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Flatland Tracking System Review
Dr Adam (Ad) Spiers of Haunted Pliers

This documentdescribes the work carried out by Adam Spiers of Haunted Pliers on determining an
appropriatelocalisationsystem for use in the Nesfanded project Flatland. This work was conducted
between Februarg July 2014 at Yale University.
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Introduction
In this section | will describe the proposed Flatland experience. This will frame the requirements of the
localisationsystem.

Flatland is a proposed immersive theatre experience that will make upergbnal haptic navigation
devicedo guide audience members aroundgpace These two terms will now be defined.

The personal haptic navigation devices (known Fkedter ashaptic cevice$ are proposed to be hand

held or wearable devices that will communicate navigation cues to the user with touch sensations.
These sensations may involve vibration, change in shape or change in center of mass. Navigation cues
may be such informationsatheir proximity to a target in the space or the direction they should walk in

to reach a targetln our previous work, the haptic lotus served the role of the haptic navigation device.
The haptic lotus is a handheld device that expanded as an indivaghpabached target areas in the
space.

Figurel - The Haptic Lotus A HapticNavigation Device used in The Question (2010)

The space is expected to be an indoor, dark or pitch black area which is large enough to be explored on
foot. The space will contain several areas of interest (the contents of which are to be decided by the
LINE 2SO0 Qa 0 NdBitiod th Endpty &ré&ab betiveen these areas. The space is expected to have
up to 8 people in it at any time. The dimensionstled space were not specified at the start of the
project as this was known to be dependent on available technology and has been one of the outcomes
of the tracking system investigations.

In order for the haptic devices to present navigation cues to the iisaust know 2 things:

1. Where the user is in the space
2. Where the target is in the space
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For the haptic device to know where the user is in space we will ndedatisationsystem This is a
piece of technology that tells us where something is. For thgtibalevice to know where the target is,
we can rely on a map of the space and software that we will write to interpret this map.

This is very similar to how a satellite navigation system works on a c&la8at smartphone. In these

cases the location of the user is determined by the device receiving signals from Satellites and using a
street map to locate the target and calculate a route. Unfortunately for us, satellites signals cannot be
reliably received idoors, meaning that we must use an alternative technology to locate our users in
space.

The purpose of this research has been to determine an appropriate technology to achieve this goal.
Luckily, we are not the only people interested in indtaralisation and many companies and research
groups have attempted to address this problem over the last few decades. Unlike GPS (Global
positioning systemg, those systemsthat use satellitesand work outdoory progress of this field has

been slow, problematic anldlas not resulted in a single commercially viable solution.

b2dS GKIFG ¢S KIFI@S faz2 0SSy daAiAy3a GKS GSN¥Y WiNI O
hoping to track the location of the users over time.

The Question localis ation system

In our (Etant, the Open University and Adam Spiers) haptic navigation / immersive theatre production,
WeKS vdzSaldAz2yQr o6dzRISG FyR GAYS O2 ipcalisatibnadystama SR
based on infraed light. Though this system fulfiled many the above requirements, it was time
consuming to set up and gave poor okgion of approximately 2 mees, with only a maximum of 8

stages of proximity to any target. In addition, the system was incapable to identifying individuals or
remembering whicltareas had already been visited. This was a conscious sacrifice between function and
robustness, due to the known lack of a technical presence on site during the final 2 week performance.

Figure2: One of approximately forty custm built infra-red beacons used as tHecalisationsystem in The Question
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Localisation System Requirements
Some requirements of thimcalsation system

Can work indoors

Will not compromise the dark space of the Flatland installation

Is within the project ¢chnical budget (approximately 20K after other expenses)
If wearable, is small and light enough to be worn by users

Has an accuracy suitable enough for navigation in a room size environment
Has the ability to identify individuals

Has the ability to remembeareas that individuals have already visited.

=A =4 =4 =4 -4 A A

What follows is my identification, analysis and where appropriate, testing of a numbdecalkation
systemsn order to find the most appropriate solution for Flatland.

Position and Orientation

The motion of a body in the world is defined by two sets of
parameters, position and orientation. Position refers to
where an object is in a space while orientation refers to
which wgy to it is facing.

These concepts are important for understanding the
constraints of differentocalsation systemsas many systems Z; 1
provide only one of these parametershe ability to provide \<ﬁ
navigation information is determined by which of these Xa

parameters is available. Figure3: The two ceordinate frames in this

image are displaced by both position and
In The Question thdocalsation system did not provide orientation

orientation information. This was fine as our navigation
system communicated only the proximity of the audience member tiarget area, which worked
independently of orientation.

Position of the audience member is essential for navigation in our application. Orientation information is
desirable but not essential.

Tracking system Technology Review

While Mobike Phones and autoobile Sat Nav devicesly on Satellite Navigation and, more recently in
the case of Google Maps, ambient mobile communication network signaturesduoelocalisation the
technology that forms the backbone of indolmcalisationsystems is much more viad, with the best
solution to this problem still yet to be determined.
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Magnetic Technology
al 3ySGAO0 (NI O1Ay3a GSOKy2f238 NBfeé SAGKSNI 2y GKS ¢
fields in order to determine the orientation and / or pdeit of an object.

Magnetometer

Traditional compasses aid navigation by informing a person of their orientation with regard to the

S I NJdn&gedic field, and therefore North Polslagnetometer are electronic devices that provide this

same function. Thoudga compass alone cannot tell a persoherethey are in the world, it can tell

0KSY 6KAOK gl & GKSNBE IINB Tl OAy3a:x gKAOK OFy 06S @
knowing in which general direction they must travel to approach a target.

Many d the localisation technologies under investigation provided only position information, so
magnetometers were investigated as a method of adding orientation information to Rather than
being alocalsation technology in themselves, magnetometers cavide orientation information to
localisationsystems that can only feedback position information.

Two magnetometers were tested for their ability and robustness:

1. The magnetometer built into the-®SC wireless embedded platfoqiX-OSC has been used as
the embedded platform during haptic device development on Flatland.
2. A Sparkfunitt compensated magnetomete$40

Figure4: Sparkfun tilt compensated magnetometdireakout board

The Sparkfutompass provided better results due to its native combination with an accelerometer and
Arduino library support to integrate sensor values, allowing magnetic north to be recognized even when
0KS RS@OAOS AayQi KSt R f Sglle die2to tiiekh&ndh&ld madurk o dhe & dzNJF |
proposed haptic device. The Sparkfun compass interfaces via tlwat@@unicationgrotocol, which is

not supported by Y0SC, making the two devices unfortunately incompatitbleay be possible to use

the Sparkfuralgorithm on XOSC hardware, though this has yet to be tested.
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Note that magnetometers are very small devices (a few mm or cm across) but are often mounted on
larger electronic circuit boards as part of an electronics packélgey are also just a comporteand
need to be connected to other equipment that can interpret and relay their data.

X-OSC boardttp://www.x -io.co.uk/products/xosc/

Sparkfun tilt compensated magnetometéittps://www.sparkfun.com/products/retired/10888

Sixense STEM

STEM webpagéttp://sixense.com/wireless

The STEM is a kickstarter funded indtmralisationtechnology intended fovideo gaming. The system
works byusing a base station to generate seveadificial magnetic fields in Cartesian axes. Magnetic
field sensos (similar to magnetometers), located in handheld or wearable dedetst these artificial

fields andusing properties unique to each field, is able to localize itself in the field. The STEM system is
able to support 5 sensors per base station, providing position and orientation for each sensor. Though
STEM intend several sensotshie used by a single individual (to track the position of the hands, head
and torso for a virtual reality sword fighting game for example) the intended use for Flatland would have
involved giving each audience member a sensor and tracking their ovesélbpaand orientation in the
space.

Each base station has a sensing diameter ebbé The sensing area of the system may be extended by
connecting up to three base stations together.

A major benefit of magnetitocalisationtechnology is that there iao necessity of maintaining line of
sight between the base station and the sensors. However, the magnetic field may become distorted
around ferrous materials.

At the time of research the STEM system was available feonpler, with an expected shippirdate of

early July. Due to the high Kickstarter interest in this technology it was expected that thesedpred

systems would quickly sell qugo two base stations anthree wearablesensors were prerdered for

$495 As the STEM programming interfage§ Y0 61 a LINBYAASR G2 0SS O2YLN
previous magnetidocalisationtechnology,the RazerHydrg it was decidedto also purchasea Razer

Hydrato evaluate the cpabilities of this technology while waiting for the STEM to arrive.

Unfortunately in late April, Sixsense announced that STEM shipping would now be delayed until October
2014, which is too late for the project timeline.


http://www.x-io.co.uk/products/x-osc/
https://www.sparkfun.com/products/retired/10888
http://sixense.com/wireless
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Figure5: STEM base station, wearable sensors and handheld sensors / cdsitsol

Razer Hydra

Razer Hydra websit@itp://sixense.com/razerhydra

The Razer hydra is a gaming controller that uses similar technology to the STEM. However, the Razer
hydra controllers are connected to thebe by wires. Thesgiresare approximately 1.5megs long.

The Razer Hydra is also designed as a video game controller where the position and orientation of the
two handles can be tracked by the program at very high speed and accuracy. The handlestigg&ai
buttons and joysticks to permit them to be used in a variety of video game scenarios. One scenario may
involve the controllers each acting as a gun, that the user can aim in a realistic way.

Testing of the Razer Hydra involved using the devel§d{ (the same as would be used on the STEM)
to evaluate the position and orientaticsccuracy objectively (i.e. not by playing a video game). This was
deemed to be very good, with accuracy in the rangmilimetres. Orientation errors appeared when

the metal frame of a workbench were placed between the base station and sensors.

In addition, testing the hydra showed that the system is very easy to set up. It is simply placed at table
height in the centre of the workspace and connected to the PC, viBachi8e. Calibration simply
involves placing the controllers on the base station when the system is switched on.

The Razer Hydra gave the impression that the STEM system should be an accurate and reliable
localisationsystem option. In discussions withethest of the Flatland team following the presentation

of my research in May, the range of the STEM was deemed to be too small for use in the Flatland
installation. It may however be useful for future demonstrations of the technology, or minimal, touring
versions of thegproduction.


http://sixense.com/razerhydra
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Figure6: Razer Hydra wired magnetlocalisation system

Bluetooth LE Technology

Bluetooth LE (Low Energy) is a recently introduced Bluetooth standard, primarily desighechforg

mobile devices in commercial environments such as shopping malls and department stores. Bluetooth
LE is the technology behind iBeacon, an apple standasdalso known as Bluetooth 4.

Themajor intendeduse case of Bluetooth LE is focation basedargeted marketing, particularly in the

case of iBeacons. The basic concept being that a consumer with a recent iPhone receives adverts and
coupons on their mobile device based on their location in a department store or mall. Location is
determined by the mbile device, which acknowledges the signal strength of Bluetooth signal
transmitters (beacons)placed around the mall. Each transmitter has a unique ID number which is
recognized by the device and corresponded to a table of such numbers in a marketing app.

Note that Bluetooth LE is designad a proximity measuring systeprimarily to determine only that a
O2yadzySNRa Y20AftS RSGAOS Aa Lb{L59 2NJ b9!w | 02y
orientation of that consumer inside that space. In otwesrds, the phone knows it is inside a room, but

not where in the room it is.

It was hoped however that by using the strength of signals from several beacons spaced around a room,
it would be possibldi 2 dz&S GNRAF y3dzE | GA2Yy G20 twd dithéndondl this,inkK S LIK 2
addition to overall Bluetooth LE reliability and accuracy was tested during this research.
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Bluetooth LE Smartphone Test Platform

Bluetooth LE is currently supported only on a small number of recent apple and android smartphones.
Some Android equipment has the hardware to support Bluetooth LE, but the firmware of the device has
not yet enabled this feature, or has enabled it in a limited way. This was the case with Samsung S3 and
Note 8.0 devices, where at the time of testing thamsung version of the Android operating system had
not been updated to the version required for enabling BluetoothTtieugh the Motorola Moto X was
considered as an affordable (£100) Bluetooth 4 enabled phone for testing use, it apparently suffered
from WiFi connectivity issues when using Bluetooth 4, which would have caused problems later if we
decided to adopt these technologies simultaneously. The Google Nexus 7 or iPhone 5 were both
recommended as options that would work out of the box, but these higgh associated price tags,
considering the relatively fundamental nature of the required testing.

To circumvent this problem a second hand Motorola Droid RAZR Maxx was purdbadsd and
rooted then further modifiedto dual boot into the stock Motoral operating system in addition to the
unofficial 2 LISy & Gyaabgerlo®®perating system. This operating system was then modified
further with patches to enable Bluetooth LE functionality and create a test platform for this technology.

I —
“MOTOROLA

- -

c,yanoge"“”d

Figure7: Second Hand Motorola RAZR Droid Maxx, modifieith Cyanogen Modperating systento permit Bluetooth LE
testing without the need to purchase an expensive smartphone

10
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iBeacon (RadBeacon USBby Radius)

RadBeacon product sitattp://www.radiusnetworks.com/ibeacon/radbeacon/

.

Figure8: RadBeacon USB from Radius Networks

A USB powered iBeacon was purchased from Radius Networks to investigateximity reporting
capability of iBeacons, which had mixed reviews in online literature reviews. Generally consumers
reported iBeaconlocalisationto be poor. Often it seemed that proximity detection to a particular
beacon was only given within accurac#$Hm. My testing certainly seemed to reflect tlais the below
illustrations, using the iBeacon Locator app by Radius demonstrated. After calibrating the app to the
signal srength of the iBeacon at 1 met (measured using the tape shown in the picturiejnoved the
phone to a number of set distances to take measurements and determine accuracy. Unfortunately, at
any measurements less tharOmetres, this measuren@ appeared as quite arbitraryt was often the

case that moving closer to the beacon proddeelarger distance measure. Testing was done in a room
free from other computers and other Bluetooth devices (a scan of the area determined this prior to
testing).

iBeacons are designed to determine when consumers are in a shop or area of a shop. For that
application this level of accuracy is appropriate, however, for our application the accuracy is far from
substantial.

11
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Another use casdor Bluetooth LEhas been created by the company stiekind, where coin size
lightweight battery powered BluetoothEemitters can be @iached to items, such as keysa App on a

mobile phonethen reports the signal strength of these beacons to allow a user tcauBkietooth LE
smartphone to determine the object location by warnileg around an area, trying to get the signal to
AYONBIFaSd LG Aa Ffaz Laeadybéatos calshg itdgifEsh and Siaking dld G 2
beeping noise. Once again, this is in order to locate lost items in the home, such as keys or. a wallet

Figure9: A stick'n'find beacon and proximity app

¢KS avlfft aAl S yR t2¢g O02aiG 2F GKS adGA01 QY QFAYR
production with two possible usage scenarios:

1. The user would carry a smartphoiey’ G KSANI LI2O1SG YR aS@SNIt ai
placed around the installation space. The phone would triangulate posidodsuse a WiFi
connection to communicate witlan external navigation system, which would-aalinate the
haptic devices.

2.1 Aa0AO01QYQFAYR 0SIH02y g2ddZ R 6S t20FGSR AyaiARrRSs
readers (possibly even smartphones) fixed in place in the installation space would
simultaneously measure signstirengthsof the various beaconand an overall sysm would
attempt to estimate the position of the devices through triangulation.

C2dzNJ aGAO01 QY QF Ay R fad $1D0@rd yedted dsiny.tbe dodoaddrkappi(hiRh reports
the proximity of one beacon at a time) and a developer app (which provigealsstrength on multiple
beacons), which required signing of a adisclosure agreement. The developer app had to be compiled
and uploaded to our smartphone test platform.

12
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The consumer app seemed to act well at first, though signal strength was foubd &xponential,
meaning accuracy decreased with distance from the beacon. As time went on, certain beacons became
more difficult to connect to. Often a beacon was reported as out of range when itnMastless than

10cm from the phone.

The developerapg & G SaiSR o6& LI IFOAYy3d adAO0]l QyQFAYyR o0SI 02
and then in the corners of four room#n the corridor case it was found that the beacons required

placing within approximately 5m of each other for more than one beacohe registered at a time

(necessary for triangulation). Even then, the signal strength vs proximity profiles were not equal across
different beacons, making triangulation impossible without individual beacon calibration. In the room
scenario the colleetd data (signal strength of all beacons, measured at a number of locations) did not
correspond well to beacon proximity.

P FAGSNI dSadAay3a { GA Olocaisaisnbptidh duk itodhe Pobrarepéatddility,Riccliracy |
and reliability. Indeed Blueoth LE was also abandoned due to inappropriate levels of accuracy for our
application.

Note that iBeacons triangulation is also occasionally supported as part ofddéksation as discussed
in the following section.

13



FlatlandLocalsation system reviewg Haunted Pliers

WiFi localisation

A number of canpanies are currently using ambient WiFi networks as a method of localizing
smartphonesor other WiFi enabled device§he idea is that existing WiFi networks emit a signal in a
given strength pattern with a particular identifi@router MAC address)nmany environments (such as

a shopping mall or Universituilding there are several WiFi networks which overlap. By taking

readings of the WiFi signals at different locations on a map, it is possible to map out the shape of these
networks across the magpater, an app may use the signal strength and MAC addresses of currently
sensed WiFi signals to pinpoint a user on a map.

An appealing part of this process is tmaie-existingWiFi networks may be usddr localisation

meaning that little additional h@ware is required to create lacalisationsystem.In addition, due to

the nature of WiFilocalisationof devices may occur over an entire building. This would facilitate use of
the haptic technology in a large cultural space, such as the Tate Mobmoretically it would be

possible to localize devices over any WiFi network (in Yale, the public network extends across the whole
campus with only a few gaps in service) though the software solutions tested could only map one
building at a time.

This techntogy was investigated via the following commersialutions:

Indoo.rs

Indoo.rs provided a free trial of their software favapping the WiFi networks one building and then
using this map on a smartphone / tabl&igurel0shows the signal strength of one of approximately 50
WiFi networks in my building in Yale. Readings are taken by connecting a smartphone or tablet to a
laptop PC running the Indoo.rs software andrihraoving the setup to different locations in the building.
At each location WiFi signals are collected for approximately 10 secbinidsnap is uploaded to a

cloud server. Mobile devices that attempt to use the mapléoalisationthen download the maprém

the server into an Indoo.rs app.

14
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Figurel0: The signal strength of one of the mapped WiFi networks in my building at Yale.

The white circles in this figure show places where readings were taken. This is an early sciaesashot
experiment that eventually included over 50 readings. Additional readings are also taken by walking
through the space along pretermined routes.

Thelocalisationaccuracy of the Indoo.rs software running independently on android mobile devices (a
smartphone and tablet) was surprisingly good, approximately 1m in best cases, while 4m at worst.
However, a significant problem was encountered in system latency. This is a measure of the time
required by the system to determine the location of an individidis was on average around 10

seconds. Though this may not necessarily be considered a problem for a pedestrian, looking at a screen
as inFigurell and can see thahe map has not yet updated, it is far too slow for someone who is being
guided by a haptic device in Flatland. In fact when walking at a steady pace, one ctwouagk

several rooms before thiocalisationsystem has had time to catch up.

Indoo.rs wee contacted about this latency issue but apparently this is standard in the software.

Navizon

Navizon provided a very similar solution to indoo.rs with the major difference that calculations for the
localisationalgorithm are performed by a cloud basedearrather than on the mobile device. This
apparently would reduce latency consideralilye received a free trial licea for Navizon due to my
association with Yale University.

A similar set up process of mapping the WiFI networks in the building wasaegthough the user
interface was notably worse than Indoo.rs, so this took longer and was more prone to error.

15
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Though latency was reduced to 5 seconds, the accuracy was not as good as with the Indoo.rs solution. In
addition, during testing there was aifure of the Navizon cloud server which led to highly erroneous
localisation as illustrated ifFigurel3

Figurell: Indoo.rslocalisationrunning on a Samsung Tabldtocalisationuncertainty is shown by the circle around the blue
dot. The circle is approximately 3nmidiameter.

16:2
Navizon

Buddy update

Level 0: Dunham_Ground_Public

Figurel2: Smartphone screengrashowing measurement points. Due to a cloud server failure the phone (red dot) has been
located outside of the building.

16
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) Mathematics 24
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Map data ©2014 Google 5m L——o Terms of Use Report a map error

Markers: Size: b Opacity (0-1): 06 Border. 0.2 Update
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Figurel3: Navizon server interfaceshowing measurement points as circles and wireless access points on the right. MAC
addresses have been hidden to protect Yale security.

SenionLab

SenionLab offered a solution that combined WiErlisationwith use of smartphone MEMS technology
(acceleroneter, magnetometer) and optional iBeacon integration for what was claimed to be a latency

free localisaton solution. The company is quite new, being recently founded by several individuals who
recently achieved PhDs in this area. | spoke to an enginertfie company at length. Though

measurements in the space were still required by us, processing of this data was completed at the

O2YLI yeQa 2FFAOS Ay 2NRSNI i dnte@sSingSaND0G Buroliicgawad JLINE LINR
required to test the stution, followed by further liceoe fees for use. After the poor reliability of the

previous two companies, we decided against this solution.

17



FlatlandLocalgation system review Haunted Pliers

Radio Frequency

Radio Frequency technology is udsdseveral Industrial gradecalisationsystemsThe products

identified during this research were manufactured by Ubisense and Zebra. As a Ubisense system was
already available at Yale and better priced, | decided to investigate that option.

Ubisense
http://www.ubisense.net/en/index.html

Ubisense is a radio frequency technology that utilizes ultrawideband (UWB) radio positioning
technology. Small tags, called Ubitags are attached to objects or carried / worn by people. These tags,
which contain a 2 gar battery, emit radio signals that are detected by a number of sensors, typically
four. Two or more sensors combine their measurements via triangulation (as in the Bluetooth LE
scenario) to determine the position of Ubisensors. Ubisense systems areusigehfor the tracking of
inventory items in industrial spaces or academic research in laboratories, where the tags are affixed to
people or equipment, such as mobile robots.

A Ubisense system already exists in the computer science department of Yalaramgirdy research |

was able to gain access to this system avith the help of a PhD student based in that l&st how

easy it was to set up, as my assistant had heard of colleagues who had struggled with the setup
procedure. Several delays were appatin due to my emails to Ubisense support being accidently
classed as spam, though the Yale support contract had not been renewed for several years which
explained the lack of prompt response.

Overall the system seemed plausible to set up within half a Bagition accuracy of thiecalisation
system is a maximum of 15cm, though this decreases with the presence of radio signal distorting
materials and size of the workspace to be tracked. The maximum workspace is 40m x 40m.

Figurel4: Components of a UbiSense Package

The tags are lightweight and though they are too big to fit inside the haptic devices, it should be possible
for users to wear them on a wrist strap, arm strap or attach them to a belt.

18
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Due to the nature of this projeécand the staff involve, we qualify for an academic discount on a
Ubisense RTLS (Real tilnealisationsystem) package, which is priced as $12,500 rather than $15,000.
This price includes two days of training for one person (my technical assistant) atkthaffice in
Cambridge in addition to a site survey by a Ubisense engineer.

Other technologies
For completeness of this report, the following technologies have been inclwdedeasons why they
were not included in testing.

Optical Systems

During my PhO made extensive use of a VICON passive optical tracking systany. people are
familiar with these systems as the technology behind Hollywood CGI characters whose movements are
related to real actors.

Figurel5: A Vicon Motio Capture SystemThe red glowing points are the illuminators attached to cameras. Markers may
be seen on the actor's body.

Though providing sub mm position accuracy (far in excess of what is required for this project). The
system was discounted for two reasons:

1. Costg The systems start at approximately $60,000

2. Lightg The system works by reflecting infrared light from passive ball shaped markers, attached
to the body of participants or other rigid objects. This light isblyisred and emitted from
approximately 7 cameras that must be mounted to cover the space.

19









