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DESIGNING AND CONTROLLING
ADAPTIVE LIGHTING USING
NETWORK-BASED AGENTS
METHODOLOGY

TONI OSTERLUND AND HENRIKA PIHLAJANIEMI

Abstract

The rapid development of lighting technologies, especially the introduc-
tion of LED and the integration of computation and sensing technolo-
giesintooureveryday environments, have opened up new opportunities
for lighting design. The driving force for introducing adaptive lighting
solutions to urban and indoor environments has been to conserve ener-
gy through automated systems and optimised solutions. Although these
types of Ambient Intelligence (Aml) systems are technologically sophis-
ticated, they do not consider the role of design and aesthetics, and cur-
rently, there is untapped potential in using adaptive lighting in improv-
ing the functional and experiential quality of architectural spaces. This
paper discusses adesign framework called VirtuAUL, which is developed
for the design, control and real-world implementation of adaptive light-
ing. The aim of this paperis to present the details of the developed meth-
odology, where network-based agents are used for designing and con-
trolling adaptive lighting, and to discuss the benefits, opportunities and
shortcomings of the developed method. Based on the control methodol-
ogy,computational agents movein adesigner-defined network topology
and interact with the physical environment. Information on the environ-
ment and its users is conveyed from real to virtual through sensors, and
lights reveal the composition of the virtual system. The lighting response
is part of a creatively designed adaptive scenario. The use of the design
and control methodology and its function is illustrated in the context of
areal-world lighting demo called Urban Echoes.
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1 Introduction

1.1 Background

The appearance of new lighting and sensing technologies on the market
is changing the paradigm of urban lighting from static to more dynamic
and adaptive lighting. Conventionally, lights stay fully lit through their
operational hours, which results in static lighting environments and ex-
cessive use of energy. The introduction of controllable LEDs and the inte-
gration of technology into our everyday environments have opened up
new opportunities for lighting design. Lighting solutions can adaptintel-
ligently and dynamically to the presence of people through data trans-
mitted by integrated sensing technology (Hughes and Dhannu, 2008).

Adaptive lighting can be seen as an intelligent and adaptive system pro-

cessing data about the presence of people and current environmental

conditions according to the rules defined by a designer. The processing

of information dynamically affects the luminaires in the system, thus

creating an adaptive lighting environment (Pihlajaniemi, 2016, p.16). The

behaviour of the adaptive lighting system is defined through a creative Figure1

design process, which can also entail aesthetic qualities and artistic ex- Diagram depicting the components of
pression (see Figure 1). Adaptive lighting system can be considered as an adaptive lighting, where the adaptation

process in addition to purely functional
Ambient Intelligent system, characterised as being responsive, sensitive aspects entails aesthetic qualities and

and adaptive (Cook, Augusto and Jakkula, 2009). creative design decisions.
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Ambient Intelligence (Aml) is an emerging discipline, which embeds in-
telligence into architectural spaces through the integration of computa-
tionand sensing technologies. Aml offers the technical basis for environ-
ments that are sensitive to people, perform context-aware actions and
appreciate social interactions. (Shadbolt, 2003; Cook, Augusto and Jak-
kula, 2009) This involves the integration of several computing areas, such
as ubiquitous computing (Weiser,1991), intelligent systems research and
pervasive computing (McCullough, 2004), among others. With the use of
ubiquitous technology, computation is no longer separated from archi-
tecture; it allows people to interact directly with their environment.

The Aml approach focuses on the users and their experience, allowing
the environment to proactively support them in their endeavours, and
overcome the device and function oriented paradigm (Bullinger, 2006). As
technology is becoming more integrated into our social infrastructure, it
demands design consideration through social, psychological, aesthetic
and functional factors (McCullough, 2004, p.3). The challenge is to design
the experience through advanced interaction concepts (Aarts & Encarna-
¢do, 2006, p.XI).

So far, the driving force for introducing adaptive and intelligent lighting
solutions for traffic environments, urban spaces and buildings has been
to conserve energy. The applications have been mainly focused on tech-
nology: concentrating the design on automated systems and optimised
solutions (see e.g. Lau, Merrett and White, 2013; Hughes and Dhannu,
2008; Siddiqui, et al, 2012). Although these types of Aml systems are tech-
nologically sophisticated, they do not consider the role of design and
aesthetics (Rocker, et al, 2012).

Energy conservationisanimportanttaskof futurelighting systems; how-
ever, there is untapped potential in using adaptive lighting in improving
the functional and experiential quality of architectural spaces. Instead
of considering adaptation processes for automating lighting behaviour
and optimising energy usage, this paper discusses new possibilities for
its creative design. Adaptive lighting can be seen to have experiential val-
ue and convey artistic expressions through light patterns, rhythms and
colours; communicate, convey information and offer opportunities for
social interaction (Pihlajaniemi, Osterlund and Herneoja, 2013).

The aim of our research has been to develop a design and control meth-
odology for the design of adaptive lighting processes without the need
for programming. The development has been related to a larger research
endeavour of several projects at the Oulu School of Architecture, study-
ing the design processes and methods of adaptive lighting, as well as
users’ experiences of environments with adaptive lighting solutions; see,
for example, Pihlajaniemi (2016). The specific aim of this paper is to pres-
ent the details of the developed solution, where network-based agents
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are used for designing and controlling adaptive lighting, and to discuss
the benefits, opportunities and shortcomings of the developed method.

1.2 Designing adaptive lighting processes

Inorder to design dynamic lighting patterns and adaptive processes, the
designer has to define the lighting system’s behaviour and its actions
according to sensor stimuli and external data. Due to the sheer amount
of data and its complexity, the focus of the design process shifts - from
the formulation of isolated and individual sensor triggers or animated
lighting actions, to defining algorithmic processes and behavioural
rules. Through the use of algorithm-aided design methods (also known as
algorithmic, generative orcomputational design),computationis utilised
in creative systems through algorithmic logic and generative processes
(Terzidis, 2006; Osterlund, 2013). Designers become the formulators of
algorithms and creators of design tools, rather than just the end users of
self-contained applications (Davis and Peters, 2013). Understanding how
the system operates and how the designer can predict the performance
of any design alternative they may generate computationally is funda-
mental (Ahlquist and Menges, 2011).

The level of “predictability” in the designed lighting process, from the
user’s point of view, is also a significant factor. In this context, predict-
ability refers to the amount of perceived complexity or nonlinearity
(Mitchell, 2009) in the designed lighting patterns. Nonlinearity in light-
ing design is not a trivial question, as the system could be used in many
levels of perceived user control. Increasing the nonlinearity of the design
might decrease the readability of the logic thus affecting the perceived
influence of user control. The level of interaction in lighting systems may
also vary, as the control can range from fully automated solutions (with
a decreased perceived feeling of control) to full user control through dif-
ferentinteraction methods (van Essen, Offermans and Eggen, 2012).

Depending on the functional requirements and the will of the designer,
the lighting behaviour should be able to scale from linearly logical to
nonlinear processes, increasing the unpredictability of the lighting solu-
tion respectively. From an experiential point of view, the use of nonlinear
dynamics brings forth new aesthetic qualities of unpredictable and
seemingly organic factors into adaptive lighting. The qualities are pres-
ent in natural lighting conditions, due to changing weather and winds,
as well as in the swarming behaviour of birds and fish. In our research
and through our developed methodology, we do not attempt to define
the aesthetic properties of adaptive lighting, but to provide means for
designers to define it for themselves. The possibility to decide light co-
lours, intensities, pathways, patterns and rhythm of changes provide the
tools for design.
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The system interacts with the physical environment and its users by
creating appropriate lighting patterns that are constantly changing and
dynamically evolving. It is hard to predict the exact composition of the
lighting patterns as they are the emergent outcome of the designer-
defined adaptive solution and real-world interactions that involve
users, as individuals or collectively, in the feedback loop. Users can inter-
act with the lighting environment explicitly; with a conscious effort to
tell the system what to do, orimplicitly; with actions thatare not primari-
ly aimed for interaction, but which the system understands as inputs
(Schmidt, 2000; Pihlajaniemi, 2016).

Through implicit interaction, users affect the adaptive lighting by mov-
ingaround or by entering certain locations,and in response, the lighting
can attract and influence people’s behaviour (Pihlajaniemi, et al,, 2014a).
Interaction is bi-directional, as humans interact with technologies and
these technologies mediate their behaviour (Verbeek, 2010). Thomsen de-
scribes these kinds of interactive environments as performative, where
“actors” engage with designed landscapes through bottom-up process-
es: a time-based process with interactive contacts between all actors
and the possibility to include complex parameters and influences in the
design process (Thomsen, 20009).

The commercial tools currently available for the design of dynamic light-
ing require knowledge and skills in programming in order to formulate
solutions that are more complex. Yet the creative professionals, who are
designing functional and experiential lighting, may not possess these
skills, which might lead to overly simplified solutions, as the intentions
are lost to the complexities of programming. The field is heavily domi-
nated by technical professionals, and there is a need for new concepts,
generalizable design methodologies and tools for the creative design of
adaptive and intelligent lighting (Karamouzi et al,, 2013; Hakulinen, Turu-
nen and Heimonen, 2013; Magielse, 2014, pp.92-93).

1.3 Network-based agents

We have developed a design framework called VirtuAUL (Virtual Adap-
tive Urban Lighting) for the creative design, adaptive control and real-
world implementation of adaptive lighting (Osterlund and Pihlajaniemi,
2015; Osterlund and Pihlajaniemi, 2016). The framework incorporates a
novel network-based agents methodology for the design and control of
adaptive lighting processes, which mediates the implicit interactions
between the user and the system. The lighting scenarios are designed
with a graphical design tool, allowing the designer to define adaptive
processes without the need for programming. The designed scenarios
are implemented and operated in real-world settings by using a central-
ised lighting controller.

NORDISK ARKITEKTURFORSKNING
NORDIC JOURNAL OF ARCHITECTURAL RESEARCH

ISSUE 12017 DESIGNING AND CONTROLLING ADAPTIVE LIGHTING USING NETWORK-BASED AGENTS METHODOLOGY TONI OSTERLUND AND HENRIKA PIHLAJANIEMI 139



In the network-based agents methodology, computational agents move
and operate within a designer-defined network topology. The network
topology (i.e. the configuration of links connecting the nodes) defines
pathways in which the agents can move from node to node. The network
defines the agents’ virtual environment, which corresponds to the real-
world environment through the nodes’ representing the physical sen-
sors and luminaires of the lighting system.

The flow of computational agents within the virtual network emerges
as dynamic and adaptive lighting patterns in the real world, when the
lighting system interacts with its users (see Figure 2). Sensor nodes emit
agents to the network, and are triggered by presence or other environ-
mentally sensitive data. As the agents move in the network, the light
nodes react to their vicinity and properties, thus affecting the lumi-
naires’intensity and colour.
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Figure 2

Sensors convey information to the
virtual system, which operates accord-
ingly. The composition of the virtual
system and the agents is revealed

through the dynamic lighting patterns.
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1.4 Related work

The field of adaptive and intelligent lighting research has previously
been approached from multiple perspectives, such as methods for user
interaction, effects on energy consumption and safety. Magielse (2014)
researched concepts for user interaction through specially built lumi-
naires and control hardware. Offermans, van Essen and Eggen (2014) pro-
vide insight to the general principles of explicit light control interfaces
and user needs, while Dugar, Donn and Marshall (2012) have researched
the design of tangible control interfaces by using immersive virtual en-
vironments. By using implicit interaction methods, the authors imple-
mented and studied the use of adaptive lighting in retail environments
(Pihlajaniemi, et al, 2014b). Offermans, van Essen and Eggen (2013) pro-
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posed the use of hybrid methods in order to find the dynamic balance
between optimised automated lighting behaviour and user preferences.

Researching the effects on energy consumption, Lau, Merret and White
(2013) developed an adaptive lighting scheme for road traffic, adjusting
luminaire brightness based on traffic speed and volume. By measuring
the energy consumption in office environment, Hughes and Dhannu
(2008) found substantial energy savings in using an adaptive lighting
scheme compared to a static one. Haans and de Kort (2012) investigated
the effect of differentadaptive lighting distributions on perceived safety
of pedestrians.

Information processing of alighting system can happen within a central-
ised controller unit that receives data, is knowledgeable of every com-
ponent connected to the whole system and controls all light sources.
Ceriotti, et al. (2011) has used this type of centralised closed-loop con-
trol system together with wireless sensor networks to adaptively set
lighting levels of a road tunnel. Yeh, et al. (2010) propose an autonomous
centralised lighting control system based on the feedback from wireless
light sensors carried by people in office surroundings. Another approach
is to use decentralised information processing, where computation
is distributed among different autonomous and intelligent hardware
components. In this approach, the system components do not have an
overall view of the global configuration, yet they can be locally aware of
their neighbourhood. Bandini, et al. (2011) used purpose-built hardware
including sensors and light sources, and component communication
based on cellular automata, in order for the lighting system to adapt to
pedestrians. Rao, et al. (2012) propose the use of autonomous light and
sensor hardware agents that communicate local changes with each oth-
erin order to synchronise the global view.

Osterlund (2013) has discussed the design possibilities of complex
systems with emergent properties in adaptive lighting control, where
the spatial model used in the network-based agent system is also pre-
sented. Hakulinen, Turunen and Heimonen (2013) also discuss the need
foraspatial model ininteractive lighting systems, where they argue that
a lighting system should be aware not just of the locations of the light
fixtures and their rotation, but also of the area they canilluminate.

Different design tools have been created in order for the users of the
environment to participate in the design process. The LightStories in-
stallation by the authors used an online design tool, where people could
create their own light animations to be displayed on a pedestrian street
(Pihlajaniemi, et al,, 2012). The responsive urban lighting installation by
Poulsen, et al. (2013) used custom-built software with predesigned light-
ing behaviour, which’ parameters users could modify through a mobile
interface. Custom tools have also been created in order to visualise the
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changes in design parameters without changing the underlying lighting
behaviour. For the light art project “Silo 468" Lighting Design Collective
(2011) created a graphical tool for simulating and defining the parame-
ters of dynamic lighting on the facade of an old oil silo, based on swarm
algorithm and wind speed. Bandini, et al. (2011) created a graphical de-
sign environment, which allowed to configure the system and to simu-
late the behaviour of the cellular automata based adaptive lighting.

The development of the VirtuAUL design framework together with the
design development of Urban Echoes lighting installation has been dis-
cussed in a previous paper by the authors (Pihlajaniemi, Osterlund and
Herneoja, 2014). Our proposed approach to the design of adaptive light-
ing, compared to the related work presented here, is to allow the design-
er to creatively define the adaptive processes. The lighting behaviour is
not predefined, but the design method and tool allows the designer to
freely envision complex adaptive scenarios. We implement centralised
controller thatregulates the lighting conditions, sensor information and
processing. The use of centralised controller reduces the scalability of
the system (Rao, etal,2012), butit makes it possible to use “unintelligent”
off-the-shelf hardware and luminaires, allowing the implementation on
existing lighting infrastructure as well. It also enables the top-down de-
sign of the global behaviour, instead of configuring the inherently emer-
gent bottom-up local interactions for a desired global effect, which in
itself is a significant research problem (Bandini, et al, 2011).

2 Developing a new design and control
methodology

2.1 Objectives and methods

The objective of the research was to develop a design and control meth-
odology for the creative design of dynamic and nonlinear lighting that
adapts based on external information and sensor data. One of the main
goals in defining the methodology was that the design of adaptive pro-
cesses should not require coding skills from the lighting designer. By
using the developed software tool, a designer could graphically define
the processes and parameters of the control methodology, which then
computes and manages the adaptive lighting solution. One part of the
research interest was to develop a centralised control system that uti-
lises aspects of distributed computational intelligence as part of the
adaptation process (Osterlund, 2013). The aim was to open up new possi-
bilities for the creative design of adaptive lighting patterns.
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The research questions for the development of the design and control

methodology can be formulated as:

= How can the control methodology be applied in designing pres-
ence-based adaptation processes of lighting?

= What kind of design elements and parameters are essential in the
design process that allows versatile design solutions and sufficient
freedom of design?

= Whatelements of the design and control methodology support the
creation of linear and nonlinear processes?

Methodologically, the development process has to be described as part
of the larger research entity, which aimed at understanding the design
and experience of adaptive lighting. The design and control methodolo-
gy was developed as an integral part of the research process consisting
of designing, realizing and evaluating real-world demos. (Pihlajaniemi,
Osterlund and Herneoja, 2013; Pihlajaniemi, 2016)

Our research concerns various research disciplines such as lighting de-
sign research, HCI and architectural research. Typical to all of these dis-
ciplines is that their research problems are not usually set within one
singular disciplinary framework. In addition, the research problem and
its knowledge production operate within a context of practice. Our re-
search can thus be defined as transdisciplinary research. (Pihlajaniemi,
Osterlund and Herneoja, 2014; Gibbons, et al,, 1994)

In our research process, the framework of methods used in the tool and
system development was developed and modified throughout the pro-
cess. We followed a mixed-method or combined strategies approach,
where multiple methods from diverse traditions are applied in one re-
search.Thisapproachissuitable forresearching complex phenomena, in
our case the design process and experience of adaptive and interactive
lighting in a real urban context. (Pihlajaniemi, Osterlund and Herneoja,
2014; Groat and Wang, 2013, pp.441-449)

Table 1 presents the combination of methods used in different phases of
the research process. The development process is described in detail in
Pihlajaniemi, Osterlund and Herneoja (2014); a short summary is presen-
ted in the next section. The creation of the VirtuAUL design framework
and the methodology stemmed from the need to solve specific chal-
lenges concerning the design and development of two real-world light-
ing demos: 1) Urban Echoes: adaptive and communicative lighting in an
urban park environment, and 2) adaptive and intelligent lighting in a re-
tail environment. The Urban Echoes demo is presented in this paper as a
background for the functionality of the VirtuAUL design framework, and
the second demois discussed in Pihlajaniemi, et al. (2014b). The results of
the experience evaluation are presented and discussed in Pihlajaniemi
(2016) and Luusua, Pihlajaniemiand Ylipulli (2016). The performance eval-
uation of the design tool is presented in detail in Pihlajaniemi, Osterlund
and Herneoja (2014) and only referred briefly in this paper.
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Table 1. Research methods used in the different phases of the research process.

Phase

Methods

Design Tool and System Development

Design and Realization of Pilots

State-of-the-art literature surveys

Use Scenarios

Research & Development by Design
Real-world testing

Video documentation *

System data logging and analyses *
Design tool performance evaluation *

Experience Evaluation

Semi-structured interview *

Experience gauging walking interview in-situ *

Evaluation probe method used in the test site *

Questionnaires (online and printed) containing multiple choice
and open-ended questions *

System data logging and analyses *

* =research material is not included in this paper.

2.2 Development process

The VirtuAUL design framework was developed in an iterative design
process, where the control methodology and design tool development

progressed simultaneously. The design and realisation process of the
Urban Echoes adaptive lighting demo was used as a development tool
and test-bed for the design framework. The main methods used in the de-

velopment process were 1) state-of-the-art literature surveys concerning
algorithm-aided design methods and lighting design; 2) use scenarios; 3)
research and development by design; and 4) real-world full-scale testing.

Figure 3

Otto Karhi park at the city of Oulu,
Finland. The approximately 100-meter
route, where the Urban Echoes lighting
demo was set up, is marked here.
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Urban Echoes was a temporary park lighting installation at the Otto
Karhi park in the centre of Oulu, a city in northern Finland (see Figures
3 and 4). The demo’s purpose was to study different adaptive lighting
scenarios from the perspective of a park visitor’s experience, as well as
the communicative potential of urban lighting. The design process of
the demo and its use scenarios acted as a method for developing the
VirtuAUL design framework’s functionalities and the design methodo-
logy. The functionality of the framework, from the use of the design tool
and method to transforming the design into an intelligently controlled
lighting scheme could be tested in the installation. The park lighting
installation was a flexible system that could produce both even distri-
butions of light and more uneven distributions consisting of different
sized patches of light on the park pathway. The lighting reacted to the
park visitors’ movements via motion sensors, pursuant to the adaptive

processes graphically defined with the design tool.

In the development process, a selection of scenarios of different adap- Figure 4
tive lighting patterns (see Figure 5) were conceived and then created Urban Echoes lighting demo.
. . . . . . . PHOTO: HENRIKA PIHLAJANIEMI

using the VirtuAUL design tool. The main design intentions for the sce-

narios were: 1) to support the perception of the route and safety of move-

ment, 2) to support the perception of the route and the visual detection

of other people, 3) to create lively lighting for the route and 4) to create

an experiential route lighting that would highlight elements of the scen-

ery. In the intended lighting behaviour of different scenarios, different

ISSUE 12017 DESIGNING AND CONTROLLING ADAPTIVE LIGHTING USING NETWORK-BASED AGENTS METHODOLOGY TONI OSTERLUND AND HENRIKA PIHLAJANIEMI 145



NORDISK ARKITEKTURFORSKNING
NORDIC JOURNAL OF ARCHITECTURAL RESEARCH

combinations of linear and nonlinear interactive adaptation patterns
were used. In section 5 of this paper, we describe the design of one sce-
nario in detail in order to illustrate how the properties of the developed
computational system can create experiential adaptive lighting behavi-
our.

The performance of the design tool and method was evaluated by com-
paring the initial design intentions, the design processes and simula-
tions with the tool and the experience of real world lighting scenarios.
The results of this evaluation and a description of the lighting system’s
communicative features is presented by Pihlajaniemi, Osterlund and
Herneoja (2014). This performance evaluation was carried out as part of
a research-by-design process by a lighting designer who had been co-
developing the tool. Larger scale tests with designers without any rela-
tion to the development process have not been carried out. Park users’
experiences of the lighting scenarios were evaluated on site with a quali-
tative and ethnography-inspired method: experience gauging walking
interview method. A description of the method and a wide qualitative
analysis and discussion of the results is presented in Pihlajaniemi (2016).

2.3 Urban Echoes system description

The Urban Echoes adaptive lighting installation was implemented along
one park path using 48 pieces of LED luminaires suspended above the
path and positioned on the ground near trees and bushes. The selec-
tion of lights consisted of 44 pieces of RGB spotlights with varying beam
angles and 4 pc. of 3000K LED luminaires with efficient street lighting

optics.

All the information processing, adaptive scenario modelling and light Figures

Some adaptive lighting scenarios of
the Urban Echoes demo. Altogether,
more than 20 different scenarios were
were controlled by a DMX protocol and identified by the control unit by designed.

their DMX addresses. The lighting controller unit directly controlled all PHOTO: HENRIKA PIHLAJANIEMI

the RGB LED luminaires through wirings and the other luminaires were

colour and intensity control took place in the global centralised light-
ing control unit (commercially available Pharos LPC2). The luminaires

controlled through a server link to their manufacturer’s own master unit,
and from there, via wireless radio control.
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Seven IR motion sensors were distributed within the park pathway and
were wired to the control unitinputs as close-circuit triggers. When de-
tecting movement, the sensors triggered an immediate response from
the lighting control unit and continued to do so for as long as they kept
detecting movement and five seconds after motion had ceased.

3 Overview of VirtuAUL design framework

The developed VirtuAUL design framework (Osterlund and Pihlajaniemi,
2015) is an end-to-end solution for designing, controlling and implement-
ing adaptive lighting processes in real-world settings. It can be used in
lighting systems of different sizes, effectively scaling up to an urban
block or city district. The framework functions in real-world through a
centralised processing unit, which receives information about the en-
vironment through sensors and other data sources, such as the city’s
online calendar. Based on the network-based agents control methodo-
logy combined with a purposefully designed lighting scenario and pres-
ence-based interaction with users, the central unit conveys control data
to the luminaires. The resulting lighting environment adapts and reacts
to the presence of people. The hardware connected to the system can be
off-the-shelf and no special components are needed. The design frame-
work has received a patent (Osterlund and Pihlajaniemi, 2016).

The VirtuAUL design framework (see Figure 6) consists of four parts: 1)
the base control methodology of network-based agents, 2) VirtuAUL de-
signer software for defining and simulating adaptive control processes
in urban settings, 3) XML-based save file and a method of information
transfer between the design software and the central lighting controller
unit, 4) VirtuAUL controller software that runs within the central lighting
control hardware. The control methodology is explained in detail in sec-
tion 4, and a brief overview of the other framework parts are given here
for a better understanding of the framework in whole.
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For the design of complex adaptive lighting patterns, the current design Figure 6
tools require the processes to be defined through programming. Relat- The VirtuAUL design framework.

ed to something that is very visual and dynamic, textual coding is un-
intuitive and cumbersome. The VirtuAUL designer software (see Figure
7) allows the designer to creatively and graphically define the adaptive
processes that generate aesthetic lighting patterns without the need for
programming (visual or textual). Yet the resulting lighting can reach high
levels of sophistication in the level of interaction and complexity of the
dynamic patterns. The effects can be simulated in real-time on top of a
two-dimensional map of the design environment (see Figure 8).
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Simulation | VirtuAUL

Figure 7

The VirtuAUL designer software
during the design phase. The middle
window is the design view, where the
network topology as well as the design
parameters are defined, using right-
click menus that differentiate based on
the node type and properties. The right
window is the simulation view, where
the effects of the defined process can
be observed in real-time by using the
mouse cursor to simulate a person.
The left window contains the control
options for the user interface.
ILLUSTRATION

TONI' OSTERLUND AND HENRIKA PIHLAJANIEMI

Simulation | VirtuAUL

Figure 8. The VirtuAUL designer soft-
ware with a simulation in progress, cor-
responding with the design in Figure 7.
ILLUSTRATION
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The lively light patterns emerge through interaction mediated by the
control process, where dynamicvirtual agents operate within a designer-
defined network topology. The designed configuration of the system is
saved as an XML-based textual file - a blueprint of the adaptive lighting
process, which is then transferred to the central lighting control unit for
processing in the real world. The XML-based blueprintitself does not de-
fine the control methodology, but it includes all necessary information
for replicating the virtually designed configuration. The virtual lighting
scenario matches the real world adaptive lighting process, as long as the
urban surroundings, luminaires and sensors have been accurately mod-
elled into the design tool.

The adaptive processis physically located in centralised lighting control-
ler hardware that is running the VirtuAUL controller software. The con-
troller software implements an identical process to the designer soft-
ware, but without the graphical user interface and related components.
The VirtuAUL controlleris written in LUA scripting language and as such,
it can function in various commercial lighting controllers as well as in a
dedicated PC. All the sensors and lights in the system are connected to
the centralised controllerin order for the process to receive information
on their status and convey lighting data.

In a centralised system, the adaptive process is aware of the global sys-
tem configuration. This limits the scalability of the system (Rao, et al,
2012), as all new hardware have to be explicitly added and programmed
to function as part of the process. In decentralised systems, the process-
ing is distributed among the intelligent hardware components that
behave through local rules and interact with each other. Decentralised
systems are self-organising and the interaction with users happen au-
tonomously through locally perceived changes; thereis no global design
to follow (Bandini, et al, 2011; Rao, et al,, 2012).

From the design point of view, centralised control makes it easier to con-
figure the desired global behaviour of the system, as each sensor and
light behaviour can be explicitly set. It allows for a great deal of creative
freedom, as the adaptive solution can be designed top-down: the glob-
al scenario defines different rules and behaviour for each connected
component. The bottom-up design of local component rules in order
to achieve a desired global behaviour is a significant research problem
in decentralised, distributed systems (Bandini, et al,, 2011), and as such
very challenging for a lighting designer to design in a creative way. The
centralised control also makes it possible to utilise “un-intelligent” hard-
ware components and implement the adaptive scenarios to existing
lighting infrastructures.

ISSUE 12017 DESIGNING AND CONTROLLING ADAPTIVE LIGHTING USING NETWORK-BASED AGENTS METHODOLOGY TONI OSTERLUND AND HENRIKA PIHLAJANIEMI 150



NORDISK ARKITEKTURFORSKNING
NORDIC JOURNAL OF ARCHITECTURAL RESEARCH

4 Control methodology

4.1 Computational model

The computational model of the network-based agents brings forth
three main elements that together form the core functionality and main
parameters of the control process: virtual agents, network nodes and
network links (see Figure 9). These define the control process as well as
serve as the main elementsin the design methodology. The different ele-
ments of the computational model, their parameter settings and rela-
tional configuration define the resulting adaptive lighting solution. The
model functionsas awhole, with all elements affecting the lighting solu-
tion in some way. The conceptual boundaries of the different elements
in defining the lighting solution are not so clear-cut, as the lighting out-
put is affected by their interaction. Light itself is not considered as an
individual element of the model, butitis the emergent end results of the
system process in whole. The selected design parameters of the model
elements emerged through the iterative design development process
involving practical and theoretical knowledge from the fields of lighting
designand computational design (Pihlajaniemi, Osterlund and Herneoja,
2014).

Different node types exist, where, e.g, some receive sensing information
(sensor nodes), and some process and output lighting information (light
nodes) to be relayed to the real-world luminaires. The system is inherent-
ly dynamicand nonlinear, and it creates ever-changing lighting patterns.
The agents are seen as dynamic information conveyers and are emitted
by the sensor nodes as a consequence of change in environmental con-
ditions.

Figureg

The main elements of the net-
work-based agents methodology of con-
trolling and designing adaptive lighting
processes: dynamic agents (* symbol),
network nodes (Sensors or Lights) and
network links.

The network and its topology define the coordinate space and spatial
structure of the agents’ virtual environment as graph-based coordinates
(Osterlund, 2013). The location and direction of an agent is defined by
three variables, <N_, N_, P> N_is the node of origin, N, is the target node
and P is the position of the agent in percentage travelled from node
to node. The graph-based coordinates together with the node-specific
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parameters define the adaptive lighting system’s spatial model. The spa-
tial model is a solution to the challenge of defining the spatial structure
and dependencies of irregularly and sparsely located luminaires in real
world space, where Cartesian coordinates cannot adequately describe
their hierarchy or the relations of the lights to themselves or to their sur-
rounding environment (Osterlund, 2013).

The agents operate under simple rules, convey information and affect
their environment in a Multi-Agent System (MAS) (Jennings, Sycara and
Wooldridge, 1998). Multi-agent systems, contrary to Agent-Based Model-

|u

ling (ABM), depict the design and development of “artificial” agents that
do not try to model any existing human or organisational behaviour
(Macal and North, 2009). Although agents are widely used in intelligent
systems, modelling complex and emergent behaviour, there is currently
neither a precise definition nor universal agreement of what an “agent”
is(Macal and North, 2009; Jennings, Sycara and Wooldridge, 1998). For the
purpose of this research, an agentis considered as a self-contained com-
putational component that is capable of autonomous behaviour, situ-
ated in a virtual environment and capable of interacting with the real

world through sensor information and lighting.

The network-based agent system can be described as a multi-layered
multi-agent situated system (MMASS), referring to the MMASS system
description by Bandini, Manzoni and Simone (2002). In MMASS, the en-
vironment where the agent lives, is explicitly structured and spatially
related to the real-world environment, which makes the system situated
(Bandini, Manzoni and Simone, 2002; Ferber and Miller, 1996). “Situated-
ness”is also defined by Jennings, Sycara and Wooldridge (1998) as agents
that receive sensory input from their environment and perform actions
that change that environment in some way. “Multi-layered” (Bandini, et
al, 2009) in this context, refers to the fact that differentiated nodes, links
and agents exist within the same system. It allows, for instance, mul-
tiple, completely separated networks with distinct agent types to exist
within the same virtual system. In practise, this means that one adaptive
lighting solution can define and simultaneously maintain very different
kinds of behaviour of light.

Although the agents function as a part of a system that is capable of
generating lighting solutions that interact with users and adapt to en-
vironmental changes, the agents themselves cannot be considered as
adaptive. The agents do not learn from their environment, nor do they
modify their rules or behaviour as a result of external input or internal
computation (Macal and North, 2009).
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4.2 Agent properties

Anagentisaconveyoranda transmitter of information andis defined, in

addition to its position, by six parameters: colour, energy, speed, lifetime,

fadetime and path selection behaviour.

= (Colouris used to store the RGB value of the agent and is depicted
by three values (Red, Green and Blue) between o and 255. The colour
information is translated directly as light colour as well as intensity
when using RGB LEDs, and when using non-RGB LEDs, the first value
stored (Red)is used to describe the intensity of light.

= Energyisthe “signal strength” in which the agent transmits its col-
ourinformation to the light nodes. At lower energy levels, the trans-
mitted colour appears darker. The colour and the energy combined
have an effect on the visible light colour and intensity. Transmitted
colouris calculated as the energy percentage of each individual col-
our channel.

= Speed defines how fast the agent moves from N_to N_. Speed is not
affected by the physical distance of luminaires or sensors, their Car-
tesian coordinates, nor the distance between nodes in the design
view of VirtuAUL designer. The position Pis a steadily increasing per-
centage, and the speed parameter defines the rate of progression in
away that speed indicates how many seconds it takes for an agent
to travel the distance.

= The agent has two states: alive or dead, moving or stationary, dy-
namic or static. Using the analogy of a living agent, once the agent
is born, it starts to move within the network for the duration of its
lifetime, which is defined in seconds. Together with the speed pa-
rameter, the lifetime defines how far the agent can reach (i.e. how
many nodes it can pass through) before it dies.

= Oncethe agent has died, it stops moving, yet it still transmits infor-
mation. The signal strength slowly fades to zero, within the time de-
fined by the fadetime parameter,and once it reaches zero, the agent
is deleted from the system. This creates a fading intensity, so that
lighting does not suddenly switch off, but has a gradient dimming
factor.

= The path selection behaviour affects how the agent determines
which link to move to next once it reaches its N_. Possible options
are thatit:
1. always turns back towards N_
2. randomly select new N_(which can also be N)
3. continue forward (do not use N) until a “dead-end” is reached

(where N_is the only option) and then turn back

4. continue forward until “dead-end” then stop

The six parameters define an agent, its properties and behaviour, and
multiple agents can share the same parameters. Agents that share pa-
rameters are described in the VirtuAUL framework as a Family. Agents
of a certain family share some family traits: that is, they have very simi-
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lar, yet not completely identical parameters. The stochastic parameter
fluctuation between agents of the same family is defined automatically
when they are created. Different families can be defined with their dis-
tinctive parameters (see Figure 10) and they can be used in defining dif-
ferent behavioural types. Forinstance, one family could consist of green-
coloured agents that move fast, but die young, and another consisting
of white agents that move slow, but live longer. When emitted to the sys-
tem, their properties emerge as very different patterns of light.

Figure 10

The family parameters for family no. o.
The image shows the graphical control-
lerinterface for family parameters in
the VirtuAUL design tool.

ILLUSTRATION:

TONI OSTERLUND AND HENRIKA PIHLAJANIEMI

Distinct sensor stimuli can be defined to create agents of certain fami-
lies, so that different events trigger different lighting behaviour. The
parameter fluctuation (in speed and lifetime parameters) between mem-
bers of the same family creates variation in the movement of the indi-
vidual agents, as otherwise, a group of identical agents would move in
unison, indistinguishable from a single agent (except for their combined
energy influence).

4.3 Network nodes

Asingle node can represent four different types of components: a light

fixture, a sensor (physical or virtual, or another data source), a control

algorithm, or it can be an empty ghost node.

= Alight fixture node corresponds to an actual luminaire in the real
world. The node entails information about the node’s ID number
(which equals to the luminaire’s DMX address); position, height and
light distribution bitmap (which are used in simulation); the bitmap
size and rotation; whether the light can display RGB colours; and
the minimum and maximum intensity values (restricting the light’s
intensity).
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= Asensornode can represent either a physical or a virtual sensor. A
physical sensor’s parameters can include the position, sensing area
and rotation (as in the implemented IR motion sensor type for the
Urban Echoes). However, a physical sensor can also represent lumi-
nance or temperature sensors, for instance. The sensor nodes can
alsorepresent special types of virtual sensors, such as situated area
hotspots. When a sensor node is triggered, it starts to emit agents
based on the control algorithm and its parameters.

= Acontrol algorithm node is a special type, as it does not act as an
agent pathway. The node is a trigger connected to a sensor, also
defining the agent’s family and the amount emitted per timeframe,
as well as on which link layer the agent resides. Different types of
control algorithm nodes can exist and several can be connected to
asingle sensor at the same time, so a sensor can have different trig-
gerswith different settings and each one of them emitting different
agent types.

= Aghostnodeisanempty pathway node. The node does not perform
any action, nor does it correspond to any device. It can be used to
extend the agent pathways.

Light nodes receive colour information from agents that are located on
directly connected links. The system is updated at constant intervals,
and if multiple agents approach a single light node at the same time,
the cumulative effects are calculated as an average of colour informa-
tion, weighed by their signal strengths (energy). The light nodes do not
directly send the colour information to the physical light fixtures, but
the information is gathered at the end of each interval as a list of lumi-
naire addresses and their corresponding colour values. The lighting con-
trolunit then parses through this list and sends the control data to each
luminaire.

When an agent is emitted onto a link connected to a light node, ie.itis
on the opposing end of the link (moved 0% of the distance), the colour
of that agent does not yet affect the light colour. As the agent moves,
the percentage gradually increases as it approaches the node, simulta-
neously increasing the intensity of the light colour. The movement of an
agent from node to node creates a gradually increasing intensity of light.
The speed of an agent affects the speed of the gradient effect. Similarly,
when an agent moves onto a path away from alight, the energy decreas-
es. The individual agent’s signal strength determines how much a single
agentaffects the lightintensity (@t 100%, a light is at maximum intensity,
when the agentis directly on the node).
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4.4, Network links

As the network topology is a creative design decision instead of an auto-

mated or a hardware setting, it allows to generate a vast amount of dif-

ferent compositions. The network links have three parameters that have

a profound effect on the movement of the agents, and thus, to the light-

ing patterns: topology of the network, link directionality and link layer.

= The topology of the network has a major influence on the level of
nonlinearity and lighting patterns. Increasing the connectivity of
the network (Miller, 2001) also increases the possible pathways an
agent can take, and thus, increases the nonlinearity of the generat-
ed pattern.

= The directionality of a link controls the direction that an agent is
allowed to travel through. A link can be defined as bidirectional (al-
lowing movement in both directions) or unidirectional (allowing
movement only in one direction).

= Different network topologies can be defined simultaneously as
different layers, where only certain types of agents are allowed to
move. Together with the layer-based link directionality control, it
allows the designer to simultaneously define different types of be-
haviour within the same system.

5 Implementationin Urban Echoes project

5.1 Use scenario case study

In the Urban Echoes lighting demo, several different scenarios of adap-
tive lighting behaviour, which implicitly interact with the park visitors
through their movements were designed, simulated and tested. One
designed use scenario, which illustrates the possibilities of VirtuAUL in
adaptive lighting design and control, is depicted here. The description
presentsthe designintentions, the acts of the designer and the resulting
lighting scheme.

The main design intention of the example scenario was to create an ex-
periential route lighting that also highlights beautiful elements of the
park scenery, such as trees and vegetation, along the route and further
away. This creates an Aml environment, which interacts with its users
through their location and movement. The dynamic adaptation of light
should be perceivable by the user, so that it would enhance the atmo-
spheric experience.

In addition, the aim was to create nonlinear lighting patterns in order
for the lighting to act differently every time a person walks along the
path and for a positive element of surprise for the park visitor, avoiding
monotony. Even though the global appearance of light is nonlinear, it
should include some predictability in its behaviour in order also to ful-
fil the functional needs of park lighting: the lively play of light on the
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park path should follow and even anticipate each park-goer, so that they
could see the route and move safely.

5.2 Designing path lighting

The design commences with the opening of a template XML-file, where
the light and sensor nodes are already present, matching the physical
infrastructure of the installation. The first step is to design the light-
ing configuration to control path lighting (see Figure 11). In order to get
lights brightened when a visitor is entering the path, the sensor node
located at the start of the path (SN1)is linked to the nearest light node.
Then, all the adjacent light nodes are linked consecutively (SN1 > LN1>
LN2>LN3>LN4 > ..> LN ) until the end of the path. The last light node is
linked to the sensor node on the other end of the path (SN6). Connecting
the pathway light nodes to the sensor nodes at the ends serves people
walking in both directions of the path.

The links are defined to be unidirectional on two different layers (L1 and
L2): one direction is opened in each layer. This allows the agents to move
to the same direction as the park visitor, when they enter the path from
either end. Some “shortcuts” between non-consecutive luminaires are
defined in order to add more possible pathways for the agents and more
playfulness of light in the real world (for example, LN2 > LN5 and LNg »
LN8).

|| VirtuAUL

A control node (CN1) is created and connected to the first sensor node
(SN1). It triggers the sensor to emit agents into the network on the first
layer (L1). A corresponding control node (CN2) is created and connected
to the last sensor node (SN6), and defined to emit agents on the second
layer(L2). Besides the end sensors, four motion sensors are located along
the path with approximately equal intervals. Each corresponding sensor
node is connected to four or five nearby light nodes. Both control nodes

NORDISK ARKITEKTURFORSKNING
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Figure 11

The left design view shows the light
and sensor nodes of the Urban Echoes
installation, with the luminaires and
sensors in the simulation view on top
of the map of the Otto Karhi park. The
sensor node (SN) numbers are illustrat-
ed on the left, and the corresponding
sensors at the ends of the path are also
pointed out in the simulation view.
Path lights (LN) are shown inside the
dashed rectangle, with numbering
starting from the bottom. Other light
grey circles represent the tree lights
(medium circle) and the 3000K LEDs
with street light optics (large circle).
ILLUSTRATION
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(CN1and CN2)are then connected to the four middle sensor nodes (SN2-
SN5), and the amount of agents emitted per timeframe is set (see Figure
12). When an agent is emitted from the sensor, it randomly selects the
pathway and then continues along the previously defined topology of
the path lights. Agents are generated on both existing layers, so they can
travel in both directions along the path.

The agent family (F1) properties (see Figure 10) are defined and tested in
an iterative process of modifying the parameters and then simulating
the results. Park visitors’” movement is simulated using the mouse cur-
sor. The light colour used is defined as warm white (3000K) by setting the
colour parameter of the agents’ family to RGB 255,240,110.

The simulated effect of the agents’ movement in the network topology,
emerge as a slowly altering, growing and diminishing swarm of light
dots which gently follow the park visitor along the path. The patterns
brighten and dim in a random rhythm in a pleasant pace and gradually
fade away behind the visitor.

5.3 Designing tree lighting and colour effects

The next step is to configure the RGB-spot luminaires to illuminate the
trees along the path, while the visitor enters the park. The first and last
sensor nodes are linked to each tree luminaire node along the path,
and bidirectional movement on the links is allowed. In order to “spill”
some of the path lighting onto the trees, additional links are defined
from some of the path lights to the tree lights. New control nodes (CN3
and CNg) are created and defined to emit agents on the existing layers
1(CN3)and 2 (CNg). Their agent family (F2) is set to be different from the
previously defined agents for other parameters except colour, which is
still warm white. These control nodes are then connected to the sensor
nodes linked to the tree luminaires (CN3 > SN1and CN4 > SN6).

For some added interest and colour effect, which would draw the park
visitors” attention towards the beautiful trees and shrubs nearby, a new
control node (CN5) is connected to the four middle sensors (S2-S5). CNg
emits (see Figure 13) agents of magenta colour RGB 255,0,200 by defining
a new family type (F3). The agents are emitted on a new layer (L3). The
sensor nodes are connected to the tree and shrub light nodes, with some
added links between them. All the defined links are opened as bidirec-
tional on each three layers. In this approach, the tree and shrub lights
will get illuminated with the magenta tone, and will occasionally fade
to pink and warm white as F1 and F2 agents (coloured warm white) will
access these links.
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Finally, to let the colour effect flow into the trees along the path and on
the path’s surface, some bidirectional links for layer 3 agents are added
between the middle sensors (S2-S5) and tree lights. Additionally, a selec-
tion of existing links from sensor nodes to light nodes on the path, as
well as between the path light nodes, are opened to layer 3 agents’ bidi-
rectional movement. The visual appearance of the depicted scenario in
the real world can be seen in Figure 14.
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Simulation || VirtuAUL

Figure 12.

The design view shows how the net-
work-based agent system is visualised
to the designer as itis simulated. The
colourful agents move within the
defined network topology. For reada-
bility purposes of the figure, multiple
instances of the control nodes (CN1and
CN2) are created.
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Figure 13

The entire designed scenario with all
the control nodes and links. Simulation
in progress.
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6 Discussion

We have presented a novel way to control and design adaptive lighting
implementing the VirtuAUL design framework and, more specifically, the
network-based agents methodology. The design methodology allows the
design of adaptive, interactive and intelligent lighting processes with a
graphical design tool. The adaptation process and corresponding flow of
lightis based on the movement of computational agents within a virtual
designer-defined network. The users of the environment interact with
the adaptive lighting system implicitly, through the system that senses
movement and locations. The ambient intelligence of the artificial light-
ing environment is connected to the artistic aspirations of the lighting
designerin creating visually aesthetic and experiential lighting.

The design framework was developed through the iterative design pro-
cess of two real-world adaptive lighting installations. The resulting de-
sign and control elements were defined and gradually refined based on
conceived lighting scenarios and their functional needs. The various de-
sign elements, their functionalities and parameters rose from this pro-
cess and from the influence they would have on the resulting lighting
solution. In the network-based agents methodology light is not consid-
ered as part of the model, but more as the end result of the process. The
methodology serves the purpose of controlling the agents’ movement
and parameters in the network, as the lighting patterns are the emer-
gent result of it. The visualisation of the process and its simulation are
crucial and reveal the connection between the two.

The graphical design method, its visualisation and simulation, allows for
the intuitive and fast design exploration of different behaviour of flow-
ing agents, instead of hard to describe and hard to control coding of al-
gorithmic processes. The adaptive process is both constructed and eval-
uated visually, and although it differs a lot from textual programming,
it still requires the designer to conceive and create complex processes.
As light is considered as energy flows from sensor to luminaire, or from
luminaire to luminaire, the design process depends heavily on the visual
representation of the process.

The simulation of the system’s functionality within the design tool does
not thrive for a physically accurate simulation, but it is used to convey
the visual appearance of dynamic lighting. This is necessary for the
designer in order to understand how the design parameters affect the
lighting behaviour. For the simulation to functionally correspond with
the real-world lighting process, the luminaires’ and sensors’ properties
have to be accurately modelled in the design tool. If the properties do
not match, for instance in the case of the sensing area, it might cause
unexpected results in the real-world functionality.
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The VirtuAUL controller software that runs the lighting scenarios in the
real world can be implemented in off-the-shelf hardware controllers. It
can readily be implemented in existing lighting infrastructures, assum-
ing that the intensities and colours of the lights can be controlled dy-
namically. The centralised control approach has its limitations in scal-
ability and for the amount of system components that it can effectively
handle. Firstly, as every component has to be explicitly connected and
programmed to function as part of the lighting scenario, the larger the
system becomes, the more complex it becomes to define the design.
Secondly, the process is computed in discrete time steps, where each
change in system state takes some time to compute. Multitudes of sen-
sors and lights mean increased computing time, which may prove to be
a bottleneck in the currently available commercial lighting controllers.

As usersinteractimplicitly through movement, which is translated as dy-
namic lighting patterns based on the designed scenario, the perceived
feeling of control is greatly influenced by the level of “predictability”,
or how nonlinear the designed adaptive scenario is. In addition, when
sensor stimuli affect luminaires at longer distances, or there are mul-
tiple users simultaneously, the lighting patterns might be conceived as
random by the user, although the designed process would otherwise be
very linearly logical (Pihlajaniemi, et al, 2014a). Due to the somewhat
stochastic nature of the computation model, nonlinear lighting patterns
are easier to define. Agents can take different routes through the net-
work; the amount of possible pathways is determined by the connectiv-
ity of the network and by the agent’s path selection behaviour. In order
to achieve greater correlation between the design parameters and the
system’s behaviour in more linearly logical designs, restriction methods
were specifically implemented in the system. The restriction methods
include differentiated link layers, definition of the link directionality
and the possibility to determine various path selection behaviours. By
restricting the nonlinearity of the system, and thus limiting the number
of possible outcomes, the emerging lighting patterns will always be the
same, as long as similar (within some range) initial conditions apply.

The developed VirtuAUL design framework allows a designer to imple-
ment creative design intentions and aesthetic values into Aml lighting
environments. The addition of emergent and nonlinear design elements
adds to the playfulness of the light, but it still allows the design of lin-
early logical, functional and sustainable lighting. Several different types
of lighting scenarios were developed for the Urban Echoes installation,
with varying degree of nonlinearity. The design framework can be used
in exploring the delicate balance between the artistic aspirations of the
designer and the need for functional lighting.
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Figure 14

The depicted scenario displayed in the
real world.
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