag from another, as one tag's perceived resonance
will overlap the expected resonance of a neighboring tag.

Measurements of voltage being input to the voltage-controlled oscillator, aswell as
the swept-frequency signa coming out from the oscillator, were taken using the andog-to-
digital converter section and the externa clock/counter of the PIC, respectively. Timing
was monitored using the crystal-locked clock of the microcontroller. The host computer
was Set up to acquire these parameters periodically and to record them over a period of
time in order to determine the frequency drift of the tag reader. Apart from taking these
measurements in order to understand the sengitivity of the system, these data can dso be
used in conjunction with agorithms running in the host computer, while the tag reader isin
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Frequency variation of ten sample points taken during each sweep
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Figure 12. Frequencies sampled at ten points during each sweep while the tag reader was
subjected to a heat gun at two different settings, over a period of ten minutes. Notice that on
the right side the VCO has still not recovered to its original values on the left; several hours
are required for full recovery.

use, to dynamicaly compensate for such drifting effects and ultimately would alow the
system to run with grest sability for an essentialy unlimited time. The equations
necessary to implement such an dgorithm are given in Appendix 2.

The measurements themselves provided good ingght into the sengitivity of the tag
reader. At first glance, we had assumed that time and temperature were the primary
contributors to frequency drift in this sysem. However, monitoring the frequency range of
the reader over atwelve-hour period, with the temperature held nearly constant at 75
degrees Fahrenheit by the MediaLab's centra-air system, produced Figure 11, which
shows less than a 2-kHz variation from average frequency a any part of the sveep over the
course of an entire night. On the other hand, Figure 12 shows the same frequencies plotted
over ashort period as the ambient temperature around the reader increases at a moderate
pace up to 150 degrees Fahrenheit, in order to determine its sengtivity to temperature
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Figure 13. Interpolated frequency curves during single tag-reader sweeps. Left: curves taken
during twelve hours of constant temperature, all plotted atop each other. Right: curves taken
during ten minutes of temperature change, plotted over each other.

under conditions Similar to those used in the “Musical Trinkets” demo (described below).
The frequencies dropped dramaticaly, and the voltage input to the oscillator increased as
well. Further measurements determined that the voltage input to the voltage-controlled
oscillator returned to itsinitial value as the temperature returned to normd, but that the
frequency output of the oscillator took many hoursto settle back towardsitsinitial sate.
Intotd, this leaves the system dtability fairly senstive to increases in temperature; Figure
13 shows the frequency curve for each sweep over twelve hours of exposure to steady
temperatures, compared to the curve for each sweep during exposure to heat. Findly,
some frequency drift was expected with the starting up of the system, but under stable
temperature conditions, frequencies decreased by less than 2 kHz between system start and
equilibrium, which while possbly dgnificant, is smal enough to fdl into measurement
rounding error.

Even without the dgorithmsin place to correct for frequency drift, we expect that
when placed in an environment with relatively congtant temperature, it will be sable
enough for most applications. With the algorithms to correct for the drift, the swept-
frequency tag reader will have little difficulty maintaining itself in any ressonable
demongtration environment for extended periods of time.

39



3.6. Swept-frequency tag reader conclusions

After numerous revisons and refinements of our swept-frequency tag reader
system, we have demonstrated that swept-frequency tag readers have sufficient stability
and robustness to drive red-time tangible interface gpplications. The drift and jitter levels
are not by any measure excessive for our intended purposes. Their superior ability to read
multiple tags without compromising their timing, the precison with which they can
measure tag proximity to the coil, and their Sability al help to make this an ided candidate
for further exploration. Because of our decison to use the swept-frequency tag reader in

our subsequent work, applications of the reader are described in a separate chapter.
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Chapter 4

Applications of the Swept-Frequency Tag
Reader

Further work with the swept-frequency tag reader involved the crestion of
gpplications to explore and demondtrate its capabilities. Music- and graphic-based systems
have generdly proven to be a good way to demonstrate new sensing capabilities, aswell as
to draw the attention of an audience to sensing projects in order to explore their utility a
public venues. Asaresult, our applications took this direction for the purposes of
demongtration. Severd video files of these projects in action can be found linked off our

group’ s web page (http:/Amww.mediamit.eduresenv). Also, the reader and applications
19,20,21

have been described in several papers published by our group.

4.1. Early applications

The early prototype reader shown in Figure 7 provided a smple but effective
demondtration of this syssem. The coail of the reader was placed undernegath the Lego board
shown in the picture, and severa Lego bricks were embedded with both LC and
megnetodtrictor tags. Although at this stage the setup was gtill arough prototype and had
not been integrated with a computer and thus into a more complex system, the hardware
was able to generate tones when tags were detected, with the pitches corresponding to the
frequencies of the tags.

This smple output was effective in demongtrating the capability of the sysem to
detect and distinguish between tags, both LC and magnetogtrictor. One particular object
hed three tags placed within it, oriented along the three orthogona axes, so that its
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inclination could aso be sensed relative to the coail; this was made possible because the
sgnd strength from a given tag dways corresponds to both distance and orientation,
where increasing distance and rotation of the tag’'sinductor out of the axis of the field lines
both decrease the detected signd. The other tag had adider that continuoudy perturbed
the resonant frequency of amagnetostrictor by moving asmall magnet placed behind it,
hence producing a glissando sound as it was pressed. Both concepts, that of using three
orthogonally-placed tags within the same object to detect the orientation of the object, and
that of adjugting atag while it wasin the field, were gppeding for the purposes of
demongration and were thus used in later gpplications as well.

Another gpplication of a more mature revision of the swept-frequency tag reader
was produced in 1999 by Hiroshi I1shii’s Tangible Media Group, also a the MIT Media
Lab. Their musicalBottles project,?? in which three bottles on a table each represented a
different line of music, was an effective demondiration of the tag reader as ared-time
tangible interface backend, and has been widdy exhibited. Figure 14 shows a picture of
the musicaBottles project in action. As each bottle was uncorked, a corresponding line of
music from Edouard Lalo’'s“Piano Trio in C Minor” was played. The feding produced by
this system was that a user was “releasing” the music from the bottle by opening it. The
mechanics behind the system were fairly straightforward; each bottle had atag indde it,
and each cork contained aferrite that dtered the inductance of the tag, thus changing its
resonant frequency. The shift in resonance could easily be detected by the swept-
frequency tag reader, which reported this information to a computer for processing.
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Figure 14. The Tangible Media Group’s musicalBottles project. Opening
a cork produces a line of music.

The other application for the swept-frequency tag reader produced entirely by our
group (Responsive Environments), eventudly came to be called “Musical Trinkets” It has
amuch longer and more involved history, summarized below.

4.2. Muscal Trinkets

After numerous revisons, the swept-frequency tag reader evolved into asingle
printed circuit-board, so it would be easier to reproduce and apply to various projects. In
order to demondrate the ahilities of this near-find version, we wrote a more elaborate

musica gpplication involving a variety of some Sixteen tagged objects.
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Figure 15. Musical Trinkets, with tag reader, read coil, and objects.

Figure 15 depicts the visud appearance of afairly mature verson of the music-only
project. The tag reader was used to identify and sense the proximity (coupled with
orientation) of the twenty-or-so tags. This information was gathered by the onboard PIC
processor and sent via serid stream to alaptop PC running the music gpplication. The PC
sent music commands viaMIDI to an Emu ClassicKeys synthesizer, which produced the
musical tones that comprised the music. Other MIDI commands were sent to aLexicon
effects processor, which produced various distortions of the output sound.

The basic structure of the music was centered around amelody line and a harmonic
chord progression. Five tagged rings worn on the user’ s fingers allowed the orientation of
five fingers reative to the coil to be detected. When the fingers were placed just above the
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reader coil and rotated to point downwards, melodic notes would be triggered, with a
specific mgor-scale note corresponding to each ring. The effect produced was that of
playing arudimentary keyboard in midair, using on€e sfingers held somewhere over the
tabletop. The speed with which aring's Sgnd increased, corresponding to the rapidity
with which the finger was turned towards the coil, adjusted the MIDI veocity (i.e. volume)
of atriggered note. This served to demondrate the system’ s ability to determine sgnd
drength, and the ability to play multiple notes a once by inserting multiple rings dso
demongtrated the reader’ s ability to read dl the tagsin red-time without any compromise
intiming.

The harmonic chords were controlled by three tagged objects, which happened to
be small goblins colored red, blue, and green (which, dong with most of the other objects,
were al purchased at an after-Halloween sdl€). As each of these objects was moved closer
to the cail, a corresponding bass chord using a sustained instrument voice was faded up.
The ability to continuoudy contral the volume in red-time by moving each goblin relative
to the coil further demonstrated the notion that the reader could determine the continuous
meagnitude of the sgnd in red-time.

Each of the harmonic goblins represented one specific chord in the key of F mgor.
The red goblin represented the C chord (functiond | chord), the blue one G (V), and the
green oneF (IV). Insarting each of these goblins individualy produced the corresponding
chord. Furthermore, inserting multiple goblins into the field at the same time produced
modulations and different chords according to a harmonic state machine, designed to
trangition smoothly in a harmonic sense between the three primary chords. This state
machine is shown in Figure 16. Note that whenever only one goblin was present the Sate
machine aways returned to the corresponding state 1, 2, or 3. The chord sdlected by the
goblin objects was used throughout the system; most of the notes produced by the other
objects were adjusted to harmonize on the selected chord. This ensured that whatever
users did, the resulting sound would not be too discordant.

The other tags in the music system served to elther modify, embdllish, or add
auxiliary layers of sounds to the melody and harmony. For ingtance, the pumpkin, when

45



STATE KEY IF RED TAG SWITCHES, IF GREEN TAG SWITCH IF BLUE TAG SWITCH,

GO TO STATE: GO TO STATE: GO TO STATE:

0 (NO TAG) C 1 2 3
1 (RED) C 0 5 14
2 (GREEN) F 9 0 10
3 (BLUE) G 15 10 0
4 B-FLAT 8 7 6

5 A 2 1 4

7 F 3 4 1

8 E-FLAT 16 3 2

9 G 2 1 4

10 C 11 3 2

11 E-FLAT 10 13 12

12 G 2 1 4

13 F 4 1

14 A 3 1

15 B 3 4 1

16 A-FLAT 19 18 17

17 B-FLAT 2 1 16

18 B-FLAT 3 16 1

19 D-FLAT 20 20 20

20 F-SHARP 21 21 21

21 B 22 22 22
22 E 23 23 23
23 A 24 24 24
24 D 25 25 25
25 G 26 26 26
26 Cc 27 27 27
27 F 28 28 28
28 B-FLAT 29 29 29
29 E-FLAT 16 16 16

Figure 16. State machine of harmonies in music system.

brought into the field, produced a high- pitched twinkling rush of random notes whaose pitch
changed with its proximity. The dinosaur, which had a magnetostrictor attached to it,
sarved as aswitch, which triggered an instrument voice change in the harmony and me ody
lines. The proximity of the foot object caused a continuous pitch bend in the harmony line
moving smoothly down by up to an octave while trangposing the other lines discretely
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down by afifth. The pig object added proportiona amounts of vibrato to the melodic and
auxiliary lines as it approached the reader.

Severd other embedded objectsin the system demonstrated dightly more complex
interactions. The cube and eyeball each contained three tags, placed at right angles to each
other. Because of the corrdlation between coupling of the tag to field strength and the
orientation of the tag relative to the field direction, these right-angle arrangements could
yield information about both rotation of the object and distance from the reader, asin the
first gpplication with the Lego blocks. The proximity of the cube was used to fade up a
low-pitched chord played with a*“droning” voice, which then was pitcht bent up and down
depending on the arientation of the cube. The eyebd|’ s proximity and orientation was
used to adjust the magnitude of various distorting effects on the Lexicon unit.

Perhaps the mogt interesting user interaction came with the adjustable tag. As
discussed in Section 1.2, one of the possibilities with EAS tagsis that their resonances can
be distorted by various factors, and this shift can be sensed by the tag reader asachangein
frequency response. In this system, one of the tags was designed such that the coil of the
inductor could be stretched out by the user. Thisin turn changed its resonant frequency,
and the digtortion could be monitored by the sysem. Musicaly, inserting the tag faded up
achord sound, and stretching the coil produced an additional orchestral string sound on
top of it, with the amount of pull on the coil proportiondly adding in the second voice. In
the final verson of this system, the user was able to pull aferrite core up and down insde
afixed coil, amuch more robugt interaction than pulling & the coil itsdf.

The music system was shown at numerous conferences and demondirations both at
MIT and around the world and was well-received by attendees, who were usudly
impressad by the unique interactions enabled by the syslem. The music provided intuitive
audio feedback, and users had little difficulty learning to use the system and enjoy it.
Eventudly, the thought came up of proposng the system for exhibit a¢ SIGGRAPH
2000,% avery well-attended conference specidizing in computer graphics and interaction
technologies, held in July of 2000. Because of the heavily graphicd flavor of this
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conference, the next step with this gpplication was to develop a graphicd layer of content
for the tag reader.

4.3. Graphical extensionstothe Musical Trinkets project

For the purpose of adding graphics to the system to enrich the interaction, we
decided to go with smple colored shapes on the screen, on the grounds that adding
complexity to the graphics would didtract from the interaction. Using OpenGL with
amplefla sngle-color polygons in three-dimensiond space gave the requisite Smplicity
while leaving plenty of parametersto adjust with the interaction.

The graphica digplay was designed to start with aflat gray disc, and other objects
would ether ater the disc or move around the disc. Triggering the melodic rings produced
appropriately-colored faling balls that bounced off the disc. Adding the harmonic goblins
faded in red, green, and blue triangles which acted alittle like spotlights in that they also
added their color to the central disc.

The pumpkin launched a swirling pattern of smal diamonds rotating about the
centrd disc, whose radius varied with the tag proximity; the pig caused the melodic bals
to shimmer; the dinosaur caused the centra disc to flip over; and the foot moved the
perspective further away from the centra disc, effectively shrinking the view. The eyebdl
added afloating, spinning eyebdl image to the display that moved as the physica eyebdl
was manipulated, and the cube rotated the entire point of view asit was turned.

For the purposes of demonstration, the stretchable tag was replaced by a Pez
dispenser, which had an interna spring that stretched when pulling the heed of the
container in and out. This made for avery intuitive interaction, especidly for people who
grew up familiar with Pez. Graphically, moving the Pez dispenser towards the coil added a
blue-colored disc behind the primary gray disc, and stretching out the head added il

another violet-colored disc.
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Findly, just before SIGGRAPH 2000, a new triangular- shaped tag was added,
which upon entering the field triggered a transent sound, switched between instrument
patches played by the stretching of the Pez dispenser, and also switched between the
smple graphical mode described thus far and anew gragphica mode written by Marc
Downie from the Synthetic Characters group at the MediaLab. This mode, based on
Marc's “MusicCrestures’ program,®* was a behavior-based system that listened to the
MIDI music commands coming from the computer and encouraged the motion of an
abdtract animated set of “cloud-like’ images on the screen in time with key mudicd events.

Examples of the first set of grgphics are shown in Figure 17, where the visud
output of our system was redirected for display on alarge screen & SIGGRAPH 2000. A
gmilar projection of the MusicCregtures graphicsis shown in Figure 18, with attendees
usng the Trinkets interface visble in the foreground.

The complete graphical display was st up in a specidized custom-built cabinet
that served as a narrow table. A projector at the bottom of the cabinet displayed an image
on afrosted glass screen on the top surface; this was used instead of other display devices
(e.g. CRT or LCD monitors) in order to minimize interference with the tag reader. The
reader coil was embedded just beneath the glass screen so users could move objects near
the table surface and receive immediate visua feedback from the graphics projected
directly benegath the area of interaction. Figure 19 shows the cabinet a SIGGRAPH with
users around it, and Figure 20 shows a closer view of the screen, with auser interacting
with the grgphics. The system was dso subsequently ingtaled &t the large SMAU
convention in Milan, Italy in October, 2000.2° Figure 21 shows several atendees
interacting with the system indtaled there,

The whole syssem made for a very intuitive interaction with aurd and visud
feedback, which many people described as immersive, simulating, and often relaxing to
use. The red-time capabilities alowed for immediate responses and the continuous vaues
yielded avery detailed leve of control. The ability to use dl thetagsin the sysem
samultaneoudy aso made for agreat ded of flexibility in the interaction. On the whole,
the system was very well-received by the genera public, many of whom were intrigued by
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the novel mode of interaction. People were both fascinated by the Musica Trinkets
demondtration itself as well as the potentia gpplications that could be enabled by such a
sysem.

Once the demondtration application was set up and running, and the capabilities of
the basic swept-frequency tag reader were clear, it became possible to consder extensons
of the system beyond its Smple single-axis roots, to explore volumetric tracking
gpplications.
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Figure 17. The first set of Musical Trinkets graphics, projected onto a large central
screen at SIGGRAPH 2000.

Figure 18. The graphics based on MusicCreatures, projected onto the large screen
with users using the Musical Trinkets in foreground.
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Figure 19. A small audience gathers around the Musical Trinkets exhibit at
SIGGRAPH 2000.

Figure 20. A user interacts with the graphics screen.
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Figure 21. Throngs of onlookers watch the Musical Trinkets project in action at SMAU in
Milan, Italy.
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Chapter 5

Swept-frequency tag readerswith multiple
colls

With asingle read cail, the swept-frequency tag reader is capable of determining
sgnd drength from atag in red-time. As mentioned, thissignd drength is afunction of
both proximity of the tag to the coil and the orientation of the tag's inductive component
relative to the fidd lines emitted by the coil.

Asdiscussed in the previous chapter, thisin itsaf can provide arich experience,
but we wondered if the system could be modified or extended in order to provide more
precison, more uniformity of interaction, or more information about each tag. Any of
these would enable a more interesting interaction for applications that might require
anything more than Ssmple gross tag pogtion in one direction relative to atabletop. By
conddering the limitations of the current system, modifications were considered and some

were implemented to extend the reader’ s capabilities.

5.1. Limitations of a single-coil swept-frequency tag reader

A swept-frequency tag reader using asingle read coil and Smple, imprecise
tracking enabled afairly rich interactive experience as demondrated by the Musical
Trinkets gpplication. In the interest of considering extensons to the system, we noted
severd limitations, which mostly involved uniformity of tag reading and cross-axis
coupling with respect to position and orientation of the tag.
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Figure 22. Simple illustration of single-coil field and tag interaction. Tag A is turned parallel
to the field lines and so is detected strongly. Tag B is turned perpendicular to the field lines
and so is detected weakly. Tag D is turned in the same direction as Tag A, but the field lines
there run in a different direction. As a result, Tag D is detected less strongly than Tag C,
which is turned more parallel to the field lines there. This is an example of non-uniform
interaction, because of the differences in the detection of Tags A and D.

In auniform interaction, changes in atag's orientation would have smilar effects
on the magnitude of its signd, regardless of the location of the tag. One of the issues that
prevents uniformity of interaction with asingle-coil tag reader isthe nonpardld shape of
the field lines surrounding the coil. Right at the plane of the coil and on the centrd axis,
field lines run uniformly perpendicular to the plane, but anywhere off the plane and off-
axis, fidd lines begin to diverge, bending in dliptica shapes around the coil asthe
magnetic flux follows its return path. Because of this shape, tags placed in the fidd
directly over the coil’ s center are sensed with a magnitude corresponding to their
orientation relaive to the axis of the cail, but tags not directly over the center have a
sronger magnitude when rotated dightly off-axis. Tags directly over the wires of the coil
itself are detected most strongly when turned completely perpendicular to the coil’ s axis.
See Figure 22 for asmpleillugration of this principle. If this problem could be solved,
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the response of the system to the orientation of atag would be more uniform, which would
increase the intuitiveness of the interaction.

Thus, the nonpardld fidd lines cause problems for the uniformity of the
Interaction, introducing an ambiguity between angle and range depending on thetag's
position. Another problem that arisesisthat the Sgnd strength from atag increases asa
tag approaches the wires of the call, i.e. towards the outsde of thering. Thisis because
thefied isreally produced by the induced magnetic effect at the wires wound around the
ring, hence the magnetic flux is denser there and decreases with distance from those wires.
Asarealt, it isdifficult to determine whether adecreasing sgnd strength is an indication
of atag moving away from the tabletop or smply closer to the center of the coil area. This
Is another issue that affects the uniformity of the interaction; in this case, reducing this
effect would alow for more precise determination of whether atag was close to the plane
of the cail or not.

Even despite these uniformity difficulties, one more badic limitation was that with a
single read cail, only one piece of data about each tag could be generated. Thissingle
piece of data, which corresponded to a function of both postion and orientation, wasin
itself dready quite useful in producing anove generic interaction, but moving ateg
horizontaly around the tabletop, as many of our SIGGRAPH and SMAU attendees wanted
to do, produced no interesting effects as the motion could not be effectively detected. Nor
could atag being rotated be differentiated from atag being moved closer and further from
the reader. In the single-coil applications, this was circumvented by using three
differently-tuned orthogona tagsin a single object, which gave some idea of the
orientation of the object, but till produced no data about the horizonta position.

Because these limitations seemed to center around difficulties associated with
having only one reader cail, we turned our attention to possibilities for arrangements of

multiple coils.
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5.2. Multiple-coil arrangementsand Helmholtz coils

The extensions of the swept-frequency tag reader that we expected to produce the
maost promising results, with respect to the limitations we noted, appeared to come from
adding more reader coils to the system. Given an gppropriate arrangement, it seemed that
multiple coils could improve the uniformity of the system as well as provide more
information about the location and orientation of atag. We redized early on that having
multiple coils did not necessarily mean running al the coils smultaneoudy, and in fact
cycling sequentidly through a series of coils might lead to a dowing of the read time, but
may be necessary in order to prevent multiple coils from interfering with each other.
Despite this, for many gpplications, some degree of dowdown would be areasonable
exchange to enable more precise varieties of interaction.

Severd types of multi-coil arrangements were considered. First was the possibility
of having severd coils placed in the same plane, either Sde by sde or in agrid pattern. By
comparing the Sgnd strengths for a given tag, it seemed like perhaps it would be possible
to tel which coil atag was closest to, and from this the horizonta position of the tag could
beinferred. Likewise, by driving coils differentidly, other field geometries could be
created that would provide additiona information to resolve rotation, break ambiguities,
and determine amore precise location. At first glance, the math might work out smilarly
to that in Josh Smith’'s “School of Fish” project,® which used an array of dectric-fied
sensing dectrodes to accomplish asmilar locdization task for capacitively-coupled
objects. However, because of the nonuniformity of the magnetic fields coming from the
coils, and the vector coupling between fields and tags, the math could become unwieldy,
and no eadily discernable reader coil configuration was derived for determining the precise
location of atag. Thus, this solution promised to yield more information about the
wheregbouts and state of atag but without considerable calculation, would do nothing to
increase the uniformity of interaction.

Another arrangement that we considered was having a set of three orthogona coils,

meseting a one corner and sequentidly tranamitting afidd dong its axis. Thiswould
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Axial Magnetic Field of a Typical Helmholtz Coil
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Figure 23. Axial magnetic field of a typical Helmholtz coil, with coils spaced distance a apart,
where a is the radius of a coil.

provide capabilities Smilar to the Sngle-coil system, except on three axes, giving some
degree of spatiad knowledge to the measurement.  Such an arrangement would give some
idea of three-dimensiona position, but once again the field shapes were unchanged and the
uniformity of the interaction relative to any single coil would be compromised, asin Figure
22.

The disstisfactions with both of these first two arrangements were the lack of
amplefied shaping and uniformity. Our next concept, then, was to have two coils facing
each other, driven by the same sgnd smultaneoudly, in the hopes that this would take the
dliptical magnetic fidd lines of the angle-coil system and pull them through two cails,
creating a space in-between where the fidd lines would be straighter and more uniform.
This arrangement is commonly known as the Hlmholtz coil configuration.?’

A little research yidded more information on Helmholtz coils. A single-cail

Nmla?
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where N isthe number of

wireturnsin the cail, | isthe current through the coil, a isthe radius of the cail, my isthe
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congtant of magnetic permeability and z is the distance from the coil being measured. This
magnetic field decreases rapidly with increasing distance from the coil. Helmhaltz coils,
on the other hand, have fidds dong their centra axis given by:

_ Nmja®i 1 N 1 i
2 %(Zz+a2)3/2 [(2b- z)2+a2]3’2i;

B,(2) , With 2b being the distance between

the coils and other variables the same as above. While the equation looks messy, the field
it represents is much more uniform between the coils than in the angle-coil system. A plot
of the Hemhaltz fidd is shown in Figure 23. Notice thet the fidd strength is
gpproximately constant between the coils when the distance separating the coils becomes
gpproximately equd to the radius of one of the cails.

Because of the improved uniformity of the fied in the Hdmhaltz configuration, we
decided to try such atwo-coil setup to observeits properties.

5.3. Two-coil Helmholtz arrangement

Using the boards dready designed for the single-coil swept-frequency tag reader,
we were able to create a smple two-coil Hemholtz arrangement by wiring two reeder
boards together such that the sweep generation circuitry from one board was used asthe
input to the drive/transmit circuitry of both boards, with loading by the tag measured
separately for each coil asdetailed in Chapter 3. A different coil was connected to each
board and they were placed pardld to each other approximately one coil diameter apart. A
ample block diagram of this setup is shown in Figure 24.

One of our uncertainties with usng two smultaneoudy-tranamitting coils was the
way in which the tag would couple to each of the coils. Would both coils receive equd
sgnds, would the signal's between coils cancel, or would the signd received vary
proportionaly to the distance between the tag and each coil ? Our test showed that the tag
coupled with the two coils such that the signd received varied gpproximately linearly with

the proximity of the tag to one coil or the other.
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Figure 24. Two-coil Helmholtz arrangement block diagram.

Fidd shaping improved subgantialy aswell. Thistwo-coil configuration
gpparently had the ability to shape the magnetic fields to be straighter and more evenly
spaced in alarger region between the two cails, relaive to the one-coil setup. The result
was that the tag’ s orientation decreased the Signal strength in both coils proportionally
when rotated out-of-axis, provided that the tag was not too close to the edges of the cails.

Note that the optima Helmholtz configuration involves spacing the coils one coil
radius gpart from each other, but our systems used coils spaced one diameter gpart, which
tended to lose some uniformity towards the fringes of the field and otherwise provided the
same benefits,
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From these observations, the results were promising. Insde asizable region within
the cails, the field shaping of the Helmholtz configuration essentidly decoupled the
orientation of the tag from the pogtion of the tag aong the axis between the two coils. As
summarized in Figure 24, the position of atag could idedlly be given by the differencein
sgnd drengths normalized by their sum, and the rotation of atag out-of-axiswas a
function of the combined sgnd strength in both coils.

Furthermore, the two coils were transmitting Ssmultaneoudy, leading to no
dowdown in the response time, and also we were now receiving two pieces of information
about each tag, determining both postion and orientation. The only desired feature
missing from this system was the ability to read the podtion of atag dong more than one
axis. Our next system used Smilar principles to do exactly that.

5.4. Six-coil Helmholtz arrangement

As seen in the two- coil Hemholtz arrangement, it was now possible to use two
coilsto gather two pieces of information about atag: position and orientation. Our next
hope was to extend this concept to gather six pieces of information about atag, i.e. position
and orientation adong three orthogond axes.

The logica way to create such a system was to have three pairs of coils placed
aong the outsde of a gpace, each in different directions. The immediately apparent
disadvantage to such a system was that having coils totally surrounding a space would
limit a user’ s ability to move completely flexibly in and out of the space. We decided that
using the six faces of a cubical frame as coils would be subgtantialy better for user
mohbility than having six attached circular rings. The edges of the cube were only needed
to support the wire of the coils, hence could be made very thin and unobtrusive.

A cube structure was built for this purpose, and wires were wound appropriately
around the six faces and each connected to a separate tag reader board. Our initia cube

was nineinches on aside, and we soon congtructed a new cube out of Tinkertoys that was
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Figure 25. Block diagram of six-coil tag reader system.

twelve inches on each sde, with ten windings of wire in each coil, making for an
inductance of between 105 and 115 nH, thus matching the inductors in the bridge circuit
on the reader board. The next step was to connect the reader boards such thet the Six coils
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Figure 26. The first completed six-coil cube frame with six tag reader boards.

transmitted sequentialy, one opposing pair a atime. This pair-wise reading was
necessary in order to create Helmholtz fields between a pair of coils on one axis, while the
other four coils were turned off in order to prevent them from affecting the shape of the
magnetic fidd or the resulting Sgnds. By cyding sequentidly between three sets of cails,
we dowed our reading time by afactor of three over the single-coil case, but we anticipate
that many gpplications of the systlem would not suffer greetly from this effect. Otherwise,
the sweep could be correspondingly sped up with minor changes in the dectronics,
keeping full updates of at least 30 Hz.

Asdepicted in Figure 25, the connections between the six reader boards were
closdly related to the connections of the two-coil system. One board was designated the
measter, and the sweep generator from this master board was fed through a multiplexer into
each of the drive circuits for al sx boards. The multiplexer itself was controlled by the
PIC chip on the master board, so that every time a sweep was completed the PIC switched
the multiplexer to change connections to the next pair of boards. The driversfor al six
boards functioned normaly and transmitted whenever they received asignd from the
multiplexer.



Figure 27. Our final cube frame, along with three-axis tag and attachments for taking
measurements.

On the recelve end, the sgnals coming back from al sx coils went into their
respective boards, and after some analog processing were transferred back through a
multiplexer to the master board and its partner. The find filtering stages were performed
on these two boards, and the two PIC microcontrollers on these boards were used to
assemble the find information and transmit it viatwo serid cablesto the host computer. A
picture of the completed system with al six coils around the cube is shown in Figure 26.
The newest 9x-coil cube, in the configuration used to take measurements for the next
Section is shown in Figure 27.

Having completed the six-coil system, we observed its behavior and created a
smple demongration application.
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5.5. Resultsand application

Initial tests of the 9x-coil system yielded reasonable results. The behavior
observed earlier with the two- coil system was repeatable with al three pairs dong the
different axesin this sysem. Differencesin the response strengths of individud tags
created variations in the recongtruction necessary to determine position and orientation and
the precison achievable with each tag; some tags were week and their sgnals faded out
towards the center of the cube, while other tags were strong and could saturate at the
cube sedges. From thiswe inferred that the system must be carefully tuned in order to
achieve the best results. Increasing the andlog conversion precision to ten bits of
information aso improved the precison; thiswas added in thefind verson. A
dynamicaly-sampled basdine and smarter thresholding agorithms would further improve
the ability of the system to distinguish noise from signa, and has not yet been added; we
currently assume a static DC baseline across frequencies, but thisisrarely the case (see
Figure 7 for example sgnds and basdines).

Noise levels were dso higher for some of the reader boards than for others, which
we atributed to variationsin cdibration settings and soldering connections. Also, because
the bridge imbaance did not null as well across the entire decade of sweep used in our
other versions of the system, we swept across a narrower range of frequencies, over which
the basdine (and thus the null) was fairly flat. Thisimproved the noise response as well.
Anather potentid contributor to noise leve isthe driver design; our coil driver circuitry
essentialy holds nor-driven coils effectively shorted, which may alow eddy currentsto
build up and digtort the magnetic fields near their edges. Subsequent work will investigate
this effect.

One of the great strengths of this system aso turned out to be a disadvantage.
Because the fidd lines dong each axis were much sraighter than in a sngle-coil system,
tags rotated paralle to one axis and perpendicular to the other two were undetectable by
the coils dong the perpendicular axes. This proves to be a problem for determining the

66



three-dimensiona location of atag, snce some signa needsto be seen by dl Six coilsto
precisaly find the location and orientation.

The smple solution to thisis to use athree-tag object, smilar to the cube and
eyebdl inthe Musica Trinkets, in order to ensure that asignd is received for agiven
object on dl three axes. To conserve frequency usage it may be possible to use three tags
with identica resonant frequencies, as they would be representing the same object.
Likewise, orthogona coils could be driven together to produce curved field geometries that
could resolve ambiguities (with significantly more math). For the purposes of using only
one tag, though, it would aso be possible to increase the senstivity of the system and
assume no change in the position of atag aong one axis when its Sgna drops out on that
axis, updating the position once the sgnd isreacquired. Under normal usage it seems
unlikely that atag will spend any significant length of time completely undetectable dong
any given axis.

Using athree-tag object, severa series of measurements were taken for the system.
Holding the tags gtrictly pardld to their corresponding coil axes, the strength of the sgnd
for each tag from each coil dong a5 x 5 x 5 grid was recorded, normalized, and compared.
Because of the relatively high basdlines, which caused tags not to be detected at al by
some coils, we Smply took the differences between normaized sgnds, instead of dividing
the difference by the sum. Normdization involved dividing each sgnd by the highest
vaue recorded for that coil/tag combination at any postion.

The differences between corresponding signadsis plotted on athree-dimensond
graph in Figure 28, which shows that the raw information from the system is aready not
too bad for three-dimensond podtion extrgpolation. Magnetic field leakage, caused by
spacing the coils farther gpart than the optimal Helmholtz distance, causes some warping
of the field near the edges; thisis most apparent in the lowest plane plotted in the figure,
which happened to be dightly outsde of the perimeter of the cube. However, because we
receive plenty of information from the tags and the positiond data is uniform and not
multiply-vaued, a smplefit dgorithm could be designed to compensate for thisand dlow

for improved accuracy in podtion determination.
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Spatial plot of normalized differences between facing coil responses at 125 grid points
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Figure 28. Mesh visualization of raw data from tag readers along an evenly-spaced 5x5x5
grid. Although results were irregular, relative positions were fairly conserved and so a

simple fit algorithm could probably provide decent accuracy.

Noise data was aso taken for three points within the cube. In the center of the
cube, the returned sgndsfor atag being held in place varied by up to 8% on average for
the noisest coil, and towards the edge of the cube, the Sgnals varied by up to 6% on
average for the noisest rlevant coil, where relevance was determined by which coil each
tag was on-axiswith. Thisnoiseleve, while not aslow asin the Sngle-coil verson, is
aufficiently low to ensure that the precison for the system would be acceptably good for
ample interface gpplications given a properly-written fit algorithm.

Findly, atag in the middle of the cube was rotated about the three axesto
demondtrate the correlation between the signal's coming from the three sets of coils and the
orientation of thetag. These Sgnas are plotted againgt time in Figure 29. The changesin
the response dong one axis for one tag is accompanied by corresponding changesin the
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Responses of three coils during multi-axis tag rotation

1 T 11 T % T T
L o 180 degrees: .
e ) 180 deégrees about v —axis
- I abiout x5 —axis :
80 degrees B :
05k Monbosian 1 0 degrees
e tad & BN : 520 degreals-' * 90 degrees |
o : ! - about x-axis -ahout y -axis
% 0.5 O degrees it : :
bt !
Sos| ;
= .
H
04t
=]
=
03
02r
01
[ PE— _.._l.: L - T .._E.J...E._.._._ STy
] 100 200 a0 400 S0a0 GO0 Fan

Samples (30/zec = 23 seconds total)

Figure 29. Normalized responses from three coils for one tag during tag rotation around coil
axes. As the tag signal decreases along one axis, it increases along another. Labels
indicate rotation represented by each graph peak.

other axes, making it likdy that a good fit dgorithm would be able to decouple the axes
without too much difficulty.

A smple graphica application was written to demongtrate the use of the system
with one tag, which, despite the sensitivity issues with perpendicular axes mentioned
above, produced a usable result. The application drew a dot on the screen when atag was
detected, which moved around the screen based on the tag's position in two axes and
became larger and smaller based on the tag’ s position in the third axis. Coordinates were
determined smply by difference-over-sum, as described earlier. Furthermore, the disc
changed color depending on the orientation of the tag, with each axis of orientation
controlling one primary color component (red, green, blue).

This application successfully showed the basic feasibility of the six-cail tracking
system prototype. Other improvements to the system are left for future work.
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5.6. Six-coil tagreader conclusons

Of the methods we envisioned as possihilities for extending the detection abilities
of the Sngle-coil swept-frequency tag reader, we saected a concept based upon having six
coilswound around the faces of a cubica frame. This method was selected for its potentia
to determine position in three dimensons, which in turn was motivated by our hopes to
extract more information for each tag, aswell as the apparent expectations of people using
the one-coil system. Other advantages of using this configuration included its field-
shaping ability; because each pair of coils could shape field lines such that the areain
between the coils had sraighter field lines than the area surrounding a single lone cail, tags
would produce more uniform signals based on their position dong the coils axis
regardless of their pogtion perpendicular to the axis.

By using multiplexersto dternate signas between the three pairs of cails, data
from each of the three dimensions could be gathered at the expense of athreefold decrease
in detection speed. Precision and accuracy of the data acquired were sufficient for
goplications that we anticipate, and with the addition of an dgorithm to fit the irregularities
of the data to the three-dimensiond space, we expect that the results would alow a grest
ded of control in three dimensons. The raw data dready has enough regularity to be
useful initsdf, and supports the potentia for accurate 3-axis tracking after cdibration.

Severd immediate improvements could be made to the system at this point. First,
the fit algorithm could be added to the host computer, in order to map the raw data coming
from the coilsto the actua pogtion of thetags. Also, the basdine of each reader could be
taken at multiple points, instead of using a gatic basdline to determine presence of atagin
thefiedld. Thiswould improve precision, as sgnaswould be detected at alower threshold.
Furthermore, the noise leve of this system is higher than in the sngle-coil system, and
investigation into the nature of the noise, some of which seemed likely to have been caused
by loose connections and some of which seemed to arise from unexpected interactions
between reader boards or coils, would improve the precision substantialy. Findly, with
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gppropriate field-shaping and design, the size of the cube could be expanded, which would
make the frame less of an obstruction to user interaction.

Asit gands, the six-coil tag reader could aready be useful in anumber of
gpplications. Having a system that detects the motion of objects in red-time within a
three-dimensiona space makes possible sraightforward interactions, such asmoving an
object within the field and contralling an onscreen counterpart. Given the ability of this
system to handle fairly large numbers of tags, they could be placed on dl the fingers of a
hand, and tracked independently, creating an effect smilar to avirtud redity glove, except
without wires, or an actud glove, or providing power to devices attached to the hand itsdlf.
Smilarly, the sx-coil tag reader offers advantages over vision-based or sonar-based
interaction systems, in that multiple objects or fingers will not occlude each other so that
real-time interaction can continue uninterrupted regardless of position. Compared to
motion-capture technology like those offered by companies such as Polhemus, our system
might provide asmpler dternative for use with asmaler region.

In the next chapter we will discuss other possible uses for future versons of this
technology as well.
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Chapter 6

Conclusion

In this thesis we explored the design and devel opment of passive tag readers for
aoplication in tangible-object desktop interfaces. Such interfaces would alow intuitive
interactions between a computer and a user not currently enabled by typical input devices.
Some of the cagpatiilities that we deemed important in such a system were the ahility to
handle multiple tags, the ability to sense continuous positions of the tags in red-time, and
an acceptable desktop read range, with reasonable stability, adjustability, precison, and

accuracy.

6.1. Theringdown tag reader

The first tag reader design we examined was the ringdown reader. The basic
concept behind this involved a coil through which we transmitted pings at the resonant
frequency of a predetermined tag, and then the system was made quiet in order to listen for
the ringdown responses of thetag. 1n order to detect multiple tags, we cycled our pings
between the resonant frequencies of multiple tags. For red-time, continuous interaction,
we performed the transmit-receive cycle in 1/30 seconds and used a gated integrator to sum
the strength of the demodulated received signd.

By adding aladder of MOSFET’ s and triacs, we were able to dynamicaly retune
the coil in order to optimize its resonance to match each successive tag being detected.
This enabled higher transmit power and better receive sengtivity. Although another design
possihility was to transmit broadband noise to excite adl tags with asingle ping, this had
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implications limiting the trangmit power. We used magnetodtrictor tags for their high Q
vaues, hence sirong response.

The system produced a usable result with the desired red-time and continuous
performance on multipletags. Detection of one tag took about 12 milliseconds, which
gave essentidly redl-time performance with three tags; however, beyond about eight tags,
the speed of the interaction would suffer because each tag requires incrementaly more
time for ringdown and detection. The other primary difficulty with the ringdown system
was its need to be preprogrammed for each resonant tag and the resulting vulnerability to
drift. Nonetheless, the ringdown reader has good power output and very capably detects a
smal number of tags, making it a good choice for smple gpplications.

6.2. Theswept-frequency tag reader

Next, we examined ancther gpproach, that of using atransmitted signa sweeping
continuoudy through the relevant frequency range. Because a continuous sweep cannot
stop to listen for ringdown responses, our reader used an inductive bridge circuit to detect
the energy being drawn dynamicaly from the magnetic field of the reader coil by a
resonant tag.

We decided to use L C tags for the ease of adjusting their frequencies. Our swept-
frequency reader swept arange of frequencies spanning the resonances of dl tags. A
reverse exponentia sweep ensured that lower frequencies received proportionaly more
time for tag excitation. By running the sweep thirty times a second, we were able to
produce essentidly red-time interaction, and by synchronoudy demodulating the output of
the differentid amplifier of the inductive bridge, we were able to determine the magnitude
of asgnd coming from atag in the fidd.

Our finished reader had dl the expected properties; it could sweep thirty timesa
second and detect the continuous sgnd strength from dl the tagsin the frequency range.
Its receive range was dightly over one foot, which is acceptable for desktop-scale
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interaction, and its jitter level was remarkably quiet. Frequency drift was not a severe
drawback except under ratively large temperature changes, even then, tag selection
dlowed for some leved of tolerance, and the addition of an agorithm to monitor and
compensate for frequency drift by comparing frequencies against the microprocessor’'s
clock would remove this problem dtogether. In many respects, the sept-frequency tag
reader made an ided tangible interface backend.

6.3. Swept-frequency tag reader applications

The earliest swept-frequency tag reader was demonstrated using tags embedded
within Lego bricks, and produced smple tones when it detected the tags. Additional tag
interactions were produced by placing three orthogond tags in asingle object, thus
alowing for determination of orientation, as well as by perturbing the resonance of another
tag using adider, thus dlowing for an additiond degree of control. These basic
interaction concepts have been used in subsequent applications as well.

Hiroshi Ishii’s Tangible Media Group also used the swept-frequency tag reader asa
backend for their musica Bottles project, which played various lines of music when bottles
on atabletop were uncorked. Around the same time, our group began to produce the
Musicd Trinkets sysem, which in itsfind incarnation produced music and graphicson a
small countertop with afrosted glass screen mounted on top. Twenty tags embedded in
Sxteen toy “trinkets’ each produced various interactions. Five rings worn on the fingers
produced melodic notes and graphica bouncing bals, interposed over a harmony and color
changesin the display controlled by three other tags. The remainder of the tags produced
various modifications and digtortions of the basic music and graphics, induding twinkling
sounds, vibrato, pitch bend, and severd additional harmonizing voices, al accompanied by
viewpoint changes, swirling displays, and other additiona graphics.

The Musica Trinkets project was displayed a severa prominent conferences and
was received very well by the attendees as an interesting interface with notable aesthetic
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qudities. With the success of the single-coil system, we turned our attention to extending
the abilities of our tag reader.

6.4. Thesx-coil swept-frequency tag reader

Using one read cail, it was possble to derive one piece of information about each
tag, which happened to be the proximity of the tag to the coil, scaled by the cosine of the
angle between the orientation of the tag and the orientation of the field at the tag' s location.
With some planning and experimentation, we found that using two pardlel coils
transmitting smultaneoudy made it possible to deduce both position and orientation of a
tag dong the axis of the cails, with the added bonus of shaping the magnetic fidd linesto
be more pardld to the axis and uniform in densty. Known as Hmholtz coils we
decided to design afully three-dimensiond tag reading system around this principle.

Using acubicd frame with coils wound around each face and six of our swept-
frequency tag reader boards, we multiplexed the signasin order to run each pair of facing
coilsdternately. The uniformity of the interaction produced was encouraging, athough
careful tuning was necessary to achieve the best results. Using a single object with three
orthogond coils was generdly the most reliable way to continuoudy recelve data across dl
sx degrees of kinematic freedom. Datawas taken and produced excellent results, even
without the addition of acdibration or fitting agorithm, and a smple grephicd tag
tracking gpplication was written for demondiration purposes.

Our sx-coil tag reader isawork in progress, and numerous improvements to the
current system remain to be investigated. Beyond that, future improvements can come
from redesigns of the entire system and will be discussed in the next section
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6.5. Futuredirectionsand applications

All of our systems met basic expectations and demonstrated the feagibility of thelr
underlying concepts for application to tangible interfaces. However, many small
Improvements can be made to the systems as they stand now, as well as more fundamenta
redesigns which would enable gpplications of much greater scope than currently possible.

Both the ringdown tag reader and the swept-frequency tag reader have decent
transmit range and receive sengtivity now, but additiona work in this area would involve
finding higher-quaity components and tuning the resonances more carefully in order to
optimize the efficiency of the tranamit and receive sections, and possibly exploring other
dternatives for tag detection beyond inductive bridges. With some effort, both systems
could potentialy be adapted to much bigger coils and read areas than the 1-2 foot range we
have now, with the possibility of encompassing an entire physical desktop area or perhaps
even alarger, person-scae space. This would most benefit multiple-coil geometries like
the six-coil system, as larger coils would increase the size of the cube and make the frame
itself less of an obstruction for desktop interaction.

The swept-frequency tag reader would aso benefit from the addition of a multi-
point dynamicaly-sampled basdine for the purposes of determining the threshold above
which atag is detected and reported. The gtatic basdine currently in useis necessarily
limited by frequencies in the range with higher noise susceptibility or distorted basdines
from dispersve bridge imbalances. Sampling each point of the basdline on system sartup
would enable tags at less noisy frequencies and at suppressed baselines to be detected at
greater range.

Also for the swept-frequency reader, algorithms to compensate for temperature-
related frequency drift would be helpful in increasing the gahility of the sysem. The host
computer would smply need to receive frequency measurements from the reader board
and adjust subsequently reported tag positions accordingly. Note however that tags near
the high and low extremes of the frequency range may drift out of range dtogether, and
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compensation agorithms cannot improve this without the addition of a feedback loop
directly between the microcomputer and the voltage controlling the oscilletor.

Findly, in order to redize the full potentid of the six-coil reader, afit agorithm for
the data would alow the precison of the reader to yield excellent accuracy in three
dimensions. With the addition of such afit dgorithm, the reader could drive al sorts of
tangible interfaces, and the list of possible gpplications could even grow well beyond what
is possible just on a desktop.

On the smple end of tangible interfaces, the common everyday mouse as used
today could be adapted to a three-dimensiond version, with clicks detectable (and in a
continuous manner as well) by tying the mouse “buttons’ to changes in tag resonant
frequencies. More naturdly, using any of the tag readers described, common desktop
objects could be moved around and monitored by the computer. In less computer-related
environments, for instance, a kitchen countertop with a series of tagged cooking utensils or
supplies could observe the location and presence of particular objects and furthermore use
resonant frequency distortions to sense the quantity of materid present in a container (e.g.
as mentioned in Chapter 1).

The previous chapter aso observed that the fully three-dimensiond nature of the
gx-coil system enablesit to serve as not only a desktop- scae interface with the ability to
track an object being moved throughout space, but rings worn on the fingers of a hand
could be tracked in red time, enabling an interaction Smilar to that of virtud-redity
gloves. Even with aframe of the Sze we currently use, asort of “virtud wetbox” can be
generated in this manner, in which the insertion and position of the user’s hand within the
cubical frame can be reflected in an onscreen representation. As ared wetbox involves
fixed gloves between a user and a hazardous manipulable environment in which the user
cannot be physicaly present, this virtua equivaent could provide smilar interactions with
a computer-generated modd.

Furthermore, just as the “wetbox” limits mobility, the cubicd frame presentsa
amilar difficulty. However, the optimizations described above cregte the possibility that
the frame can be enlarged to the point that its presence is negligible from a usability
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sandpoint. Even with the frame in place, the ability to track fingers without ether the
wires or the power sources of current active tracking systems, or the occlusion that
happens with current vision-based tracking, has substantia application-dependent
advantages, with the frame nicely defining the interaction volume.

Other gpplications for such a system include mation capture, which isan
increasngly important aspect of computer graphics, medicine, and other fidds. This has
smilar requirements (red-time, continuous, etc.) to those of tangible interfaces, except that
the dataiis typicaly streamed and recorded for later use and andyss instead of immediate
interaction. Placing tags on a subject’ s hand, arm, or other body part that can be immersed
within the coil area would alow the tracking of that part in rea-time, to be andyzed or
converted to other data by a computer. With alarger coil Size, alarger part of abody could
be encompassed, and could thus provide a smpler dternative to the type of motion-capture
currently being offered by companies such as Polhemus?® whose predominantly wired
active magnetic tracking systems have set a standard for motion capture.

Even further over the horizon, the principles of the Sx-coil reader, given sufficient
refinement, could be used to underlie medica technologies capable of tracking not only
body parts, but internd organsaswell. Thisraisesthe possbility of usng smdl tags,
injectable via biopsy needle, onto the surface of an internad organ in order to watch its
movement in real time. For ingance, cancerous tumors on the surface of organs that move
around, such as lungs, force radiation therapy to use relaively diffuse beamsfor trestment,
in order to ensure that the tumor is struck, but this kills much more tissue than necessary.?°
The gpplication of atracking system such as an improved six-coil reader would enable the
beam of radiation to be more tightly focused on the exact tumor Ste, thusincreasing
efficiency and decreasing danger to surrounding tissue.

Multiple improvements would have to be made to the multi-coil tag reader
technology, but in ardatively controlled RF environment, the needs of increased
sengtivity, larger coils, and smdler tags could be attained with further development.
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6.6. Closng

We have investigated variations on two types of magnetic tag readers, and our
results show that applying these kinds of systems to tangible desktop interfaces can be
done chegply and efficiently, and so common usage of such systems might not be that far
off. A plethoraof applicationsis actualy made possible by these principles, some as
smple and straightforward as three-dimensiond computer mice, and others perhaps as far-
reeching as large-scale motion capture and cancer therapy.

Our primary hope, though, is Imply that as computer technology matures further,
interfaces will trangt from the direct and literal mouse-and-keyboard paradigm currently in
use to encompass awider variety of interactions, potentidly including everyday objects
being moved around intuitively. Incorporating these abilities could make computers easier
and more naturd to use, and may lead to their seamless integration in many aspects of life
not currently computerized. The tag readers we described could be instrumenta in
providing these capabilities, and so we encourage future research in interface devel opment

to congder these projects as viable foundations for such work.
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