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Abstract

Faculty of Science

Department of Statistics
Masters in Data Science

Designing an event display for the Transition Radiation Detector in ALICE

by Sameshan Perumal

We document here a successful design study for an event display focused on the Tran-
sition Radiation Detector (TRD) within A Large Ion Collider Experiment (ALICE) at
the European Organisation for Nuclear Research (CERN). Reviews of the fields of par-
ticle physics and visualisation are presented to motivate formally designing this dis-
play for two different audiences.

We formulate a methodology, based on successful design studies in similar fields, that
involves experimental physicists in the design process as domain experts. An iterative
approach incorporating in-person interviews is used to define a series of visual com-
ponents applying best practices from literature. Interactive event display prototypes
are evaluated with potential users, and refined using elicited feedback.

The primary artefact is a portable, functional, effective, validated event display — a
series of case studies evaluate its use by both scientists and the general public. We
further document use cases for, and hindrances preventing, the adoption of event dis-
plays, and propose novel data visualisations of experimental particle physics data.

We also define a flexible intermediate JSON data format suitable for web-based dis-
plays, and a generic task to convert historical data to this format. This collection of
artefacts can guide the design of future event displays.

Our work makes the case for a greater use of high quality data visualisation in particle
physics, across a broad spectrum of possible users, and provides a framework for the
ongoing development of web-based event displays of TRD data.


HTTPS://WWW.UCT.AC.ZA
https://stats.uct.ac.za
https://stats.uct.ac.za

ii

Acknowledgements

To my wife Priya, for her love and support in a time of academia.
To my mother Magendri, for more than I could ever express.
To Delisha and Marlan, steadfast sibling supporters.

To my supervisors, Tom for enabling an experience of a lifetime, and Michelle for
unlocking the power of the visual.

To Niyaaz, for setting me on this path.

For my son Avinash, proof that dad wasn’t always so boring.



Contents

1 Introduction

1.1 Problemstatement . .. .. .. ... .. ... ... ... ... ..
1.2 AIMS . . . . e e e
13 Approach. . ... ... ... .. ...
14 Contribution . . . . . . . . ...
1.5 Structure . . . . . . . . .. e e

Experimental particle physics

21 Abriefhistory . . . .. ...
211 Buildingblocks . . . .. ... o oo oo
2.1.2 Forces, fields and mediating particles . . . . ... ... ... ...
21.3 Hierarchyof matter. . . . . ... .. ... ... ... .......
2.1.4 Thefinal frontier . . . ... ... ... ... ... ... ..
215 Amneedforspeed . ... ... ... ... L
21.6 Aninvisibleassault. . . ... .. ... ... ... ... ... ...,
22 Toolsofthetrade . .. ... ... ... . . . ... .. ...
221 The Large Hadron Collider (LHC) . . . ... ... ... .. ....
2.2.2 A Large Ion Collider Experiment (ALICE) . .. ..........
2.2.3  The Transition Radiation Detector (TRD) . ... ... ... .. ..
224 Reconstruction . ... .. .. .. ... ... ... e
225 Many hands make lightwork . . . . ... ... ... ..., ...
2.3 Thedigitaltool-belt . . . . . ... ... ... .. o
231 ROOT . . . . e e
232 AliRoot. . . . . . . e
233 AliEve . . . . ..
234 JSRoot . . . . ..
235 Run3framework . . . ... ... ... . ...

Visualising scientific data

3.1 Whyvisualiseatall? . ... ... ........ ... ... . ... ...,
3.2 Applicability to experimental particle physics . . . . . .. ... ... ...
3.3 Designing visualisations . . . . .. ... ... .. .. 00 0oL
331 Axesofdesign . ....... ... ... ... ..
3.3.2 Navigating the solutionspace . . . . .. ... .. ... .......
3.3.3 Visualisation principles . . ... ... ... ... ... .. .....
3.4 Validationand evaluation . . .. .. .. ... ... ... ... ... ...
3.5 Review of existing particle data visualisations . . . ... ... ... ...
3.5.1 Particle trajectories . . . . . ... ... oo L
3.5.2 Multipleviews . ... ... ... ... L o
3.5.3 Thethird dimension . ... ... ...................
354 Rawdata. ... .. ... ... ... ... . L

355 Summary . ... ... ...



4 Methodology: a plan of attack

41 Areviewofdesigntheory . ... .. ... ... .. .. ... .. ... ...
41.1 Design studies for scientists . . . . . . ... ... L0 L
412 Thedesignerstoolbox . ... ................. .. ..

42 Previouswork . . . . . ... e

43 Expectedoutcomes . .. ... ... ... L L L L L

44 Approach. ... ... .. ... ..
441 Foundationalstage . . ... ... ... ................
442 Designstage . . ... ... ... ... oo
443 Tterationone . . . . . . . . . . . .. . e e
444 Tterationtwo. . . . . . . . . . e
445 Iterationthree . . . . . . . . . . . ... ... ... .

5 Results: fruits of our labour

5.1 Alpha prototype: Iterationone . . ... ... .. ... .. ... ......
5.1.1 Initial interview themes . . . . ... ... ... ... .......
51.2 Scopedefinition . . . . ... ... L oo
51.3 Componentdefinition . . . ... .. .. ... ... .. ... ....
514 Implementation . ... ... ............... .. .....
515 Feedbacksummary . ... ... ... ... ... .. ... ......
5.1.6 Reflectionsontheprocess . . . ... .................
5.2 Beta prototype: Iterationtwo . . . ... ... oL oo oL
52.1 Secondary interview themes . . .. .. ... .. ... ... .. ..
522 Revisedscope . . ... ... . ... .. ...
523 New and updated components . . . . .. .. ... . ... ...
524 Implementationdetails . ... ........... .. ... .. ..
525 PFeedbacksummary . . .. ... ... ... ... ... ... ...
52.6 Reflectionsontheprocess . . ... ... ... ... .. .......
5.3 Final prototype: Iterationthree . . . .. ... ... ... ... . ......
531 CERNOpenDays . ..........................
532 Finaldesign . ... ... ... ... .. .. .. L o
53.3 Implementationdetails . . ... .......... .. ... .. ..
534 Casestudy demonstrations . . . ... ... ... ... .......
54 Personalreflections . . .. ... ... ... .. L L oL

6 Conclusions

6.1 Futurework . . . . . . . . . .. e
6.1.1 Integration with ALICE software ecosystem . ... ........
6.12 Higherdatavolumes . . . . .. ... ... ..............
6.1.3 Interactive visualisations . . ... ... . ... ... ........
6.1.4 Exploration of animation . ... ............ .. .....
6.1.5 Outreach . . . . . . . . . ..

A Initial interview structure
B Summary of variables

C Data wrangling

D Implementation details

Bibliography

iv

35
35
35
36
38
39
39
40
40
40
44
45

47
47
47
50
51
55
56
58
59
59
60
61
66
68
69
69
69
70
73
76
77

79
80
80
80
80
81
81

82

84

85

89

97



List of Figures

21
2.2
2.3
24
2.5
2.6
2.7
2.8
29
2.10
211

3.1
3.2
3.3
34
3.5
3.6
3.7
3.8
3.9

4.1

51
52
5.3
54
5.5
5.6
5.7
5.8
5.9
5.10
5.11
5.12
5.13
5.14
5.15
5.16
5.17
5.18
5.19

Elementary particles . . . ... ... ... ... ... . L 6
LHC schematicview . . ... ... ... ... ... ... ... ....... 10
LHCIlongtermplan. . . . ... ... ... ... ... .. ... ... 11
LHC interactionpoints . . . . .. ... .................... 12
ALICE schematicview . . . . ... ... .. ... ... ... ... 13
TRD chamber cross-section . . ... ... ... ............... 14
Bethe curveenergyloss. . . . ... .. ... ... ... .. L. 15
Transition radiation energy deposition . . . . . . ... ... ... ... .. 16
ALICE interior view . . . . . . ... ... Lo 17
TRD online processing . . . . . ... ... ... .. ... .. .. 18
TRD offline processing . . . . . .. ... .. ... ... .. ... .. ... 19
Review: Cross-sectional view comparison . . . . ... ... ... ... .. 28
Review: Custom supermodule display . . . . . ... .. ... .. ..... 29
Review: Layer and stack arrangement . . . . . ... ... ... ...... 29
Review: Control room view . . . ... ... ... .. ... .. ....... 30
Review: AliEve customdisplay . . . .. ................... 31
Review: Pb-ion collision . . . . .. .. ... ... ... ... ... ... 31
Review: JSRoot 3D display . . . . ... ...... ... ... .. ..... 31
Review: padsanddata . . . . ... ........ ... ... .. ... 32
Review: Time-bindual view . . . . .. ... ... .............. 33
Design study overview . . . . ... ... ... L L L 41
Iteration one: navigation components . . . . ... ... .. ... ... .. 51
Iteration one: tracklet components . . . .. ... ... ... 0L 52
Iteration one: track components . . . . . . ... ... oL oL 54
Iteration one: novel 2D components . . . . .. ... ... L 55
Iteration one: alpha prototype . . . . . . ... .. ... ... L. 56
Iteration two: navigation components . . . . ... ... ... ... ... 62
Iteration two: sector components . . . . ... ... ... 63
Iteration two: sector components . . . ... ... ... ... L. 64
Iteration two: time-bin component . . . . .. ... ... o0 65
Iteration two: charge deposition component . . . . . . ... ... ... .. 66
Iteration two: beta prototype . . . . . .. ... oo oo 67
CERNopendaysstand . . . .. ... ..................... 70
Iteration three: 3D display event selection . . . . ... ... ... ... .. 71
Iteration three: 3D display track selection . . . . ... ... ... ..... 71
Iteration three: sector componentstates . . . . . ... ... ... .. ... 71
Iteration three: supermodule component states . . . . . ... ... .. .. 72
Iteration three: detail components . . . . ... ............... 73
Iteration three: legend . . . . ... ... ... .. ... .. ... L. 73

Iteration three: time-bin component . . . . .. .. ... ... .. ... .. 74



5.20
521

D.1
D.2
D.3
D.4
D.5
D.6
D.7

vi

Iteration three: text component . . . . ... ... ... ... ... 74
Iteration three: final prototype . . . . . .. ... ... ... ... .. ... 75
Digits view: attempt1 . . . . ... .. ... ... ... . L. 91
Digits view: attempt2 . . . . . ... ... oo o 91
Digits view: attempt3 . . . . ... ... ..o Lo o 92
Digits view: animation . . . . . ... .. ... ... 0oL 93
Large view: alpha prototype. . . . . ... ....... ... .. ..... 94
Large view: beta prototype. . . . . ... ... . oo L 95

Large view: final prototype. . . . . .. ... ... ... ... ... 96



vii

List of Abbreviations

ADC Analogue to Digital Conversion
ALICE A Large Ion Collider Experiment
ALIEN ALICE Environment

ATLAS A Toroidal LHC Apparatus
CAD Computer Aided Design

CERN  European Organisation for Nuclear Research
CMS Compact Muon Solenoid

CcTP Central Trigger Processor

DAQ Data Acquisition System

DCS Detector Control System

ESD Event Summary Data

FEE Front End Electronics

FPGA  Field Programmable Gate Array
GTU Global Tracking Unit

GUI Graphical User Interface

HTML  Hyper-text Markup Language
ITS Inner Tracking System

JSON  Javascript Object Notation

LHC Large Hadron Collider

LHCb  LHC-beauty

LS2 Long Shutdown 2

MWPC Multi-wire Proportional Chamber
PDE Primary Domain Expert

PID Particle Identification

QCD Quantum Chromodynamics
QGP Quark Gluon Plasma

SVG Scalable Vector Graphics

TPC Time Projection Chamber

TRD Transition Radiation Detector
UCT University of Cape Town



1 Introduction

Particle physics aims to understand the behaviour of matter at the smallest possible
scales. Research in this field has historically been split between theorists (who seek
mathematical models explaining or predicting observed behaviour) and experimen-
talists (who seek to produce and detect exotic states of matter that either confirm or
confound theory).

The primary tool of the experimentalist is the particle accelerator, which collides
beams of massive charged particles together at ever higher energies. These collision
events produce showers of new, often exotic, particles. These particles pass through
sophisticated detectors, purpose-built electronic devices which register these transits
as sequences of electronic signals. The statistical analysis of these signals is the
backbone of experimental physics, and a large and powerful software ecosystem is
continuously developed and updated to efficiently enable this.

1.1 Problem statement

In the continuing search for new physics, experimentalists have steadily increased
both the energy and luminosity1 of these collisions, creating ever more data. The Large
Hadron Collider (LHC) at the European Organisation for Nuclear Research (CERN)
is the largest particle accelerator in the world, and produces proton and heavy-ion
collisions that are studied by ALICE (A Large Ion Collider Experiment).

Physicists visualise this event data to verify expected behaviour, identify anomalous
data, or explain important results. They often use simple visualisations, typically 1 or
2-dimensional histograms as well as line or bar graphs. More complex visualisation is
handled by event displays, visual representations of both raw and reconstructed data
from a collision.

ALICE is currently being upgraded to significantly increase the quantity of data it
records during Run 3 of the LHC. Existing event displays must be modified to support
Run 3 data, and none specifically focus on the operation of the Transition Radiation
Detector (TRD) within ALICE. These displays often have a steep learning curve, a high
barrier to entry, or are tightly bound to a specific environment.

1.2 Aims

The field of visualisation has made great strides in parallel with the data-centric focus
of modern innovation. There now exists significant literature presenting approaches,
principles and heuristics for building effective visualisations of complex data that
clearly communicate important information to the viewer. The design study is one

! A measure of the particle density of the beam, which is related to the collision rate within the accel-
erator.
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such approach which combines interviews with potential users, and prototype-based
discussion and feedback, to design user-centric visualisations for a given domain. We
aim to apply this knowledge to design and prototype a simple, portable, user-friendly
event display, focused on the TRD, that can support the display of Run 3 data.

The primary audience for this display is experimental physicists with a specific in-
terest in the operation of the TRD and the resultant data. Their familiarity with the
physical concepts underlying the operation of the TRD allows for more focused inter-
views with motivated participants. This audience would also be able to meaningfully
critique the physical validity of visual representations, and suggest potential improve-
ments.

The secondary audience is the general public with no knowledge of particle physics,
with whom CERN conducts outreach and education activities. Visual appeal, clarity
of information and a simple interface are more important than fidelity in such scenar-
ios. This may conflict with the needs of the primary audience, but our expectation is
that appropriate design choices can allow the initial single prototype to be easily cus-
tomised for a different audience. We chose to focus on the primary audience for initial
prototypes, with the secondary audience addressed once a robust and functional pro-
totype was complete.

1.3 Approach

We apply a design study methodology to prototype an event display focused on the
TRD within ALICE. As pre-requisites we review the fields of particle physics (in order
to meaningfully converse with scientists) and visualisation (to identify best-practices
to apply). Existing event displays are then critically analysed to identify successful
ideas that can be built upon, and shortcomings that can be addressed. We then formu-
late a methodology based on successful design studies conducted in both physics and
related scientific fields.

Our iterative approach involves potential users from a range of backgrounds and ex-
pertise. In each iteration, we summarise the themes of in-person interviews to scope
and define a series of visual components. We then apply best practices for visualisa-
tion from literature to create interactive prototypes that demonstrate their functions.
These prototypes are critically evaluated with new and existing users, and their feed-
back is used to refine the design of the next iteration.

1.4 Contribution

We document here our chosen methodology based around collaborative, user-centric
design, as well as some of the use cases for event displays, and the hindrances pre-
venting their adoption and use. We also propose novel data visualisations that pro-
vide new ways of understanding raw and reconstructed data from the TRD. These
are combined into the primary artefact of this process, a functional and effective event
display. A series of case studies then evaluate its use by both scientists and the general
public.
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A secondary artefact is a generic software tool” to prepare both raw and reconstructed
data from Run 2 of the LHC for use in the event display. With the resulting docu-
mentation and tools, we hope to make the case for a greater use of high quality data
visualisation in particle physics, across a broad spectrum of possible users.

1.5 Structure

Chapter 2 is a review of the field of experimental particle physics. We briefly sum-
marise the historical development of the field, before documenting the hardware and
software that is central to its modern application. Chapter 3 is a review of the field of
visualisation, beginning with a definition of the field and its relevance to experimen-
tal particle physics. This is followed by a discussion of guidelines from literature for
designing and evaluating visualisations, and a critical evaluation of existing visuali-
sations.

Chapter 4 introduces the design study and reviews successful uses from literature. We
then state the expected outcomes of this work, and outline our approach that uses our
design study methodology to create a functional, effective, validated event display.
The results of the design study are documented in Chapter 5, along with personal
reflections on the process. Our conclusions are presented in Chapter 6 along with a
discussion of potential directions for future work.

The interview template used in the study is reproduced in Appendix A, and the def-
initions of physical variables we reference appears in Appendix B. Details of the data
formats defined in this work, and the manipulation required to conform to them, ap-
pear in Appendix C. Details relating to the implementation of the various prototypes
are discussed in Appendix D.

2Implemented in C++ within the AliRoot framework.



2 Experimental particle physics

2.1 A brief history

The field of physics investigates how our world works. Particle physics focuses on
the study of what constitutes matter (the building blocks) and the rules governing
its behaviour (the four fundamental forces). The developments discussed below were
the result of collaborative work between many scientists, but the figures most publicly
associated with each step are named for simplicity.

2.1.1 Building blocks

Over centuries our model of what constitutes matter has been progressively refined
by a succession of philosophers and scientists. The original Greek idea of indivisible
atoms' was ignored for centuries until John Dalton in 1803 proposed that all matter
was composed of indivisible atoms, the solid sphere model. ].J. Thomson’s discovery
of electrons (¢ ) in 1904 expanded this into a plum pudding model, where negatively
charged electrons are distributed uniformly through a positively charged sphere.
Ernest Rutherford’s experiments with alpha particles showed that the positive charge
within an atom had to be tightly confined within a central nucleus, leading to the
nuclear model. Niels Bohr proposed the planetary model in 1913, where electrons are
confined to specific orbits around the nucleus within quantised energy levels. The
work of Erwin Schrédinger and others around 1926 finally led to the modern accepted
quantum model of the atom, in which the position of electron clouds are described
probabilistically as orbitals within an atom.

2.1.2 Forces, fields and mediating particles

Understanding the nature of matter only explains what the world is made of. To un-
derstand how it works, we need a model that explains the interactions between matter.
Throughout history people have experienced many apparently different types of in-
teractions that were explained in a variety of ways. Our understanding of these inter-
actions developed alongside our deepening understanding of the building blocks of
matter. Each proposed explanation sought to generalise disparate behaviours under a
single unified theory, a goal which has not yet been achieved.

The current scientific consensus identifies four fundamental forces that are responsible
for the state and evolution of our universe over time:

¢ Gravity describes the attractive force between massive objects.

¢ Electromagnetism is a theory that unifies the electric force (which describes the
attractive or repulsive force between charged objects) with the magnetic force
(which describes the interaction between charged particles in motion).

Latom derives from the Greek atomos meaning ‘indivisible’.
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e The Weak interaction describes beta-decay, which allows neutrons to decay into
protons (and vice-versa, under certain conditions) and release a beta-particle
(electron) in the process.

e The Strong interaction explains both, how the component quarks of nucleons
in an atom are bound together, as well as how neutrons and protons are bound
together in atomic nuclei’.

The four forces each have an associated field that permeates space and is responsible
for the effects associated with that force. Forces and fields are related by mediating
particles that transmit a force between objects in a field. The Standard Model of physics
is a single theory that unifies three of these forces (Electromagnetism, Strong and Weak
interactions).

2.1.3 Hierarchy of matter

As discussed previously, our model of the atom has been refined over time into our
current picture of a nucleus of protons and neutrons, surrounded by orbital clouds of
electrons. This is not the end of the story however. Quantum mechanics is the study
of matter at the subatomic level, where the Standard Model explains the interactions
between electrons, protons, neutrons, as well as the atoms formed by these particles.

Quantum electrodynamics introduced the photon () to explain the wave-particle du-
ality of light as another fundamental particle, alongside the mediating particles from
the fundamental forces. The companion theory of quantum chromodynamics has
revealed that protons and neutrons are themselves constructed of quark53 bound to-
gether by gluons.

This leads us to our current list of elementary particles, from which all other matter is
ultimately constructed, as illustrated in Figure 2.1. Combinations of quarks together
with binding gluons form hadrons. The most recognisable hadrons are the neutron
(one up and two down quarks) and proton (two up and one down quark), which to-
gether with the electron (an elementary lepton) form atoms, which we see through
photons (an elementary boson). Atoms combine to form molecules of increasing com-
plexity, and both exist in varying states of decreasingly ordered structure (solid, liquid,
gas, plasma) to form what we know and experience on earth.

A fifth state of matter existed in the earliest moments of our universe, shortly after the
Big Bang. Our best models suggest that this period was dominated by an incredibly
hot and dense soup of matter known as the Quark-Gluon Plasma (QGP). In this state
quarks and gluons are free to move and interact — in contrast to their usual confine-
ment in hadrons — alongside electrons and photons. This deconfinement is a direct
consequence of the very high temperature within the QGP (~ 175MeV or ~ 10K
[31]), which is more than 100 000 times the internal temperature of the sun. As this
fireball cools down, free quarks can bind together into unstable particles that are rarely
found in nature. Understanding these particles and their evolution into more stable
forms of matter can provide us deeper insights into the early universe.

2This contrasts with the expectation that the electrostatic forces between a collection of tightly packed,
positively charged protons would cause them to violently repel each other.
3Which in turn can be differentiated according to: spin; charge; colour; matter vs anti-matter.



Chapter 2. Experimental particle physics 6

Standard Model of Elementary Particles + Gravity

three generations of matter interactions / force carriers
(fermions) (bosons)
I Il 0
mass | =2.2 MeV/c? =1.28 Gevic? =173.1 Gev/cz 0 =124.97 GeVic? 0
charge ¥ s s 0 0 0
spin % u % C 1% t 1 y 0 H 2 G
up charm top gluon higgs graviton
=4.7 Mevic? =96 Mewv/c? =4,18 GeVic? 0
¥ ¥ ¥ 0
down strange bottom photon

=0.511 Mev/c? =105.66 MeV/c? =1.7768 GeVic? =91.19 Gev/c?
-1 -1 -1 0

. @I @O @Il @

electron muon tau Z boson

<2.2evic? <0.17 MeVv/c? <18.2 Mev/c? =80.39 GeV/c?

0 0 0 *1
" - .V "/ . W
electron muon tau

. . . W boson
neutrino neutrino neutrino

FIGURE 2.1: Categorisation of elementary particles into
Bosons and Fermions [28].

2.1.4 The final frontier

Although the Standard Model has been validated in every experimental test con-
ducted, there remain unanswered questions within the field. The most fundamental
of these is the aforementioned search for a unified theory that combines the discrete,
probabilistic theory of quantum mechanics at the subatomic scale with the continuous,
deterministic theory of special relativity and gravity at the macroscopic scale. The evi-
dence for the existence of dark matter [86] and dark energy [68] raises questions about
both their nature and behaviour.

The discovery of the Higgs Boson in 2018 at CERN by the ATLAS and CMS collabora-
tions [1] further validated the predictions of the Standard Model, but also reignited the
search for the missing mediators of the gravitational force, the hypothetical graviton.
More pragmatically, experimental physicists are constantly attempting to increase the
precision of our measurements of known fundamental and derived constants. Observ-
ing, measuring and understanding particle interactions and the resultant products is
the realm of Particle Physics.

2.1.5 A need for speed

Particle physics involves observation and measurement at almost unimaginable
scales. Atomic nucleus radii are of the order of ~ 10™°m across, while individual
quarks are point-like particles with an upper limit on their size of ~ 10""®m. Ex-
perimental particle physicists probe the nature of matter in much the same way an
overenthusiastic child might seek to understand the contents of a pifiata: break it
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apart with a stick; observe the pieces that remain; and work backwards to deduce the
original state.

The pifata in this analogy are the various particles of matter discussed previously,
both fundamental (electrons, photons, quarks) and composite (protons, neutrons,
atoms). Rather than use a stick, however, they collide bunches of pifiatas (particles)
together to observe the outcome. This can occur naturally due to the interaction of
cosmic rays with the earth’s atmosphere, or artificially through the use of particle
accelerators. The more energetic the collision, the greater the candy bounty — or more
prosaically the more numerous and exotic the matter that is ejected from the collision.

Cosmic rays, particles originating from cataclysmic events in deep space, provide a
natural source of such collisions. They enter the earth’s atmosphere at close to the
speed of light, and the subsequent collisions can be many orders of magnitude more
energetic (~ 1 X 10 eV) than anything we are currently capable of producing in a
controlled manner; however these events are very rare and unpredictable.

Particle accelerators are machines constructed to accelerate beams of particles to pre-
cisely controlled energies before colliding them in a repeatable manner. The earlier
electrostatic accelerators have been superseded by electromagnetic accelerators which
are now the mainstay of modern particle physics [75]. Modern accelerators are dif-
ferentiated primarily by their geometry (linear or circular), the maximum energy they
are able to achieve, and their maximum luminosity.

1
L LN

oo dt 21)

The luminosity of a particle accelerator quantifies the rate of events (N) measured in
an area over time (t), and is defined by Equation 2.1. ¢ is the cross-section of the colli-
sion, an estimate of the probability of a collision when two beams cross. The integral
of luminosity over time (L;,;) is an important design parameter that all particle accel-
erators aim to maximise as a way to increase the volume of data generated and subse-

2

quently analysed. The LHC reached a maximum luminosity of 2.1 x 10** cm 257! for

proton-proton collisions on 5 May 2018 [17].

2.1.6 An invisible assault

Physical principles decree that observation requires interaction, hence it is not possible
to directly observe these collisions. Experimental physicists instead rely on particle
detectors to observe the candy4 that spills out, and then rewind time to reconstruct
the sequence of events that occurred in the collision. These observations can then be
used to either test an existing theory, or provide evidence for interactions that require
the development of new theoretical models.

2.1.6.1 Searching for suspects

Theoretical physicists propose a variety of theories that can describe the evolution
of a collision. Experimental physicists then analyse collision data to search for evi-
dence that supports or contradicts theory. The raw collision data from detectors is

“The particles created in the collision.
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reconstructed into a series of tracks, each of which represents a single detected par-
ticle. Tracks can then be analysed at varying levels of detail, using a series of filters’
to focus on aspects of the collision that are deemed important. The most common
measurements required for each track are: position; momentum; and identity.

The position of the initial interaction at the start of the collision® is important in estab-
lishing a reference point relative to which all subsequent interactions occur. Secondary
vertices are positions at which produced particles subsequently interact or decay, pro-
ducing yet more particles. All positions are measured in 3-dimensional coordinates,
with an optional fourth coordinate for the time.

The momentum of a particle (p) is a measure of both its inertial (rest) mass (1) and
its velocity (v), given by:

mov
P = —— = YMmyv
V1 —vz/c2
1
7:72 (2.2)
1-p

where c is the speed of light in a vacuum and v and 8 are commonly defined kinematic
variables that are useful in relativistic calculations (see Table B.1).

The principle of conservation of momentum guarantees that the sum of momenta for
all particles in a given collision (initial and secondary) is zero, in the centre-of-mass
reference frame for the collision. Combined with the principle of conservation of en-
ergy7, physicists are then able to determine the invariant mass® and velocity of indi-
vidual particles that are not otherwise identifiable.

The ultimate goal of this model is to identify the particles involved. The electrical
charge and invariant mass is generally sufficient to determine precisely what a particle
is. This in turn is required to compare and validate the observed evolution of the
collision against theoretical expectations.

2.1.6.2 Collision scene investigation

Detectors of different types specialise in measuring different attributes of particles.
The choice of detector is motivated by a range of factors, most notably: cost; complex-
ity; and performance. Modern experiments use a variety of detectors, each with their
own performance and detection characteristics, to build a more complete picture of
the collision and subsequent interactions than any single detector could on its own.
Particle detectors are arranged around the point at which the counter-rotating beams
intersect, to capture as much information as possible about the interactions that occur,
and the particles that are created.

5Comrnonly referred to as cuts by particle physicists.

6Physicists refer to this as the primary interaction or primary vertex.
"The initial collision energy is a parameter of the accelerator.

8 Also known as the inertial or rest mass.
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Many experiments maintain a strong, constant magnetic field in their interior volume
parallel to the direction of the particle beams. This field applies a force to charged
particles emitted in the collision, perpendicular to the direction of travel. This re-
sults in charged particles travelling in a helix, with direction of curvature determined
by whether the particle is positively or negatively charged. Neutral particles are un-
affected and maintain their straight line path. This effect is an additional source of
information for particle identification.

All detectors additionally rely on interactions between particles of interest and the
detector itself to conduct measurements [30]. Gaseous ionisation detectors rely on
the interaction between incident energetic particles and a gas volume, which liberates
one or more outer electrons from the gas. Solid state silicon detectors exploit the fact
that ionising radiation passing through a semiconductor creates electron-hole pairs.
In both types, the liberated electrons then drift under the effect of an applied electro-
static field, and are read out as a charge deposition on one end of the detector. These
measurements can in turn be used to determine specific observables of interest in the
model. The most common observables, and their corresponding measurable quanti-
ties, as taken from Sonneveld [80], are:

e Momentum (p) can be determined from how much the path of a particle curves
under the effect of a magnetic field. This only applies to charged particles, and
is quantified as the bending radius and inclination.

e Velocity (v) can be determined by measuring how much time passes between a
particle interacting with two different parts of a detector’ (the time-of-flight). It

can also be measured using the emission angle of Cherenkov radiation'’.

e Charge (Q) can be determined by the direction in which the trajectory of a par-
ticle is deflected. The trajectory of positive and negative charged particles are
bent in opposite directions, while neutral particles are unaffected.

e Lifetime (7) applies to the previously mentioned unstable particles, which decay
into secondary products after a period of time, which can be measured using the
distance travelled before decay.

e Energy (E) of a particle can be directly measured using calorimeters, which de-
termine how much energy a particle (neutral or charged) deposits in a medium
before coming to rest. It can also be calculated using conservation of momentum
and observed momentum values from other particles.

2.1.6.3 Solving a quantum mystery

The signals and measurements recorded by detectors are imperfect clues to the actual
sequence of events in a collision, and the signal-to-noise ratio is incredibly low. Trig-
ger signals from detectors identify events of interest — the gigabytes of information
generated per collision can then be ignored for non-triggered events''. Particle track-
ing gleans important information based on the shape and origin of the paths identified
particles take through the detector. Particle identification then identifies the type and
characteristics of the particles that interacted with the detector.

®You can also use the time between interactions with separate detectors.
10Light emitted when a particle moves through a medium at a speed faster than the speed of light in
that medium.
"The ALICE 02 strategy is to not use triggers and instead reduce the volume of data recorded per
collision.
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FIGURE 2.2: Schematic view of the Large Hadron Collider at CERN,
showing both the main LHC loop and the sequence of smaller acceler-
ators that feed it. The ALICE experiment is visible on the far left.

All this data must then be combined with the expected interactions and predictions of
the Standard Model to rewind time and understand where these particles came from,
and the sequence of events that led to their production [52]. Only then can experi-
mentalists hope to either find anomalous data (which would indicate the existence of
theoretically unexplained physical interactions), or improve the statistical accuracy of
accepted values for a variety of universal constants and particle properties.

2.2 Tools of the trade

The frontiers of experimental particle physics can only be explored by reaching ever
higher collision energies. This in turn requires financial commitments larger than any
single institution or nation can provide. The European Organisation for Nuclear Re-
search (CERN'?) was formed in 1954 by 12 European states to "assist and encourage
the formation of regional research laboratories in order to increase international sci-
entific collaboration..." [43]. In addition to 23 current member states, 8 associated
member states and 6 observer states and organisations, CERN also has collaboration
agreements with 61 non-member states, a group which South Africa joined in 1992.
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Period Start End  Status
Run 1 2009 2011 complete
Long Shutdown 1 2012 2014 complete
Run 2 2015 2018 complete
Long Shutdown2 2019 2020 ongoing
Run 3 2021 2023 proposed

TABLE 2.1: Schedule of operation for the CERN LHC and associated
detectors, showing complete, ongoing and proposed phases.

2.2.1 The Large Hadron Collider (LHC)

The LHC is the largest particle accelerator ever built, and is currently the primary
focus of experimental physics at CERN. It consists of a 27 km circular, electromag-
netic accelerator, fed by a series of smaller accelerators of increasing power, as illus-
trated in Figure 2.2. The accelerator ring houses two beam pipes in which particles
are constrained. Each ferries bunches of particles in opposite directions before col-
liding at four distinct interaction points on the ring where the beams and bunches
cross. Bunches follow 25 ns behind each other13, resulting in approximately 600 mil-
lion bunch crossings per second — multiple collisions are possible in each crossing.

2019 2020 2021 2022 2023 2024 2025 2026 2027
J[FIMAM]3]3]AJSIOINID 3 [FIMAIM] 3] 3 [AS[OIND) 3 [FIMAM[3[3[AJS[OIND| 3 [FIMAM]3 [3ATSOINID] 3 [FIMAIM3 [3]AJS|OINID| 3 [FIMAIM{ 3 [3 [A[S[OINID{ 3 [FIMAM[3 [3[AISIOINID| 3 [FIMAM [3 [ATSOIND 3 [FIMAM3 [ [A]S|OND)
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[T [T
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[ Runa | Ls4 \ RunS | Ls5

Shutdown/Technical stop
Protons physics
Commissioning

Ions

FIGURE 2.3: The long term operational plan for the LHC, showing
planned startup (commissioning), proton, heavy-ion, and shutdown
operational periods [24].

The LHC is operated continuously for multi-year periods (referred to as Runs), with
Long Shutdown (LS) periods between to allow for maintenance, repairs and upgrades,
the current schedules for which is shown in Table 2.1 and the proposed future plan in
Figure 2.3. During Run 2, the LHC conducted proton-proton collisions for 10 months
of the year, with approximately 10" protons in each bunch. For one month proton-
lead and lead-lead collisions were conducted where lead nuclei are used instead of
protons in one or both rings. These heavy-ion collisions are able to create a quark-
gluon plasma [21], the evolution of which produces a variety of particles that can be
studied; only a subset of these can be directly detected.

2The C originally stood for Conseil (council), but this interim body was dissolved when the organisa-
tion was established.

B3 The corresponding rate at which bunches cross is 40 MHz.
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FIGURE 2.4: An illustration of the four interaction points on the LHC
ring which house experiments, as well as the counter-rotating beams
within the beam-pipe in the ring [44].

The LHC was designed to reach collision energies high enough to explore the quark-
gluon plasma. The first collisions were conducted in November 2009 — particles in
each of the opposing beams were accelerated to an energy of 3.5TeV, resulting in a
total collision energy of 7 TeV. The most recent collisions were able to reach beam en-
ergies of 6.5 TeV, resulting in a total collision energy of 13 TeV. Of the eight interaction
points on the LHC ring, four are home to experiments (ALICE, ATLAS, LHCb, CMS),
and four are dedicated to beam maintenance and support services'?, as illustrated in
Figure 2.4.

2.2.2 A Large Ion Collider Experiment (ALICE)

ALICE (A Large Ion Collider Experiment) is hosted in CERN at point 2 on the LHC
ring, and is designed to investigate "the physics of strongly interacting matter and the
quark-gluon plasma at extreme values of energy density and temperature in nucleus-
nucleus collisions" [9]. ALICE weighs over 10,000 tonnes, is 26 m long, 16 m high,
and 16 m wide and sits 56 m below ground close to the village of St Genis-Pouilly in
France. The experiment is a collaboration of more than 1000 scientists from over 100
physics institutes in 30 countries [10].

ALICE probes the QGP to compare its observed properties with the expectations
of quantum chromodynamics (QCD) which posits the existence of quarks. It also
seeks to better understand how quarks are confined in hadrons and to investigate the
physics problem of chiral-symmetry restoration. The expansion and cooling of the
QGP (freeze-out) leads to the formation of new particles as free quarks bind together,
which the detectors in ALICE are designed to observe.

14High and low-voltage power supply, cooling, and gas supply, among others.
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FIGURE 2.5: Schematic view of the ALICE experiment, with annota-
tions for each detector. The TRD is the yellow cylinder (16) around the
central blue TPC (15).

Figure 2.5 is a schematic view of the component parts of ALICE, notably: a large, red
solenoid magnet surrounding the LHC beam pipe at the interaction point where the
beams collide; 18 detectors located within and exterior to this magnet, each optimised
for a specific range of particle properties; and support structures, access walkways,
and passive absorbers and filters. The solenoid produces a magnetic field parallel to
the beam pipe that causes charged particles to follow a curved, helical trajectory as
discussed previously.

ALICE uses a right-handed coordinate system as follows: the positive x axis always
points towards the centre of the LHC ring; the positive y direction points vertically
upward, away from the earth; the positive z direction is therefore tangent to the beam
pipe, in an anti-clockwise direction when viewed from above.

ALICE used a trigger-based approach in Run 2, where signals from various detectors
are aggregated by the Central Trigger Processor (CTP) to filter and reduce the set of
events that were recorded in long-term storage. ALICE is preparing to move to a con-
tinuous data acquisition regime in Run 3 [58], where all data is continuously recorded.
Together with the planned increase in maximum luminosity the LHC can provide [23]
and a change to the beam collision angle in ALICE, this is projected to result in 100
times more data being generated by all the detectors within ALICE. At a readout rate
of 50 kHz (which corresponds to data output at 12 GB/s [3]), this necessitates upgrades
to both the detectors, physical infrastructure and software during LS2 to handle this
increased throughput, alongside the expected maintenance work.

2.2.3 The Transition Radiation Detector (TRD)

The Transition Radiation Detector (TRD) is one of the 18 detectors within ALICE, and
is used for event triggering, particle tracking and electron identification. Visualising
data related to the TRD is the one of the primary aims of this work.

The TRD is a multi-wire proportional chamber (MWPC) with a drift region, that ex-
ploits the phenomenon of Transition Radiation to additionally enable discrimination
between electrons and other background particles, of which pions are the most com-
mon. This discrimination capability is designed to be most effective for fast electrons
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FIGURE 2.6: Cross-section of a single TRD chamber, showing the
constituent detector elements and the charge deposition
characteristics of pions and electrons [49].

with momenta above 1GeV, as the primary electron identification capabilities of the
TPC" detector are less effective in this regime [29]. Electrons in this range are as-
sociated with the production of rare, interesting particles like quarkonia and heavy
quarks.

The ability to perform identification of charged particles'® in general, and electrons
in particular, is an important contribution to the mission of ALICE to probe the QGP.
During freeze-out (cooling) of the QGP, the heavy quarks (bottom and charm) can
bind with their corresponding anti-quark to form quarkonium (bottomonium and
charmonium respectively). The bottom and charm quarks can also bind with any
other anti-quark to form open heavy flavour mesons (B and D mesons respectively).

The quantity of quarkonium produced is sensitive to the energy density of the QGP,
while the quantity of open heavy flavour mesons is sensitive to the initial tempera-
ture of the QGP [42]. These products decay to electron/positron pairs with a known
probability, and the produced electrons do not interact any further with the QGP. Thus
electrons from the primary vertex are an important signal of the QGP, which can be
used to study] /1y suppression and enhanced lepton production in addition to the en-
ergy density and temperature of the QGP [87]. The ability of the TRD to separate
electrons from the background noise of created particles is therefore very important to
the ALICE experiment.

2.2.3.1 Multi-wire proportional chamber

A multi-wire proportional chamber (MWPC) is a type of gaseous ionisation detector
that specialises in particle tracking through high-resolution location measurements
[26]. The interaction of charged particles (or ionising radiation) with the gas in the
detector liberates electrons from the outer-electron-shell of an atom — in the context

®The Time Projection Chamber detector is the largest detector in ALICE by volume.

16Neutral particles neither ionise the gas nor emit transition radiation, and hence are effectively invis-
ible to the TRD.
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FIGURE 2.7: The Bethe curve showing the specific energy loss for posi-
tive muons in copper as a function of momentum (By = p/Mc) [83].

of particle physics, this ionising radiation can consist of a wide range of energetic
hadrons or leptons.

A MWPC generally consists of an enclosed volume filled with a specifically chosen
gas that is both stable and prone to ionisation at relatively low voltages, such as noble
gases. Particles created in the collision at the centre of the detector enter through
the entrance window and ionise the gas volume before exiting the chamber.This gas
volume in the TRD is additionally sandwiched between two electrically charged plates
on opposing sides that create a constant electric field perpendicular to the direction
of measurement. This creates a drift region adjacent to the MWPC, as illustrated in
Figure 2.6.

The passage of particles can ionise the gas, creating an ionisation trail of electrons
which then drift under the effect of the electric field towards the cathode and anode
wires located on the opposite side. As the electrons approach the anode wires the
strong local electric field accelerates them, amplifying the signal by creating a cloud of
electrons via an exponential electron cascade. This cloud of electrons is then absorbed
by the anode wires, which in turn induces an image charge on the pads in the readout
plane that can be measured by the chamber electronics [74]. The MWPC turns these
signals into positional tracking of the path of a particle, and the momentum of the
particle can then be calculated by determining the curvature of this track.

The energy deposited by a transiting particle in the gas volume through ionisation is
governed by the Bethe equation [83]:

dE\ .71
<‘dx>—KZ AR

which relates the rate of energy loss to the atomic number Z and the Lorentz factor
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FIGURE 2.8: Plot of the average pulse height (energy deposition) due
to pions compared to that due to electrons, both with and without the
transition radiation contribution [49].

7 (other variable definitions in Table B.1). This dependence can be used to perform
particle identification (PID), but this becomes difficult at high momenta (> 1GeV)
due to the flattening of the curve. An additional PID signal is therefore required.

2.2.3.2 Transition radiation

Transition radiation is the emission of a photon that can occur when an energetic
charged particle crosses the boundary between two media with different dielectric
constants [5, 37]. The energy deposition due to absorption of this photon in a gas with
a high atomic number (Z) is proportional to the Lorentz 7y factor, and is therefore large
relative to the ionisation energy loss for relativistic particlesW.

This additional deposited energy is overlaid on the background Bethe energy deposi-
tion, as shown in Figure 2.8. The particle momentum obtained from the MWPC can
then be combined with the o dependent TR signal to differentiate between electrons
and other charged particles at a given momentum, as the light, fast moving electrons
deposit more energy than other slow, heavy particles (such as charged pions).

Transition radiation is a low probability event, hence the TRD is designed to increase
the probability of occurrence. The radiator is a slab of material, situated before the de-
tector entrance window (Figure 2.6), that provides the medium boundary. In the TRD
this material is composed of porous Rohacell and polypropylene fibre mats which
increase the number of medium boundary changes, and hence possible photon emis-
sions, to O(100) boundaries in a single radiator. The TRD also layers six chambers into
a single module, to further increase the possibility that a transition radiation photon
will be both emitted and detected by at least one chamber.

2.2.3.3 Geometry

The TRD uses chambers, illustrated in Figure 2.6, as the lowest level detector element.
Each chamber includes multiple rows of 144 cathode pads behind the anode wires to

17Very fast particles, moving at close to the speed of light.
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FIGURE 2.9: The interior of the ALICE detector, opened up for main-

tenance during Long Shutdown 2. The trapezoidal shapes around the

center cavity hold the TRD supermodules, some of which have been
removed for upgrading. (S. Perumal, 2019-09-13)

read out the deposited charge (Figure 3.8B), referred to as a pad row. Each pad is ap-
proximately 7 cm long and 7 mm wide. The 0.5 T magnet that surrounds ALICE causes
charged particles produced in collisions to travel in helices (due to the electromagnetic
force). The curvature of these helices is most pronounced in the x-y plane, hence the
line of readout pads are arranged with the long edge parallel to the beam pipe and the
short edge perpendicular to it. This increases the position resolution in the x-y plane.

A chamber is a grouping of 12 or 16 pad row chambers'®, five chambers arranged
horizontally form a layer, and six chambers grouped vertically form a stack. The
pads in each pad row are tilted by +2° in an alternating pattern relative to the layers
above and below (Figure 3.8B); this increases the position resolution in the Z direction.
A supermodule is constructed of five stacks aligned parallel to the beam-pipe (Figure
3.3) and 18 supermodules are arranged radially around the beam-pipe at 20° intervals
to form the full TRD (Figure 2.9).

2.2.4 Reconstruction

The raw data measurements from the TRD (as with all detectors in ALICE) must be
extracted, processed and then analysed, in order to reconstruct the sequence of par-
ticles created in a given collision. Online processing occurs synchronously while the
LHC is operational, and hence is primarily concerned with filtering and compressing
the raw data — this is necessary to manage the huge data volumes generated by the
TRD and ALICE. Online processing is time-sensitive and therefore seeks to perform
only the minimal transformations required to store data for offline processing. Offline
processing is an asynchronous operation that is not time-sensitive, and hence occurs
at some later point using the output from the online processing.

18The centre stack has 12 pad rows, all other stacks have 16.
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Online processing in the TRD begins with the charge deposition measured on the pads
in a pad row, which is translated by an analogue-to-digital converter (ADC) into a nu-
merical count. This is repeated over a number of time-bins (usually 24 or 30), resulting
in a 3-dimensional dataset representing the quantity of charge deposited on each pad
over time. This can be visualised as a 3-dimensional histogram as in Figure 3.8A.

The quantity of charge deposited, and its shape over time, are used to perform particle
identification. This data is also converted via straight-line fit [49] into a tracklet. The
tracklet represents an approximation to the path of the detected particle through a
specific module, with 140 pm resolution in the y-direction and 7cm resolution in the
z-direction. This tracklet has a slope correction applied to account for Lorentz drift
in the electric field [5]. The intercept and slope of this fitted tracklet, as well as the
PID (particle identification value) are output by the front-end electronics (FEE) to the
global tracking unit (GTU).

The GTU attempts to combine four or more tracklets into a single particle track, using a
straight line fit (Figure 3.1C). This track is saved to file, along with data from other de-
tectors. Offline processing uses these files to combine data from the various detectors
in ALICE to produce another output file with information on every reconstructed par-
ticle from the original collision. These output files are usually named A1iESDs.root
by convention.

2.2.5 Many hands make light work

Experimental physics at CERN is based on collaboration between large, diverse teams
with varying backgrounds. This in turn necessitates tools and infrastructure that
scales beyond a single user, machine or computer. The offline and online process-
ing of data from the detectors illustrates this well; both are computationally intensive
tasks that require more computing power than a single machine can provide. The
volumes of data processed and the nature of the analysis conducted are best suited to
server farms running grid computing infrastructure capable of automatically running
tasks in parallel.

A subset of detectors The HLT server farm and dedicated
(including the TRD) are used to FPGA hardware filter, compress
identify events of interest and a and process the incoming raw data
‘trigger' signal is sent to all from detectors, and store it until
W detectors when one is found. offline processing.
0O) O O O
U A 4 A 4 J
Detectors in ALICE constantly ﬁ Upon receipt of a 'trigger' signal, »
record measurements of particle data is read out of the buffer by the
signals and store them in a buffer. front-end-electronics, and passed
on to the DAQ.

FIGURE 2.10: Visualisation of steps in the online processing of TRD raw
data.

Figures 2.10 and 2.11 illustrate a simplified sequence of the steps involved in online
and offline processing respectively. The ALICE Data-Acquisition system (DAQ) coor-
dinates and processes the data flow from the detector electronics through to long-term
storage. The High-Level Trigger is a server farm that filters, compresses and processes
incoming raw data from detectors — it is aided in this task by a collection of customised
Field Programmable Gate Array (FPGA) hardware.
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A summary of the reconstructed The results of the initial analysis
data is output to ROOT data files step is output ROOT data files
with the naming convention with the naming convention
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expected behaviour models to processed and filtered to reduce
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properties of the particles metrics useful in later analysis.

generated in a collision.

FIGURE 2.11: Visualisation of the steps in the offline reconstruction and
analysis of TRD data.

2.3 The digital tool-belt

The primary need within CERN is to perform physics analysis of particle collision
data. This can be either real data obtained from the detectors that are part of the
LHC, or data from detailed simulations which are used to both verify and predict the
behaviour of one or more detectors.

A secondary need is for visualisation tools that allow researchers to derive qualitative
intuitions about the data. These are useful in validating the quality of recorded or
simulated data, as well as assisting in locating and verifying interesting subsets of
data to focus on. The following is a brief review of the analysis and visualisation
software that exists and is in use by the ALICE project in CERN.

23.1 ROOT

Starting in 1997, CERN developed a tightly integrated software stack in C++ named
ROQOT [16]. ROQOT is the common software environment used for all work within
CERN, and supports both static compilation as well as interactive scripting. The cur-
rent version of ROOT is implemented in C++ 11 and is optimised for parallel access
(reading as well as writing) by multiple processes. It is also used by external, non-
physics communities for analysis of large datasets [18, 33].

ROOT runs natively on all variants of Unix, as well as MacOS and Windows, and
via docker container on other platforms. Initial setup and portability on non-Unix
systems is potentially complex, but has been addressed in recent versions.

2.3.2 AliRoot

AliRoot is a customisation of ROOT for the ALICE project within CERN. It is used for
event data reconstruction and analysis from Runs 1 and 2 of the ALICE detector [29].
AliRoot benefits from the large library of functionality available within ROOT.

2.3.3 AliEve

AliEve [82] is the existing event display for event data, implemented on top of AliRoot.
It is built as an extended C++ class hierarchy that ties together: visualisation data; a
GL-renderer; an object editor; and browsable UI elements. The underlying rendering
framework does place limitations on the portability of this interface. AliEve relies on
the highly-integrated ROOT stack, is natively supported on Linux and MacOS systems
and requires Open-GL 3D capable hardware.
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AliEve adopts the approach of providing "a versatile selection of algorithms to limit
the displayed data to any particular range or region of interest to the user". As such
it provides a number of components that can be combined in increasingly complex
ways to meet most needs. This toolbox approach does therefore require a degree of
technical familiarity on the part of users. Combined with the size and complexity of
the rest of the ROOT stack, this can create a large barrier to entry for many classes of
users. An example interface under AliEve is illustrated in Figure 3.5.

2.3.4 JSRoot

JSRoot is a full port of the ROOT framework to a web, JavaScript environment [13].
The current version includes sample web based 3-dimensional visualisations of sev-
eral LHC experiments, together with sample data, as illustrated in Figure 3.7. As a
port of ROOT, JSRoot is subject to the same high barrier to entry and complexity of
setup for novices found in ROOT.

2.3.5 Run 3 framework and visualisation

As part of the preparation for Run 3 during LS2, the ALICE experiment decided to
upgrade their software stack to accommodate the significantly higher processing re-
quirements stemming from the increased luminosity. O? is the software framework"
that replaces AliRoot for Run 3 [19], and is designed for the much higher data through-
put rates expected. It is currently being actively developed during LS2.

Part of this development involves a replacement Event Display [55] intended to cover
the entire ALICE experiment, whereas this design study is focused on the TRD detec-
tor. The outcome of this work can still prove useful in both the initial and ongoing
development of the O? display, both in terms of the specific requirements around the
TRD, as well as more general functional and usability principles that are uncovered.

This O? event display is currently under development at the Warsaw University of
Technology. The current plan envisions porting the bulk of the existing functionality
from AliEve in AliRoot to the new O? framework. Progress has been hampered due to
several reasons [63]:

e Incomplete specifications

As previously discussed, Run 3 will use a higher overall luminosity, resulting
in significantly higher data rates. The format in which this data will be stored,
and the internal organisation of the data structures for efficient access are, at
present, still in a state of flux. This uncertainty hinders development, and re-
quires cascading code modifications when the data specification changes, due to
the tightly coupled nature of framework.

e Technical debt

As a framework that has been built up over decades by a variety of authors, Ali-
Root and AliEve now represent significant bodies of work. Porting and pruning
this codebase is therefore more time intensive than starting from scratch.

Pronounced "oh square".
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e Resource availability and desire

C++ and ROQOT are often not of interest to potential new students. Those who
have been approached have expressed an interest in newer, web-based technolo-
gies, strengthening the case for a portable, web-based visualisation tool.

e Implementation of time-frame approach

Run 3 data is envisioned to involve continuous data taking. The existing concept
of single events, as used in Runs 1 and 2, will no longer exist. It is therefore
necessary to develop an interface metaphor to enable users to locate events of
interest within time-frame windows. This work is in-development.

e Availability of data

Data formats, and representative data from simulations for Run 3, are difficult to
acquire from individual detector teams as much is not yet finalised. This results
in delays in prototyping.

A clear opportunity exists to investigate visualisation of Run 2 and Run 3 data using
a web based prototype event display that is not based on the existing tech stack. The
results of this investigation can inform the ongoing development of official event dis-
plays, as well as lay the groundwork for a future move to a more portable tool built
for web consumption.
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3 Visualising scientific data

This chapter presents an overview of data visualisation using the definitions, ap-
proaches and tools discussed in Munzner and Maguire [54]. We first present and dis-
cuss the field of visualisation, and the ways in which it can be used to assist scientific
enquiry. We then review approaches to designing effective visualisations which ad-
here to a list of common principles, as well a framework for critically validating and
evaluating the resulting designs. We finally present and critique existing visualisa-
tions of particle physics, focusing on data and representations that are specific to the
ALICE Transition Radiation Detector (TRD), to understand both the problem space
and the potential solution space.

3.1 Why visualise at all?

Statistical analysis of data is at the heart of many scientific disciplines. Tabular repre-
sentations of numerical data can be sufficient to convey well understood information.
As data becomes more complex, scientists reach for alternative ways of representing
their data. Simple one-dimensional histograms are the most common choice of parti-
cle physicists, with higher dimensional histograms and scatter plots also occasionally
used’.

As data volumes increase, computational assistance in generating these represen-
tations becomes necessary. Munzner and Maguire [54] describe this as follows:
"Computer-based visualization systems provide visual representations of datasets
designed to help people carry out tasks more effectively". De Regt [34] similarly states
that "visualisation can be an important tool for rendering a theory intelligible", while
Sweller [81] discusses how visualisation is imperative to learning and understanding.

Larkin and Simon [51] explore how visualisation can supplement data analysis
through diagrammatic representations that expose otherwise implicit information;
a particular choice of representation can emphasise features and patterns that are
difficult to discern in other representations. Ware [88] defines a visual query as the
search for patterns in visual displays of data in order to solve a problem.

In general visualisation aims to present quantitative and qualitative existing data in
visual forms that facilitate understanding and aid analysis. These forms turn text into
graphics that highlight certain aspects of the data, exploiting the powerful parallel
processing and pattern matching capabilities of the human visual perception system
Ware [89].

! An unusual combination of all three types is shown in Figure 3.9.
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3.2 Applicability to experimental particle physics

Modern experimental particle physics combines theoretical physics, engineering?, and
data analysis. This analysis applies complex domain knowledge to large datasets in
massively redundant online database storage systems. The tasks performed can be
classified by the clarity of the goal: exploratory analysis involves fuzzily defined tasks
looking for patterns; simulation and physical measurements have more clearly de-
fined methods and outputs.

For clear tasks on large datasets, algorithms can automate the required task without vi-
sualisation, whereas tasks with small or poorly defined datasets are unlikely to benefit
from the effort required to visualise them. There exists a large middle ground between
these two extremes, however, where computer-based visualisation can assist scientists
in their research. Visualisations can be borrowed from work in seemingly unrelated
fields, or developed sui generis for specific needs. In either case, computer-based visu-
alisation has the advantage that it can be easily updated or applied to different, often
unrelated, datasets with minimum effort.

The human visual system excels at processing multiple visual information streams in
parallel [89], and finding patterns in what is seen. Physicists can exploit this to search
rapidly for patterns or anomalous data. This is particularly useful in validating the
operation of the detector, finding errors in the data, or debugging processing logic
alongside routine code analysis.

A well designed visualisation can assist users and researchers who are new to the field
by providing much needed context for the available raw data. It can also highlight
important aspects of the data while hiding complexity that is not initially relevant,
thereby bridging the gap between data and understanding. The most common exam-
ple of this is the display of reconstructed particle tracks, which hides the complexity
of reconstructing these tracks from the raw data measured in a detector.

Visualisations can group together otherwise disparate data for localised display and
interpretation, allowing users to focus on the task at hand rather than complexities of
data format or storage, as demonstrated by the event displays discussed later in this
chapter. These displays use interactive synchronised views of multiple facets of the
same dataset, which supports answering multiple visual queries in parallel. Connec-
tions and relationships between the separate data views can be highlighted, reducing
the mental load imposed on the user as less data needs to be held in memory in order
to make sense of the whole.

Interactivity can also manage levels of detail within data. An initial overview of the
data can be supplemented by the ability to drill-down on specific areas, revealing
detail as required rather than overwhelming the user with the full complexity upfront.

3.3 Designing visualisations

The potentially complex process of design is simplified by incorporating successful
approaches from literature which formalise the trade-offs involved, guide the choice
of solution, and provide specific rules to apply.

’The design, development and operation of accelerators, detectors, and related infrastructure.



Chapter 3. Visualising scientific data 24

3.3.1 Axes of design

There are three independent trade-offs that must be managed when designing visu-
alisations. The first is between a specific design that supports a limited set of data
and tasks, and a more general design that supports many different goals and datasets.
Two additional trade-offs are formulated by Agrawala, Li, and Berthouzoz [4]: de-
tailed versus simplified; and realistic versus abstract presentation.

Generality

A specific design avoids overloading the user with too many initial choices and op-
tions. This promotes manageability of both the design and implementation processes
at the cost of limited usability and lifespan. This is true of many illustrations in aca-
demic papers, as shown in Figure 3.1.

A general design that is flexible and choice-driven can support multiple tasks and
user roles, but often necessitates a high initial learning curve which can result in users
making ineffective choices without sufficient experience. The AliEve event display in
Figure 3.5 is one such example.

Realism

Realistic visualisations closely resemble the actual state or complexity of a system and
its data. This has the advantage that individual elements are easy to recognise and
contextualise, but potentially hard to reason about as the realistic appearance creates
visual clutter that can hide important details. Figure 3.1A is an accurate representation
of a detector, but any data overlay would be difficult to discern against the background
imagery.

An abstract visualisation aims to capture the essence of a domain by omitting un-
necessary detail in favour of an abstract model of the domain. This can prove prob-
lematic if the abstraction omits important information necessary to answer a specific
visual query. This is evident in Figure 3.6 where different types of recorded and recon-
structed data are displayed, but it is very difficult to relate the data to specific parts of
the detector.

Simplicity

Detailed visualisations aim to include as many channels of information as possible,
enabling a wide range of visual queries to be answered. Such a design can quickly be-
come cluttered and unwieldy, however, especially if sufficient care is not taken to keep
the channels visually distinct and separable. The control room interface in Figure 3.4
has very high information density, but requires training and experience to utilise ef-
fectively.

Simplified visualisations focus on a subset of information channels to emphasise, and
are therefore simpler and quicker to visually parse, but are by design limited in the
queries that can be answered. Figure 3.8A focuses on the relationship between raw
and reconstructed tracklet data, and excludes other unrelated information.

A combination of several faceted simplified visualisations, bound together via inter-
active zoom and filter, is one option that combines the best of both approaches, as
utilised in the AliEve display in Figure 3.5. The value of this must be balanced against
the complexity introduced by the required interaction.
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3.3.2 Navigating the solution space

Deciding on an appropriate and effective visualisation solution is a difficult problem,
dependent in large part on the familiarity of the designer with a wide range of pos-
sible solutions. Munzner and Maguire [54] advocate the approach discussed below
where designers: familiarise themselves with as many existing solutions as possible;
iteratively winnow down the options under consideration; propose a subset of those
for user evaluation; and select a final solution.

A large known search space is achieved by critically analysing existing solutions, as
we do in Section 3.5, as well as applying the what-why-how trio technique developed
by Munzner and Maguire [54]. This technique breaks visualisation choice down into
three questions: What is the data being examined? Why is the data important? How
should the data be represented? This trio of questions can be chained together to anal-
yse more complex problems by starting at an abstract, high level, and progressively
drilling down into more detailed tasks.

3.3.3 Visualisation principles

It is imperative to emphasise that visualisation as a scientific discipline aims to convey
facts and information that support scientific enquiries. There are a multitude of ways
to encode information in visual information channels, and designers must identify
and exclude ineffective design choices early on. To that end, the following is a list of
visualisation principles from Munzner and Maguire [54] that can assist in this selec-
tion process, which they motivate with both experimental quantitative and qualitative
evidence.

¢ No unjustified 3D: 3-dimensional visualisations are visually very appealing and
are very effective for shape and orientation perception, but there are significant
drawbacks to their use. The presentation and perception of depth and perspec-
tive can distort meaning and lead to incorrect interpretation of data; the human
visual system perceives information in the horizontal and vertical planes with
much higher density and fidelity than is the case with depth. Objects in the
same visual plane can occlude each other, hiding information, and care must be
taken to ensure text is not tilted relative to the viewer lest it become illegible.

¢ No unjustified 2D: The use of 2-dimensional visualisations should be explicitly
justified over a simple list or table. These 1-dimensional alternatives are optimal
for displaying multiple attributes in a given space, and perform very well for
lookup tasks with appropriate sorting.

¢ Eyes beat memory: simultaneously visible views impose lower cognitive load
than comparing against a view held in memory, due to the limited capacity
of our working memory. Animated transitions between different views of the
same dataset can help users maintain context and aid understanding. Animating
changes in the content of a view can conversely make keeping track of changes
difficult, due to the need to keep multiple frames of animation in working mem-
ory at the same time. The human visual system is also prone to change blindness,
where a focus on changes in one area blinds one to changes in others [78].

¢ Resolution over immersion: Immersion refers to a focus on realism and fidelity.
Highly immersive visualisations sacrifice resolution and data display density.
Immersion contradicts the principle of "overview first, zoom and filter, details on
demand" proposed by Shneiderman [77]. This advocates providing additional
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detail only when requested, after the user has located an area of interest from a
high level overview. This ensures related information is displayed close together,
maximising contextual awareness on the part of the user.

e Responsiveness is required: Interaction allows exploring a larger space than
would be possible with a static image, though this comes at the cost of increased
cognitive load on the user. Latency can increase this load further by increasing
the time between a user initiating an interaction and the result being available
and visible. It is therefore important that such operations be as performant and
low-latency as possible.

e Function first, form next: Goguen and Harrell [41] argue it is more important to
preserve structure than content, and hence visualisations should aspire first to
be effective and functional in enabling users’ visual tasks and queries. Aesthetics
are important, particularly given human preference for beauty and visual cohe-
sion, but should be a subsidiary concern, except where they advance perception
and effectiveness of communication.

3.4 Validation and evaluation

Evaluating a visualisation, and validating that it addresses user requirements, can be
difficult due to the need to balance multiple conflicting concerns. There are many pos-
sible metrics that might be relevant, including but not limited to: effectiveness of the
visualisation as a whole; the appropriateness of selected visual idioms; quantitative
measures of increases in efficiency when performing selected tasks; and qualitative
measures of engagement and understanding facilitated by a visual representation.
The metrics themselves are also often imprecisely defined and domain specific, and
different evaluation strategies are necessary for different audiences.

Our chosen approach uses the framework presented in Munzner and Maguire [54],
which begins by defining complementary design and evaluation hierarchies. The
framework posits that there are four nested levels of design and validation in any
visualisation, and higher levels should be addressed before proceeding to lower lev-
els. In this work we have performed design and validation at all four levels, the details
of which are covered in subsequent chapters.

The domain situation level is concerned with understanding the skills, experience
and needs of potential users within the domain. The primary threat to validity at
this level is that the wrong problem is solved during the design phase, resulting in a
visualisation that does not address the users’ needs. This threat can be mitigated by
observing and interviewing potential users at the start of the process, before solution
design begins. Our specific strategy for tackling this level is documented in Section 5.1.

The data and task abstraction level aims to ensure that the appropriate data is pre-
sented in order to facilitate the set of identified tasks. The potential threat during the
design phase is that inappropriate data is used, or that required tasks are incorrectly
identified or abstracted, both of which can be mitigated in several ways. The what/why
questions are directly applicable to both design and validation at this level, and apply-
ing them correctly can pre-empt many potential issues. Visualisation researchers can
additionally test proposed solutions on potential users to collect "anecdotal evidence
of utility", or conduct a field study to document how existing systems are utilised.
We address this by focusing on the needs of expert users, who are able to accurately
identify both the data and tasks required.
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The encoding and interaction level corresponds to the how question. At this level
the threat to validity is that an inappropriate or ineffective encoding or idiom is se-
lected to represent the data. This threat can be mitigated by considering all potential
channels during design, and then explicitly justifying a selected subset. Visualisation
researchers can collect quantitative or qualitative measures of usability and effective-
ness through informal interactive studies with users, the approach we have opted for.
Alternatively they can conduct more rigorous lab studies to measure elapsed time and
average errors per task, both with and without the visualisation solution.

The algorithmic layer concerns the implementation of a visual solution based on an-
swers to the what-why-how trio of design questions. The primary threat at this layer is
a slow or unresponsive interface that negatively impacts a user’s experience with an
otherwise well designed visualisation. This threat can be addressed by estimating the
algorithmic complexity of potential approaches before settling on an implementation.
One can also measure and iteratively optimise the consumption of available comput-
ing resources (time, memory, cpu utilisation) within an implemented prototype. This
level is often omitted in purely design focused studies. In this work we have im-
plemented a full, functioning prototype optimised for responsiveness, discussed in
greater detail in Chapter 5.

3.5 Review of existing particle data visualisations

Static and interactive visualisations are used across CERN for a variety of purposes.
Some are custom generated for outreach or marketing purposes to the general public.
Others are used by experts within the field to communicate important results, inter-
pret recorded data from detectors, or troubleshoot erroneous measurements. Whether
designed primarily for visual appeal or scientific enquiry, there are elements within
each that could inform the design of an interactive event display for TRD data. This
Section summarises the main results of our extensive review of existing visualisations.

3.5.1 Particle trajectories

Our review of existing visualisations and literature reveal that physicists are primarily
interested in understanding the trajectory3 of particles produced in a collision. This is
best achieved with a cross-sectional, orthographic view with the viewing plane per-
pendicular to the beam direction — Figure 3.1 represents four different approaches to
rendering this view.

Figure 3.1A is a diagrammatic cross-section of the ALICE experiment and detectors,
taken perpendicular to the beam pipe. It is a standard image, drawn from the tech-
nical specification of the TRD, used to illustrate the construction and components of
ALICE in general and the TRD in particular. This visualisation is highly realistic in
its representation of the structural detail and layout of the experiment, but the visual
clutter that ensues makes it very difficult to overlay experimental data in a usable way:.

Figure 3.1B by contrast is more data focused, and includes a length scale to better con-
textualise the magnitude of features. Detectors have been reduced to simple colour
coded shapes, with particle track data overlaid. Strong use of colour makes discern-
ment of individual detectors easy, but removes colour as an information channel for
event data. The component parts of each detector are also abstracted away, making it

3Helical for charged particles, straight lines for neutral particles.
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FIGURE 3.1:

Comparison of cross-sectional views of the ALICE experiment and TRD

detector: (A) a schematic cross-section of the ALICE detector; (B) a re-

construction of a 71 candidate event; (C) a reconstruction of TRD track

(green) using straight line fit, compared with actual helical tracks (blue);

(D) a display of reconstructed tracks and tracklets created by cosmic
rays [6, 5].

difficult to examine the detailed interaction between a single particle and a particular
detector.

Figure 3.1C is a further simplified representation where all detectors have been omit-
ted except the TRD. The TRD modules are illustrated with simple outlines, allowing
the raw and reconstructed data to be clearly discerned. This is more effective for the
reconstructed tracks, as the tiny tracklet dots are difficult to identify. In contrast to the
previous two examples, colour has been reserved as an information channel for event
data.

Figure 3.1D takes simplification to the extreme by omitting detectors entirely. This
view clearly illustrates the raw data measured by the TRD and TPC detectors, with
visually distinct marks and intensities used for each. Despite there being no explicit
rendering of the detectors, the density of data makes the location and separation of the
detectors easy to infer. This view is effective despite the lack of colour, and provides a
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FIGURE 3.2: Display of a side-on view of Pb-Pb collision event [8].

good high level view of the data.

The most common companion view to Figure 3.1 is also an orthographic projection,
but of the plane parallel to the beam-line. This view is generally considered less useful
as there is limited variation in track characteristics, as evidenced in Figure 3.2. One
issue with this view is that the cylindrical nature of the detector allows any given
track to cross multiple planes, effectively forming a solid angle that must be projected
into 2D. This is generally accounted for by projecting every track onto a single ideal
plane, and then rotating that plane to be perpendicular to the viewing plane. Figure
3.2 illustrates a version of this where tracks are projected above and below the beam
line depending on their location, allowing them to be compared against each other.

Figure 3.3 shows a side-on view of a single TRD supermodule; 18 of these super-
modules are arranged in a cylinder around the beam pipe as shown in Figure 3.4. This
view makes clear the differences in dimensions and positions of the modules that form
a supermodule. It also contextualises the standard terms Stack and Layer, as well as
A-side and C-side which are used to indicate orientation. When contrasted with the
similar views in Figures 3.2 and 3.5 it is clear that the discrepancy in size between the
TRD and the overall ALICE experiment means that much of the TRD-specific detail is
lost if only the overview is considered.

Stack 0 Stack 1 Stack 2 Stack 3 Stack 4

«
Z'lao' n I 1m :

FIGURE 3.3: Side-on view of layer and stack arrangement within a
single supermodule. [5]
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3.5.2 Multiple views

The complexity of data produced by ALICE often necessitates faceting of views to
contextualise and manage this information. Figure 3.4 is the detector control system
(DCS) GUI* used in the ALICE control room to monitor all aspects of the TRD [20].
Alongside the now familiar sector views are a large number of visual status indicators
and numerical readouts, both using colour to indicate state.

The text abbreviations along the top edge of the display are tabs that when clicked
present similar views of different aspects of the detector. The primary points of interest
here are a very high density of information and a busy, interactive interface that, with
training, is very informative to expert users. There is a steep initial learning curve,
however, and the implementation in WinCC” reduces the portability of this display to
other uses.

Figure 3.5 is a fairly typical setup of the AliEve software. As discussed previously, this
is the standard event display in AliRoot (see Section 2.3.2) that is highly configurable,
but with a steep initial learning curve and limited portability. Of note here is that
there are multiple synchronised, faceted views with a tree-based navigation control
on the left. The two previously discussed stack and sector views occupy the right of
the display, with an interactive 3D render of the data taking up the main centre area.

Colour is once again used to encode detector identity, with lines and dots used as
marks to indicate reconstructed and raw data respectively. As configured in the image,
the display is focused on a high level overview of a single event. Tabs are again used
to provide multiple views of the data, which conflicts with the "eyes beat memory"
principle. Filtering of visible data is possible through the panels on the left of the
display.

4Graphical User Interface.
5 A custom framework for developing monitoring and control interfaces, an example of which is dis-
cussed by Normanyo, Husinu, and Agyare [56].
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FIGURE 3.6: Pre-rendered illustration of Pb-ion collision, showing three
different perspectives on the event [7].

FIGURE 3.7: Display of ALICE in JSRoot, including detectors, hits, and
tracks [13].

31
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3.5.3 The third dimension

3D visualisations have become more widely used as technology has progressed, pro-
cessing power has increased and tools for implementation have matured. Figure 3.6
is one such visualisation created explicitly for outreach and marketing purposes by
CERN. The "no unjustified 3D" principle is addressed in this case by the need to focus
on aesthetics and context first, as the intended audience is not expected to have any
familiarity with the specifics of the experiment. The overloading of colour for mul-
tiple independent information channels (particle energy, detector identity), lack of a
key explaining the encodings used, and overwhelming density of information make it
clear that this a visualisation meant to be enjoyed, rather than as a tool to investigate
data.

Figures 3.5 and 3.7 are similar examples taken from ROOT and JsRoot respectively for
use by expert users. These are much more restrained iterations on the same theme,
but still overload the colour channel unnecessarily. A common issue here is that the
effect of perspective transformations, and the use of opacity to make detector elements
partly transparent, combine to obscure salient features of the data.

In use it also becomes apparent that multiple manipulations are required to find an ap-
propriate view of a given track and track selection is difficult due to multiple obscur-
ing elements. Detailed interrogation of the interaction between a particle track and
a sub-detector requires constant switching between zoom levels and rotations, again
violating the "eyes beat memory" principle. When contrasted with the behaviour and
use of the stack and sector 2D projections discussed earlier, it becomes clear that these
uses of 3D are not well suited to scientific interrogation.

3.5.4 Raw data

The visualisations discussed thus far have all been at a high level, showing post-
reconstruction data for the ALICE experiment as a whole. At an individual detector
level, the raw data and experimentalist concerns can look quite different. The two
visualisations in Figure 3.8 are specific to the TRD, and illustrate this point well.
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Figure 3.8A shows a typical data visualisation of the raw ADC counts for a subset
of pads in a single pad-row over a series of time-bins®. This histogram7 illustrates
the evolution of the measured signal response due to the transit of a particle through
the chamber, and is particularly useful to experimental physicists in monitoring and
debugging the performance of the TRD.

Figure 3.8B is also a visualisation of pads in a pad-rows, but here is a schematic illus-
tration of the physical layout of pads within a pad-row. In addition to showing the
actual physical dimensions of a pad, this also reflects the slight 2° tilt of the pads to
increase the position resolution in the y-direction. This subtle effect is important when
working closely with TRD data, but is effectively hidden from upstream consumers
by the data pre-processing that occurs during data acquisition by the TRD, and is dis-
cussed further in Appendix D.
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FIGURE 3.9: Dual view of raw TRD data per time-bin over pad rows,
with aggregation per time-bin over pads [5].

Figure 3.9 is a novel static visualisation that combines the 2D histogram from 3.8A
with a cumulative histogram per time-bin over a subset of pads within a pad-row. A
series of points indicating the corrected and raw clusters used to fit a tracklet to this
data are overlaid on the histogram.

This combined view allows an experimentalist to understand the evolution of the en-
tire signal deposited by a transiting particle over time. They are also able to validate
and troubleshoot the tracklet fitting operation, one of the most important functions
of the TRD. The side-by-side view emphasises the "eyes beat memory" principle, and
while the colour channel is used for two different information channels, this use is
supplemented by the choice of non-conflicting marks. The use of a colour gradient
to encode height allows for a 2D rather than 3D representation, abiding by the "no
unjustified 3D principle".

®Section 2.2.4
7Displayed in 2D with a colour scale for the third, quantitative dimension.
8The use of pads and their layout is discussed in Section 2.2.3.
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3.5.5 Summary

Overall there are several common aspects across the reviewed visualisations that
could be pulled together into a single cohesive display, with a similar approach to
AliEve but requiring less upfront configuration. There are many opportunities to
apply the principles of visualisation to improve and expand upon the static visuals.
Across the visualisations, colour is used as the primary information channel, while
other marks and channels are not widely utilised; exploiting the full range of available
idioms would improve information presentation. It is also clear that the existing user-
base is comfortable using a variety of visual idioms to navigate the data, suggesting
that one or more of the static visuals could be made more dynamic and interactive, so
as to convey more information.
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4 Methodology: a plan of attack

In this chapter we introduce the Design Study as a framework for designing interac-
tive visualisation solutions. We then discuss when they are appropriate to use, and
present approaches and tools that can be used as part of the process. The experiences
from existing examples of successful design studies are summarised, and used to de-
fine our chosen methodology. We then discuss the anticipated outcomes and artefacts
of the process, including the use of case studies and presentation of the prototype at
CERN Open Days. Finally we describe our iterative design approach, and detail the
steps involved.

4.1 A review of design theory

The effectiveness of interactive scientific visualisations, discussed in Chapter 3, is very
dependent on context, intended use and the correct application of visual design prin-
ciples. A formal process that takes these considerations into account can result in an
interactive visualisation that appropriately applies design principles to achieve a con-
textually useful result. Design studies are a popular approach to achieving this by
conducting domain specific visualisation research and specification, as outlined in the
work of Sedlmair, Meyer, and Munzner [76].

A design study is defined by Lam, Tory, and Munzner [50] as the process used to de-
velop a tool that addresses a real-world problem using real data, and involves at least
one target user in design or evaluation of the tool in a non-trivial way. They present a
framework including nine analysis goals to help guide and structure a design study.

4.1.1 Design studies for scientists

Quantitative scientific research is often characterised by domain experts with a deep
understanding of the problem at hand, applying domain-specific knowledge and tools
to analyse large, potentially complex datasets. Their contextual familiarity with both
the data and applied analytical methods allows them to directly extract and interpret
meaningful results directly from the available data. While the value of visualisation
is widely acknowledged, scientists are focused on solving their specific domain prob-
lems. The design and utilisation of visualisations therefore tends to be ad-hoc in na-
ture, for a specific purpose, and customised to the needs of a single scientist or team.

Scientists appreciate the value of tools that provide a re-usable visualisation solution,
but they often do not have time or resources to focus exclusively on tool development
(see Section 5.1.1). Outsourcing the development of such tools to computer science
or software development experts can result in the best software outcome, as they can
apply industry best practices and techniques. Effective communication is required to
bridge the large gap that can exist between scientists and developers, in terms of both
domain knowledge as well as requirements for functionality and interactivity.
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A design study brings in an objective outsider [76] to elicit and translate the require-
ments and expectations of domain experts into a design specification that is clear and
explicit enough to enable direct implementation by dedicated software developers.
The study should aim to document the process of design, as well as the specific expe-
riences and lessons distilled from working with a range of interested potential users.
The results of this cross-domain collaboration can assist future work in developing
visualisations in a variety of fields.

4.1.2 The designers toolbox

The field of design is broad and there are many complementary methodologies that
can be applied to a given design problem. The work of [76] reviews a number of
design studies that have been conducted across a variety of problem domains, and
serves as the primary guiding source for what follows. In this work, they summarise
the following generic steps common to all successful design studies, which attempt to
address the four threats to validity identified in [53]:

1. Analysing the problem to ensure that the correct problem is being addressed and
all parties share a common understanding of this problem.

2. Identifying and abstracting the tasks associated with this problem, to ensure that
proposed visualisations present the correct data in a manner that supports the
identified tasks.

3. Designing and implementing an effective visualisation solution that applies the
principles of visualisation (discussed in Section 3.3.3).

4. Evaluating the proposed solution with real users to validate the design and iden-
tify areas of future improvement.

5. Documenting the design process, findings and proposed solution.

Below we present a number of specific techniques that were considered for use in this
design study, and discuss their contextual strengths and weaknesses.

4.1.2.1 Interviews

At the outset of the design study, it is necessary to understand the scope of the problem
domain, as per step 1 above. In-person interviews can be very effective in this initial
stage to understand each user’s background with respect to the problem domain, and
their functional expectations and needs. The most appropriate interview approach is
dependent on the familiarity of the visualisation researcher with the field in question.

Unstructured interviews are a useful initial tool to build familiarity with a problem do-
main. They work best when the interviewees are experts in the field who are ac-
quainted with the successes and shortcomings of existing solutions, and are able to
outline a range of potential use cases. This approach requires minimal knowledge of
the field on the part of the visualisation researcher.

Semi-structured interviews have a similar exploratory aim as unstructured interviews,
but are based around a short, fixed list of leading questions that help guide the conver-
sation. These interviews are useful with users with less explicit existing requirements
or familiarity with the field in question. A successful outcome is dependent on the
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visualisation researcher having conducted previous unstructured interviews, or be-
ing moderately acquainted with the field, in order to draft the initial list of leading
questions.

Structured questionnaires are an appropriate choice when potential use cases or func-
tions have been identified, and user responses are required to select or validate a sub-
set thereof. This approach is well suited to collecting and collating responses where
the potential sample of potential users is large. There is a risk that the focus of the
questions can miss perspectives that would otherwise be unearthed in more personal
interviews. It is therefore imperative that questionnaires should only be constructed
after either of the previous interviews techniques have been applied, or if the visuali-
sation researcher has a high degree of familiarity with the field in question.

Group sessions can interactively incorporate a plurality of perspectives, and the inter-
action between participants can lead to the discovery of new requirements or critiques
that might otherwise be missed. These sessions can be used either in the initial discov-
ery phase, or as part of feedback related to prototypes (discussed below). An enforced
structure is required to manage the inherent noisiness of group interactions.

A potential problem with all the above approaches to scientific visualisations is the
inherent difficulty of discussing the theoretical display of complex data in the absence
of visual aids. While it is possible to use existing displays (where they exist) as depar-
ture points for discussion, additional aids will of necessity be required as the design
study progresses. Iterative design through prototyping is powerful way of resolving
this problem.

4.1.2.2 Iterative prototyping

The systematic review performed by Da Silva et al. [32] identifies the use of agile
methodologies and iterative prototyping as useful in User Centred Design, an ap-
proach that places defined users at the core of the design process. Agile methodolo-
gies have also come to dominate the contemporary commercial software development
landscape. They are a response to big, upfront designs that ultimately fail to deliver a
product, or where that product fails to meet the needs of users.

These approaches are particularly useful where the full scope of required functionality
is not known upfront and must be uncovered as part of an iterative design process.
The development of prototypes that illustrate potential viable functionality is an im-
portant element in this process. The ability to interact with proposed solutions can
elicit useful feedback early on in the process that would otherwise only be uncovered
after final delivery. Prototypes also enable higher levels of dialogue about a problem
by providing a common, visual context for discussion and experimentation.

The work of Jones, Marsden, et al. [46] complements this by suggesting an iterable,
three-step approach to User Interaction Design. The initial step in each iteration in-
volves gaining an understanding of potential user’s capabilities, limitations and re-
quirements. This understanding enables the development of a prototype interaction
design that can be demonstrated, altered and discussed. The prototype can then be
evaluated using a range of evaluation techniques. The outcome of this evaluation is
ideally a list of strengths and weaknesses of the design, that can inform future itera-
tions of the process. The evaluation may also support a more radical approach that
discards much of what has been built in favour of a new line of design thinking that
better addresses users’ needs.
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It is important to differentiate between prototyping and software development. Pro-
totypes require only the minimum necessary functionality be implemented that is re-
quired to illustrate a particular function or interaction. They should use the simplest
technology with the lowest barrier to execution, to support rapid changes driven by
user feedback. There should also be no expectation that the prototype could easily be
transformed into an eventual end-product - this prevents potential design ideas being
rejected too early in the process due to potential implementation difficulties within a
particular technology stack.

Paper prototypes are tactile, physical visualisation aids that have been shown to be help-
ful in exploring a range of possible solutions Snyder [79]. Their inherent simplicity
and enforced abstraction are useful in rapidly generating and winnowing down lists
of potential interface ideas. They can also be less intimidating to participants in the
design process who are not familiar with software development. One drawback is that
it can be difficult to map ideas to simple enough 2D paper models, particularly where
the data or proposed visualisation is complex.

Static digital prototypes allow for rapid, reactive prototyping of changes or suggestions
elicited in interviews. Static prototypes are the digital equivalent of paper prototypes,
and are similar in nature to the design sketches used in the automotive industry. They
are well suited as visual distillations of ideas generated during interviews and discus-
sions, and can also be used for evaluation of those ideas during subsequent rounds
of user interaction. Static prototypes are not well suited to illustrating the potential
information channels afforded by interaction with a visualisation.

Interactive digital prototypes are much closer in capabilities to the potential final imple-
mentation, and directly address the difficulties static prototypes have in conveying
interaction information channels. They can be more work to implement than other,
simpler options, but with the right choice of tool set need not be. Exposing partic-
ipants to a range of possible interactions can germinate new ideas for desired func-
tionality. These can then be prototyped and evaluated, resulting in a virtuous circle of
iterative design.

Participatory design

Participatory design includes users as integral parts of the design process, sourcing
their input and evaluating their responses through the complete design cycle. This
stands in contrast to the historic norm where users are consulted upfront and then
presented with a completed product design (the waterfall model). Participatory de-
sign is complementary to agile methodologies in that it supports rapidly adapting to
user ideas and feedback, as well as creating a sense of ownership and investment in
users. This can often lead to a more thoughtful and thorough understanding and anal-
ysis of potential designs early in the process, and a greater sense of ownership of the
solution by participants.

4.2 Previous work

The use of design studies for data visualisation is not currently widespread in the field
of particle physics. Below we discuss four bodies of work that are either design stud-
ies in similar fields, or are developments of visualisation tools whose process adopts
aspects of design theory.
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Barlund et al. [12] applied a user-centric design approach to improve the usability of
electronic logbooks employed at CERN and ATLAS. Their approach utilised an initial
fixed questionnaire, the results of which guided a participatory design process they
describe as Contextual Inquiry (CI). Heuristic based user evaluation was conducted
via usability testing in order to produce a proposal for improvement to be used in
future logbook software development, including the CERN control centre eLogbook
and ATLAS ATLOG electronic logbooks.

Chae et al. [25] conducted a visualisation-centric investigation into the use of colour
and multi-scale histograms to support visual analysis of data from neutron scatter-
ing experiments at the Oak Ridge National Laboratory (ORNL) Spallation Neutron
Source (SNS). Their approach utilised semi-structured user interviews to characterise
the problem and define an initial design, that was then improved over several iter-
ations in collaboration with potential users. In addition to a complete design, they
also present several case studies illustrating the ways in which their design could be
directly applied to user needs.

Weissenbock et al. [90] also involved users in their iterative, participatory design pro-
cess to develop "An Interactive Tool for Exploring and Analysing Fiber Reinforced
Polymers". Their final prototype was evaluated by users using a numerical scale ques-
tionnaire. This approach allowed the team to distinguish marked differences in per-
ceived effectiveness between practitioners and scientists, for a specific technique.

The work of Tomberg et al. [85] presents a design study conducted with medical doc-
tors. The aim of this study was to assist in "building representations and interpret-
ing information" from episodic memories of encounters during their daily practice of
medicine. Participatory design using paper models was successfully applied to create
an initial prototype that was favourably received by users.

4.3 Expected outcomes

The primary outcome expected from this design process is a functioning interactive
prototype that serves to demonstrate concrete examples of effective visualisation re-
lated to specific research questions. This final prototype is divorced from the imple-
mentation details that would be associated with integrating it into an existing tooling
ecosystem. This choice emphasises the design-centric nature of this project, where the
intent is to guide future development within an existing technology stack.

A secondary outcome is the documentation of both the process and experience of con-
ducting participatory design with scientific experts where the visualisation researcher
has minimal prior knowledge of the field. This may be useful to future design studies
conducted in similar contexts.

An unexpected tertiary outcome was the use of the final prototype in the public out-
reach activities of CERN, which served as a broad, public validation of both the design
process and the final prototype.

4.4 Approach

We synthesised common, successful aspects of previous design studies and techniques
from literature to define the structure of our design study. We chose an approach that
combines pure research oriented design study methods with iterative development
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derived from experience with commercial software development best practices. The
broad outline of the plan is presented in Figure 4.1, which describes four distinct stages
of work.

The basic approach consists of an initial foundational stage where relevant literature
across physics, visualisation and design is reviewed. This is followed by a design
stage comprising three iterations of the four phases of prototyping (analysis, design,
implementation, and validation). A static alpha prototype is developed and evaluated
by users in iteration one. This feedback is used to refine this into an interactive beta
prototype in iteration two. This is again evaluated by users, and the feedback applied
to finalise the visual and interaction design of the prototype in iteration three.

4.4.1 Foundational stage

The foundational stage provides an opportunity to familiarise the visualisation re-
searcher with the primary concepts and basic theory underpinning the field under
investigation, to be able to contextualise future discussions with interviewees. While
it is possible to conduct interviews that rely solely on participant input, relying on
interview subjects to explain basic concepts does not make optimal use of available
interview time. It also becomes difficult to link ideas and draw conclusions without a
contextual understanding of the field.

For this study it was deemed necessary to review and understand the theoretical basis
of particle physics, and the software available and used within this community, which
we summarise in Chapter 2. We then conduct a review of the field of visualisation in
Chapter 3, where we explore the theory required to develop effective visualisations.
We also review the range of visualisations and event displays currently available to
scientists in the field.

4.4.2 Design stage

We chose to split the design stage into three iterations, each of which is further sub-
divided into four phases of design: analysis, design, implementation; and validation.
These phases are further broken down into steps, each of which may address one or
more of the levels of design and validation discussed in Section 4.1. The first two iter-
ations follow all four phases. The final iteration focuses on incorporating the changes
from previous validation phases in order to create a final prototype and thus only
includes design and implementation phases. The key to Figure 4.1 shows which ele-
ments of the hierarchy of design are applied at each step within the process.

4.4.3 Iteration one

In the first iteration we identify a group of potential users of varying backgrounds.
We then conduct initial interviews with them, the results of which are are transcribed,
collated and aggregated to create a summarised list of common themes. This list is
used to define the scope of the static alpha prototype.

The scope definition defines and constrains the expected functionality of the alpha
prototype, in order to manage the required amount of work. It also focuses prototyp-
ing efforts on the minimum viable subset of functionality required to illustrate poten-
tial approaches and allow users to provide meaningful feedback.
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We then define a series of functional components based on the scope definition. The
form and function of each component is gradually refined in a participatory design
approach with the PDE. Reviews of, and feedback on, existing event displays are also
used to guide the design of several components.

The resulting static alpha prototype is then evaluated in individual and group feed-
back sessions. The responses and critical feedback from these sessions is collated and
analysed to again find common themes, which are used to inform iteration two.

4.4.3.1 Identifying users

We began by selecting a primary domain expert (PDE) to serve as a guide through
the domain of particle physics, and provide high level direction and validation for the
proposed solution. Dr. Tom Dietel is the current TRD software coordinator and has
significant expertise as a particle physicist who works very closely with TRD data.
He was able to explain unfamiliar physics concepts that arose during the process,
and validate our understanding thereof, as well as assisting in navigating the existing
software ecosystem.

It is infeasible to consider all potential audience profiles and expectations, due to time
and capacity constraints on the part of both visualisation researcher and users. We
therefore decided, together with the PDE, to consider only two potential audiences.

The primary audience are experimental physicists with a specific interest in the oper-
ation of the TRD and the resultant data. Their familiarity with the physical concepts
underlying the operation of the TRD allows for more focused interviews with mo-
tivated participants. This audience would also be able to meaningfully critique the
physical validity of visual representations, and suggest improvements.

The secondary audience is the general public with no knowledge of particle physics,
with whom CERN would wish to conduct outreach and education activities. Visual
appeal, clarity of information and a simple interface are more important than fidelity
in such scenarios. This may conflict with the needs of the primary audience, but our
expectation is that appropriate design choices can allow the initial single prototype
to be easily customised for a different audience. We chose to focus on the primary
audience for initial prototypes, with the secondary audience addressed once a robust
and functional prototype was complete.

Potential users from the primary audience were identified by the PDE within the AL-
ICE group, who were then directly approached to participate. The rights of the vol-
unteers in terms of the approved ethical guidelines for the project were explained, in
particular the rights to opt-out of the process and the right to anonymity.

4.4.3.2 Initial interviews

The initial interviews are the first opportunity to begin identifying the needs of users,
and the visualisation tasks that directly assist research and analysis of data. We aim to
build upon the basic domain knowledge acquired in the foundational stage, and better
understand users” experiences and expectations in relation to visualisation. We also
explore conceptual misunderstandings or areas of frequent misinterpretation of data,
as well as uncover relevant knowledge gaps that can be bridged with appropriate
visualisation aids.
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An initial unstructured interview was conducted with the primary domain expert
(PDE), the ALICE TRD software coordinator, to identify that a need for visualisa-
tion existed, and better understand the research area (to complement the field review
above). The use of structured questionnaires was rejected in favour of interviews,
due to the small number of identified participants and the variety of background and
expertise between the interviewees.

Interviews were conducted primarily in-person at the University of Cape Town (UCT),
with the use of video-conferencing for remote participants at the University of Heidel-
berg. The format consisted of a 30 minute core interview, with a 30 minute buffer for
additional discussion if necessary; this was chosen to avoid question fatigue and keep
the interview focussed.

An informal approach was adopted, using leading questions to prompt reflection, crit-
ical analysis, and brainstorming on the part of volunteers. Question and answer feed-
back loops were utilised, where answers to pre-defined questions prompted other spe-
cific, targeted questions. The common questions asked of every interviewee, and the
expected outcomes, are reflected in Appendix A.

Interviews began with general background questions, to set the tone and understand
the interviewee. We then established the field and domain knowledge of participants,
as well as familiarity with event displays in general. Specific tasks were identified
that related to the volunteers research interests, with emphasis placed on differenti-
ating between personal and generally applicable requirements. This was important
in the scope definition below, as common general requirements were prioritised over
unique personal requirements. Volunteers were also prompted to identify aspects of
existing displays that were problematic, as well as successful approaches that should
be replicated, referencing existing work where appropriate.

4.4.3.3 Prototyping

For the initial static prototype, the option to use paper prototypes was rejected because
sufficient examples exist of other event displays (see Section 3.5) to already establish a
common visual language and use as a reference for discussions. A static web-browser
based solution, optimised for high-resolution desktop screens, was instead chosen as
the initial prototype development platform. This guaranteed portability and ease of
setup when demonstrating to users. The web development stack directly supports
rapid prototyping and encourages a focus on presentation rather than platform id-
iosyncrasies. A final important factor is that web development aligned well with
this visualisation researcher’s existing skill set, eliminating time that would otherwise
need to be spent learning a different prototyping tool. The choice to use technologies
with very little similarity to the core software stack used in the field' is a deliberate
one that frees the potential designs from being constrained by the capabilities and
expectations of that software.

We decided to construct the prototype as a series of independent components pre-
sented in a single interface. This would allow implementation of selection or rejection
decisions from future reviews by simply adding, editing or removing the appropriate

! As discussed in Chapter 2.3.



Chapter 4. Methodology: a plan of attack 44

components. This choice also aligns with existing approaches2 and specific user re-
quests from the interview process. This approach standardises user eye movement be-
tween identically sized, regularly spaced components. Finally a component approach
allows for parallel prototyping, as changes to a single component can be implemented
in isolation to others. We attempt both low and high fidelity spatial representations to
determine effectiveness and potential value. The component approach also supports
addressing the needs of the public audience at a later stage by modifying existing
components or adding new components as required.

Interaction for this initial prototype was limited to ensure less upfront implementa-
tion was required. Users would be able to select from a predefined representative set
of events, and the individual components would update accordingly, but all other as-
pects of the display would remain static. This choice is in keeping with the principle of
using the simplest visual information channels first, before considering more complex
but powerful options.

4.4.3.4 Validation

The static alpha prototype was presented in a group setting to an audience of subject
matter experts and potential users at an ALICE group meeting in Cape Town, South
Africa. This presentation demonstrated the capabilities of each prototype component,
individually and in relation to other components. A question-and-answer session was
conducted after the presentation to elicit feedback from the audience.

Specific feedback was elicited on the effectiveness and appropriateness of each po-
tential component, as well as general feedback on the approach and design choices
evident in the alpha prototype. Follow up questions to the audience, based on this
feedback, were then used to expand upon and clarify the critical feedback on these
components.

A second interview with the primary domain expert (who was initially interviewed)
was conducted after the group session. The aim was to evaluate the static prototype in
greater detail than in the group setting, as well as clarify any points raised by the group
that depended on specific domain knowledge. The PDE was also asked to provide
feedback on whether, and to what extent, points raised in their first interview had
been addressed, and whether this had raised any potential further requirements based
on the demonstrated prototype functionality.

This prototype was also presented to Assoc. Prof. Michelle Kuttel, an experienced
visualisation designer, who provided valuable critique on the visual design choices
(colours, textures, styles, layout), which was then incorporated into iteration two.

4.4.4 Iteration two

In the second iteration we again follow the four phases of design illustrated in Figure
4.1. We begin by conducting another round of interviews with a new set of potential
users, as well as attending several presentations on the development of an AliEve re-
placement in O? . The interview responses, presentation content and static prototype
feedback (both direct and indirect3) are summarised to extract common themes and
revise the overall scope. Identified problems with clarity of information representa-
tion or ease of interaction are specifically addressed. Interactivity is incorporated by

?As demonstrated by AliEve (Figure 3.5)
3Observed responses during group presentation that were not explicitly vocalised.
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allowing users to zoom and filter on data of interest, as well as using animations and
transitions to aid understanding.

We then summarise the common themes and incorporate the experience gained in
building the initial static alpha prototype, creating a list of concrete changes to exist-
ing components, and additional new components to implement. These changes are
applied to the existing static alpha prototype in a collaborative design process with
the PDE to create an interactive, dynamic beta prototype. This beta prototype is again
critically evaluated and validated in both individual and group sessions, and the con-
solidated outcomes used to finalise the design.

44.4.1 Additional interviews

The second round of interviews involved a new set of participants again identified by
the PDE, all of whom represented the primary audience for the display. The rights
of the volunteers in terms of the approved ethical guidelines for the project were ex-
plained, in particular the rights to opt-out of the process and the right to anonymity.

All interviews were conducted in-person either in Geneva at CERN or in Cape Town
at the University of Cape Town. A similar format to the initial interviews was adopted
using the leading structured questions from Appendix A. The alpha prototype from
iteration one was also demonstrated to participants to prompt further discussion and
idea generation. User feedback was used to select a subset of components that were
judged to be useful and effective, and the critical responses were interpreted to im-
prove the functionality and appearance of these components.

4.4.4.2 Validation

The developed interactive beta prototype was presented to an international audience
of subject matter experts at the TRD Comprehensive Status and Planning Meeting in
Frankfurt, Germany. The audience represented varying degrees of familiarity with,
and expectations of, event displays, and the majority had not previously been exposed
to our design process. As such they were able to provide valuable feedback from the
perspective of new users of the visualisation, as well as provide novel critical analysis
not previously encountered.

We conducted a hands-on case study at the meeting with a group of physicists with
a specific interest in TRD data. This session served both as an evaluation of the beta
prototype, and a source of very technical corrections to some of the implemented func-
tionality, as discussed in Section 5.3.4.

Upon returning to South Africa, the beta prototype was presented at a combined AL-
ICE and ATLAS group meeting in UCT, where feedback from expert physicists outside
ALICE was obtained for the first time. One final interview was then conducted with
the PDE to discuss and contextualise all the feedback received, as well as discuss the
successes and failures of the beta prototype given the initial remit.

4.4.5 TIteration three

The third iteration is a final refinement of the work produced in the previous itera-
tions. We synthesise all prior feedback to identify a final set of components to retain,
document the desired functionality represented by each component, and then update
the beta prototype to reflect these changes. The final prototype is then demonstrated
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and used by several physicists on their own data and these case studies are briefly
summarised.

During this process the opportunity arose to include the final prototype as part of a
large public outreach event at CERN Open Days [22], and elicit feedback from the orig-
inal secondary audience of this project. This required changes to the final prototype in
addition to those identified as part of previous feedback. The details of this successful
demonstration, and the impact it had on the final design are also documented as part
of this iteration.
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5 Results: fruits of our labour

This chapter outlines the results of our design study to create an event display for use
within the TRD group in ALICE at CERN. We present the details and results of each
iteration of design, using the methodology and evaluative research based methods
outlined in Chapter 4.

We begin with iteration one and present the common themes summarised from user
interviews, and then outline the resulting scope definition of the alpha prototype.
We then provide detailed descriptions of the chosen components, and discuss imple-
mentation specific considerations that we encountered. We finally summarise the re-
sponses from validation of the alpha prototype, and document our personal reflections
on the process.

For iteration two we present the common themes summarised from additional in-
terviews conducted after demonstrations of the alpha prototype. We then detail the
revised scope for beta prototype, and describe the changes to existing components
and functionality of new components, as well as associated implementation consider-
ations. The feedback from presentations of the beta prototype are then summarised,
and we discuss personal reflections on the process.

We conclude with iteration three where we discuss the presentation of the final pro-
totype at CERN Open Days and the changes to the design that this necessitated. The
final design is presented and discussed in detail, as are the associated implementation
details. We finally summarise all the case study demonstrations that were conducted
to evaluate the prototype and related outcomes.

5.1 Alpha prototype: Iteration one

5.1.1 Initial interview themes

We conducted interviews with four volunteers, referred to hereafter as PDE [36], P2
[59], P3 [60], and P4 [62]. The volunteers” had a range of experience with the TRD,
its data and visualisation thereof: one novice with no previous experience; one inter-
mediate with limited analysis exposure; and two experts involved in detailed analysis
and event reconstruction. All volunteers had completed at least a 4-year degree in
Physics, and the range of experiences was sufficient to cover a large set of potential
expectations and tasks. Feedback has been grouped by similar themes expressed by
one or more participants, identified by the corresponding abbreviation in parentheses.
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Tasks

The primary motivation behind a new event display is to support the move to the
new O? framework'. A TRD specific display would help debug and guide devel