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Chapter 1

Introduction

1.1 Context

Technical lighting in all live event contexts is seeing a quick progression towards increas-
ingly automated systems. The last 10 years have seen the widespread adoption of LED

colour changing fixtures® [1], as well as more recently intelligent fixtures?.

Intelligent fixtures are really versatile, allowing for its various parameters (e.g. focus®,
zoom, iris, gobo?, prism) to be controlled and recalled remotely. They are incredibly
valuable during the production process, saving a lot of time and rig® space not having
to refocus® or add multiple conventional fixtures” - one fixture can be used to light
various areas in lots of different ways. They also allow for much more complicated effects,

enhancing the quality of live events. [2]

Followspots are a special fixture type, designed to allow an operator to manually track
actors smoothly around the stage. They are mainly used to provide targeted front light,

guiding the audience exactly where to look. [3]

Unfortunately, each followspot requires an individual operator to be physically controlling
it at all times which limits the number locations they can be rigged®, often resulting in

unideal directions of light which create distracting and unflattering shadows.

Recently, larger venues have adopted automated systems to replace the traditional fol-

!Fixture: lighting instrument

Intelligent fixture: light with the ability to change parameters other than its colour and intensity
3Focus (noun): the direction a light is pointing

4Gobo: metal cutout placed in front of the light to project a pattern on the stage

°Rig (noun): a structure above the stage and audience used to hold lights

6To focus (verb): the act of changing where a light is pointing

"Conventional fixtures: lighting fixture with only intensity controllable

8To rig (verb): the process of hanging, positioning and setting up a light



lowspot, with the first step being a remotely controlled operation system. Systems such
as the Robe® Robospot " allow for real-time tracking of performers, using a camera feed
and joystick-based input mapped to a moving light?. Not only do these provide a much
safer operation, they also allow lights to be rigged in inaccessible locations as well as
control multiple different lighting fixtures at once, creating a more pleasing look whilst

only highlighting the performer. [4]

Figure 1.1: Robe® Robospot'" remote follow spot system.
While such remote control systems are incredibly versatile, they still require an operator
for each performer.

Completely automated systems remove the need for an operator, tracking performers
without any external input required. Currently, the three main systems in use by venues
are the FOLLOW-ME Track-iT [5], Zactrack® [6], and ClayPaky Buddylight [7] systems.

All consist of three key components (with slight variation in naming):

« Server - Rack-mountable computer, responsible for data computation, routing, and

distribution
e Anchors - Located at known points around the venue
o Tags - Compact and lightweight, worn by the target

To perform the tracking, Ultra-Wideband (UWB) technology is used, which will be the

method this project uses.

9Moving light: intelligent fixture with pan and tilt (moving) capabilities



The main barrier to entry with such products is their high price, so this project aims to

create similar tracking system, at a competitive price.

Figure 1.2: Zactrack system, featuring (left to right): anchor, set tracker, actor trackers

[6]

1.2 Objectives

To determine the success of the project and aid in the design, the following are the key

criteria the system should meet.
1. Reliable, stable system
2. Spacial deviation of £20cm
3. Low cost compared to other systems on the market
4. Made with consumer parts only
5. Integrate smoothly into a common theatrical system (see Section 1.3)
6. Work on any moving light
7. No operator required

8. Simple User Interface (UI)

1.3 Auditorium Infrastructure

o ETC Eos Family Lighting Console [8]
o Simple production network with a layer 3 switch!®

« Patch panels'! at various points around the building (include power, RJ45)

O ayer 3 switch: network switch which allows network segmentation into VLANs (Virtual Local Area
Networks), QoS (Quality of Service) and intelligent packet forwarding
HUPatch panels: connectors terminating in the server room allowing for routing between any two



Chapter 2

Product Design Research

2.1 Positioning Technology

This project requires a specialised positioning system! called a RTLS (real-time locating
system), the core of the product being built. If the RTLS is unreliable or inaccurate, the

errors will affect the whole project. [9]

2.1.1 RTLS Criteria

Factor Reason

Area covered Needs to be able to cover the entire venue
Accuracy Target always needs to be lit

Environmental noise Needs to cope with reflections off set elements and

turbulence within the venue

Line of sight Needs to be able to be hidden under clothing

Signal Attenuation Needs to be reliable from behind clothing/set

Latency + update speed | Needs to keep up with the target

Table 2.1: Important RTLS factors

2.1.2 Distance Estimation Techniques

Distance estimation between the trackers and anchors is a key part of the system, being

the main input to the position estimation algorithm. [11]

IPositioning system: determines the location of an object / person within a space



Time on Arrival (ToA)

ToA measures the time taken for a signal to travel from transmitter the receiver. Given

that the signal travels at a known speed, the distance can be calculated as:

d=v-t (2.1)

where:
e d is the distance,
o v is the speed of the signal through air,
o tis the measured time of arrival.

d
Transmitter® - ®Receiver
Signal

Figure 2.1: Time on Arrival (ToA) principle

ToA requires the clock on all devices to be synchronized - any errors in this will cause
imprecise readings.
Time Difference on Arrival (TDoA)

TDoA relies on the difference in arrival times of a signal at multiple receivers. The

equation for TDoA can be expressed as:

oy —dy

(%

At

(2.2)

where:
o At is the time difference,
e dy and ds are the distances to the two different receivers,
o t is the speed of the signal through air.

TDoA eliminates the need for synchronised clocks between anchors and trackers, however

still requires for the anchors’ clocks to be kept in time.

Received Signal Strength Indicator (RSSI)

RSSI estimates distance based on the strength of the received signal. The signal strength

decreases with distance according to the path loss model [10]:
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Transmitter®: _
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Figure 2.2: Time Difference on Arrival (TDoA) principle

P, = P, — 10nlog,(d)

where:

e P, is the received power,

P, is the transmitted power,

n is the path loss exponent,

d is the distance.

Weakening Signal
Tracker®@--------------------------- ® Anchor

Figure 2.3: Received Signal Strength Indicator (RSSI) principle

Time of Flight (ToF)

(2.3)

ToF measures how long it takes for a signal to be sent from a single anchor to a tracker and

returned. Given that the signal travels at a known speed, the distance can be calculated

as:

="
2

where:

e d is the distance,

(2.4)



o v is the speed of the signal,
e tis the measured time of the total round trip.

This method only relies on one device to perform the timing, which eliminates the errors

introduced from having to synchronise clocks between multiple devices.

2.1.3 Position Estimation Techniques

Inertial Sensing / Dead Reckoning

Inertial sensing / dead reckoning uses data from accelerometers and gyroscopes to track

changes in position over time.

Estimated Position
4.1 ms~2,030°

1.2 ms™2,045°

Start 0.9 ms—2,132°

Figure 2.4: Dead Reckoning trajectory with accelerometer/gyroscope readings
In this method, errors accumulate over time, requiring periodic correction using external
references.

Multilateration

Multilateration determines the position of the tracker based on at least three distance
readings between the tracker and anchors around the tracking area. The possible locus?

for the tracker based off a singular anchor can be given by the following formula:

di = /(2 — 22 + (y - 1)? (2.5)
where:
e d is the distance between the anchor and tracker
e (z1,y1) is the known centre of the anchor
o (z,y) are the possible locations for the tracker

You can then find the intersection between the three circles by setting all the equations

equal to each other. This calculates the coordinates of the tracker.

2Locus: a curve or other shape made by all the points satisfying a particular equation of the relation
between the coordinates, or by a point, line, or moving surface



Tracker (Estimated Position)
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Figure 2.5: Multilateration with three transmitters

2.1.4 Local Positioning Technologies

This section outlines the various mediums available to which we can apply different

position estimation technologies. [11]

Pros and cons

Technology | Method Pros Cons
Wi-Fi and | RSSI, time-of-flight, or | Simple to im- | Low accuracy, negatively
Bluetooth angle-on-arrival from | plement with | impacted by interference
multiple access points pre-existing
infrastructure
Ultra- Short, high-frequency | Very precise, low | Requires dedicated in-
Wideband pulses and precise time- | latency frastructure, higher cost
(UWB) of-flight measurements compared to others
Infrared (IR) | Camera measures posi- | Cheap Requires  line-of-sight,
tion of IR signal sensitive  to  ambient

lighting conditions

Acoustic (ul- | Time-of-flight of sound Sensitive to noise, tem-
trasound) waves between anchors perature and air currents
and trackers

Table 2.2: LPS Pros and Cons

2.1.5 Conclusion

Following the research into the various RTLS methods, it was decided to use multilater-

ation via time of flight measurements from ultra-wideband.



Technology Accuracy | Reliability| Latency Range Cost

Wi-Fi 2-10m Medium Medium 20-50m | Low

BLE 1-5m Medium Low 10-30m | Low

UWB 10 - 30 ecm | High Very Low | 10-30m | Medium

Infrared <1lm Low (LOS | Low 1-5m Very Low
only)

Ultrasound 5-20cm | Medium Medium 3-10m Low

Table 2.3: Comparison of LPS Specifications

2.2 Cartesian-Spherical coordinate conversion

Moving lights are controlled using pan (horizontal rotation - azimuth) and tilt (vertical

rotation - elevation) angles, which define a direction in 3D space. To calculate what the

nates is:

where:

« P is the pan (elevation), measured from the z-axis to the xy-plane.

x = cos(T) - sin(P)

y = sin(T)

z = cos(T) - cos(P)

o T is the tilt (azimuth), measured from the horizontal xy-plane.

Elevatibn

Zenith 90°

A

South 180'&@

East 90°

Figure 2.6: Pan/Tilt diagram

North ¢
»-

light is pointing at, these angles must be converted into a Cartesian direction vector.

Assuming a unit vector, the conversion from spherical coordinates to Cartesian coordi-
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These vectors can then be intersected with the estimated position of the tracker resulting

in the light pointing at the performer.

These values will however be calculated by the lighting desk, with the tracking system

feeding in just the cartesian coordinates.

2.3 ETC Eos Lighting Desk Interface Protocols

The ETC Eos family consoles support a variety of control and communication protocols.
[8] For the purpose of feeding real-time pan/tilt position data into the console—such
as from a tracking system for automated followspot control—some methods are more

suitable than others.

2.3.1 DMX-512 (Digital Multiplex)

Unidirectional serial communication protocol used for direct control of lights (outputted
by the lighting console). A DMX merge could be used between the tracking system and
lighting console, however would be very complicated to setup and difficult to troubleshoot.
[12]

2.3.2 sACN (Streaming ACN) / Art-Net

sACN/Art-Net are protocols for transmitting DMX over a local area network (LAN). Has
the same drawbacks as DMX above. [13]

2.3.3 OSC (Open Sound Control)

OSC allows control of any feature of the lighting console over a network. For example
making a request to /eos/chan/1/param/xfocus=5 sets the x value of channel 1 to 5
meters. [14]

OSC is very easy to interface with and commands are in plain English so easier to write
and debug. [15]

2.3.4 Conclusion

It was decided to use OSC due to its ease to implement and the ability to directly control

console features.



Chapter 3

Hardware Design

3.1 Tracker and Anchors

The trackers and anchors have two main hardware components, the micro-controller and

the radio transceiver module.

3.1.1 Radio Transceiver

The radio transceiver is responsible for performing the ToF /TDoA measurements. The
DW series of chips are well-regarded for their high accuracy UWB ranging capabilities
and low power consumption. [16] The DWM1000 encapsulates the DW1000 chip with
all the necessary RF components, handling the RF layout, power regulation and antenna
design. [17] As such, the DWM1000 UWB module was chosen as the radio transceiver.

On-hoard
Pawer
Management

__________________________________________

On-board :
Artenna |
I

|
! ANALOGRECEVER [ e | POWER MANAGEMENT H 28V
: 1 DC/DC — 3.SEU\F;’p|§C
! 1 3 |
| FLL/ CLOCK GENERATOR | l—> HOSTINTERFACEf 5P € SPIF ::> Smé:r?a”:re”‘

1

! 1

1 i 4 :

: T On-hoard
| —

: ANALDG TRANSMTTER 4] [¢—— STATE CONTROLLER = Crystal and

1

|

1

DIGITAL TRANSCEIVER

Clock

M anagement

[
DW10001C !
P et 1

DWM1000

High Level Block Diagram

Figure 3.1: DWM1000 High Level Block Diagram [17]

The following pins are required to be connected to communicate with the DWM1000.
[18][19]

11
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Pin Function

VCC | 3V3 external supply

GND Common ground
MISO | SPI! data output
MOSI SPI data input

SCK SPI clock
CS SPI chip select
RST Reset

IRQ Interrupt request

Table 3.1: DWM1000 Pinout Requirements [17][18]

3.1.2 Micro-controller

Purpose

The micro-controllers are responsible for controlling the DWM1000 module as well as

sending the distances to the server.

Tracker

For the trackers, the XIAO SAMD21 from Seeed Technology was chosen. [20]

Very small - ideal for being worn

Built in USB-C port for power and to flash firmware
SPI port for interfacing with the DWM1000

Works at 3.3V, the nominal voltage for the DWM1000

Supports the Arduino devleopment platform, allowing for the use of a pre-written

library to interface with the module

Figure 3.2: XIAO SAMD21 micro-controller from Seeed Technology [20]
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Anchor

A different micro-controller was chosen for the anchors, the ESP32-POE from Olimex.
This board shares very similar feature as the XIAO SAMD21, with the key addition of
the ethernet port. This allows for fast communication with the server, minimising any
latency. The ethernet port also has the added advantage of being able to supply POEZ2.
[21]

Figure 3.3: ESP32-POE from Olimex [21]

3.2 Server

For the server, a Raspberry Pi SBC? was chosen - a small, powerful, cost effective com-
puter. It has ethernet connectivity for low latency communication, and allows for future

expandability with additional input/outputs available. [22]

2POE: power over ethernet, with a compatible network switch ethernet and power is achieved over
the same connection
3SBC: single-board computer

Figure 3.4: Raspberry Pi 5 [22]



Chapter 4

Software Design

4.1 Firmware

Firmware for both the trackers and anchors were written using the Arduino development
platform. The Arduino-DW1000 library by Thotro was adapted to interface with the
DWM1000 module. [23]

An asymmetric ranging method was utilised to overcome the difference in processing time
occuring as a result of heterogeneous micro-controllers being used for the trackers and
anchors. [24]

Troundz

-tﬁ

Figure 4.1: Asymmetric Double-Side Two-Way Ranging [25]

1. Tag (A) sends a poll message to the anchor (B) and records the transmit timestamp

1

2. The anchor receives the poll and replies with a response message after a fixed delay

time. The tag records the receive timestamp t, when it gets the response.

14
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3. The tag sends a final message back to the anchor also sending t,ouna1 and t,epiya-

This then allows the anchor to calculate the T;,¢

To allow for a single tag to range with multiple anchors, the Arduino-DW1000 library
was adapted to support MAC address filtering, with a round robin scheduling algorithm

allotting each anchor a time slice.

4.1.1 Anchor

The anchors also had the added requirement of transmitting the distance readings back
to the server. This was done via POST requests to the server, with the anchorld, tagld
and distance being passed through as JSON®. [26]

W POST /update_distance
ESP32 Anchor J ‘ Server
Content-Type: iapplication/json

1
( N

{

"anchorId": 2,

"tagId": 1,
"distance": 5.26

}

. J

Figure 4.2: POST request to /update_distance endpoint with JSON data

Unfortunately, the ethernet module on the ESP32 used up the primary SPI bus, which
required the Arduino-DW1000 library (which only natively supports the default SPI pins)
to be adapted to allow for custom SPI pins. [21]

4.2 Backend

The API? is being hosted via a simple Flask® server with only one route /update_distance.
[27]

From there, it then calculates the estimated Cartesian coordinates of the trackers using
trilaterion. Due to the slight noise in the distance readings, the least squares regression

algorithm is used to find the best-fitting solution to the set of trilateration equations. It

1JSON: JavaScript Object Notation

2 API: application programming interface, set of rules and specifications that enables different software
applications to communicate and exchange data

3Flask: a small and lightweight Python web framework that provides useful tools and features that
make creating web applications
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does this by minimizing the sum of squared differences (residuals) between the loci of the
equations and the predicted values. [28]

The DWM1000 module produces noisy distance readings, so to combat this, a Kalman
filter is used to smooth out the readings. [29][30]

J'.x

= = original coordinate
= sensor's readings
=== filtered by Kalman

Figure 4.3: Kalman filter [31]

For communication with the lighting console, the package python-osc handles the net-
work requests. [32]

Whilst the position data could just be directly applied to the desired moving light(s), a
more versatile method is used by applying the position data to a SEM*, then setting a
FP5 to follow the SEM. This way, the FP can be dynamically applied to any number of

moving lights, and can be programmed into the existing cue playback system within Eos.
33]

4.3 Frontend

The frontend is an electron app which allows the user to monitor system status, view a

real time visualiser for the trackers’ locations and configure various parameters about the

4SEM: scenic element moveable, virtual channel within ETC Eos
5Focus palette: preset which holds moving light position data
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system.

® Tracker and Beacon Manager

Beacon Properties

Trackers
MName:

T 1 (FF:00:00:01) [ Anchor 3
Address:
Tracker 2 (FF:00:00:02) FEOT00
; = -00:00-03

Position:
5
Interactive Plot 0
i
Beacons
[ Locate § |

| Locate § F
Anchor 1 (FE:00:00:01) [0, 0, 0]
o

Anchor 2 (FE:00:00:02) [0, 5, 0]

Figure 4.4: User Interface

Figure 4.5: ETC Eos Visualiser



Chapter 5

Testing and Analysis

To test and analyse the efficacy of the project, we will reference the original design criteria.

5.1 Reliable, stable system

Throughout testing, on the whole, the system was relatively reliable. Unfortunately
the CPU in the anchor’s ESP32 occasionally stalled, causing the device to restart. The
restart process takes under a second, so only a slight pause is experienced. The round
robin algorithm waits for the anchor to respond before polling the next anchor, so stalling
in one causes all the others to pause distance readings. The algorithm could have been

amended to move onto the next anchor after a time out.

5.2 Spacial deviation of £20cm

To evaluate whether the system is always within £20cm of the actual position, a series
of distance measurements were taken at known locations. A graph has been plotted to
show the results. The measured distances have had a constant offset applied to match the

actual distance. As you can see, all the readings are within 20cm of the actual distance.

5.3 Low cost compared to other systems available

The following are the the BOMs! per tracker and anchor.

At a minimum, you require three anchors and one tracker. This comes out to a total of

£151.82. This price is incredibly low compared to a Zactrack Pro [6] or similar systems,

IBOM: bill of material

18
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Figure 5.1: Distance vs Measure Distance

DWM1000 £21.38
Olimex ESP32-POE | £19.90
Total £41.28

Table 5.1: BOM per anchor

DWM1000 £21.38
Seeed XTAO SAMD 21 | £6.60
Total £27.98

Table 5.2: BOM per tracker

1.2

19

which cost around £700 per tracker and £5000 per anchor, with large additional costs

for the server.
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5.4 Made with consumer parts only

The parts used in the project are widely available, such as from DigiKey?.

5.5 Integrate smoothly into a common system

The project smoothly integrates with the common system described in Section 1.3, har-

nessing the pre-existing cue system.

5.6 Work on any moving light

Provided the moving light contains FPE? data within ETC Eos, the tracker can be applied

to any moving light.

5.7 No operator required

Following the initial setup, no operator is required. The tracker mappings follow the

existing cue system.

5.8 Simple User Interface (UI)

The user interface is very visual and self-explanatory, being simple to use. This makes it

appropriate for users with any level of expertise.

2DigiKey: one of the largest electronics components distributors
3FPE: fixture position estimation



Chapter 6

Conclusion

In conclusion, the effectiveness of an automatic follow spot tracking system can be de-
scribed as quite effective. Whilst the issues in reliability can cause the beam on fast

moving targets to slightly deviate, the majority of the time the target is fully in the light.

In the future, the project would benefit from improving its reliability (e.g. prevent the
CPU from stalling), as well as the potential for adding more than 3 anchors for redundancy
and to improve accuracy. Whilst the system was only tested with one tracker, multiple

trackers could be added to track multiple targets simultaneously.

21
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