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The relationship between artistic activities and digital technology development

Executive summary
This report examines how digital technology is affecting artistic activity and how artistic activity is
affecting digital technology. Artistic activity is broadly defined to include design, film, computer
games, architecture, music and fashion as well as art. The focus is on digital technology's role in
creative activity. The study examines recent global trends with a particular focus on the European
Union (EU). It describes likely future directions and sets out policy options to encourage activity at
the intersection of artistic and technological skills.
1. The connections between artistic activity and digital technology
Three ways in which technological change is affecting artistic activity are:
New kinds of creative community and forms of creation: Digital technology has led to new kinds
of creative communities online that are making it easier for people with artistic skills to develop
technological skills. There are also new forms of creation based around open source software and
online markets/platforms for digital designs in areas such as computer graphics and 3D printing.
Algorithms playing a greater part in the creative process: There is evidence that algorithms'
importance in creative processes will increase, going beyond their already central role in creative
software tools. For example, generative design and new techniques in artificial intelligence (AI) such
as deep learning and generative adversarial networks (GANs) are leading to progress in automatic
content generation. These developments are already feeding into artistic activity and could become
much more influential in future.
Changes in hardware influencing artistic activity: Small scale hardware such as the Raspberry Pi
and Arduino, and the growth of platforms such as virtual and augmented reality (VR and AR), are
providing creative companies and artists with expanding opportunities to incorporate digital
elements into their work and reach new markets.
Three ways in which artistic activity has affected technology are:
Stimulating important developments in hardware: The desire to meet the demand for
sophisticated 3D graphics in computer games was a key factor in the development of a new kind of
computer chip, the graphics processing unit (GPU). GPUs allow the complicated calculations needed
to show 3D graphics to be done faster. Besides their influence in computer graphics, GPUs are
important in computationally intensive tasks in AI and digital cryptocurrencies.
Computer games influencing the development of AI: Game environments have been found to
be useful for training machine learning algorithms in AI, aside from the traditional role of AI in
simulating game characters. An example of this is the work of the AI company, DeepMind, which
makes extensive use of games. This has resulted in partnerships between DeepMind and the games
engine producer Unity, both of whom were founded in Europe.
Creatives developing their own artistic tools: There are instances where technologically skilled
creatives have developed their own tools. For example, the widely used music software Ableton was
developed in Berlin by electronic musicians from computer science backgrounds. There are other
examples in music of artists developing interactive tools to enhance their live performances.
2. The strategic outlook for the interface of artistic and technological skills
This is an area of European strength: Some world-leading European companies and organisations
produce products and services for activity that combines artistic and technological skills, both in
software (for example Unity, Ableton and Blender) and hardware (for example Arduino and
Raspberry Pi).
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More demand for the combination of artistic and technological skills: Global economic
development is likely to increase the number of people with higher levels of education and incomes
worldwide. It is plausible that this will increase demand for products and services that combine
technological sophistication and high levels of design in aesthetic or user experience terms, in turn
raising demand for the integration of technological and artistic skills.
Greater incentives for companies to invest in combining artistic and technological skills:
Ongoing automation of routine work in manufacturing means that there will probably be a
competitive incentive for companies to invest in more sophisticated integration of technology and
design to stand out.
Growth in platforms that create demand and provide outlets for artistic skills: The growth of
platforms such as VR and AR are expanding the range of media within which artistic skills can be
deployed, and creating demand for new content. There is likely to be a greater focus on interactive
and personalised experiences in artistic activity overall.
Greater integration of digital, design and data skills: The growth of digitally embedded devices
with the internet of things (IoT) is likely to lead to a greater integration of design, digital and data
skills; going beyond websites, where this already happens, into physical products such as clothing.
3. Policy options to encourage the combination of artistic and technological skills
The report considers a number of possible policy options to encourage activity in this area.
Deepening and broadening skills at the interface of art and technology: Increasing the scope
to study both artistic and technological subjects in higher education, and providing greater
opportunities for those with artistic skills to develop sophisticated technological skills would enrich
the skills base in this area.
Improving awareness of the technological sophistication of digital artistic activity: Although
the creation of many products, films, music pieces and computer games is based on sophisticated
digital technology, the extent of this use is almost invisible to the wider world. A programme to
increase public recognition of digital artistic activity would help motivate a wider range of people
to study technology and appreciate it.
Broadening the definition of research and development (R&D): The definition used to allow
companies to obtain tax relief for R&D has traditionally made it difficult for firms in the creative
industries to offset their R&D expenditure for tax purposes. As a result, it is proposed that a broader
definition of R&D be used to encourage greater investment in R&D in the sector.
Developing the digital capability of contemporary art: Contemporary art has, in comparison to
other sectors such as music and design, been relatively unaffected by digital technological change.
Given the area's foundational importance the report suggests ways that digital capacity in this area
could be developed. These include raising the visibility of this activity through prizes and
encouraging the development of more sophisticated artwork with a technological element, using
funding mechanisms that give greater recognition of the team work that larger projects require.
Recognising the potential future importance of AI for the creative industries: There has been a
proliferation of national AI strategies in recent years. Some of the latest developments in AI research,
have the potential to substantively affect the creative industries. As a result, there is a case for the
development of specific AI strategies for the sector.
Measuring the sector's extent and skill needs more accurately: The complexity and
interdisciplinarity of the intersection of artistic and technological skills means it is hard to measure
within the domain of official classifications and statistics. A way to inform policy development on
the sector within a smart specialisation context would be to analyse the location of activity in the
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EU and its skills needs, using machine learning and new data sources, such as online job
advertisements.
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Glossary
Algorithms A set of instructions or rules for carrying out a series of operations, often, but not always
involving a computer. Computer software implements algorithms by means of the computer's hardware.
Animation The process in which images or objects are manipulated so that they appear to be moving.
This can be 2D or 3D.
Artificial intelligence (AI) The objective of this field is the development of machines that have
intelligent capabilities, such as for example translation, pattern recognition, conversation and,
ultimately, general intelligence itself. Machine learning is part of the wider field of AI.
Augmented reality (AR) A form of digital environment upon which it is possible to overlay interactive
information or imagery to enhance the user's experience of the real world.
Digital audio workstations (DAW) DAWs are software that allows users to record, edit and produce
music and audio files.
Deep learning A form of machine learning that often involves the use of neural networks with many
layers. Deep learning has contributed to recent progress in areas such as pattern recognition and
automatic content generation.
Games engine A development framework for people creating computer games. It allows the developer
to import artworks and environments, add physics, lighting, animation and edit the experience.
Generative design A design process that uses algorithms to generate many solutions to a design
problem.
Generative adversarial networks (GANs) A technique that can generate realistic imagery, involving
two neural networks competing against one another. One of the networks is trying to generate fake
versions of a particular image such as a human face while the other network tries to detect the automatic
fakes from the real images.
Graphics processing units (GPUs) Specialised computer processors, originally designed for the rapid
rendering of computer graphics.
Machine learning A set of techniques that are used to identify patterns in data, often in unstructured
data such as text or image data. This can involve identifying a particular object in an image or clustering
data into particular groups.
Motion capture (mocap) A digital record of movement, often of human performances. These digital
records can then be superimposed onto a digital 3D character.
Neural networks Mathematical objects that are loosely inspired by biological neurons. In practical
applications they are implemented on computers and are frequently used for pattern recognition with
images, text and sound.
Open source In a software context, this is where the original source code is freely available and can be
modified and redistributed. There may be different licensing arrangements associated with this.
Photogrammetry The analysis of photographic data, with stereo photogrammetry this involves the
reconstruction of the shape of 3D objects from the data in 2D photographs.
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Rendering The process of generating an image, realistic or stylised, from a model (2D or 3D) using
computer programmes.
Scanning Capturing of a digital 3D representation of a real word object. An example is laser scanning,
where an object is scanned by laser beams to capture its physical shape.
Shaders A programming tool frequently used to generate lighting and shadow effects in 3D computer
graphics modelling.
Virtual reality (VR) A computer simulation of a 3-dimensional space or environment with which a
person can interact in an apparently real or physical way using specialised equipment.
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1. Introduction
The digital revolution and artistic activity
The digital revolution has created a universal medium for creation and distribution.
This has led to an increasingly integrated landscape of creative activity ranging from digital
photography, to product design and architecture, music production, games design and visual effects in
film. This is an area that combines high-levels of artistic and technological skills. It is an area of economic
importance which, in a world facing the automation of routine jobs, and the growing pervasiveness of
digital technology is set to become more prominent (Bakhshi, Frey and Osborne 2015).
Technological change has enabled new forms of artistic expression and business activity. It has resulted
in new visual and musical styles, new business models and ways of creation. Many of the products that
surround us and much of the music that we listen to is created on computers. The growth of virtual and
augmented reality (VR and AR) is expanding the market and domains for artistic expression. 3D printing
and scanning allow for rapid prototyping and the transmutation of objects between the physical and
digital realms. Sophisticated mathematics and computer science combined with artistic skills power
modern blockbusters and computer games to large audiences.
An unfortunate side-effect of this success is that so ubiquitous and accessible are the results of this work,
that much of the great technological sophistication and skill (technical and artistic) that underlies it is
hidden and not fully appreciated. Nor is the fact that creative domains such as visual effects, computer
games and architecture are increasingly connected, visible to the wider world. This has implications as
these areas are likely to grow in importance and require more people with high levels of both artistic
and technological skills, a combination that is not necessarily produced by the education system.
The effect of technology on artistic activity is also not a one-way street. The wish to show sophisticated
graphics for computer games led to the development of a completely new kind of computer chip (the
GPU) which is central to other technological areas such as digital cryptocurrencies and artificial
intelligence (AI). Computer games are also being used as an environment for training machine learning
algorithms in AI. At the same time, the conversion of content, such as sound and imagery, into data
through digitisation is having new effects. Advances in AI trained on this data are, in turn, leading to
new progress in the automatic generation of creative content which may become more influential in
future.
While much of the use of digital technology in this area is done at scale involving large teams of people,
the digital revolution is also expanding the potential for individuals to be creative. High quality music
production and photo editing on laptops has been possible for some time, and the range of what is
possible is growing, with increasing sophistication of software and processing power allowing small
teams to pull off ever more technically impressive projects in computer games and visual effects. Digital
markets and open source communities have sprung up online making it easier for people to learn, share,
collaborate and trade digital-related artistic activity in new ways. This democratisation of creative
potential is allowing more and more people to find media in which they can express themselves.
European companies are behind some of the highest profile digital creative tools in this area, such as
the music software Ableton (Germany), the games engine Unity (Denmark), the computer graphics
software Blender (Netherlands), the 3D model sharing site Sketchfab (France). Soho in London is one of
the world's leading centres for visual effects. Minecraft (Sweden) while becoming one of the most
successful games in history has also become an important creative environment in its own right. In
hardware, new platforms such as Arduino (Italy) and Raspberry Pi (UK) have sparked a wave of creativity
in multiple fields.
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Report approach
This report analyses the interface between artistic activity and technology, and how the two affect each
other. It looks at international trends, with a particular focus on the European Union.
To clarify the terminology that is used in this report, when we discuss artistic activity we refer to the
range of areas that draw on artistic skills, for example: fashion, architecture, computer games, design,
music and film, rather than contemporary art exclusively. When we refer to technology, we mean recent
digital/computer-related technology change. There are of course many other forms of technological
progress, for example advances in chemistry and biology. In this report we focus on digital technology
as it allows us to concentrate on a single area that is having a clearly identifiable effect on a wide range
of creative activities. Digital search and distribution platforms are outside the scope of the analysis
unless there is a direct link to the creative activity. A further clarification is required in terms of what we
mean by 'technology development'. The development of a computer game could be seen as creating a
new technology, and in many ways it is, but in this context we use 'technology' to refer to something
that can have a wider range of potential applications and uses.
This report first gives an overview of the intersection of art and technology. It then examines some of
the ways that technology has affected activities involving artistic skills, and how artistic activity is
affecting technology development. In some instances we focus on a particular European case study that
highlights developments, in others we cover general trends. Finally, the report provides conclusions on
future trends and examines policies which could be used to encourage activities that combine artistic
and technological skills.
Some distinctions in digital creative activity
To provide context to the digital creative landscape we highlight below some distinctions that are
useful in understanding the domain:
The difference between computer-aided design (CAD) and 3D modelling
In computer-aided design the aim is to produce a specification for the parts which could be used to
manufacture the object that is being designed. In 3D modelling as the intention is to produce objects
for a digital medium, the objects do not necessarily have to be realisable in the real world e.g. a watch
in a video game has to look like a watch, but it does not need to have its internal components modelled
or actually be makeable. As a result the software used for 3D modelling is typically different from that
used in computer-aided design. However, this is not to say that objects created using 3D modelling
cannot be physically produced, for example characters from computer games can sometimes be
downloaded and 3D printed.
The difference between computer games and visual effects in films
While there are common techniques, such as motion capture and photogrammetry, and increasing
convergence in the graphics that are used in computer games and the visual effects in films, there are
differences due to the different constraints that the two operate under. The graphics in computer
games are generated in real time and have to respond to the interactions of the player, while visual
effects in films are applied to a pre-determined set of frames and are pre-processed. This means that
visual effects are typically done to higher levels of resolution than computer games and are often
generated in a different way. For example in film visual effects artists may work on a scene frame by
frame, whereas in computer games that is not possible as much of the imagery has to be automatically
generated.
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2. Overview of the intersection of art and technology
An integrated creative medium
Digital technological change is leading to the creation of a new sector where domains converge. Tools
from computer games are being used in architecture and film. Tools from photo editing are used in
computer games, design, fashion and visual effects. Film composers are using the same music software
as dance music producers. Fashion photographers are using computer graphics to create virtual fashion
models (Cresci 2018). Architects have made effects rich feature films (Basulto 2011). Visual effects can
be so sophisticated that film simulations of black holes have informed academic research on the topic
(James et al. 2015).
A further effect of the growing pervasiveness and flexibility of digital technology is that it is allowing
creative skills and design to be combined in new ways, for example, in using a computer game to have
discussions with local people about a neighbourhood planning process. In an art context technological
change is allowing artists to address a wider set of issues, as shown by the UK-based, Turner Prize
nominated, collective Forensic Architecture who use tools such as computer vision and architectural
visualisation to shed light on human rights issues (Weizman 2017).

Figure 1 – Project: The Ayotzinapa Case: A Cartography of Violence

Source: Commissioned by the Argentine Forensic Anthropology Team (Equipo Argentino de Antropologia
Forense or EAAF) and Centro de Derechos Humanos Miguel Agustín Pro Juárez (Centro Prodh) on behalf of the
families of the disappeared. Forensic Architecture used available photographic evidence from the scene to inform
their 3D models. Image: Forensic Architecture, 2017

The greater availability of platforms to allow people to access augmented and virtual reality are
providing new environments to use artistic skills to reach new audiences. Recent years have also seen
the field of AI become increasingly influential following a series of breakthroughs in areas such as image
recognition, text analysis and the automatic creation of imagery. This technological change may be
disruptive as its techniques move from their current use in recommendation engines and other areas,
to being deployed in creative activity itself.
These developments are not news to the people that work in these domains, but many of these
underlying technological trends are largely invisible to the wider world, and until recently remain
largely unrecognised by policy, which is inconsistent with their growing prevalence and likely future
importance.
In the UK there has been some recent changes to address this with the work of the Digital Catapult
which is active in several of these areas and the promotion of Creative Technology (Createch) by the
Creative Industries Council. Nesta has also undertaken a range of initiatives in this area, such as its
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partnership with Arts Council England and the UK's Arts and Humanities Research Council on a Digital
R&D fund for the arts, and data analysis work mapping the UK games and creative industries (Nesta, ACE
and AHRC 2013; 2015, and Mateos–Garcia, Bakhshi and Lenel 2014).

Why activity combining artistic and technological skills is set to
grow
There are likely to be more products and services combining artistic skills and digital technology in
future.
Demand is set to grow as development leads to the world's population increasing, while becoming
better educated and wealthier. This will probably increase the demand for more sophisticated products
and services. There already exists an interest in premium products that combine design and technology,
as is illustrated by Apple's success. It is plausible that there will be greater demand to go beyond the
functional for a more satisfying experience.
On the supply side, there are likely to be more opportunities for goods and services that combine artistic
skills and digital technology to be produced. As the automation of manufacturing activities increases,
firms will be incentivised to win customers through better design. The commodification of routine
manufacturing will provide incentives for companies to focus on design as this will probably constitute
a greater share of the value added.
The increasing pervasiveness of digital technology, will mean that more and more physical objects
become connected to the internet, with the internet of things forecast to have a global economic
impact of up to €9.88 trillion a year by 2025 (Manyika et al. 2015). 1 At the same time technologies like
virtual and augmented reality - forecast to become a €85 billion market globally by 2025 - will mean
that digital experiences become more tightly embedded into our everyday lives (Chen at al. 2016). 2 This
means that games technologies are likely to become more widespread and influential in different
domains. An implication of both these trends is that the areas of artistic creation/design, data analysis
and digital user experience will become much more closely connected. These are already increasingly
integrated online, and this is likely to spread to other products and services.

An area of European strength
The intersection of artistic and technological skills is an area where the EU has world-class strengths.
Some of the most important digital creative tools are produced by European companies or
organisations. An example of this is the leading games engine for mobile development, Unity
(Denmark) whose influence has extended beyond computer games to architecture and film. The
prominent audio software Ableton Live (Germany) has had a substantial impact on the live performance
of electronic music. One of the most popular computer games ever, Minecraft (Sweden), is also
recognised to have had a wider impact on the arts as a creative environment. It has been used by major
cultural institutions such as the Tate gallery in London and Pompidou centre in Paris and created
employment for designers specialising in Minecraft creations. Arguably the most important open
source 3D modelling programme, Blender, was originally developed in the Netherlands, and one of the
most high-profile companies involved in the development of AI, which make use of games technology,
Google-owned DeepMind, is headquartered in the UK.
The 'Soho cluster' of visual effects companies in London is recognised as a world-leading centre for
visual effects, winning several Academy Awards for Best Visual Effects in the last 10 years for movies

1

Converted from United States dollars to euros at exchange rate of US$1 to €0.89 on 12/11/2018.
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Converted from United States dollars to euros at exchange rate of US$1 to €0.89 on 12/11/2018.
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such as Blade Runner 2049, Inception, Interstellar, Ex Machina, Gravity, and The Golden Compass, with
numerous nominations including several for films in the Harry Potter franchise, among others.
Europe is also known for its strength in fields that draw heavily on technology, such as architecture, with
many leading practices located here such as OMA, Renzo Piano, Rogers Stirk Harbour + Partners and
Foster & Partners. The largest and most important festival of arts and technology, Ars Electronica, takes
place every year in Linz, Austria. Europe has also produced small-scale hardware in the form of microcomputers/controllers such as the Raspberry Pi (UK) and Arduino (Italy) which have become
increasingly influential in artistic activity.
It should be recognised that Europe is not alone in having strengths in these areas. For example, in
addition to the US' position in film, game production and software it has companies like Adobe which
produces a number of highly used digital creative tools such as Photoshop, or similarly Autodesk which
produces tools such as AutoCAD and Maya.
It has been estimated that Europe's creative industries, where much of the European activity that
combines artistic and technological skills occurs, employ over 11 million people and account for five
per cent of the workforce of the European Union (Nathan et al. 2017). 3 This is comparable to other
major sectors such as transport and agriculture (European Commission 2015 and 2013). A 2017 report
which forecast trends in future occupations employment to 2030 concluded that creative, digital,
design and engineering occupations were set to grow in future (Bakhshi et al. 2017). 4 These areas are
highly relevant to the interface of artistic and technological skills. By contrast employment involving
administrative skills and physical strength was considered likely to decline (ibid.).

Case Study: Minecraft
Minecraft is a computer game where players interact with the game by placing and manipulating
different kinds of blocks in a 3D environment. It is the second-highest selling game that has ever been
produced (Minecraft Wiki 2018).
1. Its origins
Mojang games studio was founded in 2009 by Markus “Notch” Persson a games developer, with
Minecraft 1.0 released in May 2012. Persson had previously worked for the games company King.com
(Fulton 2018).
2. Where it is based
Mojang is based in Stockholm. It employs over 70 people. 5
3. Its sales and business model
Minecraft had sold 154 million copies by September 29, 2018. Mojang was acquired by Microsoft in
2014 for €2.3billion (Mojang studios 2014). 6 Microsoft has created a games market where people can
sell products that they have developed for Minecraft, with Microsoft receiving a share of each
transaction (Newman 2018).

The definition used in that report is based on the closest approximation to the UK creative industries definition that it is
possible to calculate at the European Union level. Creative in this context includes digital industries, marketing as well as arts
(in the sense of this report) and cultural sectors.
3

The analysis used machine learning based on the skills information of different jobs and expert assessment of the impact of
changes such as automation, the aging population and climate change on employment patterns.
5
Mojang studios (2018), 72 staff listed on the site.
6
Converted from US dollars to euros at exchange rate of US$1 to €0.89 on 12/11/2018.
4
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4. Its artistic/technical influence
People playing Minecraft can create objects within the game on their own or in collaboration with
others. In some game scenarios the building is done subject to constraints, but in others there are no
limitations and the emphasis is on what can be created. This description does not do justice to the
wealth of creations produced by players within the game, which include a space shuttle, a galleon, a
working central processing unit, a Babylonian city and a cathedral as well as many other highly
original designs. There are people who make a full-time living from selling tools that they have
created for Minecraft, and design studios have been founded to produce buildings within it (Moss
2016).
Aside from the creative activity on the site. Minecraft has also been influential in other creative
domains. For example, the Tate gallery has created a series of Minecraft worlds inspired by artworks
from its collection (Tate 2014). The Pompidou centre has run workshops where people have been
invited to reimagine famous buildings in Minecraft, such as Le Corbusier's Villa Savoye (Bright 2015).
Minecraft has been used to involve people in designing the built environment of their communities
as part of Block by Block a charity set up in 2012 by Mojang and the UN Programme for Sustainable
Cities: UN Habitat. The process has been used in more than 30 countries around the world, including
crowdsourcing public space ideas in Mexico City and improving public spaces in poor areas of
Mumbai.

Figure 2 – Playing Minecraft

Source: Photo credit, John Davies.
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3. How technology is influencing artistic activity
The development of new creative communities and ways of
creating
Social and professional networks have always been an important part of creative activity, artistically,
technically and economically. These networks allow people to engage with and learn from one another,
and find ways to market themselves and their work. A key way digital technology is affecting artistic
activity is that it is allowing artists to collaborate and learn in new ways. In doing so it is helping to create
new kinds of artistic communities and accelerating the take-up of technology.
A prominent example of this is the creative coding movement. Creative coding is an umbrella term for
computer programming which creates outputs that are primarily artistic. Art made using code is not
necessarily online or computer art - creative coding can be a tool for making installations, sculptures,
film, music and more.
An important aspect of creative coding are the communities which develop around specific tools. These
tools are often open source, meaning that the instructions for developing the software are made public,
and contributions from anyone can be considered for its continuous improvement and updating.
Anyone is free to use the tools to develop their own projects, including for commercial applications.
The existence of these communities makes it easier for people to learn the technology and overcome
problems they may encounter in using it.
Two of the most widely used software tools for creative coding internationally are Processing and
openFrameworks. Processing was developed by Casey Reas and Ben Fry in 2001 at MIT (Reas and Fry
2018). Reas and Fry had access to creative coding tools as part of the Aesthetics and Computation Group
at the MIT Media Lab. They started Processing, with the aim of making these tools freely available to
students, designers and artists worldwide (ibid.). Another commonly used resource for creative coding,
openFrameworks, was developed by Zachary Lieberman, Theo Watson and Arturo Castro, originating
from when Lieberman was teaching at Parsons School of Art and Design in New York in 2002 (Kaganskiy
2010).
A number of widely used creative technological tools, especially those from individuals who were part
of the open source movement (as opposed to those from commercial industry), were developed and/or
originated within a university setting. For example, founders of these tools who had teaching positions
at universities such as MIT (for Processing), Parsons School of Art and Design (openFrameworks) or
Interaction Design Institute Ivrea (Arduino) used workshops with students as part of developing the
tools, and in some cases founders received financial support from their university.
Both Processing and openFrameworks are tools for programming which are essentially based on preexisting programming languages, Java and C++ respectively. Java and C++ are long-established
languages, however the technical knowledge required to use them is greater than that for Processing
and openFrameworks. In effect, tools like these bridge the creative and tech worlds to bring
programming to a wider audience of artists and designers. The development of these tools and the
communities around them provides the means for artists and designers to use software as a key part of
their creative process, even those who have not done any programming before. The innovation has not
exclusively been in creating a new kind of hardware or software but rather in making versions of these
available as open source, or simplifying them to make them more accessible to a wider group of people.
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Case Study: Blender
A high-profile example of the role of communities around technological tools is the free 3D
modelling software suite Blender, used for many different applications, including for creating visual
effects, models for 3D printing and animations.
1. Its origins
Originally developed in 1995 as in-house software for Dutch animation studio NeoGeo, in 2002 it
became open source thanks in part to a crowdfunding campaign (Blender 2013). The non-profit
Blender Foundation (founded and led by Ton Roosendaal, Blender's original creator) was set up to
support the continued development of the software and promote it as open source and communityled; the software continues to be developed by the community today (ibid.). The Blender
Foundation's first project was an 'open movie' called Elephants Dream, the primary objective of which
was to test and promote the capabilities of open source software, with the movie itself and all its
assets released under a Creative Commons Attribution license (Elephants Dream 2018). Following
this project, the Blender Institute was set up in 2007, to support the Foundation but also experiment
further with 'open' projects (Blender 2013).
2. Where it is based
Blender (including the Foundation and Institute) is headquartered in Amsterdam (Blender 2018).
According to LinkedIn, the Blender Institute currently has thirteen employees (LinkedIn 2018). The
community associated with it is much larger and worldwide.
3. Its sales and business model
In 2017 Blender recorded 6.5 million downloads of their software over the past year (Blender 2017 A).
In their geographic overview of website visitors, the top five countries in order were the United States,
Germany, the United Kingdom, India and Brazil (Blender 2017 B). Blender is free. However, some
parties have taken Blender code and repackaged or renamed it with the aim of selling it (Carrero
2012).
4. Its artistic/technical influence
Blender has been used in numerous industry and commercial projects, including by the Jet
Propulsion Laboratory (NASA) (Nutting 2016), The History Channel (Veldhuizen 2006 A), in other
television shows such as Red Dwarf (Veldhuizen 2006 B) and the Amazon-produced The Man in the
High Castle (Siddi 2017), as well as movies such as the Hunger Games franchise (Hofmann 2014), Life
of Pi (ibid.), and Wonder Woman (Perkins 2017). The Oscar-nominated animated feature film The Secret
of Kells was partly produced using Blender (Veldhuizen 2010). Blender is primarily popular with
freelancers, independent studios and hobbyists. It is well-known particularly for its very active
community, which perhaps reflects the community's early stage financial support, as well as its
contribution to continued development.
Creative coding has expanded the potential range of creative outputs, such as immersive installations,
projection mapping, interactive art installations, generative and algorithmic design. As an example of
this, Connected Worlds was a large-scale interactive installation for the New York Hall of Science. Created
using openFrameworks, visitors could interact with a projected ecosystem of six different animated
landscapes which responded to movement and could be disrupted by placing physical objects around
the space (design I/O 2018). Another use of creative coding is in the development of unique experiences
for advertisers, for example openFrameworks has been used in campaigns for Samsung, Stella Artois
and Toyota among others.
Creative coding can be used in less visible ways in the creative process, to automate activities which
would have been too time-intensive to do by hand. A good example of this is the use of Processing by
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Jer Thorp to design the 9/11 Memorial in New York. Thorp used it to create an algorithm to determine
the best layout of names around the base of the fountains (Thorp 2011). While theoretically, this
arrangement could have been designed by hand, its scale and complexity meant that it would in
practice have been prohibitively laborious.
Sometimes dedicated websites have been developed to host creative communities. These often have
social network functionality. For example, Sinan Ascioglu has created the OpenProcessing community,
which is a website where users can share and rate Processing sketches among each other. There is a
social network functionality which allows users to follow each other, and the scope for users to, within
the site, copy another user's design and then adapt it to create their own (Davies 2016). More generally
there has been a growth in social media platforms that are aimed at creatives such as Ello, The Dots and
Daisie (Davies 2017; Buchan 2018).
Creative communities built around 3D printing designs have also developed, such as the French
company Sketchfab (now based in Paris and New York), which has over 2 million registered users
(Sketchfab 2018). Users can upload, share, browse, and download free 3D models, but Sketchfab also
operates as a marketplace where these can be bought and sold (ibid.). Basic accounts are free, but pro
and business accounts can be paid for by subscription. Similarly, Thingiverse is a website designed to
let users upload and share their own 3D designs, with users choosing which license to share them under
(many designs on Thingiverse being open source). It is owned by the 3D printer manufacturer Makerbot.
The Makerbot printer is closed source and the Thingiverse community is somewhat distinct, sharing a
wide variety of 'things' (over 4.8 million downloaded a month) which are not necessarily only
compatible with Makerbot (Koslow 2017). The Dutch company Shapeways (now headquartered in New
York, but with offices in Eindhoven as well) provides a platform for designers to upload their 3D designs.
These can then be printed for customers by Shapeways itself, which handles all the administration,
manufacturing, shipping etc, with remaining profits going back to the designers (Smith 2012).
Case Study: Unity Games engine
Unity is one of the world's most popular games engines. Games engines are software that provide
games creators with an environment for building games. Games engines make it easier for smaller
teams of developers to build more impressive games. Unity is particularly popular for mobile games
development and also for virtual reality. More than 60% of AR/VR content is made with Unity (Parisi
2018).
1. Its origins
Unity 1.0 was created by Joachim Ante, Nicholas Francis and David Helgason in Denmark (Haas 2014).
The group had previously met while collaborating on a shader system (Shaders are a programming
tool that are frequently used to generate lighting and shadow effects in 3D computer graphics
modelling)(ibid.). They then set up a company called Over the Edge Entertainment (OTEE) and
subsequently released a game called Gooball published in March 2005 using the games engine they
had developed (ibid.). The focus then switched to the Unity games engine which was released in June
2005 (ibid.).
2. Where it is based
Unity was originally based in Copenhagen and the company currently has 2000 employees in 27
locations around the world, with multiple offices in Europe, Asia and North America (Unity 2018). The
company's headquarters is in San Francisco.
3. Its sales and business model
24 billion apps made with Unity have been installed in the past 12 months and it is used on almost
3 billion devices worldwide (ibid.). High profile games such as Pokemon Go, which has achieved
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650 million game downloads and €1.6 billion in revenue in the first two years of release, have been
made with Unity (Vincent 2018). 7
Unity has received large amounts of venture capital funding. The majority of the company as of 2017
was owned by the founders and employees, while the largest individual shareholder was the
Californian based Sequoia Capital fund (Takahashi 2017).
For hobbyists there is a personal copy of Unity which can be freely downloaded. For those using Unity
for commercial purposes there are different tiers of monthly fees which are higher the greater the
amount of annual revenue generated and levels of features/support available. It is also possible to
run adverts within games created with Unity and work is underway on incorporating adverts into VR
experiences built using the engine.
4. Its artistic/technical influence
Aside from its widespread use in games, Unity has been adopted in a range of areas, such as for
architectural visualisation, for rendering of films and for product design. In architecture Unity has
been used to produce visualisations for clients, something that has been enhanced by the growing
interest in using virtual reality to showcase buildings (Hougaard 2015). The engineering company
Zahner have developed a product based on Unity that allows clients to change aspects of the
building and then see how much the corresponding building cost changes (ibid.). The filmmaker Neill
Blomkamp has used Unity to render a short film (Liptak 2017). Artists have also used Unity to develop
virtual reality work, or for mixed-media artworks such as Georgie Pinn's interactive installation Echo,
which mixes animation, facial tracking and storytelling to allow visitors to experience strangers'
personal stories, and to share their own. 8
Unity has also since 2010 had an online marketplace, the Unity Asset Store. In this store people sell
objects they have created for Unity games, for example characters, weapons, landscapes to others
building their own games. As of 2017 the marketplace had a catalogue of over thirty-six thousand
assets and tools, and was visited by nearly a million Unity users a month (Ventura 2017). The asset
store means that games can be built in a different way. Instead of needing to have an artist in-house
or trying to create artwork themselves, developers can buy artwork through the store and directly
incorporate it into their games.

Figure 3 – Constructing a game in Unity

Source: Photo credit, John Davies.

7
8

Converted from dollars to euros at exchange rate of US$1 to €0.89 on 12/11/2018.
https://www.electric-puppet.com.au/current-work
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The use of algorithms in the creative process: Generative design
and artificial intelligence
Algorithms have played an important role in artistic activity for some time. In 1968 there was a major
exhibition of computer art Cybernetic Serendipity at the Institute of Contemporary Art (ICA) in London.
Algorithms are embodied in all of the software developed for computers, including that for creative
tools and computer games. With the growth of the internet they started to influence the creative
content shown to us on websites with machine learning techniques being used in recommendation
algorithms for services such as YouTube, Netflix and Spotify (Covington, Adams and Sargin, E. 2016 ;
Leskovec, Rajaraman and Ullman 2011). This process is ongoing with technological change leading to
algorithms playing an ever more direct part in the creative process.
Computer-aided design processes such as generative design have existed for decades, however recent
progress in the field of artificial intelligence has greatly accelerated their potential. Beyond generative
design, there are also other creative applications of AI that are beginning to develop which could
substantially affect creative practice.
Generative design is a design process which uses algorithms to generate many solutions to a design
problem. The concept and practice of a generative methodology in design originates well before the
digital age, and there is no requirement by definition that the generating be carried out by a machine.
However, over decades designers have experimented with using computing power to augment, perfect
and speed up the design process, and today the term 'generative design' generally refers to this use of
computers and machine intelligence as solution-generating tools in this process. A designer will work
with a software program, setting the parameters of the project by describing the goals and constraints.
The program can then generate numerous possible solutions. The process may also be more iterative
with the designer playing the role of 'curator' of the parameters and of the solutions.
Generative design approaches can be used in many fields including product design, fashion,
architecture, graphic design, and art. Generative design is sometimes described as 'evolutionary', and
this reflects the fact that the algorithms are often developed based on processes from nature, to find
the most efficient solution to a problem. In practice this means that there are significant applications
for generative design in fields where weight is important, such as aeroplane design, automobile design
and prosthetics (Rhodes 2015). For example, design practice The Living (a studio which forms part of
software company Autodesk's Research division) used generative design software in their product
design work to create a 'cabin of the future' for Airbus, using algorithms to design a partition forty-five
percent lighter than conventionally designed existing ones (Micallef 2016). Today, modern computing
power and machines with greater capabilities (such as types of AI) mean that solutions can be
generated at scale, by the hundreds and thousands, and very rapidly, making AI-powered generative
design especially powerful. The rapidity of using generative design for prototyping means that many
more iterations can be worked through to arrive at a final product faster than with more traditional
design methodologies. A number of the creative coding tools mentioned in the previous section can
be used for generative design in a graphics context.
There are other ways in which AI can be used to 'generate' content according to certain parameters.
Music is one field in which generative AI is being used. Some of these innovations are already finding
commercial applications, with London-based start-up Jukedeck creating tools which automate the
creation of music backing tracks for use in industries such as advertising. Using AI to analyse genre,
music can then be generated according to categories set by the user, such as 'Synth Pop' or 'Electro
Folk'. The Sony Computer Science Laboratories in Paris run a project called Flow Machines, which
released an album of AI-composed pop songs in collaboration with songwriters such as Benoît Carré
and Stromae (Marshall 2018). This is one of a number of groups around the world whose aim is to create
music using AI (another example is the Google Magenta project).
Another generative AI technique is the use of Generative Adversarial Networks (GANs) where two parts
of a computer programme compete against each other. One part tries to algorithmically generate a
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specific kind of target image, such as a human face, while the other aims to detect the least convincing
of the fake images generated, rejecting them from the process, such that progressively more convincing
images are generated (Goodfellow 2016). This has led to progress in the machine generation of realistic
imagery. The US company NVIDIA has used GANs to create videos of artificial 3D environments such as
streets and also to generate images of artificial celebrities from celebrity photographs (Wang et al. 2018;
Karras et al. 2018). Figure 4 shows one of a collection of recent developments in the field of artificial
intelligence relating to understanding images and text. The original video still is on the left-hand side,
the image in the right-hand side shows the same image with an artificially generated road surface.

Figure 4 – Images from Generative Adversarial Networks

Source: Image taken from Wang, T-C., Liu, M-Y., Zhu, J-Y., Liu, G., Tao, A., Kautz, J. and Catanzaro, B. (2018), 'Videoto-Video Synthesis', arXiv:1808.06601v2.

Figure 5 – Fake celebrities generated by GANs.

Source: Images from Karras, T., Alia, T., Laine, S. and Lehtinen, J. (2018), 'Progressive growing of GANs for improved
quality, stability and variation', arXiv:1710.10196.

More generally there has been growing interest in AI with significant commercial investment and rapid
technology development. In particular there have been a number of improvements in the field of
machine learning. For example, it has been found that the performance of a long-standing technique
for pattern recognition, neural networks, can be enhanced to the point where it rivals humans' ability
to recognise images (Goodfellow, Bengio and Courville 2017). 9 This has led to related developments in

9

Two neural networks constitute the two parts of GANs that are competing against each other.
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the form of algorithms that can learn a style developed in one area and transfer it to another image, socalled style transfer (Gatys, Ecker and Bethge 2016).
A consequence of this is that there are opportunities to use these techniques in creative fields. Although
only a few years old, techniques from style transfer are already feeding into artistic activity with parts of
the 2018 Aphex Twin video T69 Collapse created using them (Pangburn 2018). The creative studio
Happy Finish in a 2018 collaboration with the artist Yinka Shonibare in London's Royal Academy used
style transfer to mimic the style of an existing painting that was being converted into a 3D virtual reality
experience (Marchesi, M. 2018). Artists in the field of 'Creative AI' have experimented with AI technology,
and as a genre it has now reached major institutions in the art world, with for example London's
Barbican Centre set to mount a major exhibition devoted to it in 2019.
AI-powered tools could have a significant impact on creative and artistic activity. For example, further
research into machine learning may mature into tools which could change how visual effects are
developed in labour-intensive areas such as the creation of background characters in crowd scenes.
Inevitably, there are concerns that these tools will automate away the need for human professionals,
and displace roles. However, some industry experts consider it is more likely they will make it easier to
create visual effects, acting as a democratising force enabling more people to produce impressive
results (Seymour 2018).
An improved ability to automatically identify patterns could have many applications. In the fashion
industry, for instance, a number of products and apps are using AI to power virtual stylists, such as
Amazon's Echo Look camera, which makes outfit recommendations and gives fashion advice based on
your personal style (Welch 2018). This is one of the more visible ways in which AI will have an impact on
the fashion industry, but there could also be more hidden impacts in optimising the supply chain from
design and creation, to manufacturing, marketing and point of sale (Amed et al. 2018).

How developments in hardware are stimulating artistic activity
It is not just software that is influencing artistic activity, changes in hardware are also having an effect.
The development of small low-cost computing devices has been stimulating activity in recent years.
This is an area where Europe is a leader with devices such as the Raspberry Pi from the UK and Arduino
from Italy having an influence on a range of artistic activities.
Case study: Raspberry Pi
Similar in application to microcontrollers such as Arduino, a Raspberry Pi is a small computer which
can be integrated into physical devices.
1. Its origins
The Raspberry Pi Foundation originated when academics in computer science at the University of
Cambridge, together with contacts in industry, decided to tackle the decreasing rate of applications
to their courses, by promoting computer science education through the development of a simple
microcomputer which could make programming and computers more accessible and transparent
(Brad 2017).
2. Where it is based
The Foundation is headquartered in Cambridge and the majority of the products are manufactured
in Wales, with some manufactured in Japan (Sony 2017). 113 people are listed as working for
Raspberry Pi, including for the Foundation, Code Club, and Raspberry Pi Trading (Raspberry Pi 2018).
3. Its sales and business model
Some 17 million Raspberry Pis have been sold since it was launched in 2012 (The Raspberry Pi
Foundation 2017). The Raspberry Pi Foundation is a registered charity, and profits from Raspberry Pi
Trading go towards funding the Foundation.
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4. Its artistic/technical influence
Although the Raspberry Pi Foundation came about through the aim of improving computer science
education, the Raspberry Pi itself was quickly adopted by maker communities for creative art/tech
projects such as installations or interactive works. The main focus of the Foundation remains
education and Raspberry Pi products are marketed as educational tools, particularly for children and
young people. The Raspberry Pi is not wholly open source (parts of its hardware are closed). This is
partly explained by its original conception as a kit for children, rather than as an open project for the
maker community.
Raspberry Pis are very popular tools for artists, designers and makers to use in creative projects, and
allow for complex interactive and multimedia works to be created. One example of such a project is
London-based studio The Workers' After Dark, which saw robots, operated by the public via the web,
wandering through Tate Britain at night after the museum was closed (The Workers 2014). Another,
funded by the Wellcome Trust and Arts Council England, is artist Kasia Molga's work Human Sensor,
which used Raspberry Pis to create technology-augmented costumes that responded to the wearer's
breathing patterns and to real-time air quality data (Kasia Molga 2018). Works like these which require
sensors and computational power to interact with the sensor data and outputs are especially wellsuited to devices like the Raspberry Pi.

Figure 6 – Kasia Molga, Human Sensor LDN, 2018 at Under Her Eye.

Source: Photo credit Angela Dennis. Produced by Invisible Dust.

Case Study: Arduino
Arduino is a company that makes open source hardware and software which help people create
electronics projects. They produce a range of microcontrollers, which are simple programmable
circuit boards that can perform a number of different functions. These functions are determined by
the software uploaded to them. Users can write the code for this software on their own computers. A
large range of additional products such as sensors, LEDs, buttons are available which can be used
with Arduino boards to rapidly prototype electronic objects such as interactive robots, or IoT devices,
and many more.
Arduino is the brand name for the company that originally developed this kind of product, however,
as both the hardware and software are open source, there are many 'clones' which can be used in
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almost exactly the same way, and many of these clones are compatible with each other and with
Arduino and its products.
Arduino has a platform for its users to share projects and tutorials (Arduino Project Hub 2018).
Alternatives such as Nanode (UK) are also used by makers.
1. Its origins
Arduino was founded in 2005, originating from a research project undertaken at Interaction Design
Institute Ivrea (IDII) in Italy, by co-founders David Cuartielles, David Mellis, Gianluca Martino, Massimo
Banzi and Tom Igoe (Arduino 2018). The aim was to develop simple tools for designers with no
previous electronics experience, to help them create projects which connected the digital to the
physical. Casey Reas of the MIT Media Lab, and founder of Processing, was working at IDII at the time.
Similarly to how Processing came about (to give designers and students the tools they needed to use
programming in their projects), the goal behind the development of Arduino was to give students
the ability to easily create electronics projects and, as with Processing, early prototypes were tested
and workshopped with students to shape their development (Kushner 2011).
2. Its sales and business model
By Arduino's own estimates, as of 2013, 700,000 official units were in circulation, with at least the
same number again in clones (Cuartielles 2012). Arduino's impact on the field is significant in its
influence, and it is regarded as seminal in the development of the 'open source hardware' movement.
3. Where it is based
Arduino has offices in Malmö (Arduino Verkstad 2018), San Jose CA, and Turin, with a factory in
Northern Italy (Design Boom 2013).
4. Its artistic/technical influence
Arduino, together with other microcontrollers or microcomputers such as the Raspberry Pi, is one of
the tools which have enabled the growth of a maker community of DIY electronics hobbyists. The
objects which can be created range from hobby projects to IoT devices for home automation, to
wearables, or VR projects, but can also be used to prototype products for commercial applications.
Before Arduino, programming electronics would have been much less accessible to non-experts. The
development of Arduino is considered as being crucial in establishing the notion of open source
hardware (as opposed to open source software, which was already well-established). Democratising
this kind of engineering for artists and designers creates the potential for interactive works,
responsive works and internet-connected work. Artist David Bowen used an Arduino board to
produce his work tele-present water, which draws on real-time wave data from the Pacific Ocean to
recreate those physical effects on a grid installation in the exhibition space (David Bowen 2011).

Raspberry Pi and Arduino have literally made it possible for new kinds of art to be made, but more
widely the communities that have grown around them have created online and offline spaces in which
creative art/tech electronics projects can take place. These help innovation through the exchange of
knowledge and ideas, and making resources available for people to contribute to, and benefit from.
These communities overlap significantly with open source software communities including those for
creative applications such as those around Processing and openFrameworks (see 'Creative Coding' in
Section 3.1).
Another way in which the development of hardware is having an impact on creative fields is that to a
greater extent than ever before, consumer VR headsets and other VR hardware are commercially
available. Immersive technologies such as virtual and augmented reality are forecast to become an €85
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billion market globally by 2025 (Chen et al 2016). 10 For VR, the cost of currently available headsets varies
widely but broadly these are similar to the costs of smartphones. For AR, it is likely that, rather than
requiring a specialised headset, it will be the smartphone that supports the roll-out of AR applications
(Kahney 2018). There is evidence that the sector is expanding economically. In 2018 for example 6 out
of 10 immersive specialists' companies in the UK (Immersive tech being primarily AR and VR) grew their
turnover in the last 12 months and 90% were confident of future prospects (Mateos-Garcia,
Stathoulopoulos and Thomas 2018).

Figure 7 – Virtual reality

Source: Photo by Hammer & Tusk on Unsplash

In the case of VR, there has been increasing take-up in the art world. While artists such as Langlands &
Bell (Langlands & Bell 2003) or Jon Rafman (Jones 2015) have been experimenting with VR for many
years, more recently some arts organisations and institutions have initiated VR projects of their own,
such as the Rhizome foundation and New York's New Museum's co-commission of a free mobile VR app
showcasing a virtual reality exhibition of new works (Rhizome 2017). This signals that the developing
commercial success of VR may be enabling organisations to invest in it for creative experiences. One
example is the contemporary London art gallery The Zabludowicz Collection, which in early 2018
launched a dedicated room to showcase VR content by artists.
However, there are still challenges to VR outgrowing its niche to become a mainstay in the art world,
for example, the cost of creating high-quality work can still be prohibitive and hardware is still
improving to overcome criticisms of the user experience (Judah 2018). As the market develops however,
spurred by the growth of VR in gaming, these challenges may be overcome.
In the case of AR, smartphones are already primed to support these experiences. Development kits such
as Apple's ARkit (for iPhone) and Google's ARcore (for Android) (Summerson 2018), combined with tools
such as Unity, have made experimenting with AR for smartphones more accessible, resulting in AR
experiences of improved quality. Artists exploring the potential of AR for creative projects include
Studio Above&Below, who have created AR sculptures alongside other immersive experiences to reflect
on the relationship between humans, machines, and the physical environment (Boddington 2018). It is
also being used in commercial applications. In 2017, clothing company Gap trialled 'Dressing Room',
that lets users virtually try on clothes within the app, just one example of how it might be used in the
fashion industry (Arthur 2017).
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Converted from United States dollars to euros at exchange rate of US$1 to €0.89 on 12/11/2018.
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Figure 7 – Daria Jelonek and Perry-James Sugden (Studio Above&Below)

Source: Finding A New Terrain, Augmented Reality Sculpture, London 2018.

Conclusions
Technology has always affected artistic activity. With the current profusion of different digital
technologies, this is occurring at a greater scale and pace, and with more complex impacts than ever
before. The nature of emerging technologies and the motivation behind their design has led to, and
will continue to lead toward, greater interactivity, especially as technologies such as VR, AR, IoT start to
be embedded in daily life. For example, this could take the form of a museum visitor playing with an
interactive robotic artwork, or a customer offered a VR experience as part of a product launch.
There is also a wider trend of the 'experience economy', where consumers value unique experiences
over purchasing products to own (Usborne 2017). This is likely to be reinforced by growing
personalisation in creative fields driven by technological progress. This could be in having a personally
optimised AI style algorithm to recommend an item of clothing, which might be the starting point for
its manufacture, rather than just the end point of its purchasing. Alternatively, it could be the ability to
use generative design to create a bespoke prosthetic and have it 3D-printed and delivered. This
personalisation reflects the blurring boundaries between producers and consumers, where consumers,
or at least their data, is a more important part in the design process.
The online communities that are developing around particular digital tools, both proprietary and open
source, and in terms of hardware such as the Raspberry Pi and Arduino, are making it easier for artistic
practitioners to learn new technical skills. This should help technological diffusion into artistic activity.
This process can also be supplemented in real-world presences too, for example in the form of Meetup
groups where people arrange to meet to discuss topics of interest.
In addition to the role of machine learning algorithms in making recommendations to us online, the
progress in AI in the past few years has enhanced the capabilities for automated pattern recognition
and also the ability to automatically generate content. This is already feeding through into creative
activity. In the longer-term this may enhance the scope of what individuals can produce, but, at the
same time, also lead to the automation of certain roles.

17

STOA | Panel for the Future of Science and Technology

4. How artistic activity is influencing technology
Most artistic activity does not, in itself, necessarily require a deep knowledge of technology. In general,
digital creative tools are designed so that while the user needs to understand the tool interface, they
do not need to know the underlying programming that created it and/or the details of the hardware
technology it is implemented on. Also, artistic activity is not typically trying to develop new
technologies for general use, but develop unique experiences. However, there are notable examples
where the sophistication of the technology involved in artistic activity, consumer demand and the
pursuit of ever higher levels of expressiveness have driven significant developments in technology.

How historic artistic issues have influenced modern hardware
design
Some important and high-profile technological developments have been driven by a desire to solve old
artistic problems in the digital realm. The issue of perspective: how can you represent the 3D world
accurately on a wall or a painting which is in 2 dimensions? The issue of lighting: how should the colours
of objects be represented according to the light that is shining on them?
During the Renaissance ways to represent perspective were discovered. Filippo Brunelleschi, the
architect of the Duomo in Florence, is reputed to have developed the theory of perspective through a
series of experiments into how to draw an accurate picture of the Florence baptistry. Instructions for
systematically constructing perspective drawings were later written by Leon Battista Alberti in 1435-36
(Phillips 2000).
In computer games an analogous problem exists. 3D computer games are typically built around a 3D
model of the game, which is then 'rendered' to create the effect of seeing the 3D game on a 2D screen.
The models in computer games are normally built out of a mesh of 3D triangles. The computer works
out the screen positions of the individual triangle corners by projecting the information on their 3D
locations down to their corresponding 2D screen positions through a series of mathematical
calculations (Beuken 2018).
In addition to the location of individual points, there is also the question of the colour objects should
have. To work this out involves a simulation (or approximation) of the effects of light falling on a given
point on the object and how it is reflected. In computer games an additional complication is that the
image is rendered, not just once, but whenever objects in the game move which in current games can
mean that the image is re-rendered 60 times a second (Luebke, and Humphreys 2018).
All of this means that a large number of calculations need to be done to represent colour 3D graphics,
and these heavy computational demands have led to the development of a specialised processor
known as the Graphics Processing Unit (GPU) to handle them. As the market for computer games
expanded in the 1980s and 1990s consumer demand for more sophisticated games grew, and the
processing demands of the computer graphics that they produced rose accordingly placing ever
greater demands on the hardware, in particular with the introduction of 3D graphics. In 1999 came what
has been called the world's first GPU with the GeForce 256, by the US company NVIDIA, which
parallelised a large number of graphic-related operations on its chip.
In general terms, the GPU works by performing numerous specialist graphics calculations
simultaneously. In a given game image there are a very large number of points all of whose locations
need to be rendered into 2D along with their colours. Given that there are many points in an image it
would greatly speed up the game to do these calculations faster and a GPU does this by performing
these calculations in parallel, as opposed to one after another.
Owing to their processing capability GPUs are heavily used in the area of cryptocurrencies in the
computational process of mining that is used to verify transactions. They have also been widely adopted
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for other computationally intensive tasks in AI: for example training large neural networks, which have
many parameters to adjust, is often done using GPUs. AI is another of the areas in which computer
games have affected technology development which we now discuss.

How computer games are influencing the latest developments
in AI
Artificial intelligence has historically been used in computer games as one way to simulate the
behaviour of games characters that players encounters. Recent years have in turn seen games
environments being frequently used to inform the development of AI.
Games environments have a number of advantages in the training of AI. They provide a safe
environment in which algorithms can be developed, for example one can start off training a self-driving
car in a game simulation for driving before testing it in the dangerous environment of a road. The selfdriving car startup Zoox is using the Unreal games engine to simulate its self-driving algorithm's ability
to distinguish the different aspects of the street (Miglio 2018).
Game environments also offer the potential to scale up the training of algorithms used in AI. If the
algorithm is being trained by a human in real time then the training has to proceed at human pace and
it would require more people to scale up the training. In game environments however there is scope to
do this more rapidly and in parallel.
This is an area where the UK-based company DeepMind is known as a pioneer of games technology. It
is notable that DeepMind has extensive connections to the UK games industry through its founder
Demis Hassabis.

Case Study: DeepMind
DeepMind is an AI company based in London, UK. DeepMind carries out research across many fields.
As well as pursuing basic research, DeepMind also undertakes projects in more applied fields, such
as reducing the energy used for cooling in Google's data centres (Evans and Gao 2016) and delivering
AI-powered patient care programs in partnership with the UK's National Health Service (NHS).
1. The origins
DeepMind was founded in 2010 by Demis Hassabis, Mustafa Suleyman and Shane Legg (Source:
Companies House). Hassabis and Suleyman were childhood friends. Hassabis was hired by British
videogames design studio Bullfrog while he was still a teenager, and went on to study computer
science at Cambridge University. After founding his own video games company Elixir in 1998, he
completed a PhD in neuroscience at University College London, where he met Legg. Early investors
in DeepMind included Skype co-founder Jaan Tallinn and Elon Musk (Marr 2017).
2. Where it is based
DeepMind's headquarters are in London, with further research centres in Edmonton, Montreal and
Mountain View (DeepMind 2018). Hassabis has publicly commented on DeepMind being based in
London, stating that he 'insisted on staying [there]' and 'felt there was no reason why London couldn't
have a world-class AI research institute' (Burton-Hill 2016).
3. Its sales and business model
It is difficult to quantify DeepMind's economic influence, considering its combination of basic
research, and applied projects which are open-ended or are only expected to have commercial
impact over long timeframes (Shead 2018).
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In 2014 Google acquired DeepMind for reportedly over €356 million. 11 In 2016 DeepMind reported a
turnover of €46 million, up from €0, also reporting a loss of €107 million (DeepMind 2016). Over the
past few years DeepMind has expanded considerably, from an approximated 200 people in 2016, to
'over 700' by 2017 (Burton-Hill 2016; Shead 2017 ).
4. Its Artistic/technical influence
DeepMind researchers have used and continue to use computer games as toy environments to
develop AI programs. DeepMind co-founder Hassabis describes games as 'our development platform
[...] [games are] the fastest way to develop these AI algorithms and test them' (Iwaniuk, 2016).
In 2013, DeepMind developed a program which could play a series of Atari console games (Mnih, et
al. 2013). The significance of this being that the algorithm playing the games, which was based on a
neural network, was given information on the game scores (which it had the objective of maximising),
the pixel information from the screen and the set of actions it could undertake, but was not given any
specific information on how the games worked or the tactics it should use. The AI algorithm was able
to learn the rules, and then successfully play the different games, outperforming a human expert
player in a number of them.
DeepMind's work has had some very public successes. In 2015, a DeepMind program called AlphaGo,
again based on a neural network, beat one of the world's leading professional players of Go (a
strategy game played on a larger board than chess and long assumed to be harder to automate),
going on to beat the world No. 1 ranked player in 2017 (Silver and Hassabis 2016 ; Metz 2017). A
subsequent, more general, program AlphaZero starting with no more knowledge than the rules of
chess, Go and shogi (Japanese chess) was, playing against itself, able to within 24 hours beat leading
computer programmes in these games (Silver et al. 2017). This is significant because in the past a
chess programme would only be able to play chess. However, AlphaZero's ability was sufficiently
general that it was able to rapidly learn and be successful at different kinds of board games against
programmes that already embodied extensive human knowledge about them.
The broader point of developing these programs is not to create better machine competitors for
games tournaments. The value of these technological breakthroughs is in their potential general
applicability to problems in real-world domains. Games have long been used to develop and test new
computer programs, but previously their applicability was restricted to the particular domain they
were developed for. 12
The role of games environments in machine learning is also leading to partnerships between
DeepMind and games companies. In 2018 it was announced that Unity and DeepMind will
collaborate together, with Unity developing virtual environments within which DeepMind can train
its machine learning algorithms (Lange 2018). Unity had released an open source toolkit for machine
learning the previous year (Juliani 2017).
There are also connections between progress in artificial intelligence and questions that arise in other
parts of the creative industries such as film, visual effects and archaeological preservation. For
example, techniques in computer vision have been developed to reconstruct the 3D shape and
location of objects from 2D pictures. This is relevant in areas like Augmented Reality where the
camera is trying to infer the shape of the 3D world in order to place objects within it. DeepMind have
developed machine learning techniques, trained in a simulated 3D environment, that are able to infer
the shape of 3D objects from 2D images without human labelling (Eslami 2018).

11

Converted from United States dollars to euros at exchange rate of US$1 to €1.14 on 12/11/2018. As are all other euro figures
in this section.
12
See A.S. Douglas's Noughts and Crosses game from 1952 http://www.pong-story.com/1952.htm, and IBM Deep Blue's 1997
defeat of Kasparov (http://www-03.ibm.com/ibm/history/ibm100/us/en/icons/deepblue/)
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How creatives are producing tools to express themselves
Another way in which artistic activity can drive technology is when technologically sophisticated
creatives develop new technology to help them realise their creative vision. This is what has happened
in the case of the high-profile software Ableton Live created by the German company Ableton.
Ableton is a striking example of how creative practice can feed into the development of artistic tools
that are then widely adopted. A number of the creative coding tools mentioned in section 3.1, including
both Processing and openFrameworks, were developed by artists and designers themselves, who had
technological skills and were seeking to give better access to software tools to less tech-literate
creatives.
Another area where there has been a series of developments is where performers are developing
technology of their own to increase their expressiveness and ability to enhance the live performance
experience. The sound artist Laetitia Sonami has been using electronically augmented gloves as a
gestural interface for live performance and composing since 1991, there have been several
incarnations/iterations of them since then (Medien Kunst Netz 2018). These have been exhibited all over
Europe including Ars Electronica.
The songwriter and performer Imogen Heap has developed a set of musical gloves that allow the users
to manipulate sounds on stage. In 2010 she began developing the collaborations that would enable
their production and in 2015 the first batch of MI.MU Gloves were released to the public (MI.MU 2018).
They have subsequently been used by other performers such as Ariana Grande (ibid.). A 2018 follow up,
Mini.mu, is a low cost glove which can use gestures to create sounds and is built from a kit (Kirn 2018).
The aim is to get young people interested in coding and developing work in music and electronics.
Another gestural interface for composing and performing music is the software tool Wekinator,
developed by Dr Rebecca Fiebrink, Goldsmiths University (Wekinator, 2018). Users can train a machine
learning algorithm by performing examples and matching them to specific outputs such as sounds, and
the interface requires no coding knowledge to use it. Other applications of it include for gesturally
controlled games, artworks, and animations.
Darren Foreman (aka Beardyman) is another example of an artist developing their own technology. An
integral part of Foreman's work is the recording, and then looping, of the sounds that he makes with his
own voice - he has a background in beatboxing. In collaboration with others he has developed
technology that allows him greater flexibility to do this improvised, live, multi-tracked, looping
(Swenson 2013).
Case study: Ableton
Ableton is a German software company which sells Ableton Live, one of the world's most widely used
Digital Audio Workstations (DAW). DAWs allow users to record, edit and produce music and audio
files. They have greatly reduced the need for users to have a studio to record and produce music, and
best-selling tracks can now be produced with just a laptop. Electronic music has, in the current
decade, gone mainstream with the rise of Electronic Dance Music (EDM) and Ableton is one of the
key tools used to produce it. Ableton was founded in 1999 and released the first version of Live in
2001 (Ableton 2018).
1. Its origins
Gerhard Behles and Robert Henke first met in an electronic musical instruments shop in Munich, and
later at university in Berlin (Slater 2017). While studying computer science they also made use of the
university's electronic music studio and began making electronic music together (ibid.). They began
to develop programming for particular pieces of music that they were playing, and following
discussions with software engineer Bernd Roggendorf, the three collaborated, leading to the first
release of Ableton Live (ibid).
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2. Where it is based
The headquarters of Ableton are in Berlin and it also has offices in Los Angeles and Tokyo (Ableton
2018). Ableton employs more than 270 people (ibid.).
3. Its sales and business model
Although it has not been possible to obtain direct sales figures, that Ableton is a very popular music
production software is widely recognised. Ableton software is sold at a series of different prices
depending on the levels of functionality that are offered. In addition, there is a market for plug-ins
that allow the software to create different kinds of sounds e.g. sound libraries, or which enhance its
functionality. Some of these are created by Ableton, others are made by third party providers.
4. Its artistic/technical influence
It has been argued that the interface of Ableton has made it easier for people to make electronic
music and, in particular, perform it live, which is one of things that has led to growth in live electronic
music performance since the millennium. Also, the community around Ableton has grown to the
extent that this facilitates people finding answers to questions they might have around the software.
Ableton has been used by high-profile artists like Grimes, Skrillex, Flying Lotus, Diplo, the Prodigy and
Deadmau5. It has also been used by film composers such as Hans Zimmer.

Conclusions
Artistic output depends on the technical capabilities of the tools used to produce and distribute it. As a
result, if technology is able to give individuals or organisations a competitive edge through enabling
more ambitious work then there is an economic, as well as an artistic incentive, to invest in technology
development. In the case of GPUs the wish to render 3D graphics in real time to meet demand for more
sophisticated imagery in computer games acted as a stimulus to the development of important chip
technology. GPUs computational capabilities have had wider reaching implications to other parts of the
economy with their processing power becoming a central part of the way many machine learning
algorithms are trained and in the mining of digital cryptocurrencies.
With increasing computational power, of which GPUs are an aspect, there has more generally been an
increase in simulations, be it in architecture or visual effects in films, as they can be more realistic. Games
engines have been found to be a useful environment in which to train AI algorithms. Algorithms which
are likely to play an important economic role in future in such areas as self-driving cars. The expanding
range of roles that games-related technology is playing make it plausible that its influence will be
important in technology development in future.
Although most artistic activity does not result in the direct development of technology in a general
sense, sometimes creative practitioners' technical background has enabled them to develop creative
tools of their own. A certain level of technical skill is necessary to make the step from using an artistic
tool creatively to in turn developing one's own tools. In the case of the music software Ableton, its
development was facilitated by its creators who were practicing electronic musicians having
backgrounds in computer science, but also having access to artistic outlets through the electronic music
workshop at their university. There are also other examples of artists working with others to develop
technologies to allow greater expressiveness, highlighting the importance of collaboration in this.
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5. Conclusions on the future landscape
The digital revolution has led to rapid change and a complicated landscape of interconnected artistic
areas. There is inevitably considerable uncertainty around how both technology and artistic expression
will evolve, but the underlying trends and case studies covered in this document suggest a number of
directions becoming more important in future.
● More products and services that combine artistic and technical skills in a wider range of
domains: Ongoing economic development is likely to increase the number of people with higher levels
of education and income. This will probably increase demand for goods and services which combine
better functional performance with being pleasant to use/own. This is likely to result in a greater
demand for the combination of artistic and technical skills. At the same time, automation of more
routine tasks and the incentive on companies to differentiate themselves from competitors is likely to
drive more organisations to combine these capabilities in their products and services.
● VR & AR expanding as platforms creating new demands and outlets for artistic expression: The
greater proliferation of VR headsets and smartphones developing as AR platforms, are providing new
demand and markets for content in these media. At the same time, the greater availability of this
technology makes it more accessible to develop content for and opens up new creative possibilities. As
a result, it is likely that we will see greater use of VR and AR as platforms for artistic expression.
● The growing pervasiveness of game technology: Related to the proliferation of platforms on
which it can be deployed, its influence in areas like machine learning, the demand for the flexibility that
its high-speed rendering allows and its ongoing deployment in a range of areas, it is plausible that
computer game technology will continue to become more important.
● The numbers of people using digital tools artistically increasing: The existence of more digital
creative software (proprietary and open source), larger online communities associated with them and
small scale low cost hardware, makes it easier to engage in digital artistic production. The resulting
increase in the amount of work in this area is likely to increase the premium on having very good artistic
and technical skills.
● The digital scope of what an individual can artistically produce will increase, while at the same
there is likely to be more collaboration: The range and potential of digital creative tools has expanded
and with growing processing power the sophistication of what an individual can produce will increase
too. However, the desire to realise more ambitious work may also lead to a greater focus on
collaboration in areas, such as art, where there has traditionally been a focus on individual production.
Evidence of this can already be seen with the work of collectives such as the 500-strong Team Lab, one
of the world's highest profile participants in digital art, and the rise of the creative coding movement
(Kuzui 2018).
● The expansion of AI influencing and disrupting creative practice: In addition to the central role
of machine learning algorithms in deciding what is shown to us online, the recent developments in AI
in the generation of creative content suggest the potential for it to become more influential in creative
activity in future, both in terms of the generation of content and perspectives, while in turn disrupting
aspects of production supply chains.
● More personalisation of consumer and artistic experiences: An implication of several of these
trends is that artistic experiences are likely to become more interactive and ultimately personalised for
us, sometimes based on our data. This already occurs in an online context where webpages are
personalised to us, using our data, and as an interactive response to our behaviour in computer games.
It is plausible that these kinds of experiences will become more pervasive and a larger part of
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contemporary artistic practice. Another dimension to this relates to a greater ability of people to directly
contribute to the production of pieces, resulting in the development of collective participation in the
production of artwork. Artworks which allow for the collective production of art are already occurring
in a VR and AR context.
● The greater integration of design, digital and data: In the longer term as there is greater
integration of internet connectivity with physical products (such as in wearable tech in fashion) and the
wider growth of the IoT, product design, digital technology and data analysis will become more closely
connected going beyond the current context of the web.
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6. Policy options
The likely growth in demand for activities that combine artistic and technological skills raises the
question of how Europe can position itself to capitalise on this trend. This section considers policy
options that could be undertaken to encourage activity that integrates artistic and technological
skills.

Skills
Individuals and teams that combine artistic and technical skills are central to the interface of art and
technology. In addition to ensuring the teaching of such skills is of high quality and that there is
appropriate recognition of them in the migration regime, we propose the following options to
increase European skills in this area:
1. The education system providing greater opportunities to study artistic and
science/engineering subjects in parallel: A hybrid mix of skills is important for work at the interface
of art and technology. However, the division of bodies of knowledge into separate curricula prevents
the cross-pollination of skills and ideas between fields. Allowing a greater scope to mix elements
from different disciplines in education should encourage a wider range of skills. For example, fine
arts undergraduates should have the opportunity to learn programming and study core maths
courses, such as calculus and linear algebra, which are the gateway to many technical subjects. Even
where comparatively basic skills are acquired there is still value in knowing enough to collaborate
with others.
2. Having programmes to support the development of advanced technical skills among
creative practitioners: Although the continuing development and improvement of new interfaces
for digital creative tools is making them accessible to a wider range of users, the development of the
tools themselves is assisted by some creative practitioners having advanced technical skills. This is
also key in supporting less technologically-literate members of the community through knowledgeand skills-sharing. A way to address this would be to increase the opportunities for artistic
practitioners to develop advanced technical skills through targeted programmes.
3. Having a programme to increase public awareness of the technological sophistication of
digital creative activity: The great technical sophistication underlying a lot of digital creative
activity is often overlooked, as, by design, much of it is invisible to its audience. As a result, people
are not aware of the sophisticated mathematics and technology behind much of what they see in
the cinema or in computer games. This means that they often do not make a connection with a
potentially powerful motivation for taking an interest in technical subjects. This could be addressed
by a programme to communicate these connections to the public to increase awareness of the role
of mathematics and science in these areas and their interest in them.
4. Improving the understanding of the skills requirements of digital creative activity
through data science techniques: The development of a new connected domain stretching from
computer games, to film and design, and the fast-moving nature of technology, means that a better
understanding of the skills needs at the interface of art and technology would be helpful for policy
formulation. A challenge in doing this is that the standardised occupational and industry codes
within which jobs are typically categorised are fixed for a number of years and so struggle to capture
dynamic areas. By being mutually exclusive they also make it harder to capture activity that is often
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inherently interdisciplinary. A way to improve understanding of sector skill needs would be a
systematic analysis of unstructured data from online job advertisements using data science
techniques, such as has been undertaken in other areas (Djumalieva, Lima and Sleeman 2018).

Initiatives specifically relating to contemporary art
Although there is use of digital technology by artists, in general, activity in this area is less than that
occurring in other creative sectors. Given the foundational role of this sector, there should be greater
focus on encouraging the use of new technologies by practitioners.
5. A European Art prize for works of art that use technology: One of the reasons for
comparatively limited use of digital technology by artists is that this work can be more expensive to
produce, and given a perception of a comparatively small market in this space, there is less incentive
to produce work for it. A way to raise the profile of this area, grow the market, and encourage work
of this kind would be to have a high profile European digital art prize. The design of this prize would
depend on which objective is prioritised. The STARTS Initiative includes science in its scope as well
as art and technology, and is not solely focused on supporting contemporary artists specifically (as
opposed to designers and other kinds of creative practitioners). The existing European Media Art
Platform/European Media Artists in Residence Exchange programme primarily helps to support
collaboration across different countries, but also offers some financial support for living costs. If the
aim were primarily to support the creation of more new work in this space, then a prize open in
particular to early-career practitioners might be suitable, with either financial support or in-kind
resources, such as access to technologies and specialist tools. In this last respect the STARTS
Residencies model could be replicated. Alternatively, if the focus is on raising the public visibility of
this work then there might be a greater emphasis on promoting digital-related artworks to a wider
audience, beyond the usual networks of technology- and new media-focused organisations,
museums and galleries.
6. Giving greater consideration to collaborative work in funding: While technological
progress is increasing the scope of what an individual creative practitioner can achieve, inevitably
some of the largest and most successful projects will be developed in collaborative groups, as more
sophisticated projects require specialisation, as is clearly seen with large blockbuster films and major
game titles. Collaborations in this area could be in the form of a studio composed of individuals with
complementary expert skills, or a one-off collaboration between different groups for a specific
project, rather than the stereotypical lone artist. Recognising this in funding models is one way to
encourage these collaborations.

Software
7. Increase innovation in how artistic and technological skills are taught, with open source
options being considered: New approaches to teaching technical skills such as programming are
of potentially high value for the arts. Projects like Processing or Arduino lowered barriers to entry by
being low cost, but also by creating a simplified platform for learning technical skills around which
communities could form, which helped accelerate skill development. Although there are many very
successful proprietary digital creative tools, some of which are discussed in this document, the
support of new and existing open source initiatives would be one way to encourage the adoption
and learning of technical skills. Encouraging an environment which fosters an atmosphere of
knowledge-sharing and a self-supporting community is likely to help encourage the spread of such
skills.
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Industry
8. A focus on ensuring European strength in AI and the creative industries: More and more
governments are releasing AI strategies and, with growing investment, technological change in this
area is likely to be ongoing (European Commission 2018 ; Hall and Pesenti 2018 ; Villani 2018). Aside
from the fact that machine learning algorithms are already central in recommending creative
content to us online, there is evidence that the latest developments in AI are leading to advances in
our understanding of how to generate images and sound – core content for the digital creative area.
This is a change that may well lead to the next wave of digital disruption in the creative industries.
As a result, Europe could as part of its ongoing AI policy aim to strategically position itself in the use
of AI in the creative industries.
9. Recognise research & development (R&D) as a legitimate practice in the arts and revise
the official definitions of R&D to reflect this: An issue in the development of R&D in artistic activity
is that the official definitions of R&D used by governments worldwide exclude the arts, humanities
and social sciences (Bakhshi and Lomas 2017). As a result, much of the R&D related to artistic activity
is not recognised and does not qualify for R&D support. This could be addressed by use of a broader
definition of R&D that builds on that set out in the OECD Frascati manual, to ensure that there is
support for R&D in a wider range of creative activities (ibid.). Part of this is about extending the
definition beyond knowledge creation related to products, to include knowledge creation relating
to the production of experiences (ibid.).
10. Using data science techniques to better understand the ecosystem of digital creative
activity: This report has discussed a variety of prominent examples of European success at the
interface of artistic and technological skills. It is however a mistake to see companies' success in
isolation, as they are typically part of a wider ecosystem. Almost all of the cities from which the
companies featured as case studies originated appear in the top 10 of the European Digital Cities
index (Banerjee et al. 2017). An understanding of the wider digital creative ecosystem in these places
could help improve understanding of the locations of this activity and the conditions that support
it. Using machine learning techniques to analyse web-based data, such as that available from
company websites and social media, might be one way to achieve this (Mateos–Garcia, Bakhshi and
Lenel 2014). This would allow for richer information to be analysed than is available from
standardised industrial classifications used in surveys.

Access
11. Inequalities of access should be considered in the design of programmes to stimulate the
interface of art and technology: While digital tools and associated online communities make it
easier for people across the EU to engage in artistic activity with digital technology, this does not
mean that access is equal for all. For example, students and city-dwellers will already be at an
advantage as they will have the added support of proximity of their peers, and local initiatives that
support learning. While it is unwise to create clusters of artistic and technological activity purely from
scratch, where it is being attempted to scale existing activities, support should not just be in the form
of digital tools, but also direct on-the-ground interventions.
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