EINDHOVEN
e UNIVERSITY OF
TECHNOLOGY

Lighting in multi-user office environments

Citation for published version (APA):

van der Vleuten-Chraibi, S. (2019). Lighting in multi-user office environments: improving employee wellbeing
through personal control. [Phd Thesis 1 (Research TU/e / Graduation TU/e), Built Environment]. Technische
Universiteit Eindhoven.

Document status and date:
Published: 06/06/2019

Document Version:
Publisher's PDF, also known as Version of Record (includes final page, issue and volume numbers)

Please check the document version of this publication:

* A submitted manuscript is the version of the article upon submission and before peer-review. There can be
important differences between the submitted version and the official published version of record. People
interested in the research are advised to contact the author for the final version of the publication, or visit the
DOl to the publisher's website.

* The final author version and the galley proof are versions of the publication after peer review.

* The final published version features the final layout of the paper including the volume, issue and page
numbers.

Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

» Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
* You may not further distribute the material or use it for any profit-making activity or commercial gain
* You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above, please
follow below link for the End User Agreement:
www.tue.nl/taverne

Take down policy
If you believe that this document breaches copyright please contact us at:

openaccess@tue.nl
providing details and we will investigate your claim.

Download date: 05. Oct. 2023


https://research.tue.nl/en/publications/bf9d6c71-34cd-4596-b15f-c80c3671ef07

Lighting in multi-user office
environments

IMPROVING EMPLOYEE WELLBEING THROUGH PERSONAL CONTROL

Sanae van der Vleuten-Chraibi




Lighting in multi-user office environments

Improving employee wellbeing through personal control

Sanae van der Vleuten-Chraibi



The work described in this thesis has been carried out at the Philips Research and Signify Laboratoriesin
Eindhoven, the Netherlands. This research was performed within the Spark Impuls Il program within the
framework of strategic joint research on Intelligent Lighting between TU/e, Koninklijke Philips N.V., and

Lighting (later Signify N.V.).

This work was supported by the Sound Lighting research line of the Intelligent Lighting Institute (ILI) at
Eindhoven University of Technology and the Lighting Applications research program in Philips Lighting
Research (later Signify N.V.).

ISBN:978-90-386-4774-6

A cataloguerecord is available from the Eindhoven University of Technology Library

An electronic copy of this thesis in PDF format s available from the TU/e library website
(http://repository.tue.nl)

© S. Chraibi, 2019
All rights are reserved. No part of this book may be reproduced, distributed, stored in a retrieval system,

or transmitted in any form or by any means, without prior written permission of the author.


http://repository.tue.nl/

Lighting in multi-user office environments

Improving employee wellbeing through personal control

PROEFSCHRIFT

ter verkrijging van de graad van doctor aan de Technische Universiteit Eindhoven,
op gezag van de rector magnificus prof.dr.ir. F.P.T. Baaijens,
vooreen commissie aangewezen door het College voor Promoties,
in het openbaarte verdedigen

op donderdag6juni 2019 om 13:30 uur

door
Sanae van der Vleuten-Chraibi

geboren te Haaksbergen



Dit proefschriftis goedgekeurd door de promotoren en de samenstellingvan de promotiecommissieis als
volgt:

voorzitter: prof.dr.ir. T.A.M. Salet

1¢ promotor: prof.Dr.-Ing. A.L.P. Rosemann

2¢ promotor: prof.dr.ir. E.J. van Loenen

copromotor: prof.dr.ir. M.B.C. Aries (Jonkoping University)

leden: prof.dr. S. Altomonte (Université Catholique de Louvain)

prof.dr. H.S.M. Kort
prof.dr.ir.J.H. Eggen

prof.dr.ir. Y.A.W. de Kort

Het onderzoek of ontwerp dat in dit proefschrift wordt beschreven is uitgevoerd in overeenstemming met
de TU/e Gedragscode Wetenschapsbeoefening.



Contents

GO NS et e e e e e e e e e e e e e e e e e e e e e e e e e e e e i
YU 0] /0= 1 2O Vi
Y0011\ Z= L o P =PRSS X
Lo INEFOAUCTION ..ttt 2
1.1.  Wellbeingin office NVIrONMENTS . ....vviiiiei e 3
1.2, Theimpact of the it ENVIFONMENT ... 5
12,00 WEIIDBING .. 5
1.2.2.  Appreciation of the lit enNVIroNMENT..........iiiiiii e, 7
1.2.3. MO0OOd @NA BMOLIONS. ..cetiiiti ettt e e et e e e e eeeee s 8
1.2.4.  SIEEP AN AlEITNESS ..cooiiiiiiiiiieeeee e 9
1.2.5.  Cognitive performance, creativity and collaboration.............cccccovviieiiiiiii 11

1.3, Preference and CONTIOl. ... . i i e 13
1.4, Open office ChallENEES .......ccooiiiiiiiie et 15
L. HY PO ES. o et 16
1.6, StrUCEUIE OF LN TNESIS ... e 17
2. Consensus light control in open office enviroNmMents..........cccccciiiiiiii 20
2.1 INEFOAUCTION Lot 21
2.1.1. Benefits of personal lighting control.............ooiiiii i e 21
2.1.2.  Consensus controlin the open OffiCe..........uuuuuiiiiiiiiiiiiiiiiiiiiiiee e 22
2.1.3.  Problem StatemMENT......ooiiii e 23
2.1.4. RESEArCh NYPOLNESIS ..uvvit i 23

2.2 MEENOAOIOZY ..o 23
2.2 00 TESEDOA oo 23
2,22, STUAY QOSIBN ettt 26
2.2.3. e L u ol oI ] oL £SO PPPR PPN 29
2.2.4, ObjJECtIVE MEBASUIEMENTS. ... vttt 29
2.2.5. SUDJECHIVE MEASUIEMENTS. .. ittt 30
2.2.6.  ANAIYSES e 31

2.3 RESUIS o 31
2.3.1.  OBJeCtIVE FESUILS ... 31

2.3.2.  SUDJECHIVE MESUIS. ..o 34



B B 1ol U 1] (o] o TP 38

2400 PIOfIlS e e 38
2,42, USerSatisfaCtion .....coouiiiiiiii i 38
2,430 CoNFlICt OF DUMAEN ..o 39
2,44, Userinterface ffeCt ....... i 40
2.4.5.  Limitations Of the STUAY......oooiiiiii e e e e 41
2.5, CONCIUSIONS L.ttt 41
3. Lighting preference profiles Of USErS ........ooiiiiiiiiii i 44
BiL INEPOAUCTION Lottt ettt e e e e et 45
3.1.1.  Benefits of personal lighting CONtrol............uuumiiiiiiiiiiiieeeeeeeeeeeeee 45
3.1.2.  Challenges in open office enViroNMEeNTS ..........vuiiiiiiiiii e 46
3.1.3. ReESEArCh MOTIVALTION ...etiiiiiiiiii et 47
3.2. MENOAOIOBY ... 48
3.2.10 TESEDOA e 48
3.2.2.  STUAY AOSIBN . ettt 49
3.2.3. MEASUIEIMENTS ..ottt 51
3.2.4. e [ (o] o I 0 RSP SPPPTN 52
3.2.5. USr PrOfiliNg. oo 53
33 RESUIES 1ttt et e e e et e e e aa e s 54
3.3 L ACTIVEINESS ettt 54
30320 TOIBIANCE e 56
BL4L  DISCUSSION Lttt 57
3.4.1. POPUIALION SIZE it 57
3042, CIASSIfICATION Leviiiiiiiiii e 58
3.4.3.  Objective versus subjective preference [abels ..........cccccvvvvviviiiiiiiiiiiiiiiiiiiiiiiiiie 58
3.4.4.  Experienced CONTlICt ... 59
3.4.5. Limitations and possible impProvemMents.........ccooiii i 59
3.4.6. DOMINANCE. ..t 60
347, PrEfEreNCE ..o 62
3.4.8. SUDJECHIVE INSIGNTS oot 63
3.4.9.  Control zone classifiCation ..........eeiiieiiiii e 65
350 CONCIUSIONS .ttt ettt 71

4. Influence of wall brightness on preferred task illuminance..............ccvvviiiiie i, 74



/S N 1} oo [V ot 4o o TP 75

4.1.1. BaACKEIOUNG ... e e 75
412, HYPOINESES ..o 77
4.2, MEENOUOIOBY ..o e 78
42,10 TEStDOA i e 78
4.2.2. P AT I D ANES e e 79
4,23, STUAY GBS BN 80
424, USEIINTEITACE ...ttt it 80
4.2.5.  LENOE CONILIONS t.iiiiiiiiiiiiiii e 81
426, ANAIYSES et 85
B3 RESUIES Lottt 85
4.3 1. CoONtrol Variables. ....oooi i 85
4.3.2. Wall luminance CoNAItIONS. ... .coiiiriiiiii e 85
4.3.3.  Self-assessed level of distraction ..........cooviiiiiiiiiiiiii e 88
A4, DISCUSSION .t e ettt 90
441, STUAY DESIBN .o 90
4,42, Wall CONAITIONS. ..eiiiiiiiiiti e 91
4.5, CONCIUSIONS .ttt e ettt e ettt e e et e e e 93
Noticeability and acceptance of granular dimming............ooooiiiiiiiiiiiiiii s 96
5.1 INEFOAUCTION Lottt 97
5.1.1. BaCKGIOUNG .. . e 97
5. L. 2.  HY PO ESES ittt 98
5.2, MEENOUOIOBY ..o e 99
5.2.00 TESTDOA e e 99
5.2.2. P A I DANTS e e 100
52,3, STUAY AOSIEN . ettt 101
5.2.4. IVTEETICS ettt 106
D3 RESUIES ettt et e e e e 107
5.3.1. oo 1<] 10 V=1 0 At PPN 107
5.3.2. EXDEIIMIBNT 2 1ottt 114
5.4, DISCUSSION Lttt 119
5.4 1. STUAY GOSIEN ittt 119

5.4.2. LS o] oo L1 (o] o PR 120



5.4.3. Unnoticed 0CCUPANCY CRANEES . ..... i 122

5.5, CONCIUSIONS ¢ttt e ettt ettt e e et e e e 122
B, DISCUSSION ..ttt 126
6.1, INTFOAUCTION Loeiiiiiii e 126
6.2.  Key findings of this reS@arch............ccooiiii i 126
6.3.  Strengths and limitations of this research .............ccoiiiiiiii i 128
6.3.1.  ContexXt Of the STUAIES ....ooviiiiii e 128
6.3.2.  EVAlUATION T00IS . iiiiiiiiiici e 131

6.4. Contextual environment —office application ... 132
6.5. Recommendations for futuUre Work..........cccoooiiiiiiiii e 135
REFEIENCES ..ttt 140
FAY o] o 1= alo | TSSOSO PP PP PP PP PP P PP PPUPPPPPPR 154
Appendix A: Lighting preference profiles........ocooeieiiie e 155
Appendix B: Influence of wall brightness ... e 156
Appendix C: Noticeability and acceptance of granular dimming.........ccoooeeeiiiiiiiin e 159
CUITICUIUM VIEBE .ttt 166
LISt Of PUBIICATIONS L. e e 167
JOUMNA  PAPOIS oo 167
CONTEIENCE PAPEIS ... 167
PateNt APPIICATIONS .ottt 168
LISt OF FIGUIES ittt e 171
(R e B =T o] [T OO R OPPPUUR T RUPPPPPRN 174
ACKN OWI B EMENTS. ...ttt ettt e et e e aaaa 176
BOUWSTENEN ... e et 178



Summary



Summary

Summary

Spending a large majority of our time indoors makes the indoor environmental conditions important
determinants of our satisfaction and wellbeing. Over the last decades, lighting has established itself as a
recognized influencer of people’s wellbeing in living and working environments. While poor design can
cause discomfort, the right implementations can elevate satisfaction, improve mood, and influence
performance. Recent years, a shift in approaches to office design could be observed. Employers are
increasingly realizing that people represent not only their highest cost but also their greatest asset. This
resulted in workplace design as a means to attract talent, retain high-value employees, and enhance
organizational performance. The office as functional workspace has started giving way to spaces designed
to engage and inspire. An engaging workplace fosters creativity, encourages innovation, and, maybe most
importantly, increases commitment. These insights have boosted the application of open office
environments. The shared character of the open office does, however, create challenges to cater to the
individual’s wellbeing in these multi-user spaces.

In this thesis, research is presented exploring how wellbeing in the modern open plan office can be
improved, by offering satisfying lighting environments through personal control (Chapter 2). Wellbeing is
herein assessed through the users’ satisfaction with environmental conditions, their mood, and the
occurrence of conflict between users. In a series of studies, strategies for improvement of the personal
control proposition are explored, being user profiling (Chapter 3), the influence of wall brightness (Chapter
4), and noticeable and acceptable dimming of lighting (Chapter5).

Users can greatly benefit from experiencing their individual preferred lighting, with additional benefits for
personally controlling it. In the first study of this thesis, presented in Chapter 2, personal control of the
general lighting system was evaluated in a longitudinal field study in an open office environment. In the
study, reference conditions without control, as well as control conditions with consensus control were
evaluated. The study showed that consensus control in an open office improves the satisfaction of
individual users with the quantity and quality of light, compared to the reference situation with a fixed
average work plane illuminance. When offered controls, the average preferred illuminance values were
lower than thevalues currently recommended by standards. Even thoughthe controllable light was shared,
the consensus among users did result in an improved lighting environment for the majority of the users
and did not introduce a negative effect on the environmentalsatisfaction or the mood of the office users.

To lower the probability of conflict between users and to secure the users’ comfort, a method is proposed
to model users’ lighting preference profiles based on their control behaviour with the lighting system. In
thesecond study, data of two field experiments was used to profile users based on their system interactions
(Chapter 3). The study showed that users can be profiled based on their activeness, tolerance, dominance
and lighting preferences. The profiles, determined with the proposed model, were validated using
guestionnaire and interview data of both studies. By knowing user lighting preference profiles, the
satisfaction of users with lighting conditions can be improved by 1) Predicting the probability of conflict
between the users in the same control zone and facilitate in making consensus choices; 2) Allocating users
to different zones that match their profiles, by having information regarding conflict, thus improving users’
satisfaction with lighting conditions; 3) Offering lighting conditions that meet the preference profiles of the
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users using a weighted combination of user profiles; and 4) Triggering submissive, inactive users to express
their preference.

Interview results of the first study suggested that, when provided with controls, users do not only select a
preferred taskilluminance to meet personal requirements for their visual task; they furthermore see in the
personal control a means to set a visually preferred lighting environment. In the third experiment, a
laboratory study was set up to evaluate the influence of the luminance of the wall in the visual field of the
users on their selected desk illuminance (Chapter 4). In this study, the uniformity and luminance levels of
the wall were evaluated for their effect on selected desk illuminance levels within and between individuals.
Wall lighting conditions with three different average luminance levels were evaluated, all applied with a
non-uniform distribution and a more uniform distribution. The results indicated that high maximum
luminance values of the wall lead to lower selected desk illuminance levels and that high minimum wall
luminance values creating little contrast between the task and the background, lead to higher selected desk
illuminance levels. The start-point for dimming of the task lighting had a significant influence on users’
selected taskilluminance levels.

Conflict can also occur when co-workers are disturbed by experiencing light changes triggered by others.
Interview results of the first study suggested that co-workers’ acceptance of dimming increased with an
increasing fading time. In the fourth study, two laboratory experiments were conducted evaluating
noticeability and acceptance of light changes when applying occupancy-based dimming on desk level
(Chapter 5). These experiments were conducted with participants of two age groups (18-30years and 30-
50years). A single luminaire abovea colleague’s desk, within the users’ visual field, was dimmed from low
to high, and vice versa. The results confirmed that co-worker’s acceptance increased with an increasing
fading time for dimming. When dimming with a fading time close to zero, less than 60% of the population
rated the conditions as acceptable. Applying occupancy-based dimmingon desk level while usinga fading
time of at least 1.71 s, overall acceptance of at least 70% was achieved. The results of acceptance were
similar for both examined age categories, but noticeability did show some difference between the age
groups. Dimming with a fading time of almost 5 s or higher was not noticed by at least 80% ofthe population
with atypical office age, while the examined student population showed a slightly more critical noticeability
threshold, of 75% of the students not noticing the light change.

In this thesis, research is presented showing that in shared office spaces, like open plan offices, personal
control over lighting can improve the users’ appreciation of office lighting. The proposition of personal
controlcan be further optimized when the preferences of users in the office are considered and integrated
in the behaviour orfeedback of the system. By careful consideration of the brightness of the office walls as
well as the speed by which dimming is applied, the risk of conflict occurrence can be limited. Technological
developments allow for state-of-the-art systems, that can support building owners or employers in
optimizing their buildings, to increase efficiency and limit costs. To utilize these advanced systemsto their
full potential, it is important to keep considering and consulting the users of the buildings. Designing for
optimal user experience and using user experience information in systems, allows for improvement and
optimization of systems, as well as for users” wellbeing through satisfying environments.
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Samenvatting

Kantoormedewerkers brengen een groot deelvan hun dag doorin de gebouwde omgeving. Daardoor heeft
ons binnenmilieu een grote invloed op ons algemene welzijn. Dit belang is reeds decennia geleden erkend
door het vaststellen van normen en richtlijnen ter voorkoming van discomfort middels o.a. voldoende
verlichting in gebouwen. Vandaagde dag is er een groeiende trend waarneembaar waarin ontwerpen niet
alleen discomfort trachten te elimineren, maar een optimum in welzijn proberen te bieden. De werkplek
ondergaat een transitie van een functionele ruimte naar een prettige plek, die beoogd te inspireren en
waar welzijn wordt gelinkt aan verhoogde creativiteit en innovatie. De werkplek wordt daarmee vaker
ingezet ten gunste van het imago van een organisatie en om talentvol personeel aan te trekken en te
behouden. Deze trend zorgt voor een opmars van de moderne open kantoor concepten waar, naast
brainstorm, break-out en focus rooms, een groot deel bestaat uit open kantoortuinen die kleine tot zeer
grote groepen medewerkers huisvesten. Deze gedeelde ruimten introduceren echter uitdagingen wat
betreft het optimaliseren van het welzijn van de individu.

Dit proefschrift presenteert de resultaten van een onderzoek naar hoe het welzijn van werknemersin open
kantoortuinen verbeterd kan worden door het bieden van de mogelijkheid om individueel de verlichtingin
te stellen, ook wel personalcontrol genoemd. In een serie van 2 velstudies (Hoofdstuk 2 en 3) en 2
laboratoriumexperimenten (Hoofdstuk 4 en 5) is personal control geévalueerd en zijn optimalisatie
mogelijkheden geéxploreerd. Hoofdstuk 2 rapporteert de eerste veldstudie, waarin participanten personal
control over de plafondverlichting is geboden, gebruikmakend van individuele interfaces. Met deze
interfaces konden gebruikers een zone van de verlichting bedienen, bestaande uit twee armaturen. Elke
zone werd gedeeld door twee of drie medewerkers, resulterende in consensus control. Deze situatie is
vergeleken met een referentie situatie zonder personal control. Welzijn is in deze studie subjectief
geévalueerd met behulp van comfort, tevredenheid en conflict vragenlijsten, ondersteund metinterviews.
De studie heeft aangetoond dat de tevredenheid van de gebruikers met betrekking tot de kwantiteit en
kwaliteit van verlichting verbeterde in de situatie met consensus control ten opzichte van de referentie
situatie zonder control. Consensus control zorgde tevens voor lager ingestelde horizontale
verlichtingssterktes dan volgens normenis voorgeschreven. Ondankshet moeten delen van de bedienbare
verlichting, gaf het grootste deel van de gebruikers een voorkeur aan de situatie met control, en heeft
controlgeen negatieve impact gehad op de algemene tevredenheid met het binnenmilieu of de emotionele
staatvan participanten.

De studie bracht echter wel enkele gevallen van conflict aan hetlicht. Deze hebben geleid tot de exploratie
van strategieén die mogelijk het bieden van personalcontrolkunnen verbeteren, bestaande uit; integratie
van voorkeursprofielen van gebruikers in de bediening van licht (Hoofdstuk 3); beinvloeden van het
keuzegedragvan gebruikers door de helderheid van dewandenin het visuele veld aan te passen (Hoofdstuk
4); optimalisatie van de dimsnelheid om de acceptatie van licht veranderingen te verhogen (Hoofdstuk 5).

Hoofdstuk 3 presenteert het model dat is opgesteld voor het bepalen van de gebruikersprofielen. Het
model maakt gebruik van interactiedata van gebruikers met het verlichtingssysteem, verkregen in de
veldstudies. Analyse van de data heeft geleid tot het identificeren van vier parameters die samen een
profiel omschrijven met betrekking tot verlichtingsvoorkeur en gedrag. Deze parameters bestaan uit de



verlichtingssterkte voorkeur van de gebruiker, zijn tolerantie betreft afwijkingen daarvan, de frequentie
van activiteit met deinterface, en dedominantie waarin zijn voorkeur profileert in de zone. De toegekende
profielen zijn gevalideerd aan de hand van de subjectieve data verkregen middels vragenlijsten en
interviews. Wanneer in een werkomgeving de profielen van de gebruikers bekend zijn, biedt dit
mogelijkheden de tevredenheid in de gedeelde werkomgeving te verbeteren middels 1) het voorspellen
van mogelijk optredend conflict, waarop mensen geinformeerd kunnen worden om een weloverwogen
keuze te maken; 2) gebruikers begeleiden naar een werkplek die aansluit op hun profiel; 3) (semi-)
automatisch licht condities bieden, gewogen naar de aanwezige gebruikersprofielen; 4) het herkennenvan
inactieve gebruikers wiens voorkeur niet of nauwelijks profileert, en deze gebruikers aanzetten tot het
uitdrukken van hunvoorkeur.

De interview resultaten van de eerste veldstudie gaven aan dat wanneer mensen personal control wordt
geboden, ze deze niet alleen gebruiken voor het instellen van de gewenste verlichtingssterkte van de taak,
maar hierin ook een middel zien hun geprefereerde verlichtingsomgeving in te stellen. Bijvoorbeeld door
de taakverlichting hoger in te stellen, wanneer de wens is een helderdere ruimte te creéren. Dit was
aanleiding om in een derde experiment de invloed van de helderheid van de wand op de geselecteerde
taakverlichting te evalueren. Hoofdstuk 4 rapporteert de laboratorium studie waarin zes scenario’s zijn
getest, bestaande uit drie verschillende gemiddelde wand luminanties, uitgevoerd met een non-uniforme
en een meer uniforme lichtverdeling. De gebruiker werd gevraagd middels een interface zijn licht voorkeur
op de taakin te stellen. Dit werd voorelk scenario gedaan vanuit drie verschillende startwaarden van de te
bedienen plafondverlichting. Een hoge maximale luminantie van de wand (bij een meer non-uniforme
lichtverdeling) leidde tot lager geselecteerde taak verlichtingsniveaus, en een hoge minimale luminantie
van de wand (bij een meer uniforme lichtverdeling), met weinig contrast tussen het beeldscherm en de
achterwand, leidde tot hoge geselecteerde taak verlichtingsniveaus. De startwaarde van waaruit de
gebruiker zijn voorkeur kon instellen had tevens een significant effect op de ingestelde waarde, met
kleinere verschillen tussen gebruikers bij de laagste startwaarde.

Conflict kan ook ontstaan wanneer medewerkers gestoord worden door lichtveranderingen in hun visuele
veld, veroorzaakt door mede kantoorgebruikers. De interview resultaten van de eerste veldstudie
suggereerden dat de acceptatie van lichtveranderingen groter wordt naarmate er meer tijd voor wordt
genomen; lagere dimsnelheid. Hoofdstuk 5 rapporteert een vierde studie waarin twee lab experimenten
zijn uitgevoerd waarin de waarneembaarheid en acceptatie van lichtveranderingen is geévalueerd
(Hoofdstuk 5). In deze experimenten is de strategie van ‘occupancy-based’ dimmen geévalueerd, waarbij
deverlichting van een werkplek omlaag wordt gedimd wanneer deze werkplek niet in gebruik is, en omhoog
wanneer bezet. In de experimenten is deze strategie gesimuleerd middels een acteur die op geinstrueerde
momenten de werkplek verliet dan wel betrad, gepaard gaande met veranderingen van de
plafondverlichting boven zijn werkplek. Deze veranderingen van de plafondverlichting werden met
verschillende dimsnelheden uitgevoerd. Participanten, aan andere werkplekken, voerden een
gesimuleerde kantoortaak uit en evalueerden de waarneembaarheid en acceptatie van de veranderingen.
Het eerste experiment is uitgevoerd met een studentenpopulatie (18-30 jaar), het tweede met een
‘kantoorpopulatie’ (30-50 jaar). De resultaten bevestigden dat de acceptatie van lichtveranderingen in het
visuele veld groter wordt bij een langere dim tijd. Wanneer dimmen werd uitgevoerd met een dim tijd van
bijna 0 seconden, ervaarde minder dan 60% van de participanten de condities als acceptabel. Dimmen met
een dim tijd van minimaal 1.71 seconden, resulteerde in acceptatie door minimaal 70% van de
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participanten. Dimmen met een dim tijd van minimaal 5 seconden, werd niet opgemerkt door 75% van de
studentenpopulatie en niet opgemerkt door meer dan 80% van de kantoor populatie.

Dit proefschrift presenteert onderzoek naar de impact van personal control van licht op het welzijn van
gebruikers in multi-user kantoren. Het laat zien dat in gedeelde kantoren, zoals open kantoortuinen,
personalcontrol de tevredenheid van medewerkers met de verlichting kan verbeteren. De propositievan
personal control kan verder geoptimaliseerd worden wanneer de voorkeuren van gebruikers worden
meegenomen en geintegreerd worden in het gedrag van het verlichtingssysteem, dan wel de feedback die
het systeem teruggeeft aan de gebruiker. Het risico op conflict tussen kantoorgebruikers kan verkleind
worden door zorgvuldig de helderheid van de wanden van de ruimte en de snelheid van het dimmen te
kiezen. Technologische ontwikkelingen zorgen voor systemen, die gebouweigenaren of werkgevers kunnen
ondersteunen bij het optimaliseren van hun gebouwen, om de efficiéntie te verhogen en de kosten te
beperken. Om deze geavanceerde systemen optimaal te benutten, is het belangrijk om de gebruikersvan
de gebouwen in beschouwing te blijven nemen en ze te raadplegen indien nodig en mogelijk. Het gebruiken
van informatie over gebruikerservaringen in systemen, kan zorgen voor verbetering en optimalisatie van
systemen, en kan positief bijdragen aan het welzijn van gebruikers door het bieden van een prettige
werkomgeving.
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Introduction

1. Introduction

Our experience of the environment we reside in is influenced by many factors. It is affected by its
architectural design and its interior, but also the physical conditions. Lighting is one of these physical
conditions and can transform spaces from cosy and welcoming to cold and unwelcoming. It can do that
while we are conscious of its effects, or without our awareness. Over the last decades, lighting has
established itself as a recognized influencer of our wellbeing in living and working environments. While
poor designs can cause discomfort and unpleasantness, the right implementations can elevate our
satisfaction and positively contribute to our wellbeing.

With the uprising ofthe knowledge economy, employers increasingly realize that people represent not only
their highest cost butalso, and aboveall, their greatest asset. Companies desire environments which foster
creativity and innovation, but maybe even moreimportantly, increase the commitment of theiremployees.
Finding and retaining talent and enhancing the workforce’s efficiency are top priorities when pursuing
organizational productivity. Strengthened from the field of human resources, improving engagement has
become a recognized and powerful tool to get the best out of the workforce. Studies by companies as
Steelcase and Gallup report that organizations with high employee engagement levels score high with
regard to their organizational productivity (Harter, Schmidt, Agrawal, Plowman, & Blue, 2016; Steelcase,
2016). Employee engagement defines the emotional commitment the employee has to the organization
and its goals. Engaged employees are involved and use discretionary effort when performing their job.
More than one-third of workers, in what Steelcase defines as the world’s 17 most important economies,
show to be disengaged (Steelcase, 2016). The data of the Steelcase study shows that workers who are
highly satisfied with various aspects of their workplace, such as its size, furniture, lighting, ambient noise
level and temperature, also demonstrate higher levels of engagement (13% of global workers), while highly
dissatisfied employees are highly disengaged (11% of global workers). This positive correlation between
engagement and workplace satisfaction indicates that optimizing the environment can be an important
tool for organizations to improve engagement. The data also shows that highly engaged employees score
their organizations high for considering their wellbeing, which is in line with the results of Leesman (2016),
reporting environmental satisfaction to be directly related to the health and work productivity of office
workers.

These insights are boosting the transition of office spaces from functional desks to perform tasks, to
environments of greater importance. In recent years, the deployment of different workplace design
strategies could be observed, all with the similar objective to support engaging and productive
environments and workforces. Workplace strategies like Activity Based Workingand New Ways of Working
(Leesman, 2016)intend to provide employees with purposefully designed settingsto best support the many
different activities that are undertakenin a workplace. Claimed benefits, include healthier, more engaged
and motivated employees and a flexible physical infrastructure to easily adaptto business changes. These
claimed benefits have increased the adoption rate of the modern open plan office space. Negative user
experiences of open plan offices are however frequently reported. Downsides of open plan spaces are then
put next to the benefits of private offices. Nonetheless, nine out of ten of the highest performing
workplaces are either fully, or extensively open plan (Leesman, 2017).

With the growing popularity of wellbeing focussed strategies, market awareness regarding the role of
wellbeing in productive environments has also increased. Strategies such as biophilic design (a philosophy
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that encourages the use of natural systems and processesin the design of the built environment (Gillis &
Gatersleben, 2015; Kellert & Calabrese, 2015)), and building certifications such as the WELL building
standard, focused on developing healthy buildings (International WELL Building Institute, 2016), emphasize
the health and wellbeing in general of office users. Buildings have far-reaching impact on human wellbeing
and with that indirectly on organizational productivity (Heerwagen, 1998). Affecting the user through
different paths and mechanisms, the organization’s productivity is influenced by i.e. staff turnover,
retention rates and absenteeism. Figure 1 shows a simplified visualization of the relations between building,
user, and organization (deVries & Van der Vleuten-Chraibi, 2019).

Lighting is one of the buildings’ workplace characteristics. In this thesis, research is presented, addressing
the role of lighting control in increasing wellbeing in the modern open plan office. In this Chapter, the
parametersincluded in the here used meaning of wellbeing will be introduced, theimportance of wellbeing
in offices will be discussed, and the lit office environment will be reviewed for its impact on wellbeing
directly and indirectly. After providing an overview of the benefits of personal control, the open office
challenge of personal control will be introduced, leading to the hypotheses ofthis thesis.

o Workplace characteristics
Building

Employee effectivity Wellbeing
User

Organizational productivity

Organization

Figure 1. Reported relations between building, user, and organization. Workplace characteristics, influencing users,
which through different paths and mechanisms affect organizational productivity.

1.1.  Wellbeing in office environments

In this research the extensive term ‘wellbeing’ is used to refer to the users feeling well, their ‘being well’ as
the term literally states. Wellbeing is a term and subject with growing attention, used in different ways.
Sometimes itis put next to terms as health and comfort, sometimes itincludes these aspectsin its meaning.
Inan analysis it was tried to masterthe complexity of wellbeing (de Vries & Van der Vleuten-Chraibi, 2019).
The Oxford dictionary (Simpson & Weinier, 1989) describes wellbeing as ‘the state of being comfortable,
healthy or happy’. Based on literature one could challenge the need to revise this definition in a more
comprehensive model to capture the complexity. But it can also be argued that relevant parameters are
directly or indirectly still linked to these core components ‘comfort, health, and happiness’. In this research
theinterlinked components comfort, health, and happiness areincluded when addressing wellbeing. These
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components can also be recognized in Vischer’s ‘Habitability pyramid’ (Figure 2), which describes a model
wherein occupant satisfaction and wellbeing are based on three hierarchically related categories named
physical, functional and psychological comfort (Vischer, 2007). Physical comfort includes the basic human
needs without which a buildingis uninhabitable. These needs are in general addressed by applying building
codes and standards to the building design. Functional comfort is defined through ergonomicsupport for
users’ performance of work-related tasks and activities. This includes ergonomic furniture and enclosed
spaces for collaborative work, but also appropriate lighting for the task, ensuring the functional comfort of
the users. Psychological comfort results from feelings of belonging, ownership and control over the
workspace. The model of Vischer hypothesizes that, although weakness in one category can be
compensated for by strength in another, optimal environmental support for work performance is most
likely achieved when all three are well addressed.

occupant satisfaction

and wellbeing psychological comfort

functional comfort

physical comfort

habitabilityfthreshold

discomfort

Figure 2. ‘Habitability’ pyramid (Vischer 2007).

Wellbeing is sometimes directly evaluated, but often also through selected sub-components (comfort,
health, happiness)orinterlinked parameters, like satisfaction with the environment, mood, or sleep. In this
research ‘satisfaction’ is often used to assess the users evaluation of the environment. It is assumed that
an environment evaluated as satisfying by a user, will contribute positively to his wellbeing by affecting his
comfort, health, and/ or happiness. The size of the impact on the individual sub-components comfort,
health, and happinessis notassumed to be always equal.

In a survey study performed under 1036 employees, various components of wellbeing were assessed and
analysed for their links to real-estate factors (Barici¢ & Salaj, 2014). The survey showed real-estate factors,
like workplace design, to have animpact on the satisfaction of employees and a significant effect workplace
satisfaction on overall health assessments of employees was established from the analyses. As we spend a
large majority of our time indoors, the indoor environmental conditions make important determinants of
our satisfaction and wellbeing. While in traditional offices furniture, privacy and general facilities are high
influencers of satisfaction, in the earlier introduced New Way of Working offices (Leesman, 2016),
satisfaction ofemployees is reported to be highly influenced by climate, décor, cleanliness and office leisure
(Appel-Meulenbroek, Kemperman, van Susante, & Hoendervanger, 2015). Based onresearch of Al Horrand
colleagues (2016), eight physical factors of the building could be identified, which affect occupant
satisfaction in an office environment, beingindoor air quality and ventilation, thermal comfort, lightingand
daylighting, noise and acoustics, office layout, biophilia and views, look and feel, and the location and
amenities of the office. From an evaluation with 333 office employees from ten office buildings, Aries et al.
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(2010) reported a relation between environmental satisfaction and employees’ comfort ratings. In their
study, they found thatthe more positivean employee is about his environment, the less discomforthe or
she reports. Perceived comfort was shown to be strongly influenced by several personal, social, and
buildingfactors, but relationships are complex (Bluyssen, Aries, & van Dommelen, 2011).

Besides its effect on satisfaction and wellbeing, the physical environment also plays an important role on
the employee’s and organization’s effectiveness. Open-plan office occupants who are more satisfied with
their environments were found to be more satisfied with their jobs (Veitch, Charles, Farley, & Newsham,
2007). Bergs reported that when respondents state a higher degree of dissatisfaction, a parallel loss of
productivity occurs (expressed by respondents’ lost work time per week). This was particularly the case for
dissatisfying lighting, followed by comfortable temperature and air quality (Bergs, 2002). Advantages in
terms of health and wellbeing, besides being important for the workers themselves, were also shown to
lead to better work performance, fewer errors, better safety, and lower absenteeism (van Bommel & van
den Beld, 2004). Based on a survey study at 21 low energy offices assessing the relationship between self-
reported productivity and perceived comfort, feeling healthier in the building was found to account for
61% of the variation in the measured increase in perceived productivity (Gupta, Cudmore, & Bruce-onuah,
2016). Environmentalstress caused by inadequateindoor environmental quality, was found to reduce the
cognitive capacity for work but also the rate of work (i.e., by reducing motivation) (Lamb & Kwok, 2016).
This is supported by findings from survey data of 1500 employees, in which a direct correlation was shown
between the employees’ comfort levels and their work engagement (Feige, Wallbaum, Janser, &
Windlinger, 2013). In their study, work engagement was defined as a “positive, fulfilling, work-related state
of mind that is characterized by vigour, dedication, and absorption”. According to the authors this
demonstrates that high user comfort can reduce turnover rates of employees.

1.2.  The impact of the lit environment

Different studies are published reporting beneficial effects of daylight exposure on wellbeing of office
employees, and also therole of artificial lighting on wellbeing is getting more recognized (Altomonte, 2009;
Boubekri, Cheung, Reid, Wang, & Zee, 2014; Boyce, Hunter, & Howlett, 200 3; Elzeyadi, 2011; Figueiro &
Rea, 2014; Shishegar & Boubekri, 2016). This is supported by the inclusion of lighting as one of the ten
concepts of the WELL-building standard (International WELL Building Institute, 2016). Reported impacts
include both image forming effects of light, such as the appreciation of the office environment, and also
non-image forming effects, like alertness. In this section an outline will be given of reported effects of
lighting. Some studies report a direct impact of lighting on wellbeing, others through mediating variables
like satisfaction ratings, mood, or sleep and alertness ratings.

1.2.1.  Wellbeing

Wellbeing is defined in this thesis as a state of feeling healthy, happy, and comfortable. In literature, awide
range of studies can be found reporting effects of lighting in office applications on wellbeing in general, or
on its here used sub-components: comfort, health or happiness. In the post-occupancy evaluation study
performed by Baird et al. (2010), a moderate to strong correlation was shown between positive overall
lighting perception ratings of users and the factors productivity, health, and overall comfort. However, this
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was mainly caused by the users’ ratings of naturallighting. In the study performed by Veitch and colleagues
(2011), wellbeing was assessed through multiple elements, and linked to engagement. The study showed
that people who appraise their lighting as good will also be in a more pleasant mood, be more satisfied
with the work environment, and be more engaged in their work. Akashah et al. (2015) in turn correlated
lighting to health and comfort through physical symptoms liketired or dry eyes, and blurred vision usinga
post-occupancy evaluation, without further specifying the underlying causes.

Fleischer and colleagues (2001) measured the highest subjective wellbeing of users when systems which
alter depending on the weather were applied, using direct lighting (100% downward component) for an
overcast sky and indirect lighting for a clear sky. The lowest wellbeing was measured with time-dependant
distributions of direct and indirect lighting. In a cubicle study performed in the US, user comfort of four
lighting installations was measured and compared. A lighting system with direct and indirect lighting was
experienced as more comfortable than a system with only direct lighting (by approximately 80% vs
approximately 70% of the participants), with further increase in comfort associated with personal control
(Boyce et al., 2006a; Veitch, Newsham, Boyce, & Jones, 2008). Fostervold and Nersveen (2008) state
however, that evidence supporting the advantage of indirect lighting in offices is limited. In their study, a
significantly lower job stress severity level was measured for lighting schemes providing direct lighting,
compared to systems using combinations of direct and indirect lighting. Apart from the possible effect for
perceived severity of job stress, their study did not indicate that varying proportions of indirect and direct
lighting affect health, wellbeing in general, or cognitive performance of employees working in ordinary
office environments.

In a study performed by Akashiand Boyce (2006), the effect of ambient lighting reductions was explored
by making modifications to the regular array of ceiling recessed luminaires, while maintaining task lighting
through under-shelf units. After the initial adaptation period, office workers were generally satisfied with
the lower level of ambient lighting, which was decreased from 500 to 360 Ix. Some dramatic short-term
effects were observed, but these were ascribed by the authors to the dislike of change in their working
environment.

In the study of Geerdinck and Schlangen (2006), a lighting system using a high correlated colour
temperature (CCT) was introduced in the office. The CCT characterizes the colour properties of white light
sources, andis a measure for the colourappearance of the light emitted by the light source (Boyce, 2003).
The lighting system with a CCT of 17000K (700-800 Ix) was well accepted and appreciated by the office
users, with 86% of the office workers wanting to keep the installation after the 3-week intervention. The
authorsreported a potentialtoimpact health and performance by theintroduced lighting system but could
not quantify this impact with the standardized health and wellbeing surveys used. In other studies, high
CCT conditions resulted in lower comfort and satisfaction ratings. In the study of Wei et al. (2014)
satisfaction and visual comfort were assessed comparing luminous conditions of 3500K and 5000K. Without
daylight access, the conditions showed similar visual comfort, while with daylight access, luminous
conditions of 5000K resulted in lower satisfaction, and reduced visual comfort. In the study of Iskra-Golec
et al. (2012), the participants rated the blue-enriched condition of 17000K as slightly more unpleasant
compared to the warm light condition of 4000K. Thestudy did show differences in comfort ratings of the
lighting over the day which suggests a higher sensitivity to the brightness of blue-enriched white light in
the morningandin the afternoon compared to midday.
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Assessing the effects of dynamiclighting, De Kortand Smolders (2010) found in their field study that office
workers were more satisfied with the lighting when exposed to a dynamic lighting condition compared to
a static condition. Thisis in line with statements of Van Bommeland Van den Beld suggesting thatit can be
beneficial for the employees’ wellbeing to be able to adapt both the level and the colour temperature of
the lighting (van Bommel & van den Beld, 2004). Workers in the study of De Kort and Smolders (2010)
however reported fewer disturbances of artificial lighting in the static condition than in the dynamiclighting
condition. Disturbances were measured by experienced hindrance from artificial lightingon a 5-pointscale,
resultingin ‘never’ in the static condition and ‘rarely’ in the dynamic condition. In their study, no significant
differences were found in workers’ need for recovery, vitality, sleep quality, mental health, or headache
and eyestrain. The authors did note that differences between the dynamicand static condition in this field
study could however been limited due to daylight. In a visual comfort study, Kim and Kim (2007b) evaluated
visual comfort of an automatic system providing dynamic lighting. Feelings of eye fatigue, distraction and
annoyance were the main contributors to visual comfort. In their study they found that with a higher
desktopilluminance, the subjects reported less annoyance when the same illuminance change was made.
A 500 Ix task illuminance condition allowed for a maximum illuminance fluctuation of 200 Ix, while a 650 Ix
taskilluminance condition allowed for a maximum illuminance fluctuation of 250 Ix.

1.2.2.  Appreciation of the lit environment

Employees’ appreciation of the environment is repeatedly reported to be affected by lighting conditions.
In an evaluation performed by Manav, anillumination level of 2000 Ix was preferred over 500 Ix regarding
impressions of comfort, spaciousness, brightness and saturation evaluation (Manav, 2007). In a post-
occupancy evaluation performed in 14 different buildings in California USA, less extremely deviating
illuminance values were assessed, but results showed the same pattern (Choi & Moon, 2017). Thelighting
conditions with higher work surface illuminance levels (450-525 Ix) were rated more satisfying compared
to the lower illuminance levels (300-450 Ix) recorded at workstations that received negative satisfaction
responses. Dangol et al. (2013) performed user acceptance studies with lighting conditions with varying
CCT, desk illuminance, and spectral power distribution (described by the strength of each wavelength of
light produced by the light source). In each condition the observers’ preference, naturalness of objects and
hands, and colourfulness was assessed. The observers preferred anilluminance value of 500 Ix over 300 Ix
at both 4000K and 6500K. Alight level of 300 Ix was rated as uncomfortable at both 4000K and 6500K. The
observers felt that objects appeared more naturaland more colourful under a light level of 500 Ix compared
to a light level of 300 Ix. This is in accordance with the work of Boyce and Cuttle (1990), who found that
with anincreased light level thelighting of the room becomes more natural, more colourful, more pleasant,
more comfortable, clearer, brighter, morefriendly, more warm and more uniform.

Veitch (2001) reported that people use luminance distributions as a basis for judgements about the
appearanceofa space. Thedominantdimensions ofthese judgments appearto be brightness (or lightness),
and interest (variability). This is in line with statements of Van Bommeland Van den Beld (2004), indicating
that controlled brightness of the surfaces that form the physical limits of the space, such as walls, floor and
ceiling to be important with regard to the atmosphere and the visual impression of the workplace. The
brightness of these surfaces determines to a large extent how the total space is experienced. Kirsch and
Volker (2014) found ‘lightness’ and ‘attractiveness’ to be two different assessments. Illuminance of the task
surrounding areas was reported to not affect the ratings of visual lightness of aroom, while ratings of room
attractiveness were influenced by the illuminance of the task surrounding areas, as well as the illumination
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of the walls. lllumination of walls was found to havea great impact on the users’ perceived lighting quality
and made the office appear brighter and more attractive. Ooyenet al. (1987) reported, wall luminance to
contribute most to the way a room is experienced. With an increasing wall luminance, the room was felt to
be more stimulating, which is supported by De Vries et al. (2018). Loe et al. (1994) also expressed the
importance of considering luminance contrast and the average vertical luminance in the field of view,
stating its importance for offering a lit environment that is ‘light’ and ‘ visually interesting’. The average
luminance of the walls, was also shown by Carter and colleagues (1994b)to have an influence on the
assessment of relative brightness of the space. Assessment of acceptability of brightness and pleasantness
showed to increase with increasing luminance within the 40° field of view band for installations in which
the lighting was even distributed. Their study showed that conditions with lighting installations rated as
more even were also rated more acceptable by theusers, with pleasantness following the sametrend. The
most uneven installations were rated as most unpleasant and least acceptable (Carter et al., 1994b). The
evaluation of Cetegen et al. (2008) using high dynamic range images showed increased luminance of the
images toincrease participants’ ratings of visual comfort, pleasantness, spaciousness, and satisfaction with
the amount of view.

Different studies report colour temperature of lighting to influence the perception of brightness in office
spaces. Lighting with a CCT of 5000K and 6000K increases the perception of brightness of the office,
compared to 3500K lighting (Akashi & Boyce, 2006; Weietal., 2014). In the evaluation performed by Manav
(2007), for impressions of ‘comfort and spaciousness’, a 4000K colour temperature was preferred over
2700K. Park etal. (2010)asked in their study participants to evaluate the room impression of a test office
under different correlated colour temperature conditions. The conditions of 5000K and 6000K were
evaluated by the participants to be alive, concentrative and tensioned, less sleepy, less tedious and less
undesirable, while the conditions with a CCT of 3000K and 4000K were evaluated as more comfortable, less
tense and less fatiguing. Park et al. furthermore state preferred correlated colour temperature to be
dependantof the purpose of the space as well as the specific activities performed. In the user acceptance
studies of Dangolet al. (2013), the observers preferred the light environment under LEDs over fluorescent
lighting at 4000K. At 6500K no significant differences between the different spectral power distributions of
the light sources were measured for the assessed scales. The study showed for the office lighting using
LEDs, neutral white light of 4000K to be more preferable than cool white light of 6500K. This may also be
influenced by the participants’ culture. These results were validated in an actual office environment, with
4000K being preferred over 6500K at a light level of 500 Ix (Islam et al., 2015). The observersin the study
of Dangol et al. (2013) rated objects to appear more natural under a lighting environment at 4000K than
under 6500K, for both LED’s and fluorescent lighting. In the study of Boyceand Cuttle (1990) however, the
correlated colour temperature of the lamps used ranged from 2700K to 6300K and was reported not to
affect the observers’ impression of the lighting of the room.

1.2.3. Mood and emotions

Light triggers a wide range of non-visual effects regarding biological functioningand behaviour (Cajochen,
2007). Employees’ mood is one ofthese, and a frequently reported emotional parameter explored for being
influenced by lighting. In lighting studies, mood surveys often make use of adjective checklists (Diener &
Emmons, 1984; Matthews, Jones, & Chamberlain, 1990; Thayer, 1989). Mood can be influenced by people’s
emotions, and is in some studies also assessed using emotional state surveys (aan het Rot, Moskowitz, &
Young, 2008; Fleischeret al., 2001; Russel & Mehrabian, 1977).
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Positive moods at work areidentified as key factorsin both performance of users as wellbeing (Heerwagen,
1998). Heerwagen reported positive feelings to directly affect brain processes related to performance on
tasks requiring creativity and novel problem solving. She reports positively toned moods to be linked to
reduced absenteeism, increased organizational commitment, enhanced creativity and problem solving, and
more positive social interactions, including increased ability to negotiate in quarrelsomesituations.

Bright-light exposure during winter was shown to impact mood by improvingself-rated vitality and reducing
self-reported depressive symptoms in healthy adults working in an office environment (Partonen &
Lonngvist, 2000). In this evaluation, users were daily exposed for one hourto a light source of 6500K with
2500Ixateyelevel, and mood was measured using a seasonal pattern assessment questionnaire. The study
of Kuller et al. (2006) however, did not find a significant impact of the measured illuminance on mood
measured with adjective scales. They did find that countries situated far north of the equator had a
significant variation in psychological mood over the year, that did not occur in the countries closer to the
equator. Their study showed workers’ mood to be atits lowest when lighting was experienced as much too
dark and it improved and reached its highest level when lighting was experienced as just right. The mood
of the employees declined again when light became too bright. Fleischer and colleagues (2001) reported,
illuminance to be a significant influencing parameter of pleasure. Here, pleasure was measured as one
dimension of the ‘Pleasure-Arousal-Dominance’ (PAD) emotional state model of Russel & Mehrabian
(1977). The higher the illuminance, the higher the values for the factor ‘Pleasure’ in their study, and the
higher the ratings of how pleasing the experienced lighting situation was. An increase in illuminance and a
shift to more direct lighting also lead to higher values for ‘Arousal’. Aan het Rot et al. (2008) investigated
users’ bright light exposure in relation to their mood, in their field evaluation. Bright light exposure was
defined as ambient levels higher than 1000 Ix during the day, recorded using a wrist-worn device. When
more often exposed to bright light, users showed a better mood, and less quarrelsomeand more agreeable
behaviourcomparedto low levels of bright light exposure. Comparing exposures from 1000 Ix to 200 Ix at
eye level, Smolders et al. (2012)did not find an effect on mood, measured using a survey. However, their
results do suggest that a higherilluminance level can increase physiological arousal, which was based on
heart rate measurements.

Viola and colleagues (2008) showed in their field test that compared to white light of 4000K (420 Ixon the
work surface), blue-enriched white light of 17000K (310Ixon the work surface) improved the positive mood
and reduced irritability of subjects. Iskra-Golecet al. (2012) explored the effect of blue-enriched white light
onmood, sleepiness and light perception over the work day. They showed mood, by experienced energetic
arousal, to be higher in the conditions with blue-enriched white light of 17000K, compared to the warm
light condition of 4000K, bothwith 500 Ixmeasured at the eye level while sitting. In alater conducted study
by Smoldersand deKort (2017), moodand thelight settings were rated as less positivein a 6000K condition
versusa 2700K condition. More positive affect (‘happy’) and less negative affect (‘sad’) were measured in
thewarmer lighting condition of 2700K. It shouldbe noted however, that this later study showed significant
differences between the two similar baseline conditions prior to the test conditions.

1.2.4.  Sleep andalertness

Besides affecting mood, reduced daytime light exposure has also been shown to affect sleep quality in
office workers (Figueiro et al., 2017). Numerous studies can be found using sleep parameters to assess
wellbeing, as well as performance of users, of which a cross section will be discussed here. Sleep has a
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considerable influence on users’ ability to think clear, process information and make decisions. With
healthy people, alertness or sleepiness can be measured by subjective rating scales. Often in studies on
alerting effects of light, standardized fatigue or sleepiness scales are used (Cajochen, 2007). However, the
disadvantage of subjective alertness ratings is that control conditions (i.e. placebo’s) with lighting are
difficult to realize, and intuitive feelings of alertness could influence the user’s ratings.

Different studies report decreased daytime sleepiness when exposing participants to high illuminance
levels. Consideration ofthe vertical planes and illuminance ratios is stated by Begemannet al. (1997)to be
of great importance, to create optimum luminous environments for circadian rhythm support and direct
stimulation. Riger et al. (2006) evaluated vertical bright light exposure using subjective and objective
parameters. They found in their evaluation bright light exposure (5000 Ix at eye level) of four hours to
reduce sleepiness, but also positively affect subjective alertness, feelings of fatigue and energy. The effect
of bright light on psychological variables was found to be time independent in their study since both night-
time and day-time bright light reduced participants’ sleepiness and fatigue significantly. Bright light
exposure at nightalso increased heart rate and core body temperature of the participants. This effect was
not measured at day-time exposure. The evaluation of Smolders et al. (2012) showed participants to feel
less sleepy and more energetic after one-hourexposureto 1000 Ixat eye level compared to 200 Ix (4000K).
Their study suggests effects of illuminance on the subjective measures and heart rate to not be dependent
on the time of day or duration of the exposure. Inthe study performed by Borisuit and colleagues (2015),
participants were exposed to a daylight and an electric lighting condition during two different afternoon
sessions, with 1000-1600 Ix at eye level in the daylight and 176 Ix in the electric light (4000K) condition.
While subjective alertness and physical wellbeing decreased for both lighting conditions in the course of
the afternoon, subjects felt sleepy earlier underthe electric light than in the daylight condition. Ina recent
study, Te Kulve et al. (2017) showed a decrease of subjective sleepiness during a bright light session in
which participants were in the morning exposed to 1200 Ix on eye level, compared to exposureto 5 Ix on
eye level.

Inthe field study performed by Figueiro and Rea (2014), a significant increase in employees’ light exposure
during summer compared to winter was shown, both at work as outside work. The results revealed that
during summer the subjects slept significantly more, had significantly greater sleep efficiencies and
significantly shorter sleep latencies than in winter. These findings were confirmed in a later evaluation,
reporting that high levels of lighting during the entire day to be associated with increased sleep quality, as
well as reduced depression (Figueiro et al., 2017). The researchers stated receiving high levels in the
morning to be associated with reduced sleep onset latency (especially in winter) and increased sleep quality
compared to office workers receiving low levels of lighting in the morning.

The study of Hoffman et al. (2008) demonstrated a potential benefit of variable office lighting (500-1800
Ix, 6500K) regarding subjective mood and activation. Variable lighting (500-1800 Ix, 6500K), with short
peaksin lightinglevel in the morningand early afternoon, showed modest positive effects on self-reported
activity, compared to static lighting (500 Ix, 4000K). This effect was not represented by the circadian
markers obtained from urine samples. The authors state, melatonin to already have been at its daytime
minimum, showing no effect.

In the study of Geerdinck and Schlangen (2006), a lighting system with a high colour temperature was
introduced in the office. Even though improvements of the intervention were not reflected in the used
health and wellbeing surveys, employees did indicate in the final survey to feel more active, vital and alert

10
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when working under the 17000K lighting system (170 Ix average at the eyes). In a controlled intervention
study within a shift-working call centre, lighting with a colour temperature of 17000K (baseline 2700K) led
to substantial within-group improvements of fatigue (26.9%), alertness (28.2%), and daytime sleepiness
(31%) (Mills, Tomkins, & Schlangen, 2007). Rautkyla et al. (2010) evaluated lighting of 17000K by exposing
studentsitin their lecture room. After afternoon exposures in theautumn, the students’ alertness decrease
was reduced. However, these effects were not found in the morning sessions nor in the spring sessions.
The authors expected consumption of stimulus like coffee or energy drinks to influence the respondence
to the CCT of lighting. The season and the time of exposure during the morning and afternoon are also
expected to influence the measured effect. Inthe study performed by Smolders and De Kort (2017), aone-
hour exposure to lighting with a higher CCT (6000K vs. 2700K) showed a higher subjective vitality in the
morning. But the metrics arousal and alertness did not show significant effects.

Viola and colleagues (2008) showed in their field test that compared to white light of 4000K (420 Ixon the
work surface), blue-enriched white light of 17000K (310 Ix on the work surface) to improvethe subjective
measures of alertness and evening fatigue. Daytime sleepiness was reduced, and the quality of subjective
nocturnal sleep was improved under blue-enriched white light. In the study of Iskra-Golec et al. (2012)
however, no effect of exposure to blue-enriched white light was found on subjective sleepiness, which
increased during the day independently of lighting conditions. This is inconsistent with the results of e.g.
the study of Lockley et al. (2006), applying objective measures of sleepiness. Through EEG recordings, they
showed besides lower subjective sleepiness ratings, a reduced circadian drive of sleep when users were
exposed to 460 nm blue lighting, as compared to those exposed to 555 nm more yellow lighting. The
circadian drive for sleep affects alertness, performance, and the ability to sustain attention. As pointed out
by other researchers, subjective sleepiness ratings are not always matching objective measures of
sleepiness (Phipps-Nelson, Redman, Schlangen, & Shantha, 2009).

1.2.5.  Cognitive performance, creativity and collaboration

Different studies report effects of lighting on users’ performance. Some link these effects to sleep or
alertness parameters, as discussed in the previous section, and some report effects on cognitive task
performance, creativity, or collaboration.

Already in an early study, Van Ooyen et al. (1987) reported improved task concentration, with increased
wall luminance, which created a roomrated to be more stimulating. Through linked mechanism analyses,
Veitch et al. (2008) suggested paths linking preferred lighting to task performance, through motivation. In
a study performed by Linhart and Scartezzini (2011), two energy efficient lighting scenarios, were evaluated
for approximately two hours in the evening, using a horizontal illuminance of 232 Ix and 352 Ix with
comparable visual comfort. The performance of the paper-based task was better in the scenario with
horizontal illuminance of 352 Ix. The two lighting scenarios did not show a significant difference in the
measures of computer-based task performance or alertness ratings. Miinch and colleagues (2012) found
in their study that light exposure of six hours during the afternoon to have an impact on cognitive task
performance in the early evening. They showed better cognitive performance in dim light duringthe early
evening after an exposure to daylightin the afternoon of approximately 1000 Ix at the subjects’ eve level,
compared to electrical light exposure of on average 176 Ix at eye level (3700K). Better cognitive
performance also significantly correlated to lower sleepiness in theevening. Inthe study ofSmolders et al.
(2012) morningand afternoon sessions were tested, during which participants were exposed to conditions
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of 200 Ixand 1000 Ix at eye level (4000K). The performance effects measured, were most pronounced in
the morning sessions and towards the end of the one-hourexposure period. The participants had shorter
reaction times and showed increased physiological arousal after exposureto 1000 Ix. The study of Gornicka
(2008) showed subjective alertness in the morning to be higher in bright light conditions (1150 Ix on the
eye) thanin dim light (70Ix onthe eye). Te Kulveet al. (2017) compared bright light exposure of 1200 Ix to
dim light exposure of 5 Ix (both 4000K) and did not find an effect on the performed reaction speed task.
Wang and Luo (2017)did report less time needed for an attention task when performed with a 750 Ix desk
illuminance compared to the conditions with 350 Ix and 550 Ix. With a 750 Ixdesk illuminance less time was
needed for the task using the 6500K lighting installation compared to the installations with 4000K and
8000K. This study was however performed in a in non-typical office layout with wooden walls. Mills et al.
(2007), conducted a study in a call centre where employees work in shifts, evaluating the effect of a high
colour temperature on functioning and work performance. Individuals in the intervention group with
17000K lighting showed a significant improvementin self-reported ability to concentrateat the end of the
14 weeks intervention compared to those within the control group where 2900K lighting was used. The
intervention group also showed improved work performance (19.4%). Besides the earlier mentioned
improvements in alertness, mood, and comfort, Viola and colleagues (2008) showed in their field test that
compared to white light of 4000K (420 Ixon the work surface), blue-enriched white light of 17000K (310 Ix
on the work surface) to improve the subjective performance and concentration as well. Without any
abnormal sleep—wake schedule being imposed, blue-enriched white light can improve the self-reported
measures after daytime exposure to blue-enriched white light in a “real-life” setting for people who work
normal office hours. The effects of higher colour temperatures are supported by the findings of Shamsul et
al. (2013) that report CCT’s of 4000K and 6500K to be more beneficial for alertness levels and academic
activities (e.g. microscopicwork and solving complex equations) for both computer-based and paper-based
activities, compared to a condition of 3000K. In the study of Wei et al. (2014), comparing luminous
conditions of 3500K and 5000K, the self-rated productivity was lower in the higher CCT condition of 5000K
with daylight access. In the study performed by Smolders and De Kort (2017), no clear indications were
found for beneficial effects on cognitive performance, comparing a one-hour exposure to lighting with a
CCT of 6000K with 2700K (500 Ix on the desk). This was also the case in the study of Gornicka (2008), in
which no evidence was found for an effect of colour temperature of light on alertness and performance
duringthe day. In subjective and physiological alertness measurements, and performance tests, the effect
of cool white light (17000K) versus warm white light (2700K) was not significantly different during the
exposure for about 9 hours (430 Ix vertical).

Inthestudy of Enomoto etal. (2008), dynamiclighting with desk illuminance peaks of 1000 Ix in the morning
and early afternoon, showed a slight improvement in productivity measured with a simulated office task
when compared to static lighting of 750 Ix at desk level. Kim and Kim (2007a) report fluctuation of
illuminance to not significantly influence reading task performance. This is supported by the results of the
field study performed by De Kort and Smolders (2010), in which no significant differences were found in
workers’ subjective performance between the conditions with dynamic or static lighting, though measured
in an office with extensive daylight contribution during both conditions. In the study of Heydarian et al.
(2016), in which 160 participants assessed virtual office spaces, the presence of daylight showed beneficial
effects on performance. The participants’ reading speed and comprehension were respectively faster and
more accurate in conditions where simulated daylight was available.

12



Introduction

Multiple studies report effects of lighting on collaboration. Results are, however, not consistent. Aan het
Rot et al. (2008) showed in their study, that when more often exposed to bright light, users show less
quarrelsome and more agreeable behaviour, compared to low levels of bright light exposure. In an early
study of Gifford, bright light showed to stimulate more general discussion and more intimate
communication, while lower light levels overtime restricted general and intimate communication (Gifford,
1988). The results of the exploration doneby Kombeizet al. (2017) revealed that self-oriented individuals
were more likely to include their negotiation partner in dim warm light than in other lighting conditions,
promoting collaborative conflict resolution. This is in line with earlier findings of Baron et al. (1992) that
showed participants to judge others more favourable when being exposed to low illuminance levels (150
Ix) compared to those exposed to high illuminance levels (1500 Ix). In their study, participants exposed to
warm white light also reported a stronger preference for resolving interpersonal conflicts through
collaboration instead of avoidance compared to participants exposed to cool white light.

Steidle and Werth (2013) report that both priming darkness (imaging a dark situation) and actual dim
illumination with 150 Ix on the work surface improved creative performance. The authors report that this
effect can occur outside of people’s awareness.

1.3. Preference and control

Wellbeing can bedirectly influenced by lighting, as discussed in the previous paragraph, butalso via control
and matchingtheindividual’s lighting preference. Different studies have shown beneficial effects of control
on wellbeing (Moore, Carter, & Slater, 2004; Newsham, Aries, Mancini, & Faye, 2008; Sadeghi, Karava,
Konstantzos, & Tzempelikos, 2016; van Bommel, 2006; Veitch et al., 2010, 2008). With a wide variationin
users’ lighting preferences (Galasiu & Veitch, 2006; Newsham, Veitch, Arsenault, & Duval, 2004; Veitch &
Newsham, 2000), controls offera means to adapt lighting to meet the personal preference (Moore, Carter,
& Slater, 2000). Ability to adapt environmental conditions to individual preferences is likely to be associated
with reduced negative moods and discomforts, and also an increased ability to focus attention on work
tasks (Heerwagen, 1998). Newsham and Veitch (2001) showed that the deviation between participants’
lighting preferences and the lighting they experienced during the day to be a significant predictor of the
participant’s mood and satisfaction. Participants experiencing lit environments which are substantially
different from their preferred lit environment showed significantly lower ratings of mood, rated lighting
quality, and overall environmental satisfaction. Experience of lighting within their own preference range,
correlated with increased environmental satisfaction. This evaluation of Newsham and Veitch suggests that
no fixed lit environment can match the illuminance preferences of more than around 50% of the office
occupants. Provided with individually controllable lighting, Boyce et al. (2006a) showed that conditions
indeed were rated as more comfortable by a larger percentage of people than conventional fixed
conditions. Results of the evaluation suggested that individual control of lighting tends to maintain
motivation and vigilance over the day. Individuals who hadlighting control during the workday did not show
a decline in vigilance or persistence over the day, whereas those without control did. In the study
performed by Veitch et al. (2008), individual control was rated as comfortable by more than 90% of the
participants, and showed to beneficially affect users’” motivation and wellbeing. Rubinstein and Enscoe
(2010) reported workstation-specific lighting to lead to improved users' satisfaction compared to a
centralized system. The study of Gene-Harm et al. (2016) showed the use of additional task lighting to
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improve satisfaction with lighting. They assign theimproved lighting satisfaction to be dueto theincreased
perceived controllability of light rather than the actual set illuminance level.

When offered controls, awide variety of dimminglevels is selected by users. In the study by Begemann and
colleagues (1997), participants preferred to follow a daylight cycle when exposed to high light intensities.
On overcast days, users added roughly around 1000 Ix artificial lighting. On clear days, with daylight levels
up to 20001x, the added artificial lighting level decreased from 1200 to 500 Ix with increasing daylight. In
their study, situations with and without the use of blinds were evaluated. When daylight levels were above
2000 Ix, the added artificial light increased in the situation without blinds but decreased in the situation
with blinds. The authors stated that balancing the spatial brightness ratio in relation to weather type to be
far more important, than following horizontal working plane illuminance levels. In a field evaluation with
French office workers, the opposite effect was observed. Many occupants chose lower artificial light levels
when daylight was bright, in order to benefit more from daylight (Escuyer & Fontoynont, 2001). Newsham
et al. (2008) found a negative correlation between prevailing light levels and dimmer choices of users as
well. Occupants did not use personal control to maintain a constant desktop illuminance, even though
desktopilluminance appeared to be a better predictor of the selected levels than many luminance-based
predictors. In the study of Escuyer and Fontoynont, the preferred colour temperature of the artificial
lighting added to the available daylightin the office did not correlate with daylight colour temperature. At
low daylight levels of 500 Ix the average preferred colour temperature was for most users around 3300K
which increased to 4300K at levels above 1500 Ix. Inconsistency in these results could be caused by
differences in daylight conditions, or by a difference in users’ consciousness of using the controls. Insome
studies, the users were asked to use the controls to set their visual optimal condition, while in others the
normal daily use was analysed, where personalimportance of energy saving by optimizing daylight usage
might be incorporatedin the users’ considerations. In the study of Begemann et al., the participants were
asked to maintain their normal daily work routine in the lab office space. They could adjust the artificial
lighting components according to their preference and overall feeling of wellbeing as a function of the
prevailing and changing daylight conditions. In the study of Escuyerand Fontoynont, results were based on
measurements and interviews in an actual office.

Escuyer and Fontoynont (2001) found that people who spend more than 70% of their time working on the
computer select lower light levels (100-300 Ix), while people who spend less of their time on a computer
select higher light levels (300-600 Ix). This is in line with results of Berrutto et al. (1997). Logadottir and
colleagues (2011a) show that the preferred illuminance is influenced by variables inherent in the
experimental design within which it is measured, including the available illuminance range and the anchor,
being theinitial setting before adjustment. As the maximum available illuminancein a range increased, the
preferred illuminance also increased, with a centring bias. Higher anchors lead to higher settings of
preferred illuminance. This effect is confirmed by de Korte et al. (2015), who found in their evaluation
higher pre-set values to result in an higher adjusted illuminance on desk. After adjustment by users, the
visual comfort was higher, but that was independent of the pre-set values. An effect of personal controlon
task performance measured by a dual visual memory task was not found by the authors. The study of
Heydarian et al. (2017), using immersive virtual environments to evaluate end-user lighting-related
behaviour, observed extroverts to be significantly more likely to prefer maximum achievable lighting
compared to other people.

Based on the evaluation of 14 UK office buildings, Moore and colleagues (2000) stated that the perception
of nothaving controland the dissatisfaction this often causes to be linked to negative perception of lighting
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quality in the office. Escuyerand Fontoynont (2001) showed that occupants preferred to be ableto override
anautomaticsystem, even though the daylight linked automatic system was valued by the users. The study
also showed the complexity of the control device to limits occupants to utilize the user interface. This is
supported by the findings of Sadeghiet al. (2016), who observed a higher frequency of lighting control
actions when offering an easier interface. They showed the comfort ratings to significantly improve when
occupants could override the automated system. Participants in the study of Escuyer and Fontoynont
(2001) stated that the ideal lighting control system would consist of combined automatic and manual
control. Ina survey study run with occupants ofa refurbished UK office, occupantintervention by localized
switching was positively supported by the office users (Barlow & Fiala, 2007). The use of automaticlighting
controls was not favoured by the occupants surveyed, with 59% of the users voting against turning lights
off automatically. The value of the presence of controls was affirmed by Bari¢i¢ and Salaj (2014). From
survey data of 1036 office employees, they concluded that besides the regulation of the air-conditioning,
the cleanliness and the orientation of the workspace, the lighting of the workspace and the regulation of
lighting had a significant impact on the satisfaction of employees with the workspace. A manual switch
combined with an absence detector was greatly appreciated by the participants in the study of Gentile et
al. (2016), resulting in high energy savings. The study did report that participants perceived the automatic
controls as stressful. Correct implementation of controls remains key to achieving satisfactory conditions.

1.4. Open office challenges

Many ofthe studies referenced in the previous Section, have been donein office environments withaone-
to-onerelationship between user and control device. In the open plan office, this one-to-onerelationship,
tends to vanish, being the window, the blind, or the light switch. This makes effective individual control
much more difficult. Bordass et al. (1993) already showed in their study, perceived control to decreases
with an increase in number of users in the office.

In open plan offices, control over the general lighting system is more challenging on an individual basis,
which often results in configuring control groups. Moore and colleagues (2002a) showed with their analyses
the use of controls to be linked to the size of the group of users sharing the controls. Larger control groups
were associated with less user controlactions.

Offering controlto achieve individually preferred lighting, also introduces the risk of disagreement between
users due to different preferred light settings. If preferences of different people that share asystemdo not
align, conflict can cometo exist. In line with the definition of Putnam and Poole used by (Niemantsverdriet,
2018), conflict is defined in this thesis as “the interaction of interdependent people who perceive
opposition of goals, aims, and values, and who see the other party as potentially interfering with the
realization ofthese goals” (Easterbrook, Beck, Goodlet, Plowman, & Sharples, 1993). The size of the control
group was shown by Moore et al. (2000) to correlate with the experience of conflict, with higher conflict
measured for larger control groups. Larger control groups may not necessarily cause conflict. Appropriate
design of the control zones and the luminaire group layout isimportant, as well as providing the users with
information to increase their awareness of the social context.

When a higher frequency and degree of conflict is experienced, Moore and colleagues (2000) found that
users are more likely to avoid using controls. This however does depend on the personality of the users. In
the latter study, avoidance to use controls showed a strong negative correlation with the degree of control
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occupants perceived they had. The perception of having control is considered as important as the actual
exercise of control. Besides the perspective of the user using or intending to use the control device, the
open office also introduces co-workers experiencing control actions made by others in a different control
group. The visual field of multiple users needs to be considered when dynamics by control are introduced
in an office. As stated by Leaman and Bordass (1993), negative opinions regarding control are likely to have
a negative effect on occupants'assessments of their environment.

1.5. Hypotheses

In previous Sections of this Chapter, the importance of wellbeing in the office environment has been
substantiated. Artificial lighting is needed in offices to meet recommended levels for visual performance,
but it could also play a role in further improving users’ health, happiness or comfort. In previous Sections,
benefits of lighting are introduced, affecting wellbeing in general, as well as the interlinked components of
wellbeing as users’ appreciation of the environment, mood and emotions, sleep and alertness, and
performance. To make use of these potential benefits of the right lighting, lighting systems need to be
designed and implemented with proper care of the application.

The multi-user character of the, nowadays widely applied, open plan office, introduces challenges
compared to the traditional more enclosed office. The work presented in this thesis explores how to
improve wellbeing by offering satisfying lighting environments for the individual in these multi user office
spaces.

This thesis will address the following main hypothesis:

e By offering personal control of shared lighting to users, the satisfaction of the individual office
worker can be improved.

To explore this main hypothesis, a first field study was designed. Based on the insights gained in this first
study, topics for further exploration emerged. These haveled to the following sub hypothesis:

e Based on control behaviour with the lighting system, users can be profiled, to enable offering
lighting conditions satisfying their preference to secure users’ comfort with the lit environment.

e The wall luminance in the visual field of the user will influence the user’s preferred task lighting.

e Adistinction can be made between noticeability and acceptance of light changes, in which the co-
workers’ acceptance of dimming increases with an increasing fading time, and by feedback
regarding the reason of dimming.
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1.6. Structure of the thesis

In Chapter 2, the main hypothesis is tested through a longitudinal study in an open office environment, in
which personal control of the general lighting system is evaluated. In this office space lighting is shared
between users, dueto thestandard lighting grid. Controlis offered using the smallest control zones possible
while still offering equal sense of control to all users. Through personal control interfaces users could
control a shared group of luminaires, resulting in consensus control.

A series of field and lab studies is performed, to further explore a few selected topics and establish
recommendations for individually satisfying lighting in multi user spaces. Dissatisfaction could occur due to
conflicting lighting preferences of users. Chapter 3 presentsthe exploration of user personalities and their
lighting control behaviour. Users from two field evaluations are profiled based on their interactions with
the lighting system in order to predict therisk of conflict occurring. Knowing the user profiles allows to take
measures to avoid conflict, as informing other users or considering users when automaticadjustments are
made. Chapter 4 presents the lab study in which the influence of the brightness of the walls enclosing the
open office is explored. The uniformity and luminance levels of the wall are evaluated for their effect on
selected desk illuminance levels within and between individuals. Conflict can also occur when co-workers
are disturbed by experiencing light changes triggered by others. In Chapter 5 the exploration of granular
dimming of lightingis presented. Ina laboratory study thedimming speed by which light changes are made
is evaluated for its effect on the noticeability and acceptance of a light changes. The thesis will end with a
discussion section and an outline of the main conclusions.

Influence of:
I \
- Preference profiling | v N
T \ o 4 I
I Chapter 3 )
Personal control | ’ ________ 2
o N e 00
of shared lighting /—_—_—__/ & \\ Addressing wellbeing through individual
N | , 19
|{ L — Wall brightness : satisfying lighting
\ /' | Chapter 4 )
— 7 /.. -
Chapter2 {/ == [ Chapter 6
2 ~
| :\\ < | 1
\ =~ ~y Dimming speed |
=== |
~ % | Chapter 5 ] L >
________ -’

Figure 3. Structure of the thesis.
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Consensus control

2. Consensus light controlin open office environments

This chapter is based on the following publication:

S. Chraibi, T. Lashina, P. Shrubsole, M. Aries, E.J. van Loenen, A.L.P. Rosemann, Satisfying light conditions: A
field study on perception of consensus light in Dutch open office environments, Build. Environ. 105 (2016)
116-127.

Workplace innovation has been changing the European office landscape into mostly open spaces, where
enhanced interaction between people is combined with efficient use of square meters. However,
challenges are found in offering individually preferred environmental conditions in these multi-user spaces,
especially when dealing with shared systems like the general lighting installation.

Previous studies clearly show the benefits of offering personal control as a means to achieve individually
preferred lighting. Most of these benefits were demonstrated in private offices or situations where users
have a clear “personal” light source.

Lighting systems in open offices are often designed as a regular grid of luminaires to deliver uniform lighting
in the space. This results in a ceiling grid of luminaires that does not match the desk arrangementin most
cases. Users in the open office do not have a personal luminaire, which makes it challenging to offer
personal lighting control. By combining luminaires in control groups, users could be offered consensus
control. The questionis whether consensus control would bring advantages or disadvantages.

This Chapter presents the results of a field study evaluating consensus light controlin an open office. Ina
within-subject comparative experiment with repeated measures, 14 users experienced a reference no-
control condition and a condition in which they were offered control over a zone of luminaires. Data was
collected by objective measurements as well as subjective surveys and interviews.

In this study, it is shown that consensus control in an open office improves satisfaction of individual users
with the quantity and quality of light. Even though the controllable light is shared, consensus among users
results in an improved lighting environment for the majority of the users. Selected illuminances in the
condition with light controls were on average lower than in the reference condition, resulting in lower
energy usage by lighting.
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2.1. Introduction

European workplace design has experienced a transformation over the last decades with the majority of
today’s modern offices being open office spaces. Despite the often-expressed concerns of lower worker
productivity and satisfaction, the trend does not seem to slow down. Therefore, in today’s offices, it
becomes even morerelevant to create office environments that meet individual needs.

2.1.1.  Benefits of personal lighting control

Standards provide lighting recommendations for different visual tasks to ensure a comfortably lit
environment. However, different studies have already shown satisfying light conditions to differ
significantly between individuals. Preferred desktop illuminances for office tasks range from 80 Ix (Veitch
& Newsham, 2000b) to around 15001Ix (Newsham et al., 2004a) between individuals. With a fixed light level
installation, Boyce and colleagues (2006b) demonstrated that the maximum number of occupants that
would be within 100 Ix of their preferred illuminance is only around 65%.

Why would we want to offer lighting that serves the preferences of individuals? An exploration in a
laboratory study with a cubicle office setupin 2001 showed that by offering illuminances close to people’s
own preferences, a significant improvement in ratings of mood, lighting satisfaction, and environmental
satisfaction can be established (Newsham & Veitch, 2001). In 2004, Newsham and colleagues conducted
an experiment in a mock-up office where they placed participantsin a cubicle office setup under a lighting
configuration for a single day, without any control over the lighting until the second half of the afternoon
when all participants were offered a means to control the lighting. The results showed improved ratings
when introducingindividual control over lighting, but also that these are not simply due to the availability
of control. Exercising control to achieve preferred conditions improved mood, satisfaction, and comfort.
Participants that made the biggest changes to the lighting conditions after they were given controltended
to register the largest improvements in subjective measures (Newsham et al., 2004a).

Benefits of lighting control were also shown in field studies. Veitch et al. (2008) demonstrated in an office
setup with cubicles, that people who perceive their office lighting as being of higher quality, rate the space
as more attractive, report a more pleasant mood, greater well-being at the end of the day, and improved
motivation and vigilance. In 2010, Veitch and colleagues conducted a field study on four floors of an office
building with cubicles in Canada, in which they showed the availability of individually-controllable lighting
to result in more favourable office appraisals and higher levels of environmental satisfaction, with an
indirect link to higher job satisfaction (Veitch et al., 2010). Mooreet al. (2004) performed an evaluationin
existing office buildings with and without controls and found that the presence of lighting controls seems
to lead to a higher degree of satisfaction with planarilluminance. In another analysis of an office building
with user control, Moore and colleagues (2002b) showed an increased importance of lighting control as
levels of discomfort were raised. However, the study also showed that around one-third of the occupants
to report a negative perception of controls, suggesting a partial failure of current lighting control systems.

In a study performed in four identical private offices, Sadeghi and colleagues (2016) showed a higher
comfort rating from the users that evaluated the offices with control (wall switch or web application). A
higher frequency of lighting control actions was observed when offering the more easy-to-access web
interface. However, it did not affect the comfort experienced by the users. A study performed by Aghemo
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and colleagues (2014) showed a lower rating of the lighting conditions in the office when control was
extended from on/off to regulation of the luminous flux. Participants did, however, indicate that their
control actions in the extended situation mainly occurred when the automatic system was not working
properly, which was absent in the manual on/off situation.

Benefits are not only limited to the contentment of users. When given control, office users on average
select a lower light level than the recommended 500 Ixdesk illuminance resulting in energy savings (Boyce,
Eklund, & Simpson, 2000; Boyceetal., 2006b). Areview of 88 publications by Williams et al. (2012) reported
the average lighting energy saving potential by personal control to be 31%. A field study by Galasiu and
colleagues (2007) reported energy savings by personal control over downlights to be 11%, increasing up to
42% when combined with other control strategies like daylight harvestingand occupancy control.

2.1.2.  Consensus control inthe open office

Many benefits of personal control have been demonstrated in studies with private offices, cubicles or
situations where users have a clear “personal” light source providing lighting in their workspace. These
studies are often performed with luminaires positioned directly above the office worker and with the ability
to be individually controlled. With trends like Gensler’s activity-based workspaces, the open office concept
is becoming commonplacein the office landscape (Gensler, 2008). Lighting systems in (open) office spaces
are often designed as aregular grid of luminaires to satisfy the local regulations, building codes, an d design
guidelines for lighting with respect to illuminance levels and uniformity in the most efficient way. The
number of required luminaires is calculated (based on regulatory and cost constraints)and can be visualized
as a regular grid of luminaires providing uniform general lighting in the office space. The furniture layout in
the same office is often not known or not being considered during the lighting design process. Itis also
likely to change throughout thelifespan of the lightinginstallation. As aresult, the ceiling grid of luminaires
does not match the desk arrangementin most cases. Even though the lit environmentis designed to meet
user needs, the lighting grid is often designed using the space dimensions as the primary input and not the
users.

A space-based organisation of luminaires makes it challenging to offer lighting controls for open offices in
a truly personal way. After an exploration in 14 existing office buildings, Moore et al. (2000) already
discovered that problems with user-controlled lighting will arise after an attempt to introduce personal
control into open-plan environments. For some users, it will be obvious which luminaire is linked to their
workplace, others could have workplaces positioned in between luminaires or may even have the feeling
of controlling “someoneelse’s light”. By combining luminaires in controlgroups, such thatall luminairesin
one group act as one, users could be offered consensus control. Multiple users get dimming control over
the same group of luminaires in their proximity which delivers light to a cluster of desks. Based on the
analyses of the existing installations, Moore and colleagues (2000) suggest reducing the likelihood of
conflict through the use of small control groups and locally situated control. With a minimum number of
luminaires per control group the benefits of consensus control can be maximized, while equally
empowering users.
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2.1.3. Problem statement

When sharing the controlover office lighting, difficulties might arise when tryingto reach a consensus over
the preferred light level, due to the variety of individual light level preferences. This collective way of
consensus control might, therefore, lead to conflicting light preferences between users. The benefits office
users could experience from lighting within their individual preferences would then be defeated by the
potential dissatisfaction when needing to reach consensus with people having different profiles regarding
lighting preference or behavioural patterns. It is expected that consensus in workplace lighting levels will
improve the appreciation and light perception of office users in an open office environment compared to
a situation without controls. The study described in this Chapter evaluates the added value of personal
controlin an open office context.

2.1.4.  Research hypothesis

In this research, it is hypothesized that office users experience a higher satisfaction with lighting in the
office when they are offered a means to controlthe group of luminaires affecting their workplace compared
to a situation offering no control over lighting to the users while the system delivers a fixed uniform light
level to the entire office space.

This research will address occupant evaluationsin a reference condition without lighting con trolcompared
to an experimental condition with lighting control assessed in a field study. The methodology used, the
results, and a reflection on the results will be discussed in this Chapter.

2.2. Methodology

In general, people are recognized as being unreliable sensors for light comfort, where discomfort is often
easier to evaluate (Boyce, 2003). The perception of discomfort is often related to pain and negative
extremes while the perception of comfort is related to feelings of wellbeing, luxury, and plushness, and
changes little over time. Evaluation becomes challenging when it does not concern extreme shifts, but small
positive changes of satisfaction over a situation where users have experienced acceptablelighting in offices
without control. To deal with this anticipated positive shift from neutral or satisfied correctly, a longitudinal
field study has been designed.

2.2.1. Testbed

The experimental testbed used for the field study was developed in an office space on the 4™ floor with a
south facing fagcade in Eindhoven, the Netherlands. Figure 4 shows the top view of the testbed facility and
Table 1 an overview of material characteristics. The lighting system consisted of conventionalfluores cent
lamps (Philips TL5 49W) operated with DALI high-frequency dimmable ballasts with a linear dimming curve.
The dimming curveis derived by measuring theilluminance at a target spot for various relative light output
levels of the luminaire. The relative light output of the luminaire will be further referred to as thedimming
level.
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Figure 4. Top view of the testbed area, with controllable luminaires and non-controllable luminaires adjacent to the
walls, the position of the HOBO sensors, the illuminance and motion sensors, and the position of the luminance
camera.

The twelve inner luminaires were controllable by the users with a personal user interface, while the four
luminaires adjacent to the walls were controllable by the researchers and fixed at a default level to maintain
sufficient and uniform wall illuminance and not influence overall space appraisal negatively (Wright, Hill,
Cook, & Bright, 1999). Using recommendationsfrom literature, the controllable luminaires were combined
in a minimum control group size (Moore et al., 2002a) of two luminaires each, as shown in Figure 5, to
provide equal sense of control (Moore et al., 2004) to the maximum of three users in every control group.
Had the luminaires not been grouped, the middle person would be disadvantaged compared to his
neighbours, who have luminaires above their desk. Luminaires in one control group were commissioned to
behaveidentically. The testbed was equipped with 12 illuminance and motion sensors. Daylight harvesting
(adjusting electric lighting based on the available daylight in the space) was not used during the entire
length of the study to remove the potential noise of artificial light changes in response to daylight. The
occupancy-triggered light control in the testbed was controlled for the whole space, turning all lights off
when the space was unoccupied and switching the lights on atthe last selected level when the first person
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re-entered the space. The participants had their desk equipped with one or two PC monitors for their office
tasks. The luminance of the PC monitors with a blank white screen display ranged from 100to 150 cd/m?,
measured in the reference condition (average illuminance of 500 Ix on the desk surface, excluding the
daylight contribution).

Table 1. Surface properties.

Surface Material Colour Luminous reflectance
Walls Painted Stucco White 0.83
Ceiling Mineral wool tiles White 0.79
Floor Carpet Grey 0.08
Green desk divider Fabric Green 0.59

For daylight and direct sunlight management, the testbed provided motorized internal as well as external
blinds. The external blinds could be set to manual or automatic control mode using the wall mounted
interface underneath the windowsill. Internal blinds could only be controlled manually using a remote
control, placed on the windowsill. The internal as well as the external blinds were divided into four
controllable segments each. The interfaces for the segments were for general use, but more accessible for
the users adjacent to the window. The control means for the blinds did not change during the test.

Figure 5. Top view of the testbed with in total 6 control zones, 2 luminaires in each zone.
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Figure 6. Testbed — interior impression, with desk dividers between desks.

2.2.2.  Study design

The study was designed to havea reference period aswell asa user-control period. The study started with
a reference no-control condition where all luminaires were set at 100% output delivering an average
illuminance of 500 Ix on the desk surface, excluding the daylight contribution. This condition was followed
by a user-control condition with a default dimming level of 60%, representing an illuminance of 300 Ix. The
12 controllable luminaires were adjustable in a range from 1-100% luminaire output, the four non-
controllable luminaires adjacent to the walls were fixed at the default dimminglevel of 60%. At the end of
the study period, the no-control condition was repeated by removing the controls and setting all luminaires
back at a dimming level of 100%.

The study was designed as a repeated measures within-subject comparative experiment. To closely mimic
office conditions and tasks, it was decided to run the experiment as a field study (as opposed to lab
conditions). A longitudinal field study was designed to deal with the anticipated small positive shift in user
satisfaction, and the influence users’ daily office tasks could have on the evaluations. The longitudinal
design also allowed for participants to unconsciously discover their individual lighting preferences as well
as their preference as part of a group. To minimize the effect of the highly dynamicchanges of the outside
conditions, the duration of the experiment covered periods related to different climate conditions. The
study started after the holiday period, due to the availability of the participants, and ranged from
September to December. Counterbalancing the experimental conditions minimized the effect of the
changing outdoor conditions, as well as the influence of introducing and removing the controls from the
users. At least six weeks of data per experimental condition and participant was captured, excluding the
first week of control. Figure 7 visualizes the periods of the study on a timeline. The periods followed one
anotherdirectly.

26



Consensus control

period 1- no control period 2- control period 3- control period 4- no control
" 1 T 1
1wk —4— 1wk~
start e o ° Ty ° . o - ° . - ° TS TS @ end
— —
transition week * transition week *

e short surveys @ extensive surveys

* the transition weeks are excluded from the analyses

Figure 7. Design and timeline of the study.

During the user-control period, participants were offered personal control by means of a personal smart
device placed on their desk as well as a directly accessible widget installed on their PC. Each controller was
assigned an identifier that was permanently linked to a particular control group of luminaires. During the
user-control period, lighting could be controlled by the users at any point in time by setting the slider to
the desired light level (Figure 8). After changingthe slider position, the output of the luminaire group was
adjusted with a fading time (time to reach the final state) of 2 s. The controller included sufficient steps to
offer a perceived continuous slider. The luminaires of the control group stayed at the set dimming level
until the next control action within the control group was performed. The dimming level could be
overwritten by every user in the zone, at any point in time. After a change was made, the user interface of
the users in the zone was updated to present the current dimminglevel of the luminaire group.

off

Figure 8. User interface for light control, iPod application (left) and PC widget (right).

Walls enclosing the testbed were in the reference condition as well as in the user-control condition
illuminated with fixed dimming levels of the wall adjacent luminaires, resulting in an average vertical
illuminance of 145 Ix on the walls, and an average luminance of 43 cd/m? ranging from a minimum of 23
cd/m?toa maximum of 96 cd/m?, measured in the absence of daylight, with general lighting set to generate
an average illuminance of 500 Ix on the desks.
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Figure 9 shows the luminance distribution of both walls enclosing the office space. Two reference desks at
both ends of the space are selected, facing respectively the east and west wall, to describe the luminance
scene of the testbed. Measurements were taken from the indicated viewing position of the participants
(shown in Figure 4). For the measurements of the horizontaltask luminance, a white paper was placed on
the desk surface while measuring the average luminance of the entire desk. For the PC screen-based task
luminance measurement, a white screen page was used. The task luminance was measured with the
adjacent computer monitors turned off. The luminance ratios experienced by the participants are
presentedin Table 2 usingthe average values.

Table 2. Experienced luminance ratios in the reference condition.

Luminance ratios East wall West wall
Average wall : direct surrounding (desk divider) : horizontal task 1:0.48:2.90 1:0.35:2.52
Average wall : direct surrounding (desk divider) : PC screen 1:0.48:3.80 1:0.35:3:35

Figure 9. Luminance distributions of the office space in reference condition —east (top) and west wall (bottom).
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2.2.3. Participants

Forthestudy it was targeted to recruit a group ableto participate entirely as a group in the test, and already
used to working in an open office environment. This would exclude other factors as new neighbouring
colleagues, and a new office type. It was also targeted to find a group already used to working on the south
facade, meaning having experience with direct sunlight and the usage of blinds. Other inclusion criteria
encompassed no experience in setting up user experience studies or not being biased regarding lighting
designs. The population also needed to be representative for average office employees. Recruitment was
donewith support of facility management. Group managers were consulted, and after their approval their
groups were approached for their willingness to participate.

After the recruitment phase, a group of 14 administrative workers were invited to participate in the study
and were relocated to the testbed for the study duration. The participants did not work on research topics
themselves and were naive regarding lighting or perception knowledge.

The participants were offered fixed workplaces similar to their normal office setup, which was located on
the samefloor of the building facing the samefacade. The position of occupantsin relation to the windows
as well as to their colleagues was kept identical to the greatest extent. The participants (30 — 65 years, 3
females and 11 males) worked on their actual job tasks while experiencing the study conditions. The
participants were at the same corporate hierarchical level. Participants did not have fixed working times.
Most participants started their workday between 8 and 9 AM and ended their workday between 5 and 6
PM. All participants were Dutch-speaking (as a first or second language) and had good English reading and
speaking skills. Prior to the study, the participants were only acquainted with the control possibilities for
the external blinds.

The study design and objective were not shared with the participants beforehand. The participants were
informed to be part of an evaluation regarding a general open office environment concept and would
receive study details afterwards, to enhance the study quality. At the start of the user-control condition,
the users were informed about the lighting control option that they received. The participants received a
small participation fee at the end of the study, of which they were not informed beforehand.

2.2.4.  Objective measurements

The objective measures consisted of data logging as well as sensor input. During the study, log files were
created of the luminaire dimming levels (1-minute logging), the energy usage by Plugwise modules (FW
2.36+)wired into each luminaire (1-hourlogging), the use of the light controls (instantaneous logging), and
the use of internal and external blinds (4-minute logging). Sensor input consisted of readings of the 12
ceiling-mounted light sensors (Philips PLOS-CM-KNX) (1-minute logging) and eight desk-mounted HOBO
sensors (Onset U12-012) measuring the relative desk illuminance, the relative humidity, and the
temperature (5-minute logging). Due to the sensitivity of the HOBO photosensortoincident lighting from
different directions (spatial sensitivity), calibration to absolute illuminance was found to be inaccurate.
Therefore, the illuminance distributions were analysed relative to each other. The exterior illuminance is
obtained from an external weather station (Wago KNX/EIB/TP1 Module 753-646) installed on the roof of
the building.
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2.2.5.  Subjective measurements

The subjective evaluations were collected via online surveys, interviews, and a paper diary booklet placed
at their desk that each participant could write in at any pointintime during the full length of the study. The
diary consisted of an A5 booklet in which participants could make notes of their absence or things they
noticed in the office spacerelated to environmental aspects such as electric lighting, daylight, temperature,
noise level, air ventilation, or other incidents they wanted to share or capture. Survey questions and the
diary headings were presented in English with a Dutch translation underneath each item. At the end of
every week, the participants were asked tofill in an online survey. Two types of surveys were used: a short
and an extended survey (Figure 4). The short survey had the same items recurring every week for the full
length of the study. The short surveys included scales evaluating the perceived lighting quantity, quality,
and glare. The participants were asked to evaluate the light quantity on their desk and PC monitor, from
the artificial lighting as well as from daylight on a 7-point scale, ranging from ‘too little’ to ‘too much’
(Moore et al., 2004). Besides using the scale to analyse whether lighting was experienced as brighter or
darkerthan they preferred, the assessment oflight quantity was recoded into four rather than seven steps,
allowing for an overall assessment of dissatisfaction with the quantity of light. Figure 10 illustrates the
original scale as well as the clustering on the recoded scale.

Original scale: too little just right too much
1 2 3 4 5 6 74
L 1 1 1 1 1 J
l I T T T T T 1
3 2 1 0 ! 2 3
Recoded scale: dissatisfied satisfied dissatisfied

Figure 10. Original and recoded scale light quantity assessment.

The components labelled ‘lighting quality’ (seven items)and ‘glare’ (two items) (Veitch & Newsham, 2000a)
were created by takingthe average of the responses of the contributing items with scores ranging from 1
to 7 with higher values indicating better quality or comfort, respectively. Results from the weekly surveys
were aggregated in one average value for each participant per condition.

At the end of each of the four study periods, the survey was extended with additional items. Satisfaction
with the environmental conditions was evaluated using comfort scales of Osterhaus (2005) and Veitch et
al. (2002) for temperature, acoustics, and air quality in the office. The mood of the participants was
evaluated regarding dominance, arousal and pleasure in all conditions using the 3-factor Mood scale of
Russel and Mehrabian (1977). The perceived level of control and the level and degree of conflict
experienced dueto the use of the lighting controls were evaluated in the user-control condition (Moore et
al., 2000). Conflict is explained as situations in which people have different preferred outcomes that are
potentially interfering with each other.

After each extensive survey, an interview between participant and researcher was conducted to further
elaborate on what was captured in the surveys or the diary, as part of a triangulation approach. Interviews
delivered complementary qualitativeinformation used to understand the data and the results obtained.

30



Consensus control

The first week of controlis excluded from the analyses dueto a deviation in the behaviour with the controls
compared to therest of the user-control condition. This study focussed on the user experience when having
the ability to select preferred lighting and notin evaluating the user novelty experience with controls.

2.2.6.  Analyses

Most of the elements included in the surveys were evaluated by the participants on an ordinal scale. Due
to the ordinal data and the relatively small sample size, the data was analysed using a non-parametric
Wilcoxon signed ranks test (2-tailed). For the significance tests, a liberal level of significance of p=0.1 was
motivated by the explorative nature of this study, a relatively small sample size, and the use of non-
parametric statistics. Effect size calculations are done using Pearson r, calculated using r=2/vVN of Rosenthal
(1994) (from: Field, 2009). Interpretation of the values is done following guidelines of Cohen (1988), with
0.1=small effect, 0.3=moderate effect, and 0.5=large effect. Correlations are analysed using Kendall’s tau
non-parametriccorrelation test. For the analyses, IBM SPSS Statistics is used.

Notes of interviews were systematically digitally logged after each interview, structured based on the
general topics such as blinds, artificial lighting, and controls. Data of the interviews was analysed by marking
key phrases in the data set, after which concepts were identified which could be named and clustered in
categories, an approach very similar to the Grounded Theory methodology. Data of the interviews is used
to complementthe quantitativeand objective data.

2.3. Results

The obtained results will be presented with a distinction between objective and subjective results. Different
variables are analysed for their impact on light preference or satisfaction of the participants in this study.
No effect is found for age, gender, the position of the user in the office space, as well as the position of the
user related to a luminaire.

2.3.1.  Objective results

The study included two times three weeks without control, with luminaires set toa dimminglevel of 100%
luminaire output correspondingto an average desk illuminance of 500 Ix by artificial light. In the six weeks
with user-control preferred dimming levels were set by the users within the range 1 to 100%. Figure 11
shows the distribution of luminaire dimming levels during the user-control period of all six control zones,
asshownin Figure 5. Each zone consists of two luminaires, with the same distance from the window. During
the control period, the luminaires in the office area were 41% ofthe time on maximum output, and 56% of
the time below a dimminglevel of 60%. Figure 11 illustrates that during the user-control period there were
zones that were mostly “dimmed” (zone 2 and 5), mostly “bright” (zone 1, 3, and 6), and a zone that has
been labelled “medium dimmed” (zone 4).

Despite the non-uniformity of lighting over the zones, none of the participants stated to have experienced
light level differences between the zones to be disturbing. Often dimming level differences were only
observed when looking at adjacent luminaires; not when looking straight forward in the office space.
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The frequency in which the controls were used differed during the study. In the first week that the
participants were provided with controls, three changes per user per day were made by 12 different users
onaverage. This week is excluded from the analyses duetoits variant character. In the remaining six control
weeks, actions were performed by changing individuals with three changes a week by on average three
users. Similar to previous studies, the users in this study showed different usage behavioursranging from
active users to users with limited performed control actions (Meerbeek, Gritti, Aarts, van Loenen, & Aarts,
2014). Figure 12 presents the proportion of control actions performed throughout the day. The majority of
controlactions took place at the start of the work day (45%) of which two-third was to dim down. The other
half of the controlactions took place throughout the rest of the day (Figure 12), with a smallincrease again
at the end of theday when exterior lighting conditions start dropping, of which little morethan half was to
dim up. The sunrise in the control period varied from 7:23 till 8:19 am, and the sunset from 4:34 till 6:31
pm. Average exterior illuminance levels are provided asa reference in Figure 12.
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Figure 11. Dimming levels of the luminaires in fraction of time of the 6 weeks user-control period.
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Figure 12. Light control actions of the users over the course of a day — fraction of lighting changes of total actions in
6 weeks.

Duringthe study, HOBO sensors were placed on the desks and used to measurethe deskilluminance levels.
Figure 13 presents the frequencies by which illuminance levels where measured by the HOBO sensors
(including daylight contribution), including data of week days from 8 am to 7 pm during the six weeks
without control and six weeks with user control. As can be seen in the chart, user control conditions 2 and
3 are shifted towards lower illuminance values compared to conditions 1 and 4. Due to the spatial sensitivity
of the HOBO loggers, the distributions can only be analysed relative to each other. The data does not
exclude desks that might have been temporary unoccupied during this timeframe.

The power consumption of the luminaires during the reference period of six no-control weeks was
compared to the power consumption of the luminaires during the six user-control weeks. The results are
presented in Table 3. Thetable presents the energy consumption by the lighting of the combined no control
and user control conditions for the 12 luminaires that were controlled by the users, as well as for all 16
luminaires in the testbed, which includes the four wall adjacent luminaires which were not controllable by
the users.
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Figure 13. Desk illuminance distributions, including daylight contribution (All weekdays from 8 am — 7 pm).

Table 3. Energy consumed by lighting during the user-control and no-control conditions.

. Total energy Weekly energy Relative energy
Condition
consumption in kWh consumption in kWh savings in %
User controlled luminaires ~ User control 134.8 22.5 319
(12 luminaires) No control 197.9 33.0 -
Entire testbed User control 192.6 32.1 27.2
(16 luminaires) No control 264.5 44.1 -

2.3.2.  Subjective results

2.3.2.1. Lighting quantity and quality

The light quantity and quality were assessed weekly. The results presented here are based on six weeks no-
control and six weeks user-control, using per participant an aggregated value for no control (aggregated
from six evaluations) and an aggregated value for user control (aggregated from six evaluations for 13
participants, and from five evaluation for one participant, due to a missed survey item).

In both conditions, there was a tendency to report receiving a bit too much light on the desk and the PC
screen, as well as a bit too much daylight specifically on the desk. However, this tendency is lower for the
user-controlsituation compared to the no-controlsituation, as indicated by the data presented in Table 4.
Figure 14 presents the light quantity ratings on the four-point dissatisfaction scale (Mooreet al., 2004), as
explained in Section 2.2.5 (Figure 10). Levels of dissatisfaction with the amount of light on the desk, the PC
screen, and by daylight show to be lower in the user-control compared to the no-control condition.
Statistical analyses using a non-parametric Wilcoxon Signed Ranks test shows this effect to be significant
for the dissatisfaction with the light quantity on the desk (p=0.029)as well as on the PC screen (p=0.047),

34



Consensus control

with both a large effect size (respectively -0.58 and-0.53, Pearson r). In the interviews, the majority of
participantsindicated to appreciate the possibility of dimming down the lighting as they felt the preferred
dimmed lighting was “more relaxing” for their eyes. Some participantsindicated to prefer bright light, for
visual performance, “to avoid a gloomy office”, or “to feel more energized”. Despite the diversity in lighting
preferences, the frequency in which conflict was reported in the extended surveys, remained very low with
the exception of two neighbouring participants. However, also for these participants, the degree to which
the conflict was experienced was rated as low in these surveys and reaffirmed in the interviews.

Table 4. Lighting quantity for the no-control and user-control condition.

Assessment of quantity of light (1 = too little, 7 = too much)

On desk On PC screen Daylight

Mean SD Median Mean SD Median Mean SD Median
Cnc (n=143) 4.57 0.787 4.63 4.30 0.599 4.38 4.76 0.920 4.62
Cuc (n=143) 4.05 0.598 4.00 4.07 0.586 4.00 4.50 1.121 4.08

a) Mean aggregated values per participant for six no-control (Cnc) evaluations (n=84) and six user-control (Cuc)
evaluations (n=83).

A correlation was shown between the assessment of light quantity on the desk and PC screen (1=0.771
using Kendall’s tau (p=0.000)). The importance to have control over the lights showed a statistically
significant weak correlation with the perceived light quantity onthe PCscreen (t=-0.300, p=0.039), but no
correlation with the perceived light quantity on the desk.

Figure 15 presents the data of the light quality and glare ratingsin boxplots. The quality of light was rated
to be aboveneutral in the reference condition with a statistically significant improvementin the condition
with the ability to control (p=0.096), however with a very small effect size (-0.05, Pearson r). The
assessment of light quality showed a correlation with the perceived dissatisfaction with light quantity on
desk (Kendall's tau t=-0.512, p=0.000), PC screen (t=0.550, p=0.000), and due to daylight (t=-0.474,
p=0.001), as well as the satisfaction of participants with the level of control they had (t=0.475, p=0.001). In
the surveys, glare was reported to be experienced to a minorextent in both conditions. When occurring, it
was stated to be caused by direct sunlight, not by the “brightness of luminaires” or reflections of artificial
light. The experience of glare was not statistically significantly affected by the ability to control (Figure 15).
The assessment of glare showed a statistically significant correlation with the light quality (Kendall’s tau
1=0.372, p=0.007) as well as the light quantity on the desk (t=-0.333, p=0.019), PC screen (t=-0.306,
p=0.033), and dueto daylight (t=-0.481, p=0.000).
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Figure 14. Boxplots of dissatisfaction with light quantity in no-control and user-control condition, based on n=14
(aggregated per participant from six no-control (Cnc) evaluations (n=84) and six user-control (Cuc) evaluations (n=83)
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Figure 15. Boxplots of light quality assessment and perceived glare in no-control and user-control condition, based on
n=14 (aggregated per participant from six no-control (Cac) evaluations (n=84) and six user-control (Cuc) evaluations
(n=83).
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2.3.2.2. Environmental conditions

The environmental conditions were assessed by the participants as part of the extended survey at the end
of each 3-week period, resulting in two evaluations of a no-control period and two evaluations of a user-
control period.

The air quality in the office was rated as satisfying with no significant difference between the user-control
and no-control condition. In both conditions, the office was rated to be a bit too noisy, with no significant
effect of controls. Participants stated in the interviews to be disturbed mainly by people passing by the
open office and having loud discussions. The temperature in the office was rated around neutral, with a
significant effect for controls (p=0.026) with a large effect size (-0.60, Pearson r) when comparing the
average temperature evaluation in the no-control condition to the user-control condition. In both no-
control periods, participants rated the office to be warmer than they preferred, where in the period when
they did have controlthey felt more neutral about the temperature. However, the perceived temperature
ratings of the survey did not show a correlation with the survey results of the perceived level of control
over light people felt they had during the study nor with the satisfaction with the level of control. Results
are shown in Table 5. The change in perceived temperature might be caused by the actual indoor
temperature. The logged average indoor temperatures differed slightly between the conditions being
23.2°C, 22.6°C, and 23.1°Cfor the first no-control, the user-control and the second no-control condition
respectively (including workdays from 8 am to 7 pm, loggers placed on the desks). The 0.5-0.6°C lower
average indoor temperature in the user-control condition was likely caused by the lower sun radiation
hoursin the user-control period compared to the first and second no-control periods.

Table 5. Assessment of environmental comfort during the user-control and no-control condition.

Air quality Acoustics Temperature

(1=very dissatisfied, (1=too noisy, 4=just right, (1=too cold, 4=just right, 7=too

4=neutral, 7=very satisfied) 7=too quiet) warm)

Mean SD Median Mean SD Median Mean SD Median
Cnc(n=142) 5.14 1.379 6.00 3.25 0.753 3.00 4.50 1.056 4.00
Cuc(n=142) 5.14 1.167 5.25 3.50 0.734 3.50 3.96 1.100 4.00

a) Mean aggregated values per participant for two no-control (Cnc) evaluations (n=28) and two user-control (Cuc)
evaluations (n=28)

Table 6. Measured environmental conditions during the first no-control, the user-control and second no-control

conditions.
Average indoor temperature Average outdoor temperature o
. o b Sun radiation [hours] ?
[°C]® [°C]
Cnc— period 1 23.2 12.8 4.5
Cuc— period 243 22.6 8.8 2.1
Che— period 4 23.1 4.4 3.5

a) Based on temperatures logged on workdays from 8 am to 7 pm, measured with HOBO sensors placed on the desks,
b) based on daily average sun radiation data for workdays, KNMI weather station Eindhoven
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2.3.2.3. Mood

At the end of each experimental period, an evaluation of participant mood was included in the extended
survey. Mood was herein evaluated using the dominance, arousal, and pleasure scale of (Russel &
Mehrabian, 1977). Unlike Newsham et al. (2004a) and Boyce et al. (2006a), this study did not show a
statistically significant effect of personal control on the mood of participants. In the interviews, some
participantsindicated to find it difficult to rate their emotional statein the surveys. The reasons given were
the complexity of the emotionalstates described in the survey items, and thefact that they were not used
to reflect on their emotional statein the requested level of detail.

2.4. Discussion

In this study, personal lighting control was evaluated in a shared open office environment by means of a
longitudinalfield study. Thestrengths and limitations of the study will be discussed in this Section.

2.4.1. Profiles

Based on the illuminance values set by the users during the control condition, the office could be divided
into three different brightness zones: zones that are predominantly bright (with luminaire dimming levels
of 90-100%), dimmed zones (with luminaire dimming levels of 0-30%), and intermediate zones (as
illustrated in Figure 11). The set lighting within these zones did not show large deviations outside the
labelled category. This suggests that users within a zone classify themselvesin a light preference category
and perform their control actions consequently in that part of the dimming range, which is confirmed by
the users in the interviews. However, since control is shared, the placement of a zone in one of the
categories can either be the combined preferred lighting of the different users sharing the zone, or the
preference of the more dominant, sensitive, or critical user in the specific zone. In the latter case, the
category placement does not represent the less or non-active user of that zone. Therefore, based on this
study, the classification in the categories is concluded on a zone level, and not for individual users.
Interactions and classifications of individual users are further explored separately (Despenic, Chraibi,
Lashina, & Rosemann, 2017) and will be discussed in Chapter 3.

Two third of the lighting control actions at the start of the day were to dim lighting down, where only little
morethan half of theactions at theend of the day were to dim up. The control actions of the morning were
therefore not only a response of the “typical” end of the day (higher dimming level) setting, but also a
response to a lighting situation created during the day. Additionally, changes were not made daily, and
performed by only a subset of participants.

2.4.2. User satisfaction

The reference condition without light control offered lighting much better in line with the conventional
recommendations regarding task illuminance levels than the condition with light control. However, the
condition in which users were offered light control was evaluated by the participants to have a significantly
better “light quantity” on the desk as well as on the PC screen. This was also expected based on the
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evaluations of Mooreand colleagues (2004 ) in buildings with and without light control, that showed similar
results. In the conditions without controls, users on average evaluated the light quantity to be more
dissatisfying and the office to be too bright for their preference. Even though it is debatable whether
personal control of the task influences the brightness perception of the offices space. The majority of the
control actions were performed when exterior lighting conditions were low, at the start of the day when
users entered the office space, and at the end of the afternoon. It may be argued that the improved
satisfaction with thelight quantity could be caused by just the presence of the controls, regardless of their
usage. As shown by Sadeghiand colleagues (2016), the acceptability of visual conditions can be influenced
by the occupant’s perception of control. However, the shift to lower luminaire dimming levels in the user-
control condition supports the suggestion that the positive effect is not caused by solely the presence of
control.

The condition with user control was also evaluated to have a significantly higher quality of light. Even
though the user-set lighting created dimmed and bright zones in the office space, users did not experience
lighting in the space as unpleasantly non-uniform. They could beinfluenced by the absence of extremes in
luminanceratios or by the wall adjacentluminaires being fixed at the default 60% dimming level duringthe
user-control condition to maintain a sufficient and uniform wall illuminance.

No relations were found between light quantity and quality evaluations and the age of the participants. The
environmental satisfaction and the mood of the participants were not affected by the presence and use of
light controls, neither positively nor negatively. A positive effect was expected based on the studies of
Newsham and colleagues (2004a). Cultural differences could have played a role. Some participants did
indicate to have experienced difficulties with the mood survey items. This challenge could be partially
caused by cultural or personalawkwardness of sharing emotional states in the survey. Despite anonymous
participation in the study, this could be reinforced by the personal contact with the researchers during the
interviews, and the fact that the participants were part of the same organization as the researchers.

Even though a significant difference in temperature assessment was found between the user-controland
the no-control condition, the data does not show the perceived level of control over lights to have an
influence on the perceived temperature. The outdoor climate data showed alower number of sun radiation
hours during the user-control period compared to the no-control period, which could have influenced the
indoortemperature evaluations of the participants.

2.4.3. Conflict or burden

Offering controlto achieve individually preferred lighting, also introduces the risk of disagreement between
users due to different preferred light settings. This disagreement of preferences can cause experience of
conflict. In this study, the experience of conflict, rated by surveys, was limited to two people (out of 14
participants) working in the same zone (zone 5). In the interviews, different participants stated that they
noticed lighting changes when they were made by colleagues as well as having the impression that their
initiated changes were noticed by their colleagues. Small, slow, or gradual light changes were found more
acceptable and in general not perceived as negative by the observer, while fast and large light changes
were less appreciated. This suggests thatthere is a difference between the acceptance of a set light level
and the acceptance of the dimming speed to achieve this light level. In the interviews, none of the
participants stated to have experienced serious discomfort caused by fast or large light changes. It could
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be that it is not the changed light level thatleads to lower appreciation, but the distraction from the office
task caused by the noticed light change.

Participants referred to different indicators in their visual field that triggered them to notice the light
changes. Some participants indicated visible dimming of a light source itself. Others mentioned triggers like
a perceived brightness change in their surroundings, a noticeable change of their desk light level, or a shift
of the selected dimminglevel on their userinterface. Dueto the desk dividersin the office space, asshown
in Figure 6, noticeability of changes at the opposite desks might be limited, e.g., the neighbour exercising
the control action, or a change in the light level at the opposite desk.

Users who intended to set a preferred light level were cognisant of other people in their vicinity. This
consequently influenced their behaviour. Even though these changes were generally acceptable, neutral
comments were still made when observed. This triggered some users to set their preferred light level in a
non-noticeableway, i.e., slowand gradual. A difference might exist in an acceptable dimming speed for the
observerand the user performingthe action, likely influenced by personalcharacter as well.

The size of the control zone may influence the risk of conflict, as was also shown by Moore et al. (2000).
The more people that need to reach a consensus on preferred light level, the higher the risk of conflict
situations occurring. Indications from users in theinterviews showed a diversity in their lighting preference
and sensitivity. Some participants pursued a dark environment by closing the blinds and dimming the lights,
while other participants preferred a very bright environment, orindicated not to have an outspoken lighting
preference. 70% of the participants did indicate to prefer the experienced consensus control over no
control at all.

All participants in this study were at the same corporate hierarchical level. A reporting difference may
influence the perceived conflict of users as well as the tendency to use the controlsin these situations.

Providing users with required social information through the user interface could increase the users’
awareness about their social context. This approach is referred to social translucency or designing for
awareness, and could assist users to better estimate the impact of their actions on others (Erickson &
Kellogg, 2000), to limit or avoid conflict.

2.4.4, User interface effect

Control was offered with a range from 1 to 100% luminaire output (100% corresponding to an average
work plane illuminance of 500 Ix from artificial light when all luminaires are on). In previous studies, it has
been shown that the range of the offered control as well as the anchor point of the user interface to have
an influence on the selected preference of the user (Logadottir, Christoffersen, & Fotios, 2011b). Offering
a different range is likely to influence the preferred absolute illuminance, but the distribution of
preferences between people will stillhold. When the user-control condition was introduced, the controllers
were setat an anchor point of 60%. Some users indicated to be pleased with the extended range they were
offered after the introduction of controls, assuming the anchor point to resemble the default setting of the
no-control condition. Similar to the range of the control, the start position of the control might have
influenced the selected preference. Absolute values of the preferred illuminance should therefore only be
interpreted in the context of this study. Results from Uttley et al. (2013) underpin the assumption that
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even though an anchor point and range do influence the selected light level, they do not influence the
satisfaction of the users with their light preference.

2.4.5.  Limitations of the study

The study of Mooreet al. (2002b) has earlier suggested that people perceive controlasimportant, thatthe
perception of control could be improved through smaller control groups, and with that, the satisfaction
with the degree of control. Luminaire control groups were created perpendicular to the fagade, following
a desk layout that gave neighbouring co-workers an equal level of control. By doing so, it was not possible
to separately controltheareas near the facade from the areas further away from the windows. Even though
the office is only 5.0 m deep, participants sharinga zone were exposed to different lighting conditions due
to different daylight contributions on their task surface. This could have influenced participants to take
greater consideration of each other. A different partitioning of zones could have influenced among others
the satisfaction of the participants with light quantity and the actually selected light levels.

To capture the small anticipated positive shift in user evaluations from neutral or satisfied correctly the
study was designed as a longitudinal study. To deal with the changing outdoor conditions during the study
as well as the effect of introducing or removingthe controls, a counterbalancing study design was chosen.
Due to the summer holiday period and the associated absence of the participants, the experiment started
in September. The reference no-control condition covered the longest days of the study in the first
experimental periodin Septemberas well as the shortest days in the last experimental period in December.
The user-control condition covered the autumn days during the second and third experimental periods.
Offering user-control to participants earlier or later in the year could have influenced the use of the light
controls based on a difference in available daylight.

2.5.  Conclusions

In this study, it was shown that consensus controlimproved user appreciation of office lighting in an open
office, measured by improved satisfaction. Even though the controllable light was shared with colleagues
in the same zone, consensus control resulted in higher satisfaction compared to the condition without
control and a fixed average work plane illuminance of 500 Ix. Higher satisfaction is demonstrated by the
amount of light on the users’ desk and PC screen as well as with the quality of the light when offering
control. In the condition with light controls, the average preferred illuminance values were shown to be
lower than the fixed 500 Ix work plane lighting, resulting in 27.2% lower energy usage by lighting in the
testbed of this study. Consensus control did not introduce a negative effect on the environmental
satisfaction or the mood of the office users.

Users did show different lighting preferences, resulting in a few conflict cases. Preferences were set for the
task but in interviews also expressed regarding the complete office environment, e.g., “I like a bright and
energizing office atmosphere”.

The light changes due to personal control were regularly noticed by co-workers in the space but rarely
rated as disturbing. However, the noticeability did influence users in their choice to adapt the light.
Differences in personal character distinguished users that perform a control action, regardless of others
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noticing it, from users that are more hesitant to express their light preference and avoid control actions
thatare noticed by others.

Based on the lighting preference and personal character, it is hypothesized that users can be subdivided
into profiles. Considering these profiles offers opportunities to limit conflict. This supports the requirement
that automated control systems need to be capable of takingindividuals’ profiles into account, ratherthan
only general information such as the time of day.
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3. Lighting preference profiles of users

This chapter is based on the following publication:

M. Despenic, S. Chraibi, T. Lashina, A.L.P. Rosemann, Lighting preference profiles of users in an open office
environment, Build. Environ. 116 (2017)89-107.

Offices are transforming into multi-user, open space environments to stimulate interactions between
people and optimize the usage of the office space. Due to design practices, lighting systemsin these multi-
user environments are implemented as a regular grid of luminaires that often does not match the furniture
layout. Consequently, purely personal control over general lighting is not achievable in most cases. As a
result, a single luminaire affects several neighbouring desks, creating shared lighting controls and
conditions. Therefore, providing satisfying lighting conditions to everyone becomes a challenge. In this
chaptera first method is proposed for modelling lighting preference profiles of users based on their control
behaviourand preference information. Objective measurements and subjective data obtained in two field
studies showed that users can be profiled based on their control behaviour, regarding the characteristics
activeness, dominance, lighting tolerance, and dimming level preference. The results showed significant
differences between lighting preference profiles of users. In addition, a first method is proposed for
discovering submissive users and triggering them to express their preferences in order to derive their
profiles as accurately as possible. This will help to secure users’ comfort with lighting by offering lighting
conditions satisfying their preference. By knowing the lighting preference profiles of users, the probability
of conflict between users can be predicted and minimized.

44



Lighting preference profiles of users

3.1. Introduction

Offices in modern, commercial buildings are rapidly transforming into multi-user environments that
stimulate a collaborative way of working. Closed offices are converted into open offices, low partitioned
spaces, or flex environments where users do not have assigned workplaces. Furthermore, the Gensler
model, envisioned to enhance user satisfaction and productivity by offering activity-based workplaces is
gaining popularity (Gensler, 2008). Employees make transitions more often between work modes at their
desks and between locations compared to traditional ways of working (Appel-Meulenbroek et al., 2015;
Knoll,2011; Leesman, 2016). Standards provide lighting recommendations to ensure a comfortably lit office
environment (llluminating Engineering Society, 2011; NEN-EN 12464-1, 2011), but they do not take into
accountthatlighting requirements between neighbouring users might differ dueto their mood, activity, or
preference. Providing everyone with satisfying lighting conditions becomes a challenge.

3.1.1.  Benefits of personal lighting control

Several studies showed that lighting preferences of people differ significantly. In a windowless open-plan
office with cubicle workstations, Veitch and Newsham (2000b) evaluated the preferred lighting conditions
of 94 participants when performing office tasks. The study showed individual lighting preferences for
horizontalilluminance to range between 83-725 Ix. In another laboratory study of Newsham and colleagues
(2004a), participants worked in a mock-up office for one day. They had no control over lighting until the
latter half of the afternoon, where they chose desktop illuminances ranging from 116 Ixup to the maximum
achievable 1478 Ix. In the laboratory study performed by Boyce et al. (2000) in windowless offices, 18
participants were offered controllers to dim the light output of the luminaires in a large controlrange (12-
1240 Ix) or a small control range (7-680 Ix). The study showed that for the same task, individuals chose
different illuminance levels. The median workstationilluminance chosen ranged from 110-1230 Ix for the
larger and from 80-630 Ix for the smaller control range. In a later study by Boyce et al. (2006b), 57
temporary office workers spentaday in an office with the freedom to adjust thelighting of the cubicle they
occupied. The study showed individual preferences to range from 252 to 1176 Ix. A longitu dinalfield study
of Moore et al. (2003b) included 45 office workers in four different buildings in the UK, where occupants
were able tovary theilluminance on their workplace. The study showed a mean daily workplaceilluminance
of 288 Ix, with individualaverages ranging from 91 Ix to 770 Ix.

Due to the broad range of individual lighting preferences, it is a challenge to create satisfactory lighting
conditionsin a multi-user space by providing fixed lighting conditions to all users. With a fixed illuminance
level installation, Boyce and colleagues (2006b) demonstrated that only up to 65% of occupants would be
within 100 Ixof their preferred illuminance. This percentage can be increased by providing personal lighting
control for office users.

Benefits of personal control are not limited to satisfaction of individual illuminance preferences. Studies
have shown that when users can adjust the illuminance level on their desks, it has a positive effect on their
satisfaction with the overall environmental conditions (Boyce, Veitch, Myer, & Hunter, 2003; Lee & Brand,
2005; Moore et al., 2004; Newsham & Veitch, 2001; Newsham, Veitch, et al., 2004a; Veitch et al., 2007;
Veitch, Charles, Newsham, Marquardt, & Geerts, 2003; Veitch et al.,, 2010; Veitch, Geerts, Charles,
Newsham, & Marquardt, 2005), with lighting quantity and quality (Boyce et al., 2006a), on mood,
motivation and vigilance (Veitch et al., 2008), and on their productivity (Boyce et al., 2006a; Newsham,
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Veitch, et al., 2004a; O’Brien & Gunay, 2014). Besides, occupants who have more opportunities to adapt
their environments to their own needs will less likely experience discomfort (O’Brien & Gunay, 2014).
Having a workspace without some degree of control over the environment leads to increased discomfort
and stress (Vischer, 2007). Therefore, personal control for office lighting is believed to enhance users’
satisfaction and comfort in modern office buildings.

3.1.2.  Challengesin open office environments

Due to the design practice for office lighting systems, multi-user environments are commonly deployed
with aregular grid of luminaires that often does not match the furniture layout. Subsequently, in mostopen
office spaces it is not possible to offer desk specific lighting when only using the ceiling mounted general
lighting system. A single luminaire would in many cases influence several neighbouring desks, thus the
lighting conditions as well as the lighting controls have a shared nature and are referred to as consensus
control. The common practice for controlin such cases, is to combine luminaires into control groups, such
that all luminaires in one control group act as one. Multiple users get shared control over a group of
luminaires affecting their desks. Analyses of 14 open-plan offices by Moore et al. (2002a) showed that
occupants becomeincreasingly reluctant to make changes to the lighting as control groups become larger.
The researchers suggested that the control group size should be as small as possible, to enhance user
satisfaction and maximize the benefits of lighting control, while equally empowering users. The follow-up
study showed that even when sharing controls, the majority of users experienced a benefit of having
controls (Moore et al., 2004), with satisfaction with lighting quality and quantity rated higher than in
situations without control. In afield study evaluating personal controlin an open office space, similar results
for improved lighting quality and quantity were demonstrated (Chraibi et al., 2016). However, a small
portion of theusers did indicate to have experienced difficulties in finding consensus with colleagues in the
same control group, due to opposing lighting preferences. If preferences of different people that sharea
system do not align, conflict can come to exist. Conflict is defined as “the interaction of interdependent
people who perceive opposition of goals, aims, and values, and who see the other party as potentially
interfering with the realization of these goals” (Easterbrook et al., 1993).

When asked to express a preference at the end of the study, 10 out of 14 users opted for shared controls,
one preferred a situation without controls, and 3 did not express a preference.

The difficulties in finding consensus might be caused by differences in individual preferences for lighting as
shown in the previously mentioned studies. In interviews, users who participated in the performed
preference study (Chraibi et al., 2016) indicated preferences ranging from bright light, which made them
feel more energized, to dimmed light, which was more relaxing for their eyes. A group of people indicated
not to have a specific preference beyond being able to perform a visual task. Some indicated not to be
critical towards a light level, and some indicated to more quickly experience discomfort glare than their
colleagues. Influenced by the users’ character and sensitivity to light, a difference might exist in how critical
users are in their selection of preferred lighting. User data logs of the light controls demonstrated different
ranges of illuminances that users accepted without initiating a change. Some users showed a broad range
of selected luminaire dimminglevels, while others demonstrated more invariable choices. Similar to what
was shown by O’Brien and Gunay (2014), a conflict avoiding behaviour was observed in the study of Chraibi
et al. (2016). Some users would not perform a lighting control action to avoid potentially interfering with
the preference of their neighbours, eventhough the experienced setting did not match their personal
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preference. Some users used small steps in their control actions so that present colleagues would not
observe the change, others performed actions when colleagues were absent. O’Brien and Gunay showed
that people are greatly affected by the presence of others when considering taking actions that might cause
discomfort to colleagues. Differences in people’s personalities can also influence how they interact with
their environmentin the office. Some people might be more dominant or vocal and feel less hesitation to
express their preferences, while others might showa more conflict avoiding behaviour.

3.1.3. Research motivation

Personal characteristics are believed to influence users' preferred and selected lighting, when given a
choice. Various studies evaluated occupants’ lighting preferences and the effect of their personality on
interactions with lighting systems (Heydarian, Carneiro, Gerber, & Becerik-Gerber, 2015; Heydarian et al.,
2016). Newsham and colleagues (2008) showed that there is a great variation within individuals around
their preferred illuminance values, and many participants chose illuminances that differ by more than 25-
50% at various times of the day. Boyce and colleagues (2000) also found a large difference between
occupants’ control behaviour.Some people adjustilluminance levels a little, while others adjust illuminan ce
levels overthe entire availablerange. The frequency of adaptive measures significantly decreases in shared
offices compared to private offices, due to occupants’ timidity to take adaptive actions that would
potentially disrupt the comfort of others (O’Brien & Gunay, 2014). Moore et al. (2000) showed, people who
experience conflict to have a decreased satisfaction with lighting quality and to be more likely to avoid using
controls than those who do not experience conflict. This study of Moore and colleagues also showed that
stronger personalities dominatein conflict situations.

Based on light preference data of users, obtained in two field studies, users are profiled based on their
activeness, tolerance, dominance, and preference for personal control and lighting level.

Itis hypothesized that intolerant users (with regard to deviation from their light level preference) will be
more active to achieve their preferred lighting, unless they are submissive in relation to their neighbours
in the same luminaire control zone. In those situations, the risk of dissatisfaction is high. Tolerant users,
who will prefer a broad range of selected illuminance levels, are expected to be less active in their lighting
control behaviour and will have a lower risk of dissatisfaction. Submissive users are expected to be in
general less active than dominant users, due to their conflict avoiding character.

Based on the zone luminaire output and the lighting preference profiles of the users occupying a control
zone, the control zones can be classified. Knowing the control zone classification allows for automatic
evaluation of the users’ satisfaction. Subsequently, viaappropriate controlactions, users’ satisfaction with
the lighting conditions in that zone can be enhanced. This knowledge also allows the prediction of potential
conflict between users in the same control zone and to facilitate the process of making consensus choices
to improve overall user satisfaction.

Inthis Chaptera first method is proposed for modelling lighting preference profiles of users and classifying
control zones based on users’ control behaviour, to be able to offer satisfying lighting to a group of users.
Cases thatrequire additional feedback from the users are explored to secure or enhance users’ comfort.
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3.2. Methodology

In 2013 and 2014, two field studies have been conducted in an open plan office to evaluate whether
benefits of personal control would still be observed when applied as consensus control in an open office
environment (Chraibi et al., 2016; Lashinaet al., 2019). In these studies, objective and subjective data was
collected concerning the experienced lighting environment and the usage of the individual light control
devices. Both studies were conducted as field studies to explore and validate user benefits of using lighting
controls in a realistic setting. A longitudinal design allowed social dynamics to evolve during the course of
the studies.

3.2.1. Testbed

The two field studies were conducted in an open office with a south facing facade and located on the 4t
floor of an office building in the Netherlands. Figure 16 shows a schematicrepresentation of the open office
testbed. The fagade consisted of four segments of 2.5 m high and 3.2 m wide windows. For daylight and
direct sunlight management, the testbed provided motorized internal as well as external blinds. The
external blinds could be set to manual or automatic control mode, and the internal blinds could only be
controlled manually. The internal as well as the external blinds were divided in four controllable segments
mapped to the windows, with windowsill mounted control interfaces per segment. The interfaces for the
segments were for general use and the control means for the blinds did not change during the test. The
external blinds were lowered automatically when the rooftop light sensors detected illuminances higher
than 16000 Ix and raised at fixed times (9 pm) or when the wind speed exceeded 30 km/h. The external
blinds were operated in both modes but were observed to mainly be operated manually throughout both
studies, primarily by the participants adjacent to the windows. The participants worked in their normal
office environment. There were no instructions or other mentions of the (manual) blind control to ensure
thatall participants would keep interacting with the space the same way they normally would.

As in most open office spaces, due to the office layout and the predefined grid of luminaires, it was not
possibleto offer truly personal controlover a luminaire to each user. To give the participants equal sense
of control, luminaires were combined into control zones, such that one control zone would be offered to
the smallest possible number of users as suggested in (Moore et al., 2002a). This resulted in combining two
luminaires per zone, shown in Figure 16, leadingto a total of 6 controlzones with 2-3 users per zone. With
this design, the control of lighting is not personal, but labelled as consensus control.

To implement the testbed, an existing lighting installation with 16 TL5 49W lamps, was modified in
accordance with the study requirements. All 16 lamps were equipped with DALI high-frequency dimmable
ballasts (Philips TD 1 28/35/49/54 TL5 E,) to allow dimming of the luminaires in the six control zones. The
12 central luminaires were controllable by user interfaces. The outer four luminaires adjacent to the walls
were kept at a fixed light output to maintain sufficient and uniform wall luminance. This was done to avoid
sharp contrasts on the walls that could result from daylight entering the office, since sharp contrasts were
shown to negatively influence the overall space appraisal (Wright et al., 1999). Combined light and
occupancy sensors (Philips PLOS-CM-KNX) were mounted on the ceiling next to each of the 12 central
luminaires. The lighting in the entire space was switched based on occupancy controls. When the first
person entered the office, all lights turned on. After the last person left the office, all lights turned off with
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a settime delay of 30 minutes. In both studies, participantswere offered personal userinterfaces to control
the lighting of their zone.

) External blinds
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personal light control illuminance and motion sensor

Figure 16. Schematic representation of the testbed in the open plan office. The green rectangles represent the
different control zones, with two luminaires in each zone. In study 2, two additional desks were placed in the office
space, visualized in the bottom right corner.

3.2.2.  Study design

The data included in the analyses is based on the study conditionsin which the participants were offered
lighting controls, commissioned with a “memorizing” system behaviour (October 21% untilNovember 29%,
2013 and October 27" until November 14, 2014). During the “memorizing” personal control conditions,
the default dimming level of the 12 controllable luminaires was set to 60%. This created an average desk
illuminance of 300 Ix by artificial lighting with the ability to be changed by each participant. Escuyer and
Fontynont (2001) showed that in presence of daylight, users who work behind computer screens prefer
illuminance levels between 100 and 300 Ix. Mooreet al. (2002a)showed that the higher the percentage of
time office users spend behind acomputer screen, thelower therecorded selected deskilluminance, being
onaverage 300 Ix. Theresults ofa study performed by Reinhart and Voss (2003) showed that the probability
of manually switching on lights decreases below 0.1 when 300 Ix is offered to users. In accordance with
these findings and provided that the participants spent most of their time on screen-based tasks, the
default desk illuminance was set to 300 Ix. Participants could change the artificial lighting in their control
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group in a range from off (study 1) or 1% (study 2) to full luminaire output (leading to an average desk
illuminance of 500 Ix). The luminaires within every control group stayed at the previously set dimming level
until the next control action was performed. The dimming level could be overwritten by every user in a
zone, at any pointin time. After a change was made, the userinterface was updated to presentthe current
dimming level of the control group. At the end of each day, the last user-selected dimming level was
memorized by the system and restored in the zone upon detection of presence the next day.

Besides the “memorizing” user-control condition, study 1 also included a reference condition, in which the
participants did not have lighting control. The reference condition of study 1 was designed at the start of
the study (August 5™ till October 11™, 2013), and repeated at the end of the study (December 2" till
December 20™, 2013). During the reference condition, all luminaires were set at 100% output delivering an
average illuminance of 500 Ix on the desk surface, measured excluding the daylight contribution. In study
2, besides the reference and “memorizing” user control condition, three additional conditions with
different control strategies were explored and evaluated (Lashina et al., 2019). Study 2 started with the
reference condition similarto the reference of study 1 (July 28" till August 22",2014), luminaires delivering
an average illuminance of 500 Ix, but with the use of daylight harvesting, dimming luminaires when due to
daylight contribution the desk levels exceeded this minimum value. This was followed by a second
reference condition (September 1% till September 19, 2014), where all luminaires were set to deliver a
minimum illuminance of 300 Ixaverage on the desk surface, measured excluding the daylight contribution.
Using daylight harvesting, luminaires were dimmed when due to daylight contribution the desk levels
exceeded this minimum value. Besides the “memorizing” user-control conditions, a “forgetting” user-
control condition (Sep 29™till October 17, 2014) was experienced, where the user set dimming level was
reset daily. The study was ended with a “set-point controlled” user-control condition (November 24 till
December 12, 2014), where the users’ control actions adjusted the set-point of the daylight harvesting
system. In between conditions, ‘transition weeks” were designed in the protocol. Figure 17 shows the
complete study timelines together with the periods of the study protocolincluded in this analysis. Results
of the other conditions are presented separately in (Lashina, Van der Vleuten-Chraibi, et al., 2019).

Instudy 1, each participant had a widget installed on their PCas well as aniPod Touch device on their desk,
both running a light control application (Figure 18a). The application visualized a slider to control zone
lighting from 1% to 100% of the maximal luminaire output, and a button to turn lights off. In study 2
participants received an iPod Touch device with a comparable light control application, to control zone
lighting from 1% to 100% ofthe maximal luminaire output (Figure 18b). Incorporatingthe usability feedback
of study 1, the user interface was updated for study 2, leaving out the “off” button. The perceptible step
between the lowest dimming level of the luminaire group and the off-state was perceived as too large.
Users also felt resistance to initiate well perceivable light changes orto create “dark” ceiling spots, believing
that their co-workers would not appreciate this. Dueto the limited use, the button was notincluded in the
updated controller of study 2.
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Study 1 timeline (Aug-Dec 2013)
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Figure 17. Timeline of study 1 and 2 with used datasets marked, upper bar representing the complete study timeline
with all conditions, lower bar zooms in on the analysed “memorizing” conditions of both studies.
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Figure 18. Light control application of study 1 on aniPod Touch and a widget (a), and of study 2 on an iPod Touch (b).
3.2.3. Measurements

The objective measures consisted of datalogging from the luminaires and the user interfaces. During both
studies, log files were created of the light output of the luminaires (logged every 1-minute). These are
translated into logs of the relative light output, where 100% represents an average desk illuminance of 500
Ix from electric lighting, excluding the daylight contribution. The relative light output of the luminaire will
be further referred to as the dimming level. Log files of the user actions consisted of the user-selected
dimming level, ranging from 0-100% in study 1 and 1-100% in study 2. The first week of user-control,
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labelled as ‘transition week’ in Figure 17, has been excluded from the analyses due to a novelty effect.
During the ‘transition week’, users experimented with controls much more, resulting in a deviation in the
behaviour with the controls compared to the rest of the user-control condition. User actions were initiated
by the users themselves, thus no predefined logging rate existed. Actions were logged at the momentthey
took place. Since users often performed several actions per minute while trying to find the appropriate
lighting conditions, actions within a time window of five minutes were filtered out. The assumption is made
that only the last user action represents the preferred illuminance. Only these last actions are included as
meaningful data points for further processing.

The subjective data used for the analyses has been collected via online surveys andinterviews. During the
entire length of both field studies, usersfilled in surveys on a weekly basis. Survey questionswere presented
in English with a Dutch translation underneath each item. The survey questions regarding the perceived
light quantity and the frequency and degree of conflict, dueto the use of the shared lighting controls, were
adopted from Moore et al., (2000). The participants were asked to evaluate the light quantity from the
artificial lighting on their desk on a 7-pointscale, ranging from ‘too little’ to ‘too much’. Besides using the
scale to analysewhether lighting was experienced as brighter or darker than preferred, the assessment of
light quantity is recoded into four rather than seven steps, allowing for an overall assessment of
dissatisfaction with the quantity of light. This approach was chosen in alignment with the approach of
Moore and colleagues (2004), in which the extremes of ‘too little’ and ‘too much’ are translated into ‘very
dissatisfied’, the ‘just right,” middle point into ‘satisfied’, and the steps in between into ‘somewhat
dissatisfied” and ‘dissatisfied’. These satisfaction ratings are used as additional input to derive the
preference profiles for cases with limited user controlactions.

At the end of each experimental period, after 3 or 4 weeks (see Figure 17), an interview between each
participantand one ofthe researchers allowed for further elaboration on what was capturedinthe surveys.
All interviews in both studies were conducted by three researchers. Each participant was interviewed by at
least two different researchers during the study to avoid limiting the data to the perspective of only one
researcher. Interviews delivered complementary qualitativeinformation used to understand the data and
the obtained results. In the interviews, participants were implicitly asked to describe their lighting
preference relative to their colleagues. Notes of interviews were systematically digitally logged after each
interview, structured based on the general topics such as blinds, artificial lighting, and controls. Data of the
interviews was analysed by marking key phrases in the data set, after which concepts were identified which
could be named and clustered in categories, an approach very similar to the Grounded Theory
methodology. Data of the interviews is used to complement the quantitative and objective data and is
presented in this Chapter together with the derived profiles based on objective data.

3.2.4. Participants

The number of participantsin the study was limited to the capacity of the testbed. In study 1 agroup of 14
administrative workers was relocated to the testbed for the study duration. The participants were offered
fixed workplaces in the open plan office with 14 desks (Figure 16). The participants ranged from 30 — 65
years of age (mean=48.6,SD=9.49), and consisted of 3 females and 11 males. They worked on their actual
job tasks while experiencing the study conditions. As part oftheinclusion criteria, participants were pres ent
in the office during the majority of their work time. For this experiment, this amounted to at least three
days a week and at least four hours a day. Most of the participants worked eight hours a day, excluding
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lunch breaks. Working hours varied between 7:30 am and 6 pm. The participants were naive regarding
lighting knowledge, and they were at the same corporate hierarchical level. All participants were Dutch-
speaking (as a first or second language) and had good English reading and speaking skills, therefore they
had no linguistic barriers for interaction.

Due to the relocation of organizational departments, in study 2 a second group of office workers was
allocated to the testbed, which had 16 workplaces (Figure 16) at the time of study 2. 14 subjects
participated in the study, and all had a fixed desk position. The remaining two desks, located in zone 4,
were used by employees with limited presence. These users did not participate in surveys or interviews but
were provided with a device for light control. Prior to the study, most group members did not share an
office togetheror workin an open office. The group included participants ranging from students to senior
employees, but none of the participants had their organizational superiorin the subject group, to rule out
possible conflict avoiding behaviour arising from such a situation. Participants of study 2 ranged from 25—
65 years of age (mean = 44.3,SD =11.58), and consisted of one female and 13 males. Similar to study 1,
the participantsin study 2 maintained their working habits and conducted their office tasks as usual while
experiencing the study conditions. The participants had no lighting or perception domain knowledge.
Thirteen participants were Dutch-speaking (as afirst or second language). All participants had good English
reading and speaking skills, including the employees with limited presence that were excluded from the
study.

In both studies, the study design and objective were not shared with the participants beforehand. The
participants were informed to be part of an evaluation regarding their experience in the open office, and
would receive study details afterwards, to avoid subject bias. Participants were briefed aboutthe lighting
control option at the moment they received the user interface. Prior to the user-control condition,
participants experienced a reference study condition without user control over lighting, as discussed in
Section 3.2.2. During this baseline period, the participants (n = 28) could get used to the office and their
neighbouring colleagues, before the lighting controls were introduced. Prior to the study, the participants
were only acquainted with the control possibilities of the external blinds. Both studies were submitted to
and approved by an ethics board prior to execution of the research.

3.2.5.  User profiling

Profiling of usersis suggested to be performed based on their light preference and control behaviourin the
following ways:

e Activeness —The level of activity of each user can be determined based on the number of user control
actions. The user’s control actions are a good basis to derive the user’s preference profile. Havingonly
a few control actions of a user, makes derivation of the user’s profile difficult.

e Tolerance—Atolerant user will select a broad range of illuminances meaningthat he can work undera
larger variety of lighting conditions. Contrarily, an intolerant user will demonstrate a more consistent
preference for illuminance levels. When weighing users’ light preference profiles to offer satisfying
lighting to multiple users, the tolerance of the users should be considered. The preference of an
intolerant user asks for a higher weight, meaning thatthe proposed illuminance level should be shifted
towards the light preference profile of the intolerant user. Users with a high tolerance will less likely
experience conflict.
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e Dominance—Dominance is observed via the correlation between a user’s preferred illuminance level
and the prevailing luminaire output in that zone. The dominance of a user can be determined as a
fraction of time the luminaire output matches the illuminance level set by that user. If the output of
the luminaire is set according to the user’s preference for most of the time, the user is dominant in
that control zone. Submissive (non-dominant) users are intimidated by others and manifest conflict
avoiding behaviour, resultingin not changingthe illuminance level even when dissatisfied.

e Preference— The dimminglevel preference of a user is the controlsetting that is most comfortable to
that user, leading to the highest satisfaction with lighting conditions. Having opposing lighting
preferences in one controlzone mightintroduce dissatisfaction of the users and pose a risk of conflict.

Users’ activeness and dominance with the controls both distinguish two categories of users, the active
versus the inactive user and the dominant versus the more submissive user. For tolerance and dimming
level preference the number of categories are unknown. Therefore, classification of users regarding these
features is done by unsupervised learning, using the K-means clustering algorithm (Lloyd, 1982), to infer
the clusters by properly describing a hidden structure of unlabelled data. An elaborate description of the
methodology used to infer the clusters as well as the methodology used to validate rightful placement of
each data pointis publishedin Appendix A (Despenic et al., 2017).

3.3. Results

Users are classified based on their personal control behaviour. Classification of control zones is based on
the user profiles and the luminaire output data of that zone. It takes quantitative data into consideration
and compares it with the results obtained through surveys and interviews with the participants in the
studies.

3.3.1. Activeness

Each individual user’s level of activity can be determined based on the number of user control actions
performed. The assumptionis madethata user can be labelled as active if enough inputis provided by him
to derive the profile. An inactive user will show a lower frequency of control actions, which makes the
derivation of the profile more difficult.

The proposed method assumes thata user’s profile can be derived if a user provides more than two control
actions within a given timeframe. This would include an expression of a preference by a first action as well
as a reflection on this first action by further actions. Together, these pieces of information form a basis to
determine preference and tolerance of a user. If the number of control actions of a user is greater than
two, a user is classified as active, otherwise, a user is classified as inactive (Table 7). In this analysis, the
timeframe concerns the included week with “memorizing” system behaviour, being six weeks in study 1
and three weeks in study 2.
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Table 7. Classification of active and inactive users

User type Per timeframe
Active n control actions >2
Inactive n control actions <2

The histogram of each user’s control actions during study 1 and study 2 is represented in Figure 19. The
threshold value of two is used for separation of users into the two categories, which is visualized by the
solid red line.
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Figure 19. Number of users’ control actions in study 1 (left) and study 2 (right) within the control zones.
Discrimination of users’ classification as inactive or active is presented by the solid line.

As shownin Figure 19, the population consisted of 14 active usersin study I and sixactiveand eightinactive
usersin study 2. Someusersin study 2 (IDs 7, 8,9, 13, 14, and 15) did not perform any controlaction in the
study period included in this analysis. Users with ID 7 and 8 were provided with a device for light control,
butdid not participate in the experiment, as mentioned in Section 3.2.4. Hence, their inputis not included
in the analysis.
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3.3.2. Tolerance

For classification of users regarding tolerance, the standard deviation of their selected dimming level is
used. It is assumed that offering an illuminance level far from a user’s preferred level would decrease the
satisfaction of this user. The standard deviation of selected dimming levels is defined as a measure of
tolerance showing how broad the range of preferred illuminance levels is. A tolerant user is expected to
accept a broad range of selected illuminance levels meaning that he will perform his work under a larger
variety of lighting conditions, without taking an action to adjust them. An intolerant user is expected to
demonstrate more consistent choices of preferred illuminance levels resulting in a narrow range.

Forobtaining the number of categories of tolerance, the combined data from study 1 and study 2 are used.
An ANOVA test is performed to confirm the homogeneity ofthe data in both studies and justify combining
the data sets (F = 0.0464 and p = 0.8314). Using the K-means clustering algorithm, two categories of
tolerance are derived, the tolerant and the intolerant user (Despenic et al., 2017). Boxplots in Figure 20
present the clustering results of the data, based on the standard deviation of the selected dimminglevels
of the users (n=24). The crosses represent the centres of each cluster. The midpoint between the centres
of the clusters is marked with the discrimination line, representing the standard deviation value of 23% for
discriminating between the two tolerance categories (Table 8).
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Figure 20. Clustering tolerance in tolerant and intolerant users, based on the standard deviation of users’ selected
dimming levels during study 1 and study 2, using the K-means clustering algorithm as described in (Despenic et al.,
2017).

Table 8. Classification of tolerant and intolerant users

User type Per timeframe
Tolerant SD selected dimming level > 23%
Intolerant SD selected dimming level < 23%

The tolerance of the users in study 1 and study 2 is shown in Figure 21. A standard deviation below 23%,
classifies a user as intolerant, while a standard deviation above 23% classifies a user as tolerant. In study 1,
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there were seven intolerant and seven tolerant users, while in study 2, sixintolerantand four tolerant users
were observed. The remaining four participants of study 2 did not provide any controlinput to derive their
tolerance level.
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Figure 21. Tolerance of each user based on the standard deviation of the user’s selected dimming levels in study 1
(left) and study 2 (right). The solid line represents the discrimination line between tolerant and intolerant users.
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3.4. Discussion

In this study, data of two field studiesis used to determine users’ lighting preference profiles based on their
lighting controlactions. In this Section, the strengths and limitations of the study will be discussed.

3.4.1. Population size

To be able to classify users according to their activeness, the datarelated to the whole population of users
(n=28)was used. Analyses related to the users’ tolerance levels and preferred illuminancelevels are based
on a population of 24 users from both studies, since in study 2, four users did not perform a single control
action during the analysed periods, and a classification of those cases could not be done. The dominance
of a useris classified relative to the other users in that zone (n = 2-3)since the characteristic is relative to
the dominance of the specific users with whom a zone is shared. Therefore, it cannot be analysed based
on the whole population of users who participated in the studies.
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3.4.2.  Classification

The values of classification thresholds are derived based on the data obtained in these specific studiesand
could havedifferent values for a different population of users. However, a general approach for clustering
and classification is presented here that could be applied to any population of users. Since the dominance
of a user is determined relative to the other users within the same control zone, it can only be analysed
based onthe data obtained in that very zone, as previously mentioned in Section 3.4.1. Therefore, it would
be inappropriate to perform clustering in order to determine the number of dominance categories in a
general manner, because the analysis would be based on data from all controlzones in both studies.

The proposed classes for activeness, dominance, and tolerance represent general categories and are
believed to be invariant to the analysed study. Depending on the dataset the distribution of users within
the categories will differ. For the preference classification, in a situation where artificial lighting could
deliver more than 500 Ix on the desk, a wider range of possibleilluminance levels might lead to additional
categories. More preference classes mightlead to a higher risk of conflict (see Figure 27).

It is hypothesized that intolerant users, who prefer a narrow illuminance range, will be more active to
maintain their preferred lighting unless they are submissive in relation to their neighbours in the same
luminaire controlzone. Tolerant users, who prefer a wide illuminance range, are expected to be less active
in their lighting control behaviour and will have a lower risk of dissatisfaction. The classification results
togetherwith theresults from the questionnaires showed thatamong 28 users, 12 users were tolerant, 13
were intolerant and for three users (IDO, 14 and 15 in study 2) the tolerance level could not be determined.
Tolerant and intolerant users performed approximately the same number of control actions (75 and 72,
respectively) which rejects the initial hypothesis that intolerant users will be more active.

Furthermore, it was assumed that submissiveness would suppress users to perform controlactions due to
their conflict avoiding behaviour. There were 17 submissive and 11 dominant users in both studies, who
performed in total 61 and 88 controlactions, respectively. The average number of actions per user in case
of submissive users was 3.6, while in case of dominant users, it was 8 actions per user, supporting the
original hypothesis. Thisis also in accordance with findings of previous studies (Moore et al., 2000; O’Brien
& Gunay, 2014).

3.4.3.  Objective versus subjective preference labels

Table 11 presented the subjective, self-assessed preference labels of the users, as well as the preference
labels derived from the objective measurements. The self-assessed labels, obtained from the interview
data, deviate in some cases from the labels derived from the objective measurements. The preference
labels are based on calculated thresholds using the objective measurements. In contrast, users do not
categorize themselves using similar thresholds but have their own way to describe their preference. The
self-assessed labels were often based on personal experiences when performing visual tasks. The majority
of the cases do show a match, which suggests that users do possess self-knowledge of their lighting
preference when classifying it in the presented three categories i.e., low, medium and high perceived
brightness preference. This also corresponds to the clustering results. Some users did describe their light
preference in the interviews but did not perform any control actions in the analysed period. Their
preference description could be based on the experienced lighting condition during the study but might
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also be based on these users’ previous experiences. By asking these users for additionalinput in the form
of their satisfaction with lighting conditions and/or preferred light level, their preference can be classified.

By taking the perceived light quantity and satisfaction with lighting conditions into account, a better match
between self-assessed and derived preference labels is found (see Table 11 and Table 12). As explained in
Section 3.2.3, in this study satisfaction with lighting conditions is obtained from the recoded ratings into
the 4-point scale ranging from ‘very dissatisfied’ to ‘satisfied’. This confirms that these inputs represent
valuable information when profiles of inactive users cannot be derived purely based on their control
behaviour.

3.4.4.  Experienced conflict

In the presented analyses, it is assumed that conflict has the highest probability within the user’s control
zone. By measurements of the desk illuminances in the office, it is confirmed that the zone lighting has a
sizeable influence on the desks illuminances within the zone beyond daylight. However, this does not
exclude the possibility that conflict might occur in the user’s visualfield beyond his own controlzone.

As illustrated in Figure 25 and Figure 26, users with ID 5 and 6 in zone 3 in study 2 shared to have
experienced moderate levels of conflict quite frequently, which is confirmed by their zone classification
(see Table 12). However, the users with ID 10,11 and 13 in study 1 located in zones 5 and 6, respectively,
also indicated to have experienced conflict, which is not reflected in the classification results. In the
interviews, these users confirmed to have matching preferences with the neighbours in their own zones
but opposing preferences with users in the adjacent zone as presented in Section 3.4.8. The analysis of
conflict between zones is out of the scope of this analysis.

3.4.5. Limitations and possible improvements

In these studies, individual presence information of users was not available. Lighting was controlled based
on overall occupancy of the office space, as explained in Section 3.2.1. Therefore, it was not possible to
determine what lighting conditions each user actually experienced during the study. Having presence
information would help to generate the preference labels moreaccurately and better distinguish between
user’s preference and acceptance. An illuminance level set by a particular user is clearly recognizable as his
preference. If a user experiences an illuminance level set by his zone neighbours, the presence of his
colleagues influences the interpretation of this data. If a user is alone in a control zone, without any social
obstacles to change lighting, the illuminance level of the zone is assumed to represents the user’s
preference, regardless ofthe action holder. Ifa useris not alone, the prevailingilluminance level represents
theuser’sacceptance, but might notbehis preference. Distinguishing between acceptance and preference
helps to recognize submissive users. Accepted lighting conditions that differ from a user’s preference are
an indication of submissiveness.

Anotherlimitationis that a group action as a result of an agreement between multiple users is used as input
to determine the preference of the user who performed the action. Verbal agreements reflecting the
preference of multiple users are not identified. With individual presence information, this action could be
identified as acceptance of the other users and preference of the user performing the action. Having
additional information based on individual presence would provide more detailed information on each
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classification. This could lead to fewer cases where additionalinput from the users is needed, as suggested
in Section 3.3.6.1. However, thelimited data does showthat from the users’ lighting control actions, user’s
satisfaction with lighting conditions can be still evaluated and risk of conflict between users can be
predicted.

In the here presented methodology, preference labels are derived based only on user’s lighting control
actions and luminaire output data and are independent of contextual and environmental data. Using this
method, preference profiles could be determined without additional sensor data. However, people could
have different preference depending on aspects such as the time of the day, weather conditions or
presence of colleagues in the control zone or office space. The blinds control and with that the available
amount of daylight can have asignificant influence on the choice of artificial lighting condition. The profiling
of the specific users could be different in situations with more or less daylight due to blinds control, e.g,,
by triggering people to be moreactive if the space has less daylight.

Inthe presented methodology, the activeness is determined based on a proposed threshold of two actions
per user. It is arguable whether reliable classification needs more data points. Additional evaluation is
needed to assess the error in profiling based on this limited number of actions. However, with a higher
threshold for activeness, the proposed method stays identical, only more users might be asked for
additional satisfaction data, resulting in a more reliable classification.

In the performed analyses, the conditions with a similar “memorizing” system behaviour are included. In
study 2 personal control was, besides “memorizing”, also offered in conditions with “forgetting” and “set-
point controlled” system behaviour. Including the user’s behaviour during those conditions leads to the
same classifications for six of the users. Six users that are profiled as inactive based on the “memorizing”
data, showactive control behaviourin one or both other conditions. For most users this does not influence
their tolerance, dominance, or perceived brightness preference labels. Two users that are profiled as active
based onthe “memorizing” data, were inactivein one or both other conditions. The zone classifications are
not different when considering the data of the other conditions.

The number of participants in the study was limited to the capacity of the testbed. A larger group of
participants would further strengthen the proposed classification approach.

It can be observed that profiles of the users significantly differ from each other even for usersin the same
control zone that experienced similar environmental conditions. This confirms that satisfactory lighting
conditions cannot be obtained by providinga fixed illuminance level for all users and that there is a need
to take users’ profiles into account when offering lighting. Knowing the profiles of the users in the space,
offers the possibility to increase the satisfaction of users by automatically considering their personal as well
as their neighbours' preferences.

3.4.6. Dominance

The dominance of a user is relative to the other users in that control zone. The dominance can be
determined by the fraction of time the luminaire output matched the dimming level set by each user. If the
user is dominant, the outputlevel of the luminaire in the user’s control zone will be set in accordance with
the user’s preference for most of the time. A more submissive user would hesitate to change the
illuminance level even when dissatisfied with lighting conditions.
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The threshold for discrimination between dominant and submissive users is chosen as the fraction of the
number of users within a control zone. For a zone with 3 users the threshold would be 0.33, for example.
Whenthe user’s set lighting prevails in his control zone, the user is classified as dominant. Fora submissive
user, the set lighting will remain unchanged for a relative time below the threshold (Table 9).

Table 9. Classification of dominant and submissive users

User type Fraction of time
Dominant t rel,user_set_lighting > threshold
Submissive T rel,user_set_lighting < threshold

Figure 22 represents the relative time the output of the zone luminaires had a dimming level set by each
user in study 1 and study 2. Based on this classification, the populationin study 1 consisted of six dominant
and eight submissive users, and in study 2 of five dominant and nine submissive users among 14
participants. Users with IDs 9, 13, 14 and 15 in study 2 did not provide any input during the study and
therefore, it is assumed that they were equally submissive.
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Figure 22. Fraction of time the output of the luminaire had a dimming level set by a certain user in study 1 (left) and
study 2 (right) in a corresponding control zone.
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3.4.7. Preference

For the dimming level preference analysis, it is assumed that users select illuminance levels that they find
comfortable and most satisfying. This is confirmed by the interviews with users. Each user’s dimming level
preference is calculated as a mean value of the user’s selected dimming levels directly resulting from this
particular user’s controlactions. The selected dimming levels are used as input for the preference ofa user,
regardless of the time the set dimming level prevailed in the zone. A group action as a result of an
agreement between multiple users is only used as input to determine the preference of the user who
performed the action.

Forobtainingthe number of categories of preference, the combined data from study 1 and study 2 is used.
Similar as for tolerance, an ANOVA test is performed to confirm the homogeneity of the data. The results
confirmthat the data from both studies is homogeneous (F=0.00021 and p=0.9886) and can be combined
for derivation of the preference labels (Despenicetal., 2017).

Using the K-means clustering algorithm, users are categorized to have a low, medium, or high perceived
brightness preference, as shown in the results presented in Figure 22. Thediscrimination lines between the
classes of users are calculated as the average distances between the centres of the clusters, being 42% and
66% (Table 8) (Despenicet al., 2017).
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Figure 23. The result of K-means clustering algorithm based on the mean value of users’ selected dimming levels in
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Table 10. Classification of perceived brightness preference of users.

User type Mean value of user’s selected dimming levels [%]
Low perceived brightness mean < 42%

Medium perceived brightness 42% < mean < 66%

High perceived brightness mean > 66%
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The classification of users based on the mean value of their selected dimminglevels in study 1 and study 2
is presented in Figure 24. Instudy 1, thenumber ofusers with low, medium, and high perceived brightness
preference is seven, three, and four respectively. In study 2, four users are classified to have low, four to
have medium and two to have a high perceived brightness preference. Four of the users in study 2 could
not be classified since they did not perform any control actions during the study period included in this
analysis. It can be seen, that user preferences differ largely for usersin the samecontrol zone.
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Figure 24. Classification of preference based on mean values of user’s selected dimming levels in study 1 (left) and
study 2 (right). The solid line discriminates between low and medium perceived brightness preference (42%), the
dashed line discriminates between medium and high perceived brightness preference (66%).

3.4.8.  Subjective insights

In both studies, the participants assessed the frequency by which they experienced conflict by means of a
survey. This evaluation was done at theend of a three weeks period resultingin two evaluationsin study 1
andonein study 2 (see Figure 17).

Figure 25 shows the results of the mean frequency of experienced conflict in study 1 and study 2, and Figure
26 shows the mean degree of the experienced conflict. As can be seen, in both studies some participants
did report to perceive conflict when controlling lighting. Even though, the degree of the experienced
conflict was close to “not at all” for most participants, some participants rated the conflict to be close to
“moderate”. In interviews, these participants indicated to prefer a different light setting than their
neighbouring colleagues. Depending on their dominance, relative to their colleagues, they would either
overwrite the lighting to fit their preference, or show conflict avoiding behaviour by not using the light

63



Lighting preference profiles of users

control. Conflict indicated in the survey might not be limited to inter-zone situations. In the interviews of
study 1, participants of zone 5 and 6 indicated to experience conflicting preferences between the zones.

In the interviews, the participants also shared their self-assessed lighting preference. These lighting
preferences differed between usersin both studies. Theassessments shared in theinterviews were generic
and consisted of different wording, but could all be translated into three categories: a preference for low,
medium, or high perceived brightness. The results of each user are shown in the overview presented in
Table 11. The labels are based on the assessments of the users and do not map to specific illuminance
ranges.
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Figure 25. The mean frequency of experienced conflict in study 1 (left) and study 2 (right).
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Figure 26. The mean degree of experienced conflict in study 1 (left) and study 2 (right).

3.4.9. Control zone classification

The classification of the control zones can be obtained based on lighting preference profiles of the users
who occupied them and the zone luminaire output. By knowing how a control zone is classified, the
satisfaction of the individual users within a particular zone can be automatically evaluated and conflict
between the users can be predicted. By analysing the different types of user combinations in the control
zones and the actions they performed to set their preferred lighting conditions, three cases can be
distinguished:

Case 1: All usersin a controlzone are satisfied, the probability of conflict occurring is low.
Case 2: User(s) in a control zone are dissatisfied, the probability of conflict occurring is high.

Case 3: User(s) satisfaction and the probability of conflict occurring is unknown and therefore, additional
input from the user(s) is needed.

Figure 25 presents the flow chart of the controlzone classification. If all users in the same control zoneare
active, their profiles can be derived from the control actions they performed, since they provided enough
input. Ifusers have matching preferences, it can beassumed that users are satisfied and that the probability
of occurrence of conflict is low which represents case 1. If users have opposing preferences, but all of them
are tolerant, there will be an overlap between their preferred illuminance levels, which again leadsto case
1.1f morethanoneuserina control zoneis intolerant, meaning that several users are critical regarding the
selected illuminance levels, the occurrence of conflict depends on whether these users have matching
preferences (case 1) or not (case 2). If only one userin a control zone is intolerant, and this user is also
dominant, meaningthat his preferred illuminance level is set in a zonefor most of the time, he is assumed
to be satisfied. Since other usersin a zone are tolerant, the probability of conflict will then be low (case 1).
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On the other hand, if this user is submissive, he will be dissatisfied with lighting conditions due to his
intolerance, leading to a higher probability of conflict occurrence (case 2). If inactive users are presentin a
controlzone, deriving their profiles is difficult dueto alack of input from these users. In that case, dominant,
inactive users can be identified based on their preference profiles derived from the zone luminaire output
data, since there would be a high correlation between their control choices and the prevailing luminaire
output. Ifaninactive user is submissive, there will be insufficient data for a profile derivation and therefore,
additionalinput from the user is needed to obtain an accurate profile of that user (case 3).

Based on the analysed data, the summary of the users’ profiles as well as the control zone classification is
provided in Table 11. Users that did not perform a control action during the studies, are not profiled and
left blankin the overview.

All users
are active

Inactive Generate user
user(s) is profile from
S >
(are) zone luminaire b4
v dominant output data
Users have -
Request NO Matchin YES
additional input 8
R preference

CASE 3

All users are tolerant

More than 1 user
is intolerant

Intolerant users
have matching
preference

Intolerant user
is dominant

(caser ) (case2 )

Figure 27. Flowchart of control zone classification.
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Table 11. Classification of the users and the control zones.

Objective measurements Subjective measurements
Perceived Perceived
User . . . Zone .
Zone ID Activeness  Tolerance Dominance brightness o brightness
ID classification
preference preference
0 Active Tolerant Submissive  Medium Medium
Zone 1 Case 1
1 Active Tolerant Dominant High High
2 Active Intolerant Dominant Low Low
Zone 2 ) o Case 1
3 Active Tolerant Submissive  Low Low
4 Active Intolerant Dominant High High
Zone3 5 Active Intolerant Submissive  Medium Case 2 High
% 6 Active Tolerant Submissive  Medium High
5 7 Active Intolerant Dominant Low Low
Zoned4 8 Active Tolerant Submissive  Low Case 1 Medium
9 Active Intolerant Submissive  Low Medium
10 Active Intolerant Dominant Low Low
Zone 5 Case 1
11 Active Intolerant Submissive  Low Low
12 Active Tolerant Submissive  High High
Zone 6 Case 1
13 Active Tolerant Dominant High High
0 Inactive Tolerant @ Submissive  Medium 2@ Medium
Zone 1 . ) Case 3
1 Active Intolerant Dominant Low Low
2 Inactive Intolerant @  Submissive  Low ? Medium
Zone 2 ) ) ) Case 3 )
3 Active Tolerant Dominant High High
4 Inactive Intolerant 2 Submissive  Medium 2 Medium
Zone3 5 Active Tolerant Dominant Medium Case 3 High
6 Active Intolerant Submissive  Low Low
> 7 - - - - -
Ee]
E Zone4 8 - - - - Case 3 -
9 Inactive - Submissive - Medium
10 Active Tolerant Dominant Low Medium
Zone5 11 Inactive Intolerant 2 Submissive  High? Case 3 Medium
12 Active Intolerant Dominant Medium Medium
13 Inactive - Submissive - Medium
Zone6 14 Inactive - Submissive - Case 3 Low
15 Inactive - Submissive - High

a) Interpretation of profile based on the available data. Users who did not perform a control action during the studies
are notprofiled and left blank.

3.4.9.1. Overcoming the limitation of low number of data points

In both studies, the number of data points was generally low due to a number of potential reasons. The
user-control conditions in both studies were commissioned with a “memorizing” system behaviour.
Starting from a default light setting with a desk illuminance of 300 Ix on the first day of both studies, the
luminaires within the control group stayed at the previous set dimming level until the next control action
was performed. At the end of each day, the last selected dimminglevel in a specific zone was memorized
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and restored in that zone upon presence detection the next day. Due to this system behaviour, is it likely
that users regarded it as unnecessary to perform further actions after they had set the lighting according
to their preference. As alsoillustrated in Figure 25 and Figure 26, the frequency and degree of conflict was
very low for most users. However, some users did experience conflict. The submissive users confirmed in
the interviews that they applied conflict avoiding behaviour and felt a hesitation to change lighting even
when they were dissatisfied. In study 2, four users did not perform any control action during the
investigated periods. This could have been due to the users’ conflict avoiding behaviour, ordue to a broad
tolerance of the users. Information about the user’s satisfaction with lighting conditions would facilitate
the classification of submissive users, since their submissiveness suppresses accurate classification of their
preference profiles. Hence, all control zonesin study 2 are classified as case 3 (see Table 11). When case 3
is detected, additional inputis required to derive the user’s lighting preference profile. Figure 28 presents
the proposed flowchart to gain this information from the user. The first input is related to the user’s
satisfaction with lighting conditions, acquired in these studies from the survey results, as explained in
Section 3.2.3.Ifa user is inactive but satisfied, it means that lighting conditions are in accordance with the
user’s preference, i.e., the probability of occurrence of conflict will be low (case 1). In that case, a user’s
profile can be generated based onthe zoneluminaire output data, and there is no need for further input.
If a user is inactive, but dissatisfied, additionalinput in the form of preferred lighting is required. This could
be done by a push message requesting the user to set the lighting, or by asking the user to evaluate the
existing lighting condition. By means of such requests, the profiles of the submissive users can be
determined.
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Inactive
user(s) is
(are)

dominant
Request Generate user profile
additional input from zone luminaire
from user output data
v
Request
satisfaction level

User is satisfied

Generate user profile
from zone luminaire
output data

Request
feedback

Wait for
feedback

A

Feedback received

Generate user profile
from received feedback
and historical control
input

Figure 28. Flowchart of request for additional input from user and derivation of user’s lighting preference profile
based on user’s feedback.

To support the benefits of the proposed approach for deriving the preference profiles of inactive users,
subjective survey data regarding users’ evaluation of the light quantity on their desk is used. When an
inactive user is classified as dominant or is satisfied with lighting conditions, the user’s profile can be
generated from the zone luminaire output data (see Figure 28). Based on the additional subjective data
with regard to user’s satisfaction, and when applicable, zone luminaire output, profiles of the inactive users
are interpreted and presented as italicin Table 12. Itis worth noting that only quantitative data of inactive
users is evaluated since active users are assumed to provide enough input and that, therefore, their
satisfaction and possible conflict within their zones, can be evaluated automatically.
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Quantitative

Objective measurements

measurements
Perceived Perceived Zone
Zone User . . . ) ) . ’
B B Satisfaction  light Activeness  Tolerance  Dominance Brightness | classify-
quantity preference | cation
Somewhat A bit too ) . )
0 ) Inactive - Submissive  Medium 2@
Zone 1 dissatisfied little Case 22
1 - - Active Intolerant  Dominant Low
2 Satisfied Just right Inactive Tolerant Submissive  Medium
Zone 2 . . . Case 1
3 - - Active Tolerant Dominant High
4 Satisfied Just right Inactive Tolerant Submissive  Medium
Zone3 5 - - Active Tolerant Dominant Medium Case 2
6 - - Active Intolerant ~ Submissive  Low
~ 7 - - - - - -
>
] Zone4d 8 - - - - - - Case 1
5 9 Satisfied Just right Inactive Intolerant  Submissive  Low
10 - - Active Tolerant Dominant Low
Zone5 11 Satisfied Just right Inactive Intolerant ~ Submissive  Medium Case 1
12 - - Active Intolerant  Dominant Medium
13 Satisfied Just right Inactive Intolerant ~ Submissive  Medium
Somewhat A bit too ) o
14 ) o Inactive - Submissive  Low ?
Zone 6 dissatisfied much Case 22
Somewhat A bit too . o .
15 ) L ) Inactive - Submissive  High?
dissatisfied little

a) Interpretation of profiles based on the subjective data on perceived light quantity and satisfaction.

As can be seen, the subjective input in regard to satisfaction with lighting conditions represents valuable
information when profiles of inactive users need to be derived. The preferences of users with ID0, 14, and
15areinterpreted based on the perceived light quantity and their satisfaction. Users with ID 0 and 15 rated
their perceived light quantity towards ‘too dark’. In case of zone 1, the predominating dimminglevel of the
zone was in the low brightness range, while in zone6, it was medium. Therefore, the perceived brightness
preferences of the userswith ID0 and 15 are labelled as medium and high, respectively. Similarly, the user
with ID 14, rated the perceived light quantity towards ‘too bright’ and his perceived brightness preference
is labelled as low since the predominating dimming levelin this zone was in the medium range. These users
represent the clear case of submissiveness and conflict-avoiding behaviour which was confirmed in the
interviews. For profile derivation of these users, additionalinput in terms of preferred lighting is required
as presented in Figure 28.
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3.5.  Conclusions

A first method is proposed for modelling lighting preference profiles of users based on their control
behaviourand preference information to offer satisfying lighting to a group of users. The main advantage
of thecurrent method is that users’ satisfaction and conflict can be predicted purely based on users’ control
actions and the output of the luminaire, since it cannot be assumed that additional sensorial data (e.g.
information about individual presence, daylight contribution, controllable blinds)is available in most of the
modern office buildings. The results obtained in the questionnaires and interviews support the validity of
the approach, even with limited data. Differences in profiles need to be taken into account when offering
lighting conditionsin open space environments.

It has been shown that users can be profiled based on their activeness, tolerance, dominance and lighting
preferences. By knowinglighting preference profiles of the users and zone classification, the satisfaction of
users with lighting conditions can be improved by;

e Predicting the probability of conflict between the users in the same control zone and facilitate in
making consensus choices.

e Allocating users to different zones that match their profiles, by having information regarding
conflict, thusimproving users’ satisfaction with lighting conditions.

e Offering lighting conditions that meet the preference profiles of the users. A proposed illuminance
level could result from a weighted combination of user profiles and by considering whether users
in the same zone are tolerant or intolerant. A tolerant user can be satisfied with a broad range of
illuminance levels and therefore, the weighting needs to be done by shifting a proposed
illuminance level towards a preference of an intolerant user.

e Triggering submissive, inactive users to express their preference. A submissive user’s choices are
not correlated with the prevailing luminaire output in his zone. This situation might lead to
increased discomfort of this particular user. In that case, additional user inputis required to derive
the lighting preference profile as accurately as possible.

A semi-automatic system which proposes lighting conditions automatically by using lighting preference
profiles can support users in finding consensus in addition to the benefits of manual personal control. In
the presented methodology, it has been assumed that lighting preference of a user can be derived based
on user’s control actions only. Further elaboration on environmental factors influencing user’s preference
is recommended for future work. Inthat case, the prediction of users’ control actions in terms of offering
satisfactory lighting conditions can be performed based on the contextual data collected in the office.
Furthermore, access to lighting preference profiles of office users can improve design decision making as
well as help facility managers to optimize their building operation strategies.
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Chapter 4



Influence of wall brightness

4. Influence of wall brightness on preferred task illuminance

This chapter is based on the following publication:

S. Chraibi, L. Crommentuijn, E.J. van Loenen, A.L.P. Rosemann, Influence of wall luminance and uniformity
on preferred task illuminance, Build. Environ. 117 (2017)24-35.

Literature suggests an influence of the luminance from non-horizontal surfaces in our visual field on our

visual and psychologicalassessments of an office space. These assessments are believed to directly relate
to ourexpressed preferred task illuminances.

This Chapter describes an evaluationin a mock-up office, wherein wall conditions with a non-uniform and
amoreuniform light distribution of three different average luminance levels have been evaluated regarding
their effect on users’ preferred task illuminance. Each condition was evaluated starting from three different
initial desk illuminances.

For all test conditions, a wall with a non-uniformly distributed average luminance of 200 cd/m? led to
significantly lower selected desk illuminances than a uniformly lit wall with the same average luminance
level. In all cases, preferred task illuminances were significantly lower when offered a starting level for
dimming of 300 Ix. The range of preferred illuminance levels between subjects was also found to be smaller
for dimming with the starting level of 300 Ix at desk level.

The study suggests that when providing users with personal control they will control the total perceived
brightness in their visual field, even though they are only directly affecting their task illuminance level.
Triggering the selection of lower preferred illuminance levels by using a personal control starting level of
300 Ix, will reduce the energy required for lighting. The smaller range of preferred illuminance levels
between subjects at the startinglevel of 300 Ix could reduce the risk of lighting preference related conflict
between people.
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4.1. Introduction

With the changing character of office work, most of our tasks today include non-horizontal surfacesin the
visual field. Literature indicates relations between the brightness of these non-horizontal surfaces and the
users’ visual and psychological assessments of the space. Increasing wall luminance has led to a more
stimulating room (van Ooyen et al., 1987), increased assessment of brightness acceptability and
pleasantness (Carter et al., 1994a), and high brightness perceptions have been linked to improved
assessments of comfort and spaciousness (Manav, 2007). Besides the improved assessments, increased
wall luminance has also been linked to lower preferred desktop illuminances (van Ooyen et al., 1987),
offering the potential to support energy efficiency. Reinforced by standards certifying and monitoring the
performance of building features thatimpact wellbeing (International WELL Building Institute, 2016), users’
feeling of happiness, health, and comfort becomes equally relevant.

Personal control is recognized as a means to enhance user satisfaction (Moore, Carter, & Slater, 2004;
Newsham & Veitch, 2001; Newsham, Veitch, Arsenault, & Duval, 2004; Veitch, Newsham, Boyce, & Jones,
2008) and energy efficiency (Boyce et al., 2000, 2006b, 2006a; Williams et al., 2012). When applied in
shared open office spaces, personal control becomes consensus control. In the field study described in
Chapter 2, it was shown that providing users with consensus controlovera group of luminaires resulted in
lower energy usage and improved satisfaction with light quality and quantity, compared to a situation
without control (Chraibi et al., 2016). Even though consensus control did improve satisfaction compared to
a no-controlsituation, someusers did experience conflicting preferences with their neighbours regarding
preferred illuminances. A challenge remains, in designing office lighting that limits the risk of conflict
between people due to differences in lighting preference, while maintaining the energy saving benefits.

4.1.1.  Background

When offered control, people are given the ability to alter the illuminance on their desk. Besides the
benefits of lighting within the preference of users (Newsham, Veitch, et al., 2004b), Sadeghi et al. (2016)
recently reported a relation between occupant perception of controland the acceptability ofa wider range
of visual conditions. Thisincreases in relevance when dealing with multiple usersin one open office space.
However, the experiments of Sadeghi et al. were conducted in private offices. In 2013 and 2014, field
studies were performed evaluating personal control in an open office (Chraibi et al., 2016; Lashina et al.,
2019). In the interviews the participants shared their self-assessed lighting preference, which could be
generalized in a bright, medium, or dark preference category (Despenic et al., 2017). This self-classification
could be based ontheusers’ preference fortaskilluminance levels forthe visual task but could also be their
preference regarding the office appearance. Fotios (2011) also points out the importance of office
appearance, stating that even though it has been shown that tasks on self-luminous displays could be
carried out on lower illuminance levels, this is not done, as people like a bright and visually interesting
environment. If perception of brightness could be maintained at a lower desk illuminance level, energy
consumption could be reduced.

Due to a strong tendency of subjects to assess the brightness of all areas similarly, Moore et al. (2003a)
stated that occupants view the luminous environment as a whole. This suggests that control may have the
potential to influence opinions of areas other than those directly controlled. Moore did not find any
relationships between the users liking the environment and an increasing or decreasing assessment of
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brightness in the reported study. In a study performed by Manav (2007), a strong increase in the desk
illuminance did lead to improved user assessments of comfort and spaciousness. When increasing the desk
illuminance from 500 Ix to 2000 Ix, the users’ brightness evaluation of the wall opposite the user also
increased, which was evaluated positively. Changing the correlated colour temperature of the lighting did
not affect the perceived brightnessin this study.

It was already in 1987 that Van Ooyen et al. (1987) showed that the preferred work plane luminance
depends on the wall luminance. With increasing wall luminance, a lower desktop luminance was preferred,
andviceversa. They stated that the wall luminance contributed most to the way the room was experienced,
where increasing the wall luminance lead to a more stimulating room. Carter et al. (1994a) suggested an
influence of wall luminance on the user’s perception of horizontal illuminance through increased
assessment of acceptability of brightness and pleasantness when increasing the wall luminance. Berrutto
et al. (1997) showed with their first phase experiments in 1994, that participants preferred wall luminance
levels to be minimized behind the monitor when performing a PC task. However, the task did consist of
white characters displayed on a dark background, which is not common in current regular office tasks. In
the second phase of the study, in 1997, they used a standard Word document task with black characters
on a white background and reported that subjects preferred a screen immediate surround luminance
inferior or equal to the screen background luminance (Berrutto et al., 1997). In the same study, they also
showed that subjects who set low horizontal illuminancelevels (respectively highilluminance levels) tended
to also set a low luminance on walls (respectively high wall luminance). They conclud ed that, regardless of
the task performed, the wall luminance was shown to have a significant effect on users’ satisfaction and
appeared to deserve more attention.

In a study performed by Durak and colleagues (2007), different lighting arrangements were evaluated on
their impact on impressions of the space. The arrangement including illumination of walls by wall washing
scored the highest regarding the evaluation of spaciousness and visual order. Islam et al. (2015)showed in
their acceptance studies, that users’ preferred light conditions were influenced by the task illuminance,
which was found to relate to the spatial brightness. The term spatial brightness relates to the perceived
brightness of a space (Duff, Kelly, & Cuttle, 2017). The users preferred the conditions under which they
found the lighting environment to look brighter and more spacious (Islam et al., 2015). In a laboratory
study performed by de Vries et al. (2015) with 37 participants, three wall luminance conditions were
assessed with average luminance levels of 11, 36, and 73 cd/m? respectively. Increasing wall luminance
levels lead to increasing room appraisal by the subjects, regarding attractiveness as well as illumination.
The higher wall luminance made the overall office appear more spacious and more attractive.

In a study by Sheedy et al. (2005) the effects of the luminance surrounding of a computer monitor were
evaluated. When performing tasks on a monitor with aluminance of 91 cd/m?, optimal performance by the
users occurred when the surround luminance was 50 cd/m? or higher for the younger group of subjects
(23-39years)and 91 cd/m?or higher for the older group (47-63 years). The preferred surround luminance
was 87 cd/m? for the youngerand 62 cd/m? for the older group, both below the luminance of the screen.
In the study performed by Yang et al. (2014) the preferred background luminance intensities were found
tobe linearly correlated with screen luminanceintensities. However, in this study the computer screen was
positioned directly against a wall, and only the direct surround of the screen was taken into consideration.

In the latter study of Sheedy, the wall was uniformly lit using a projection. In a study performed by Tiller
and Veitch (1995) rooms with a non-uniform luminance distribution appeared brighter for the subjects
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than the uniform variants. The non-uniform rooms required less work plane illuminance to reach a
brightness impression equivalent to the rooms with a uniform luminance distribution. Sullivan and Donn
(2016) reported in their literature review that the majority of studies suggest that more uniform lighting
appears brighter than less uniform lighting. In the pilot study presented in the same paper, Sullivan and
Donn showed that less uniform spaces were evaluated to appear brighter, similar to the results of Tiller
and Veitch. Disagreement in literature about the direction of this effect raises the possibility that the
relationship between uniformity and spatial brightness may be more complicated than this. ‘Brightness’
(perceived luminance) and ‘visual interest’ (variation in luminance) are stated by Moore et al. (2004) as two
features associated with visually preferred environments. Thereis however a limit. Newsham et al. (2004)
showed in an earlier study that people want spaces that are somewhat uniform, but not monotonous.
Veitch and Newsham (2000b) state that a difference might exist between the preferred luminous
conditions and the interestingness of a space, which increases with a wider variation of luminance.

Most studies do suggest walls to be particularly important to affect the apparent brightness. This may
however also be dueto theirdominancein the observed visualfield, or theirlead role in performed studies.
Sullivan and Donn (2016) reported that it is ‘plausible’ that the walls are of particular importance to the
brightnessimpression of a space, but that literature does not provide sufficient evidence to supportsuch
claims.

In an open office, the walls enclosing the office are shared by the users of the office as part of their visual
field. Based on previous studies, the walls are believed to influence the brightness perception of the office
space, and with thatinfluencing the preferred taskilluminance of users, as expressed by personal control.
In this Chapter the results of a laboratory study are described in which the effects of the wall luminance
and wall uniformity on the preferred task illuminance are evaluated.

4.1.2. Hypotheses

Based on previous studies, it is believed that when providing office workers with task lighting control, users
do not only select a preferred task illuminance to meet personal requirements for their visual task. They
furthermore see in the personal control a means to set a visually preferred lighting environment. This
includes thetask lighting but also the surrounding luminance distribution. Consequently, itis hypothesized
thatthe wall luminance in the visual field of the user will influence the user’s preferred task lighting.

High wall luminance levels are believed to lead to lower preferred task illuminances, due to a higher
brightness perception. High wall luminance levels are believed to reduce the difference in preferred task
illuminance between occupants.

Depending on the luminaires used, walls can be illuminated with a different level of uniformity. As shown
by Tiller and Veitch (1995) and Sullivan and Donn (2016), a non-uniform wall luminance distribution is
expected to increase the brightness perception comparedto a more uniform illuminated wall. Due to this
higher brightness impression, a non-uniform wall luminance distribution is believed to lead to lower
preferred task illuminances. A non-uniform wall luminance distribution is believed to also reduce the
difference in preferred taskilluminance between occupants.
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4.2. Methodology

In a simulated work environment, an experiment has been carried out to evaluate the stated hypotheses.
A lighting system was installed to create different lighting conditions. Participants were invited to
experience these conditions and make adjustments expressing their preferred lighting.

4.2.1. Testbed

The user study was conducted in a laboratory in the Netherlands, where a full-scale mock-up office of 7.2
X 7.2 x 2.8 m was built. The participant’s visual field included multiple desks, the ceiling and a wall,
simulating a situation in an actual open office space. Figure 29 shows an impression of the space. Four
desks were equipped with a mouse, a keyboard and a Philips 24” Brilliance LCD monitor, setto an identical
screen luminance with an average of 100 cd/m?. The participant’s desk (desk 4) also had a user interface to
select the desired task illuminance. The fifth desk (desk 5) was equipped with two laptops and a control
panel for the researcher to switch between light conditions. Screens in front of the windows blocked the
daylightin order to exclude the impact of exterior light variations on the experiments.

The electric lighting system consisted of twelve dimmable recessed ceiling Philips PowerBalance LED
Luminaires (600 x 600 mm, 4000K, R, > 80, UGR<16, 34S, 3400 Im) and ten Philips StyliD Compact power
LED spots (4000 K, R, > 80, SLED17, 2000 Im). The lighting system was divided in five luminaire control
groups, as shown in Figure 30, to obtain the desired light settings during the experiment. Three luminaire
groups illuminated the walls; six recessed luminaires (group 1) and five spots (group 2)illuminated the ‘test
wall" in front of the user, and five spots illuminated the wall behind the user (group 3), to avoid an
uncomfortable dark background. Two luminaire groups illuminated the desks in the office space; the
‘control group’ consisted of 2 recessed luminaires controllable by the participant (group 4), and four
recessed luminaires were commissioned to illuminate the other desks at a constant level during the test
(group 5). The ‘control group’ consisted of two luminaires to simulate shared control in open office
environments (Chraibiet al., 2016; Mooreetal., 2004), and allow for a dimming range from approximately
300Ixto 700 Ixaverage deskilluminance. Figure 31 shows the luminous intensity distribution ofthe ‘control
group’ luminaires.

Figure 29. Impression simulated work environment.
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Figure 31. Photometric diagram ‘control group’ luminaires (Philips PowerBalance).
4.2.2. Participants

Forthe experiment the inclusion criteria used, encompassed participants to be between 20-30 years old to
eliminate the effects of age on the perception of light. Participants should also not work in the field of
lighting application or perception and not visual disabilities that are not compensated by lenses or glasses.
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Recruitment was done using flyers with a call for volunteers, distributed at both the technology as well as
the university campus of the city.

A total of N=54 subjects participated in the study. N=30 were male, and N=24 were female, with an age
varying from 18-29 years. Participantswere rewarded for their participation in the study with a gift voucher.

4.2.3.  Study design

The experiment was conducted in August and September of 2015, on weekdays between 9 am and 6 pm.
Each experimental session included one participantat a time with a total duration of 1.5 hours. Each test
day had four experimental time slots.

Participants were seated at desk 4 and started with unconscious adaptation to the baseline light setting,
commissioned at an average horizontal desk illuminance of 500 Ix. Both the ‘test wall’ and the wall behind
the user were non-uniformly lit with a first luminance condition ofthe ‘test wall’ set in accordance with the
participant’s experimental sequence. During this adaption time (approximately 10 minutes), theresearcher
explained the experimental procedure, and the participant filled in an online survey on the PC. The survey
included demographicquestions and a question asking peopleto assess their general distraction level ona
7-point Likert scale from very slow to very fast.

During the test, the participants were asked to perform a reading task provided on the PC monitor. The
reading task consisted of a page with randomly picked “did-you-know” facts. The simple reading task was
selected to avoid deep visual focus on the PC monitor and enable observation of the office environment.
Every 60 seconds the participant was interrupted by theresearcher to set a preferred dimming level of the
ceiling mounted luminaire above his desk, using the provided user interface. When the desired desk
illuminance was obtained, the participant pressed the save button in the top bar of the user interface
(Figure 32), to log the preferred level. By pressingthe buttons 1 and 2, the start point (of the controllable
ceiling luminaire) was changed to minimum or maximum, for the user to again set his preference for this
wall brightness light condition. After setting and storing the preferred illuminance for all three start points
(ca. 300 —500 — 700 Ix desk illuminance), the researcher switched the system to the next light condition.
The participants could move to the next reading page on the PC, until interrupted for a next preference
selection. This was repeated until all conditions were evaluated twice. The interaction with the slider
directly dimmed luminaire controlgroup 4 up or down (Figure 30), influencing the task illuminance of the
participant based on the selected dimminglevels in each condition. Thefinal set preferred illuminance was
logged for each condition. Atthe end of the experiment, in a conversation between the researcher and the
participant additional experiences which the participant wanted to share were captured.

4.2.4, User interface

To avoid that the user interface had any influence on the selected illuminance, the slider was designed to
not have an anchor point nor a reference to the last selected level (Figure 32). Previous studies (Uttley et
al., 2013) have shown that people are not consistent in the choices they make when selecting a task
illuminance. The range of the provided control interface as well as the starting position when offered
control were shown by Fotios et al. (2012)to have an influence on the selected illuminances. Additionally,
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participants might self-classify their lighting preference, as “I like brightlight”, or “I prefer dimmed lighting”,
which could influence themto select their preference on a similar end of the scale (Chraibi et al., 2016).

In this study, the interface was offered on a tablet, placed vertically on the desk. It was decided not to
present the interface on the PC monitor, to trigger people to look away from their monitor and observe
the office space. To avoid reflections of the luminaires on the interface screen, but allow for easy
interaction, the user interface was positioned under an angle, as shown in Figure 32. The simplicity of the
interface interaction enabled the participants to maintain their viewing direction when usingthe interface.
Participants received instructions on the use of the interface during the introduction at the start of the
experiment. To avoid centring bias (Fotios et al., 2012), the userinterface design did not provide a reference
to thecentre of the range. Sliding from the middle to theright dimmed the lighting up and sliding from the
middle to the left dimmed it down. Major sliding movements from the middle to the end translated to
changing the dimming level by a step of 6% of the maximum luminaire output. Minor sliding movements
led to a dimming step of 3%. Multiple sliding movements, back and forth from the centre, could be made
by the participants, until the preferred level was set.

Figure 32. User interface position on the desk —layout of the slider for light control. After a user set his preference,
the save button was pressed. The numbers 1 and 2 were pressed after instructions from the researcher to switch to a
minimum or maximum start pointof the luminaire dimming level.

4.2.5.  Lightconditions

To evaluate the influence of wall luminance and uniformity on the preferred task lighting, the participants
were asked during the test to select their preferred illuminance for different light conditions. These
conditions consisted of three different average wall luminance levels, offered in a non-uniform distribution
as well as amore uniform distribution. The uniformity describes how evenly thelight is spread on a surface,
i.e. in this study the uniformity of the wall luminance. To create wall conditions with a uniform luminance
distribution, acombination offive recessed luminaires and five spots was used (group 1 + 2, Figure 30). The
light conditions were commissioned to obtain as much uniformity as possible with the lighting installation,
for three different luminance levels. To achieve non-uniform wallluminance distributions, only the five wall
spots directed at the wall were used (group 1, Figure 30), for three different luminance levels. Table 13
presents the luminance characteristics of the six different conditions. (Note that the absolute luminance
values can be influenced by the resolution of the camera.) The non-uniform conditions are labelled N50,
N100, and N200, with the number referring to an approximation of the average wall luminance level. The
uniform conditions are labelled U50, U100,and U200, with again the number referring to the average wall
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luminance level. The conditions were commissioned using the average wall luminance, measured with a
luminance camera (LMK5 Color with software package Technoteam LMK LabSoft Standard Colorv12.7.23).
The lighting installation was designed to meet the proposed average wall luminance as well as the default
desk illuminance of 500 Ix. Figure 33 and Figure 34 showimpressions and luminance distribution images of
the different conditions, with the level of uniformity U, (= Ly / L) Of the ‘testwall’.

L [ed/m?]
600

L [ed/m?]
600

L [cd/m?]

c. Uniform, Luwal:avg=200 cd/m?, U;=0.43
Figure 33. Pictures and luminance distribution images of the uniform wall conditions.
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Table 13. Properties of the different wall conditions.

Luminance in cd/m? Luminance in cd/m?
Non-uniform UL Uniform UL
Min  Max Range Avg Min Max Range Avg
N50 23 111 88 52 0.44 uso 36 67 31 53 0.69
N100 28 217 189 104 0.27 U100 50 167 117 105 0.48
N200 48 600 552 253 0.19 U200 94 362 268 217 0.43

UL (=I—mm / I—avg)

L [ed/m?]
600

300

L [cd/m?]
600

b. Non-uniform, Lualag=100 cd/m2, U=0.27

L [cd/m?]
600

C. Non-uniform, Lwall;avg=200 Cd/mzl U=0.19

Figure 34. Pictures and luminance distribution images of the non-uniform wall conditions.
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Foreach wall setting, three different start points are used from which the participants dimmed up or down
to select their light preference. The study of Uttley et al. (2013) demonstrated that besides the influence
of the offered range on the selection of preferred illuminances, the start point has an influence as well.
They showed that when offering a low start position, illuminance levels selected were lower than when
offering a high start position, as also in an earlier evaluation (Fotios & Cheal, 2010). Results of the ratings
of satisfaction with the illuminance did not suggest an effect of the different ranges or start positions
offered, despitethe significant difference in illuminances (Uttley et al., 2013).

The three start positions used in the current experiment were: the default of 500 Ix at the desk as by
standards recommended (NEN-EN 12464-1, 2011); a maximum setting of 700 Ix by which 90-99% of people
are expected to achieve their preferred illuminance (Boyce et al., 2006b); and the minimal luminaire output
of the control group, leadingto a deskilluminance around 300 Ix. Table 14 shows the different conditions,
and the corresponding average horizontal task (desk) illuminance of desk 4, being the participant’s
workplace. In each setting, users could select their preferred illuminance in therange correspondingto the
presented values from minimum to maximum. The luminaires above the other desks were commissioned
to deliver a desk illuminance of 500 Ix on average in the default start position and were kept constant for
all three start positions of that wall setting.

Table 14. Test conditions with the desk illuminance for the different start positions.

Desk illuminance in Ix at desk 4, at start point:

Wall setting Distribution

min default max
N50 Non-uniform 308 535 722
uso Uniform 311 549 725
N100 Non-uniform 312 525 725
U100 Uniform 321 560 735
N200 Non-uniform 335 528 749
U200 Uniform 294 471 707

Each participant was asked to set the preferred task lighting in a first and second trial for all wall lighting
conditions, to evaluate the consistency of the users. An overview of the average horizontalilluminance at
desk 4, measured at different dimming levels of the controllable luminaires, is shown in Table B.1 Appendix
B. The conditions were presented to the participants in different sequences to avoid an order effect. The
six different sequences used during the study are presented in Table B.2 Appendix B. Each condition was
first evaluated from the default dimming start position, followed by the minimum and the maximum start
position, before continuing to the next condition. For sequence 1, this meant N50 g¢t, N50yin, and N50,,
followed by U504, U50min, US04, and so on.
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4.2.6. Analyses

The preferred illuminance was selected by the participants on a continuous scale. Given the large sample
size and the normal distribution of the data, differences between conditions were analysed usinga paired
samples t-test and a repeated measures analysis of variance. Effect size calculations are done using eta
squared (n? = t2/(t> + N— 1). Interpretation of the eta squared values is done following guidelines of Cohen
(1988) (from Field, 2009; Pallant, 2002), with 0.01=small effect, 0.06=moderate effect, and 0.14=large
effect. A within-subject repeated measures analysis of variance was used to analyse an effect of self-rated
sensitivity to distractions on preferred desk illuminance. A one-way between-subjects analysis was used to
assess effects of demographiccharacteristics or independent between-groups variables on preferred desk
illuminances. For the significance tests, a significance of p=0.05 was used. Analyses were performed using
IBM SPSS Statistics version 23.

Data of the informal interviews at the end of each experimental session was logged. This data was analysed
by identifying concepts based on key phrases. These concepts were clustered in categories.

4.3. Results

4.3.1. Control variables

A repeated measures analysis of variance test with two within-subject factors showed no significant
interaction effect between start pointand trial for the different wall conditions (p>0.05), and no significant
main effect for trial in which the preferred illuminance was selected in each condition (p>0.05). In further
analyses theaverage value of the preferred illuminance selected by each participantin the first and second
trial is used. The start point did show a significant main effect on theilluminances selected by the usersin
all conditions (p=0.000). The start points will not be combined, and will be analysed separately for all
conditions, resultingin 18 different conditions.

As stated in Section 4.2, participants evaluated the conditions in one of six different sequences, and during
one of four timeslots. A one-way between groups analysis showed no significant effect of the experienced
sequence on selected illuminance (p>0.05) nor of participation timeslot (p>0.05). In further analyses, no
distinction in the population will be made based on sequence or timeslot.

By means of a one-way between groups analysis, the demographic characteristics of the subjects are
evaluated regarding their effect on preferred illuminances. No significant effect was found for subjects’

age, gender, visual corrections, ethnic origin, level of education, or type of work the subjects perform in
their daily job.

4.3.2.  Wall luminance conditions
Results of the preferred illuminances of the users are presented in Figure 35, with from left to right the

conditions with an average wall luminance of respectively 50 cd/m?, 100 cd/m?, and 200 cd/m?. Pairs of a
non-uniform (N)and more uniform (U) wall condition with a similar average wall luminance and start point
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are presented alongside each other. The boxplots show the spread of preferred deskilluminance levels in
IX.

Uniformity

To analysethe effect of uniformity, pairs were created between the non-uniform (N)and more uniform (U)
wall conditions with a similar average wall luminance and start point. A paired samples t-test was
performed for each pair. The non-uniform 200 cd/m? (N200) conditions showed a significant lower
preferred desk illuminance than the uniform 200 cd/m? conditions (U200), for all three start points (Table
15), with a moderate effect size for the default start pointand a large effect size for the minimum and
maximum start point. No effect of uniformity on selected illuminances was found for the conditions with a
wall luminance of 50 cd/m?and 100 cd/m? (p>0.05). Detailed results of all paired samples are presented in
Table B.3 Appendix B. In further analyses, an average preferred illuminance of the uniform and non-uniform
conditions was used for the 50 cd/m? and 100 cd/m? wall luminance conditions. These are labelled as
conditions X50 and X100 respectively.

Table 15. Results paired samples test on wall uniformity.

Sig. (2-tailed) @ Effect size ® Mean difference in Ix
N200min - U200min 0.000 0.58 -47
N200def - U200def 0.011 0.12 -22
N200max - U200max 0.000 0.44 -43

a) paired samples t-test; b) eta squared: n? = t2/(t?+N-1)
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Figure 35. Boxplots of preferred desk illuminance for each wall condition.
Luminance

For the analyses, conditions with a similar start point and a different average wall luminance were paired.
The preferred illuminances of the users were compared by using the paired samples t-test. Preferred desk
illuminances did notdiffer significantly between the X50to the X100 conditions for any of the three start
points (p>0.05). Preferred desk illuminances did differ significantly for most start points when comparing
the X50 as well as the X100 conditions to the uniform and non-uniform 200 cd/m? conditions, with a
moderateto large effect. Detailed results of all paired samples are presented in Table B.4 Appendix B. Table
16 shows the results of the paired samples with a significant effect. Compared to the X50 and X100
conditions, the selected illuminances are higher in almost all uniform 200 cd/m? conditions and lower in
the non-uniform 200 cd/m? condition, as shown by the mean differencein Ix presented in Table 16. Detailed
results of all paired samples are presented in Table B.4 Appendix B.
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Table 16. Results paired samples test on average wall luminance.

Sig. (2- Effect Mean Sig. (2- Effect Mean
tailed) @ size®  difference in Ix tailed) @ sizeb  difference in Ix
X50min- U200min  0.000 0.42 -37 X50min - N200min  0.025 0.09 10
X50max - 0.23
0.000 X50def - N200gef 0.002
U200max -33 0.18 31
X100min - X100min -
mr 0.000 mr 0.001
U200min 0.25 -29 N200min 0.18 18
X100max -
0.000
U200max 0.24 -31

a) paired samples t-test; b) eta squared: n? = 2/(t?+N-1)

Preference spread

The spread of the users’ selected illuminances in each condition, as displayed by the boxplotsin Figure 35,
did not suggest an effect of uniformity or wall luminance on the differences between people’s preference.
The boxplots did indicate an effect of start point on the spread of preferences, with a smaller spread for
the minimal start point. This smaller spread is quantified in Table 17 by the interquartile ranges (IQR), with
smaller interquartile ranges for the minimal start points of all conditions (IQR) than for the default and
maximum start points ofall conditions. Table 17 presents the descriptive statistics of each condition, sorted
by increasing interquartile range.

Table 17. Descriptive statistics of the selected illuminances in Ix of 18 conditions.

avg min max range IQR avg  min max range IQR
U200min 432 335 663 328 70 U504ef 562 308 724 416 142
US50min 397 308 598 290 75 N10Omax 562 334 731 397 150
N200min 385 293 539 246 77 US0max 564 396 724 328 154
N100Omin 402 321 630 309 93 N1004er 545 328 737 409 155
U100min 403 311 601 290 97 U1004er 534 324 727 403 169
N50min 393 311 563 252 116 U2004ef 543 335 751 416 172
N5Omax 558 311 727 416 120 U200max 595 335 751 416 178
U100max 566 374 727 353 129 N200ger 521 293 684 391 194
N200max 551 293 709 416 138 N50def 543 311 727 416 205

N=54, IQR — inter quartile range; the spread presented by the difference between the first and third quartile

4.3.3. Self-assessed level of distraction

Participants were divided in five groups, based on their self-assessed sensitivity to distractions, expressed
in thesurvey. Thefive groups represent people that are generally distracted slowly (n=5), somewhat slowly
(n=0), neutral (n=15), somewhat fast (n=27), and fast (n=7). Figure 36 shows the mean preferred desk
illuminance of each condition for the different distraction categories. The fast-distracted people had the
lowest mean preferred desk illuminances, and the slow distracted people the highest. Arepeated measures
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analysis confirmed an effect for the self-assessed distraction sensitivity on the preferred illuminances with
a large effect size(F=5.434, p=0.003, n?=0.246). A post hoc test showed a significant difference in mean
preferred illuminance between fast-distracted people and the other categories (slowly: p = 0.001, neutral:
p=0.031, somewhatfast: p=0.026).

Based on the significant effect of the users’ sensitivity to distractions on the preferred illuminance, two
groups could be created: an average distracted group (n=47) and a fast-distracted group (n=7) of people
and the analyses were run again. For the average distracted group, the results for effect of uniformity, as
well as luminance on selected illuminances were similar to the total population, with mainly large effect
sizes. Results of the paired samples with a significant effect are shown in Table 18 and Table 19. Detailed
results of all paired samples are shown in Table B.5 and B.6 Appendix B.

Inthe smallgroup of fast-distracted people, trends are comparable, but an effect of uniformity on preferred
illuminances was only found significant for the minimal start point of the 200 cd/m? wall condition
(p=0.006). Asignificant effect of luminance on preferred illuminances was only found between the average
50 cd/m? wall condition with the minimal start point and the uniform 200 cd/m? wall condition with minimal
start point (p=0.007). Due to the small sample size results should be interpreted with caution. However,
the large effect size could indicate a trend.

Distraction category
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Figure 36. Preferred mean desk illuminance for each condition for different distraction categories.
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Table 18. Results paired samples test per distraction group —effect of wall uniformity on the preferred desk

illuminance.
Average distracted group (n=47) Fast distracted group (n=7)
Sig. (2-tailed) @ Effect size © Sig. (2-tailed) @ Effect size ©
N200min - U200min 0.000 0.57 0.006 0.77
N200gef - U2004ef 0.024 0.11 0.223 0.27
N200max - U200max 0.000 0.47 0.165 0.33

a) paired samples t-test; b) eta squared: n? = t2/(t?+N-1)

Table 19. Results paired samples test per distraction group —effect of average wall luminance on the preferred desk

illuminance.

Average distracted group (n=47) Fast distracted group (n=7)

Sig. (2-tailed) @ Effect size © Sig. (2-tailed) @ Effect size ©
X50min - U200min 0.000 0.40 0.007 0.76
X50max - U200max 0.000 0.26 0.648 0.04
X50min - N200min 0.038 0.09 0.331 0.18
X50def - N200gef 0.005 0.16 0.128 0.38
X100min - U200min 0.000 0.32 0.731 0.03
X100max - U200max 0.000 0.34 0.727 0.03
X100min - N200min 0.005 0.16 0.143 0.36

a) paired samples t-test; b) eta squared: n? = t2/(t2+N-1)

4.4, Discussion

In this study, the influence of wall brightness on preferred desk illuminance was explored. In this Section,
the strengths and limitations of the study will be discussed.

4.41.  Study design

The light conditions were not presented to the participants in a completely randomized order, but in one
of six sequences. However, analyses showed no effect of the sequence on the users’ selected illuminances.
Additionalanalyses of an order effect also showed no significant effects ofa previously presented condition.
Itis therefore not expected that repeating the experiment with a different sequence of conditions would
lead to different results.

During the introduction phase at the start of the experiment, the participants could get used to the
environmental conditions of the testbed office, to allow the eyes to visually accommodate to the same
setting. The study was performed in August and Septemberof2015. Dueto exclusion of daylightand a view
and the accommodation time to the space and its atmosphere, it is not expected that an evaluationin a
different period of the year would lead to different results.

90



Influence of wall brightness

Different luminaires were used to establish the uniform and non-uniform light conditions in this study. The
non-uniform light distribution was achieved by spot light luminaires. Recessed ceiling luminaires in
combination with the spots served to illuminate the ‘test wall’ uniformly. In both, the uniform and the non-
uniform conditions, an increasing average wall luminancealso led to a decrease of the uniformity U, as can
be seen in Table 13. Even though the uniformity of the N50 condition was comparable to that of the U200
condition, it was significantly lower than that of the U50 condition, and therefore considered and analysed
as a non-uniform condition. The effect of the luminaires’ luminance levels on the participants’ response
(potential glare avoidance) was minimized by choosing luminaires for the study that led to UGR<16 for
standard conditions. Thedifferent luminaires also resulted in differences in ceiling luminance near the back
wall (as can be seen in Figure 33 and Figure 34). A potential influence of this part of the ceiling cannotbe
disconnected from the results presented here.

4.4.2. Wall conditions

Users’ preferred desk illuminances were found to be lower when offering an average wall luminance of
200 cd/m? in a non-uniform distribution compared to a more uniform distribution with the same average
luminance. For the conditions with an average wall luminance of 50 cd/m? or 100 cd/m?, no significant
effect of wall uniformity on the selected desk illuminances was found. The preferred desk illuminances
were found to be significantly higher when offering an average wall luminance of 200 cd/m? in the more
uniform distribution, compared to most other conditions (N200 all, X50, and X100 min max). The
differences in users’ preferred desk illuminance in the evaluated conditions may have been influenced by
a different spatial brightness experience between conditions. As reported in previous studies, the spatial
brightnessis influenced by, amongothers, the desk illuminance and the light distribution in the office (de
Vries et al., 2015; Duffet al., 2017; Sullivan & Donn, 2016).

The differences in preferred illuminances between people are expressed among other statistics by the
interquartile range of each condition. The range in which participants set their preferred taskilluminance
did not showa consistent difference for the two types of uniformity, nor for thethree wall luminancelevels.
However, the conditions with alow start point for dimming ofaround 300 Ixdid show a smallerinterquartile
range, compared to the conditions with a start point of 500 Ix or 700 Ix. This suggests that offering a low
start point will reduce the difference in preferred task illuminances between occupants. To take people’s
non-linear perception of light (Illuminating Engineering Society, 2011) into account, the results of the
selected illuminances of users are presented on a logarithmic scale in Figure 37.
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Figure 37. Boxplots of preferred desk illuminance for each wall condition on a logarithmic scale.

When user preferences are plotted on a logarithmic scale to represent perceived brightness, the
differences in interquartile range between the conditions s still observable but becomes less obvious. This
suggests that for higher preferred illuminances, the spread between people may be larger, without people
experiencing these differences as larger.

Satisfaction of participants with the different wall conditions was not quantified in this study. In informal
interviews eight participantsindicated to prefer a uniformly illuminated wall overa non-uniform wall, two
participants indicated to prefer a non-uniformly illuminated wall, and 44 participants did not express a
preference. To assess the satisfaction with different levels of wall luminance and uniformity, further
research is needed.

The start point from which users were asked to set their preference had a significant effect on the selected
task illuminance. For each condition, the mean preferred taskilluminance was foundto be lowest for the
minimum start point, followed by the default and maximal start points, which is in line with the findings of
Uttley et al. (2013). In the interviews, participants indicated not to have noticed that only the task
illuminance changed when movingto a next start point within the same wall condition. They did not notice
the sequence of changing wall conditions every three evaluations.

The self-assessed sensitivity for distractions showed an effect on the preferred illuminances of the users.
Figure 36 shows that the more easily users were distracted, the lower their average selected desk
illuminance was, with a significant difference between the “fast-distracted” people and the other
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distraction categories. This could be an indication that fast-distracted people are also more sensitive to
light and therefore prefer lower illuminances. Further research is needed to validate these potential
relations.

Exploring the possible explanations for the reported effects, the wall conditions were inspected in more
detail. A high maximum wall luminance (as present in the N200 condition) could have positively influenced
the perceived room brightness, leadingto a lower tendency to increase the room brightness by increasing
the desk illuminance. This was however not evaluated in the scope of this study. A described potential
effect of a high maximum wall luminance would be consistent with the observation that the N200 condition
led to a lower average selected illuminance than any of the other conditions, although only significantly for
X50min, X504er, and X100,,i,. The study ofde Vries etal. (2015) showed that by increasing the wallluminance,
the room appraisal increased both in terms of attractiveness and perceived illuminance. The high wall
luminancein the study of Newsham et al. (2004) made the space more spacious and attractive. In line with
the suggestions of both studies, participants could have been expressing a preference relating to
appearance, and to a lesser degree relating to visual comfort. Based on this study it is unclear what the
effect of a maximum wall luminance higher than 600 cd/m? will be. Additional research on the relation
between the assessment of room appearance and the maximum wall luminance is needed for further
qualified statements.

The U200 condition had a minimum wall luminance (94 cd/m?) close to the luminance of the PC monitor
(100 cd/m?) on which the participant performed the task. The absence of background areas with a lower
luminance than the task could have contributed to the significantly higher selected desk illuminances in
this condition. This suggests that when a contrast between task and background is not observable, users
might have the tendency to increase their task lighting, in order to achieve this contrast. This is in line with
findings of Sheedy et al. (2005), where preferred surround luminance levels were found to be lower than
the luminance of the task. The effect is not found for the conditions with an average wall luminance of 100
cd/m?, which may be due the presence of areas with a lower luminance than the PC monitor, as can be
seen in Table 13, Figure 33, and Figure 34. Additional research is needed to investigate the suggested effect
the absence of low luminance background areas could have on selected desk illuminances.

4.5. Conclusions

This study showed that for an average wall luminance of 50 cd/m? or 100 cd/m?, the uniformity of the wall
does not influence the selected task illuminance by users. A wall with a non-uniform distributed average
luminance of 200 cd/m?led to lower selected desk levels than situations with an average wall luminance of
50 cd/m?or 100 cd/m?, both uniform and non-uniformly distributed. Anon-uniformlyilluminated wall with
a high average luminance of 200 cd/m?led to lower selected preferred illuminances of users compared to
more uniformly illuminated walls with similar or lower average luminance levels.

Results indicate that when provided with controls, users do not only select the lighting required for their
visual task but incorporate the observations in their visual field in their selected preference. This study
showed that the luminance level and uniformity distributions of the wall in the visual field influence the
selected preferred task illuminance of users. The results indicate that high maximum luminance values of
the wall in the visualfield, lead to lower selected desk illuminance levels. The results also indicate that high
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minimum luminance values of the wall in the visual field, creating little contrast between the task and the
background, lead to higher selected desk illuminance levels.

The start-point for dimming of the task lighting has a significant influence on users’ selected task
illuminances. A start desk illuminance of around 300 Ix led to lower selected illuminances by users thana
start desk illuminance around 500 or 700 Ix. A start point around 300 Ix also led to smaller differences in
preferred illuminances between users.

Offering users of open offices personal controlwith a 300 Ixdesk level as a starting position to control their
desk illuminance, instead of the by standards recommended 500 Ix, resulted in 26% lower selected
preferred illuminances. Triggering lower selected illuminances, leads to lower energy used for lighting. A
300 Ix desk level as a start point has also the potential to reduce the risk of conflict between people due to
a smaller range of preferred illuminances. However, more research is needed to confirm that these
differences are also perceivable by users, and whether they have an effect on satisfaction ratings of users.
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Noticeability and acceptance of granular dimming

5. Noticeabilityand acceptance of granulardimming

This chapter is based on the following publications:

S. Chraibi, P.T.J. Creemers, C. Rosenkotter, E.J. van Loenen, M.B.C. Aries, A.L.P. Rosemann. Dimming
strategies foropen office lighting: User experience and acceptance. Lighting Research and Technology2018;
0:1-17.

P.T.J. Creemers, E.J. van Loenen, M.P.J. Aarts, S. Chraibi, T.A. Lashina. Acceptable fading time ofa granular
controlled lighting system for co-workers in an open office. Proceedings of Experiencing Light 2014:
International Conference on the Effects of Light on Wellbeing, 10-11 November 2014, Eindhoven, The
Netherlands

Sensor-triggered control strategies can limit the energy consumption of lighting by considering the
presence of usersin the office and dimminglighting down when it is not needed. This so-called occupancy-
based dimmingcan be applied at different spatial levels, e.g., room level, zone level, or desk level. At room
level, as conventionally used, the lights will dim down when the entire room is unoccupied and dim up as
soon as one person is detected in the space. In multi-user offices, the application of occupancy-based
dimming at room level limits the energy saving potential. However, zone- or desk-based dimming may
affect the comfort of co-workers due to its dynamics. State-of-the-art smart lighting systems more
frequently have integrated sensors, enabling the luminaires to detect and respond independently to
people’s presence at their workplaces. This reinforces the application of occupancy-based dimming at desk
level.

This Chapter reports the assessment of occupancy-based dimming at desk level, using different dimming
speeds. In a mock-up office two experiments have been conducted with participants of different age
groups. Participants consisted of co-workers experiencing changes triggered by others, and actors
triggering these light changes. While the participants performed an office-based task, the luminaire above
the actors’ desk was dimmed from approximately 550 Ixto 350 Ix (average horizontalilluminance), and vice
versa. The participants evaluated the dimming conditions regarding their noticeability and acceptability.

The study showed noticeability of light changes due to dimming, to increase when fading times become
shorter. Dimming with a fading time of at least five seconds was not noticed by more than 75% of the
participants, irrespective of the dimming direction. Dimming with a fading time of at least two seconds was
experienced as acceptable by more than 70% of the participants. Dimming down with a fading time of at
least 10 seconds was not noticed by more than 90% of the participants. The results of this experiment
provide insights in system behaviour that does not compromise user experience while addressing the
energy efficient use of electric lighting.
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5.1. Introduction

Lighting uses a significant amount of electricity in office buildings. By considering environmental factors,
like the presence of usersin the office, sensortriggered controlstrategies can limit the energy needed for
lighting. Consequently, artificial lighting can be dimmed down when it is not needed. This is called
occupancy-based dimming and can be applied at different spatial levels, e.g., room, zone, or desk level.
Conventionally this is applied at room level, where the lights are dimmed down when the entire roomis
unoccupied and dimmed up when a personis detected in the space. In private offices this works well, but
in today’s widely applied multi-user open-plan offices, this limits the energy saving potential. However,
when applying dimmingin open-plan offices with a zone or desk level granularity, the lighting in the user's
visual field becomes dynamic, which introduces the risk of creating uncomfortable situations for users.
Building standards provide recommendations for comfortable lighting conditions in office spaces (NEN-EN
12464-1, 2011) and highlight the importance of users’ wellbeing (International WELL Building Institute,
2016), but do not give clear guidelines regarding acceptable characteristics of dynamic lighting.

State-of-the-art smart lighting systems more frequently haveintegrated occupancy and daylight harvesting
sensors, enabling control strategies to be applied on individual luminaire level. Each luminaire being able
to detect and respond independently to people’s presence at their workplaces, reinforces the application
of occupancy-based dimming on desk level for energy saving benefits, but it also makes dealing with
discomfort more challenging. Considering the perceptible steps as described in the standard EN12464-1
(2011), switching of lighting to a background level will be noticed in most cases, risking dissatisfaction of
users present in the space. However, dimming using smooth transitions may be more acceptable. In
literature, different studies can be found that address the detection and acceptance of light level
reductions, mostly to explore potentials for load-shedding or demand-responselighting strategies to limit
the energy used by lighting.

5.1.1.  Background

Krzyszczuk and Boyce (2002) reported a study in which they explored how fast the illuminance in an
enclosed office space could be reduced before the change was noticed. They used 1095 Ixand 475 Ix as
initial desk illuminance levels, and dimmed down with change rates from 4 to 337 Ix/s. In their study, they
found thatforeach giveninitial illuminance level, there is a relative threshold value for detection of change.
For the initial illuminance of 475 Ix this was after 22% dimming, and for the initial illuminance of 1095 Ix
this was after 17% dimming. Although Krzyszczuk and Boyce (2002) reported no effect of speed of change
on the detection threshold, Akashiand Neches (2005) do suggest that the dimming speed may allow to
further expand the acceptance of illuminance reduction.

Akashiand Neches (2005) evaluated the detection and acceptance of dimmingto explore the potential for
energy saving by load-shedding. In their studies, subjects detected and evaluated acceptance of dimming
while the illuminance was changed from initial illuminance levels of 300 Ix and 500 Ix to target levels
between 20and 1000 Ix. They reported that the probability of detection of illuminance reduction increased
as the targetilluminance decreased. For dimming down, this meant a higher probability of detection when
increasing the dimming speed (from 5 Ix/s to 50 Ix/s). This effect of increasing dimming speed was also
reported for dimming up (Akashi& Neches, 2004 ). Akashiand Neches (2005) found that once the horizontal
illuminance is reduced by more than 20% from the initial level, over 50% of the occupants are likely to
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detect the reduction. These results are in line with previous studies, that show that 50% of the population
could not detect a 15-20% illuminance reduction when engaged in a visual task (Akashi & Neches, 2004;
Krzyszczuk & Boyce, 2002; Shikakura, Morikawa, & Nakamura, 2003) and in line with the results from
Newsham and Mancini (2006). When a task is performed on a PC screen the sensitivity to illuminance
reductions is even lower (Akashi & Neches, 2005). While conducting a PC based task, reductions in
illuminance of 40% were still accepted by 80% of the subjects. In the latter study, Akashiand Neches also
found that the acceptable dimming range is wider when informing the subjects about the benefits of
dimmingfor load-shedding, compared to the subjects that were not informed. These results demonstrated
that tolerance regarding acceptance is greater than the boundaries of detectability. Understanding these
differences is important when applyingilluminance reductions.

Akashi and Neches (2004) also reviewed the effect of the dimming curve on the detectability or
acceptability of illuminance reduction, but reported to have found no effect.

Most of the mentioned studies were conducted in spaces with little or no daylight. Newsham et al. (2008)
performed a follow-up study that did include daylight. In the experiment, they dimmed lightingd own from
the baseline of 400 Ixwith 0, 20, 40, 60 and 80%, allin 10 s. They showed that in situations with no daylight,
the artificial lighting can be dimmed down by 20% without occupants noticing the change and dimmed
down by 40% to still be perceived as acceptable. In situations with low to high prevailing daylight, artificial
lighting can be dimmed down even further, being respectively 40 and 60% without occupants noticing the
change, and by 80% for both, low and high prevailing daylight, while still being perceived as acceptable.

In the above mentioned studies, lighting was dimmed above the subject’s desk in a private office set-up
(Akashi & Neches, 2004, 2005; Krzyszczuk & Boyce, 2002; Newsham, Mancini, et al., 2008). Even though
the study of Shikakuraet al. (2003)was performed in a multi-user office space, only one subject at a time
participated in the experiment, while the intensity of the luminaire above the subject’s desk was altered.
The study presented in this Chapter explores the acceptance of occupancy triggered dimming of a single
luminaire abovea colleague’s desk, in the users’ visual field. It will include the influence of dimmingspeed,
dimmingdirection and feedback regarding the reason of dimming, being the change in occupancy.

5.1.2.  Hypotheses

Advanced smart lighting systems enable granular dimming of luminaires in open plan office spaces. By
dimming down lighting of unoccupied desks the energy efficiency of a lighting system could be enhanced.
The rate of change of dimmingcan influence the energy benefit as well as the user experience, depending
on the dimming scenario. Dimming lighting down with a short fading time is most beneficial for energy
savings. Noticeable dimming provides an arriving user with the feedback that his presence is observed by
the system. However, in open office environments with multiple users, risks of discomfort, due to the
introduced dynamics, should be limited. Light changes in the visual field of co-workers, due to granular
dimming, could be experienced as disturbing, and therefore acceptable dimmingis of importance.

It is hypothesized that the co-workers’ acceptance of dimming lighting up or down increases with an
increasing fading time. Feedback regarding the reason ofan occurring light changeis expected to positively
influence the acceptance of the change. In case of occupancy-controlled dimming, this feedback could
consist of a direct link between the light change and the observation of a person entering or leaving the
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space. Itis therefore believed that the acceptance of dimming directly linked to a change in occupancy is
higher than the acceptance of dimming without a direct link to a change in occupancy.

This Chapter presents a study exploring and evaluating occupancy triggered dimming of a single luminaire
ina multiuser office. Within the study two experiments are conducted to address the hypotheses regarding
the co-workers’ acceptance of light changes.

5.2. Methodology

Two experiments in a mock-up office have been conducted to evaluate the co-workers’ acceptance of
illuminance reduction using different dimming speeds. Based on the results of a first study with a student
population, a follow-up study was conducted in which a sub-set of the conditions, complemented with
additional conditions, were re-evaluated with a group of participants with an age more representative of
typical office workers. The office set-up and procedures of the experiments were kept identical. Exposed
to the test conditions, participants were asked to perform an office-based task, while an informed actor
entered and left the office on instructed moments to simulate a change in occupancy. The experiments
were constructed with a repeated measures within-subjects design. Experiment 1 was conducted in
Novemberand December 2013, experiment 2 in March 2015.

5.2.1.  Testbed

The experiments were conducted in a full-scale mock-up office of 7.2m x 7.2 m x 2.8 m in a laboratory in
the Netherlands. The mock-up office was designed to mimic a situation in an open office space. The
participants’ viewincluded a part of the ceiling, an enclosing wall, multiple other work places, and a cabinet.
Each workplace was equipped with a mouse, a keyboard and a 24” LCD monitor, set to an identical screen
luminance with an average of 100 cd/m?. Internalscreens blocked daylight entrance, to exclude the impact
of exterior light variations on the experiment, and to evaluate the more critical situation without daylight
(Newsham, Mancini, et al., 2008). Desks 1-3, as illustrated in Figure 38, were used in the experiments by
participants, and desk 4 by an actor who was briefed prior to the experimental sessions. Desk 5 remained
unoccupied during the experiments. All subjects had several luminaires in their field of view when looking
straightahead. Additionally, the remaining luminaires were visible when moving their head up or sideways.

The electric lighting system of the mock-up office consisted of sixdimmable recessed ceiling LED Luminaires
(Philips, PowerBalance, 600 x 600 mm, 4000 K, Ra > 80, UGR<16, 34S, 3400 Im)and ten LED spots (accent
lighting, Philips, StyliD 4000 K, Ra > 80, SLED17, 2000 Im). The LED luminaires were installed with DALI
drivers, using alogarithmicdimming curve. To evaluate the participants’ acceptance of occupancy triggered
dimming, luminaire L4 (Figure 38) was dimmed up and down using different dimming rates. To limit the
influence of the walls on the perception of the space, the LED spots were used to keep the wall luminance
as constant as possible (Chraibi, Crommentuijn, van Loenen, & Rosemann, 2017). During the experiments,
the temperature in the office was kept constantat 21°C.

99



Noticeability and acceptance of granular dimming

internal blinds —

desk 1 desk 2

° j@@f °

L1 122
(@) [ ]
desk 3 desk 4
o
) B3| //J/ ° S
[[D (u )
o (@)
desk 5
LS = L6
() (@)
entrance
east wall A ) west wall
} 7206 |

[0 LED general lighting © LED spots

Figure 38. Floorplan of the mock-up office. To simulate occupancy triggered dimming, luminaire L4 was dimmed up
and down using different dimming rates.

5.2.2.  Participants

The study consisted of two experiments, with two different groups of subjects. All subjects were familiar
with office work and had a bachelor’s degree or higher. Inclusion criteria included fluency in English, having
normal or corrected to normalvision, and no professional knowledge in the field of lighting application or
perception. Recruitment was done using flyers with a call for volunteers, distributed at both the technology
as well as the university campus of the city.

The subjects of both experiments could be divided in two groups, the “co-workers”, also referred to as the
participants, experiencing changes triggered by others, and the “actors”, entering and leaving the office
space on unobtrusively indicated moments. Experiment 1 was performed with 59 university students in the
age range of 18 — 30 years. Three subjects were excluded from the analyses due to drop-out of the actor,
which resulted in not being able to execute the experimental sessions accordingto the designed protocol.
Included subjects of experiment 1 consisted of 41 participants (22 females and 19 males), and 15 actors
(eight females and seven males). Based on the results of experiment 1, power calculations of the
acceptance assessmentscale suggested a required samplesize of at least 17 participants for experiment 2.
Experiment 2 was performed with 27 subjects in the age range from 30 to 50 years. Two subjects of
experiment 2 were excluded fromthe analyses dueto drop-outand prior knowledge of the study objective.

100



Noticeability and acceptance of granular dimming

Included subjects consisted of 17 participants (three females and 14 males), and eight actors (four females
and four males).

Data of experiment 1 and 2 was collected in respectively fifteen and eight experimental sessions, all planned
on weekday mornings. Each subject participated in one experimental session. Each session had one actor,
joined by up to three participants. The actor took place behind desk 4 (Figure 38). Prior to the session, the
researcher informed the actor about the study objective. The actor was instructed to enter and leave the
office space on specific moments, unobtrusively indicated by the researcher, without communicating to
theother usersin the office. All data generated by the actors is excluded from the analyses. In each session,
the participants took place behind desks 1, 2, or 3 (Figure 38) and were uninformed regarding the different
role of the actorand the objective of the experiment. In experiment 1, desk 1 was occupied by a participant
fourteen times, desk 2 twelve times, and desk 3 fifteen times. In experiment 2, desks 1, 2, and 3 were
occupied in total respectively six, five, and six times. The information provided to the participants was
limited to their involvementin a study assessing user satisfaction in an open office. After the experiment,
the participants were fully informed about the study objective. Table 20 shows the characteristics of the
participants of both experiments.

Table 20. Characteristics of the participants.

Gender Age category Visual aids
Experiment 1 Female: 22 <20 years: 9 Glasses: 12
Male: 19 20-24 years: 25 Contact lenses: 5
25-29 years: 7 Glasses only when reading or driving: 5
None: 19
Experiment 2 Female: 3 30-35years: 10 Glasses: 7
Male: 14 35-40vyears: 5 Contact lenses: 4
45-50years: 2 Glasses only when reading: 2
None: 4

5.2.3.  Study design

At the day of their participation, the subjects assembled at the reception of the facility, from where they
were guided to the laboratory office. In the office, subjects were asked to take place behind their allocated
desks, where they received the plenary introduction explaining the procedure of the experiment. Everyone
was asked to turn off mobile phones, and not talk to each other during the experiment. Inthe introduction
the objective “an experiment about satisfaction in an open office” was emphasized. Subjects were informed
that the experiment will include surveys and a cognitive task. The cognitive task consisted or reading,
thinking, and writing, by asking participantstoread and summarize an English text presented tothem ona
PC screen (positive polarity, font size 12). The task represented a typical office task performed in offices
nowadays. Subjects did not receive instructions about viewing directions. The subjects were asked to click
on a red button, continuously visible at the bottom part of their screen (Figure 39), when they noticed a
change in their environment. In the verbal instructions lighting, ventilation, and heating were mentioned
as examples. A click on the button triggered an evaluation screen to pop-up in which they could indicate
and evaluate the noticed change ona 7-point Likert scale ranging from ‘very unacceptable’ (1), via ‘neutral
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(4) to ‘very acceptable’ (7). As partof the introduction, the on-screen button was pushed by all subjects to
get familiar with the options list for noticed changes and with the different screens. The participants were
asked to look at the list, which included temperature, ventilation, sound, light, odour, occupancy, and
‘other’, which they could further specify. The participants were notinformed that occurring changes would
be limited to lighting and occupancy changes only. After providing feedback via the red button, users were
instructed to continue with the reading and summarizing task, untilthe experiment leader informed them
to stop (approximately 1.5 hours later).

After the introduction, the subjects were given the opportunity to ask any remaining questions. After that
the subjects were asked to start by filling in a demographicsurvey, which included a repetition of the given
instructions (Figure 40). All surveys were presented in English and questions could be answered by the
experiment leader in English or Dutch. Subjects were informed that there were no right or wrong answers
to either the survey or the task. After the subjects started with the cognitive task, the experiment leader
took position outside the test office outside of the view of the participants.

o ek 61 70 14781 F 90 T 43 0T I W €0 M 1P 10 0 %k i B F e TRY

Figure 39. On-screen reading and summarizing task, with the ‘notice’ button to indicate a change when observed.
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Thank you for participating in this experiment.

During the experiment all participants have their own tasks. It is possible that other participants
perform different tasks. This is part of the experiment.

It is important not to talk to other participants about what your specific task at that moment is.

Please turn off your cellphone and stay seated during the test. Make sure you are comfortable.
You can change the settings of your chair to make it more comfortable to yourself.

You may continue to the next page to start with the survey.

Figure 40. On-screen instructions participants had to read before continuing to the survey.

Duringthe readingtask, the participants experienced different experimental conditions. Without informing
the participants, every 5 or 10 minutes (when the setting incorporated a 5-minute delay), a next condition
was started. On specific moments during the experiment, the actor behind desk 4 was discretely asked by
the experiment leader to enter or leave the room, using an on-screen chat tool. To simulate occupancy
triggered dimming of the lighting above desk 4, luminaire L4 was dimmed up or down accordingly,
simulating dimming up when occupancy is detected and dimming down when a desk becomes unoccupied.

The lighting installation was designed to dim up from a background illuminance level of 300 Ix to a
recommended office taskilluminance of 500 Ix, and vice versa (NEN-EN 12464-1,2011). During the study,
only luminaire L4 was varied between these respectively ‘vacant’ and ‘occupied’ settings. Luminaire L4 was
commissioned to deliver a light output as close to these principles as possible. Dueto the distance between
the luminaires and the properties of the beam, some lighting spill-over did occur, influencing the
illuminance level onthe other desks as well. Luminaires L1, L2 and L3 remained in the ‘occupied’ setting of
30% luminaire output, and luminaires L5 and L6 in the ‘vacant’ setting of 1% luminaire output during the
entire experiment. In between experiment 1 and 2, the luminaire drivers of the testbed were replaced.
Recommissioning of the systemresulted in small differences in desk illuminance levels. Table 21 presents
the average horizontalilluminance measured on the different desks in the vacant and occupied settings, as
well astheilluminance reduction at each desk relative to the desk’s initialilluminance level. Figure 41 shows
impressions of the room with luminaire L4 in an ‘occupied’ and ‘vacant’ state.

Table 21. Overview of the measured average horizontal desk illuminance in the occupied and vacant state.

Eavg,deskl [lX] Eavg,deskZ [|X] Eavg,desk3 [|X] Eavg,desk4 [|>(]

All desks occupied 546 557 545 543
Experiment 1 | Desk 4 vacant 510 500 440 310
% of reduction from initial illuminance 7% 10% 19% 43%
All desks occupied 571 539 549 543
Experiment 2 | Desk 4 vacant 521 489 455 345
% of reduction from initial illuminance 9% 9% 17% 36%
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Figure 41. Impression of the room with luminaire L4 in an ‘occupied’ state with a horizontal desk illuminance of 543 Ix
at desk 4 (left) and a ‘vacant’ state with a horizontal desk illuminance of 310-345 Ix at desk 4 (right).

With various fading times, the conditions included dimming up immediately after the actor has entered the
room and dimming down with or without a 5-minute delay after the actor has left the office. The delay
simulates the delay often used in practice to avoid false detection of an unoccupied desk. To evaluate the
influence of the occupancy change, additional conditions were tested, where dimming occurred without
an occupancy change, and conditions where the occupancy change did notinclude a light change.

Based on previous studies (Akashi & Neches, 2004, 2005; Krzyszczuk & Boyce, 2002; Newsham, Mancini, et
al., 2008), fading times of 0, 2, 5 and 10 s were selected for experiment 1, during which luminaire L4 was
dimmed from an average deskilluminance of desk 4 of 310 Ix (vacant state) to 543 Ix (occupied state), and
vice versa. An overview of the evaluated experimental conditions is shown in Table 22. Conditions 1 -3 and
7,9 — 13 consisted of a combination of a light and occupancy change. Conditions4 — 6 and 14,16 and 17
consisted of only a change in lighting, and conditions 18 and 19 consisted of only an occupancy change.
The order of the test conditions was randomized in each experimental session to avoid an order effect.
Within the sequences, dimming up is however always followed by dimming down and vice versa, and the
sameholds for entering and leaving of the actor. In experiment 1, each participant experienced each of the
17 different conditions at least once. Due to an unbalance in the number of dimming down and dimming
up conditions, somedimming up conditions had to be repeated to be able to dim the lighting down. Figure
42 presents a schematic example of a timeline of an experimental session of experiment 1.

After all conditions were evaluated, the participants were informed that only light changes had occurred
during the experimental session. The conditions without occupancy changes were thereafter re-evaluated
for their noticeability and acceptability while being informed, as also illustrated in Figure 42.

Based on both the previous studies as well as the results of experiment 1, fadingtimes of 0,2 and 5 s were
selected for the second experiment, during which luminaire L4 was dimmed from an average desk
illuminance of desk 4 of 345 Ixto 543 Ix, and vice versa. Experiment 2 included 14 experimental conditions,
shownin Table 22. Forexperiment 2, dimming down in 10 s was replaced by conditionsin which luminaire
L4 was dimmed in 5 s. The conditions in which dimming down was executed without a delay were not
included in experiment 2. Labels of similar conditions were keptidentical to experiment 1. Each participant
experienced each of the 14 different conditions once. The conditions 4 - 6 and 14 — 16 consisted of only a
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changein lighting. The conditions 18 and 19 consisted of only an occupancy change, and the conditions 1 -
3 and 7 - 9 consisted of a combination of a light and occupancy change. In each of the eight experimental
sessions, a different order ofthe conditions was used. Within the sequences, dimming up is always followed
by dimming down and vice versa, and the same holds for entering and leaving of the actor. Figure 43
presents a schematic timeline of an example sequence of the experienced conditions during one of the

experimental sessions of experiment 2.
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Figure 42. Schematic timeline of the conditions in an example experimental session of experiment 1, including the
moments the actor entered or left the office, and the direction and speed of the light changes.
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Figure 43. Schematic timeline of an example sequence of the experienced conditions in one of the experimental
sessions of experiment 2, including the moments the actor entered or left the office, and the direction and speed of
the light changes.

105



Noticeability and acceptance of granular dimming

Table 22. Characteristics and labels of the evaluated conditions of experiment 1 and 2. The evaluated conditions
include variations in occupancy change, and direction and speed of the light change.

Conditions 1 2 3 4 5 6 (7 8 9 10 11 12 13 14 15 16 17|18 19
Lights Dim up Dim down No change
Actor Enters No change Leave ° Leave No Change Enter | Leave
Fading

) o 2 50 2 5|0 2 5 10(0 5 100 2 5 10 | - -
Time @ [s]

Experiment 1 |lO o o o o O ©O o o o [¢] o ¢} o o o o
Experiment 2 | e e o @ e o o o . ° .

a) Time to dim up or down from the vacant state to the occupied state or vice versa
b) Lights are dimmed down 5 min after the actor has left the office

Even though the system was commissioned to dim instantaneously (i.e., within 0 s), the actual measured
dimming took more time. Table 23 shows the actual fading time and dimming speed of the conditions,
measured with a 0.09 s interval, which was the fastest possible sampling rate of the measurement
equipment. Even though the exact fading times deviate, the rounded numbers, 0—2 —5— 10, will be used
throughout this Chapter when referring to the different dimmingbehaviours.

Table 23. Fading times evaluated in the study.

Dim up Dim down

0 2 5 0 2 5 10
Actual fading time [s] 0.27 1.71 4.86 0.36 1.71 4.86 9.99
Dimming speed [Ix/s] 2 822 133 45 605 133 45 22

a) Calculated slope of the dimming curve trendline

5.2.4. Metrics

When participants noticed a change, they were prompted to evaluate it on a 7-point Likert scale ranging
from ‘very unacceptable’ [1], via ‘neutral’ [4] to ‘very acceptable’ [7]. The 7-point scale was selected to
allow for more discrimination in the ratings and more granularity in the results. For the analyses of this
study, this 7-points scaleis extended to an 8-points acceptance scale. When a light change was not noticed
by a participant, it is labelled with the highest rating for acceptance: ‘not noticed’ [8]. The noticeability is
analysed on a two-pointscale, using the assigned values “noticed” [1] and “not noticed” [0].

Due to the ordinal character of the data and the relatively small sample size, the data was analysed using
non-parametricstatistics. Datais analysed for an effect of theindependentvariables, by means of a Mann-
Whitney test (two independent groups) and a Kruskal-Wallis test (three or more groups). Within-subjects
Friedman tests (repeated measures at three or more points in time) and Wilcoxon Signed Ranks tests
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(repeated measures at two occasions) are used to explore effects of the dimming direction, speed and
occupancy change. Effect size calculations are done using Pearson r, calculated using r=Z/VN of Rosenthal
(1994) (from: Field, 2009). Interpretation of the values is done following guidelines of Cohen (1988), with
0.1=small effect, 0.3=moderateeffect, and 0.5=large effect.

5.3. Results

In this Chapter, results of experiment 1 and experiment 2 will be discussed separately.

5.3.1. Experiment 1

During all experimental sessions of experiment 1, in total 852 changes were reported by the participants,
of which 421 were light changes and 229 were occupancy changes. Of these reported occupancy changes,
55 were reported as other but specified as “person entering or leaving the office”. Table 24 presents all
reported changes. The remaining “other” changes, reported by three individuals, included sneezing co-
workers or chairs being changed in height, as well as 14 indications of changing PC screen brightness. The
analyses presented here focusses on the indications of light changes only. 41% of the executed light
changes in experiment 1 were reported as noticed by the participants.

Due to a disbalancein the number of dimming down and dimming up conditions, somedim up conditions
were repeated to be able to subsequently dim thelighting down. Each participant evaluated two dimming
up conditions twice, resultingin additional evaluations of the conditions 1, 2, 3, 4, and 6. A within-subjects
analyses showed no significant difference between the first and second time a participant evaluated a
condition (detailed results of the statistical analyses are shown in Table C.1 Appendix C). In further analyses
only the first evaluations of all conditions were used, discarding all second evaluations.

Table 24 Changes reported by the participants during the experimental sessions of experiment 1.

Reported change Quantity Reported change Quantity
Temperature 64 Odour 3
Ventilation 20 Occupancy 229
Sound 90 Other 25

Light 421
5.3.1.1. Independent variables

The design of the study enclosed several independent variables, which were evaluated for their effect on
the noticeability and acceptance of the light changes. Experimental sessions were executed on different
weekdays. The day on which each experiment was conducted did not affect the noticeability oracceptance
ratings (p>0.05). The experiment included 19 male and 22 female participants. The gender of the
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participants did also not affect the noticeability or acceptance ratings (p>0.05). Within the selected
participant age group of 18-30years, asubdivision into three groups was made, distinguishing participants
youngerthan 20 vyears, from 20to 24 yearsand from 25 to 29. Age did not show an effect on theacceptance
ratings but did show an effect on noticeability of one of the conditions. Dimming up in two seconds, without
a change in occupancy, was noticed significantly more often (Z=6.491, p=0.041) by the participantsin the
middle age category (mean=0.52, SD=0.510), compared to the other groups (both mean=0.13, SD=0.354).
The desk behind which the participant took place during the experiment affected the noticeability and
acceptance ratings of multiple conditions. Light changes were most frequently noticed by users behind
desk 3 (59% of the executed changes), and less frequently by users behind desk 1 and 2 (33% and 28% of
the executed changes respectively) (Table 25). The acceptance ratings follow that same pattern, with the
lowest mean acceptance rating for desk 3. Figure 44 shows the distributions of acceptance levels for the
different desks in boxplots. The results of the conditions in which the desk significantly affected the user
ratings are presentedin Table 26. It should be noted that even though equal desk occupation was pursued,
desk 1 was occupied fourteen times, desk 2 twelve times and desk 3 fifteen times. Due to the number of
occupations per desk, no subdivision based on desk was made in further analyses.

Table 25. Frequencies of noticed lightchanges per desk in experiment 1

Desk Noticed Not noticed Total
1 (n=14) 98 196 294
2 (n=12) 70 182 252
3 (n=15) 186 129 315

Table 26. Results of the statistical tests showing the effect of the workplace on the noticeability and acceptance of
the experimental conditions in experiment 1.

Condition 2 3 5 6 10 12 16
Noticeability | X?Value ? 8.547 14.275 6.987 7.495 7.495 11.040

Sign. (2-tailed) .014 .001 .030 .024 .024 .004
Acceptance X2 Value 2 8.749 14121 7.456 7.284 7.481 7.471 11.374

Sign. (2-tailed) .013 .001 .024 .026 .024 .024 .003

a) Kruskal-Wallis Test, Chi-Square value (p<0.05) with df=2.
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Figure 44. Acceptance distributions of experiment 1, plotted per desk in boxplots (n=14, 12, and 15 for desks 1,2, and
3). Desks 1and 2 show higher acceptance ratings with median values at the highest acceptance level.

5.3.1.2. Ratings of acceptance

Distributions of the participants’ ratings of acceptance of the light changes are presented in the boxplots
of Figure 45. As can be seen, immediate dimming, with a fading time of 0 s, was noticed by most
participants. The conditions with a 5's and 10 s fading time were scarcely noticed. Table 27 presents the
mean and standard deviation values of acceptance of each condition.
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Figure 45. Results of the evaluated conditions of experiment 1 plotted in a boxplot. Conditions are sorted on ascending
label numbers. Characteristics of each condition are shown in the table at the bottom of the boxplot. Within the
subgroups, indicated with the dotted line, the median values show increasing acceptance with increasing fa ding times.
* Lights are dimmed down 5 min after the actor has left the office

Table 27. Mean and standard deviation of the acceptance level values of each condition of experiment 1. The
acceptance scale ranges from 1 to 8, with higher values for higher acceptance ratings.

Conditions 1 2 3 4 5 6 7 9 10
Mean 5.54 6.90 7.46 551 6.78 7.44 5.17 6.95 7.59
SD 1.925 1.908 1.451 1.804 1.930 1.305 2.048 1.936 1.341
Conditions 11 12 13 14 16 17 18 19

Mean 551 7.61 7.88 5.27 7.29 7.73 8.00 8.00

SD 2.087 1.302 .640 2.062 1.616 1.025 0.000 0.000
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5.3.1.3. Impact on noticeability and acceptance

In the following paragraphs, the elements dimming speed, dimming direction, occupancy change, and
informing the participants are analysed for their impact on the acceptance ratings of the light changes.

Dimming speed

The boxplots of Figure 45 suggests an increase in acceptance level with an increasing fading time for
dimming, observable by the median values within each subgroup. Using only the fading time as a variable,
five groups were formed to analyse the effect of dimmingspeed on acceptance. Afirst group of conditions
in which a person entered the office and lighting was dimmed up immediately, using three fading times
(conditions 1-2-3). A second group in which lighting was dimmed up using three fading times without a
change in occupancy (conditions 4-5-6). A third group of conditions in which a person left the office,
followed by lighting dimmed down and after a five minutes delay, using three fading times (conditions 7 -9-
10). A fourth group in which a person left the office and lighting was dimmed down immediately (without
the delay) using three fading times (conditions 11-12-13), and a fifth group with lighting dimmed down
using three fading times without a change in occupancy (conditions 14-16-17).

The analysis showed an effect of dimming speed on the noticeability and acceptance levels of the
conditions, within all formed groups. Detailed results of the statistical analyses are shown in Table C.2
Appendix C. Post hoc tests, with a Bonferroni correction (significance of p<0.0167) were performed on the
acceptance ratings to analyse between which fading times within each group these effects occur. Results
of the combinations with a significant effect are reportedin Table 28. As can be seen, effects observed are
all, but one, of a large size (using guidelines of Cohen (1988), with 0.1=small effect, 0.3=moderate effect,
and 0.5=large effect).

Table 28. Results of the post hoc tests showing the conditions of experiment 1 where dimming speed showed an
impact on the acceptance ratings.

Conditions 2-1 3-1 5—4 6-5 4-6

z@ -3.472¢ -4.591¢ -3.256°¢ -2.724¢ -4.600¢

Asymp. Sig. (2-tailed) @ 0.001 0.000 0.001 0.006 0.000

Effect size ® -0.54 -0.72 -0.51 -0.43 -0.72

Conditions 9-7 7-10 12-11 11-13 16 -14 14-17
z@ -4.020¢ -4.199¢ -4.105¢ -4.646¢ -4.453¢ -4.7124
Asymp. Sig. (2-tailed) @ 0.000 0.000 0.000 0.000 0.000 0.000
Effect size® -0.63 -0.66 -0.64 -0.73 -0.70 -0.74

a. Wilcoxon signed-rank tests, with a Bonferroni correction (p<0.0167), b. Pearson r, calculated using r=Z/VN of
Rosenthal (1994) (from: Field, 2009), c. based on negative ranks, d. based on positive ranks
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As can be seen in Table 28, the tests showed all groups to have a significant difference in acceptance of
fading in O sversus any other fading time. When dimming up without an occupancy change, acceptance of
fading in 2 s was significantly lower than with a 5 s fading time. This difference was not observed when
dimming was accompanied with a change in occupancy. No significant difference was found between
acceptance ratings for 5 s fading versus 10s.

Dimming direction

Usingonly the dimmingdirection as a variable, groups were formed to analyse the effect of the direction
of dimming on the acceptance level. To exclude the impact of a person walking in, respectively leaving the
office, only the conditions without an occupancy change and with the same dimming speed were
considered. These are dimming in O s (conditions 4-14) and dimmingin 5 s (conditions 6-16). The tests
showed no significant effect of dimming direction on the acceptance of thelight changes (p>0.05). Detailed
results of the statistical analyses are shown in Table C.3 Appendix C.

Occupancy change

Using only the occupancy change as a variable, the data was analysed for an effect of occupancy change
on the acceptance level of the light change. Pairs were formed to compare the conditions with vs without
an occupancy change. Three pairs were formed of the conditions dimming up with similar fading times
(conditions 1-4, 2-5, and 3-6). Six pairs were formed of the conditions dimming down with similar fading
times after a delay (conditions 7-14, 9-16, and 10-17) and without a delay (conditions 11-14, 12-16, and
13-17). All pairs tested, showed no significant effect of occupancy change on the acceptance of dimming
(p>0.05). Detailed results of the statistical analyses are shown in Table C.4 AppendixC.

Delay

Usingonly the delay introduced for dimming down as a variable, the data was analysed for an effect of the
delay on the acceptance level of the light change. Three pairs were formed of dimming down conditions
with similar fading times: dimming down in O s (conditions 7-11), dimming down in 5 s (conditions 9-12)
and dimming down in 10 s (conditions 10-13). The tests showed a significant effect of the delay on
noticeability and acceptance for one of the conditions. Dimming down in 5 s was noticed more often
(p=0.034,7=-2.121, r=-0.33)and rated lower in acceptance (p=0.037,Z=-2.083, r=-0.33) when fading was
done with a 5 min delay after the occupant left the office space, however both with a medium effect size.
No significant effect of a delay was found on noticeability or acceptance ratings for dimmingin 0 or 10 s.
Detailed results of the statistical analyses are shownin Table C.5 Appendix C.

Informing the participants

After all conditions were evaluated, participants were informed that only light changes could occur. The
three fading times of dimming up and the three fading times of dimming down were thereafter re-
evaluated in arandom order, without an occupancy change. Table 29 shows the descriptive statistics of the
informed conditions.
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Table 29 Descriptive statistics of the acceptance ratings of the informed conditions.

Dim up— no occupancy change Dim down —no occupancy change
Fading time [s] 0 2 5 0 5 10
Condition 4.1 5.1 6.1 14. 16.1 17.1
Mean 5.32 6.29 6.66 5.12 6.95 7.68
SD 1.665 1.940 1.726 1.706 1.702 1.035

By making pairs with their uninformed counter conditions (similar dimming direction, fading time, and
occupancy change), the effect of informing participants on acceptance ratings was tested. The tests showed
being informed to only significantly effect noticeability and acceptance of one of the conditions. Dimming
up in 5 s was noticed more often (p=0.04,Z=-2.887, r=-0.45)and rated lower in acceptance (p=0.003, Z=-
2.940, r=-0.46) when participants were informed of the possibility of light changes occurring compared to
notbeing informed, both with a mediumto large effect size. Detailed results of the statistical analyses are
shownin Table C.6 Appendix C.

5.3.1.4. Acceptable dimming

To create an overview of acceptable conditions, ratings of ‘acceptable’ [6] or higher were isolated and
plotted for each condition. Figure 46 shows the percentage of participants that evaluated a condition within
this higher part of the scale. Ratings of ‘slightly acceptable’ and lower are considered unacceptable. The
overview clearly shows that for most conditions, a substantial part of the acceptable changes consist of
light changes that were not noticed by the participants.

The results of experiment 1 showed, when applying occupancy-based dimming with a short fading time (0-
seconds condition), less than 55% of the users experienced the conditions as acceptable. The level of
acceptance reduced even further (<40%) when dimming was applied with a delay after a user leaves the
office. Applied without atime delay after the user leaves his desk, acceptance of dimming was higher, which
corresponds to the findings of Akashiand Neches (2005), reporting that feedback regarding the occurred
change could enhancethe acceptance of the users.

Implementing dimming up with a fading time close to two seconds and dimming down with a fading time
close to five seconds resulted in acceptance by more than 75% of the users. Akashi and Boyce (2006)
reported that with static lighting, 70% of the office workers in a typical US office is satisfied with thelighting.
The acceptanceratings of Figure 46 showthat a similarthreshold can be reached foracceptance of dynamic
lighting usinga dimming speed of at least 2 s when dimmingup, and 5s when dimming down.
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Figure 46. Fraction of participants that rated lighting conditions as acceptable, very acceptable, or not noticed in
experiment 1. Conditions are sorted on ascending label numbers. Characteristics of each condition are shown below
the bar chart. * Lights are dimmed down 5 min after the actor has left the office.

5.3.2. Experiment 2

During all experimental sessions of experiment 2, atotal of 232 changes were reported by the participants,
of which 88 were light changes and 65 were occupancy changes (of which 51 were indicated as an
occupancy changeand 14 as other but specified as person entering or leaving the office). Otherindications
existed of temperature (21 indications), noise levels (42 indications), ventilation (13 indications), or other
(3 indications). 43% of the executed light changes in experiment 2 were reported as noticed by the
participants.

5.3.2.1. Independent variables

The ratings of noticeability and acceptance showed no significant effect for gender, age category, or day of
the week on which the experiments were conducted (p>0.05). The desk behind which the participant took
place during the experiment did show an effect on the noticeability and acceptance ratings for multiple
conditions. Light changes were most frequently noticed by users behind desk 3, and least frequently by
users behind desk 1 (Table 30). The acceptance ratings follow that same pattern with desk 3 scoring lowest
onmean acceptance ratings, and desk 1 highest. Figure 47 shows the distributions of acceptance levels for
the different desks in boxplots. Conditions in which the desk of the participants had a significant effect on
noticeability or acceptance are shown in Table 31. It should be noted that even though equal desk
occupation was pursued, desk 1 and 3 were occupied six times, and desk 2 five times. Due to the small
sample size, no subdivision based on workplace was made in further analyses.
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Table 30. Frequencies of noticed light changes per desk in experiment 2.

Noticeability and acceptance of granular dimming

Desk Noticed Not noticed Total
1 (n=6) 21 63 84
2 (n=5) 21 49 70
3 (n=6) 39 45 84

Table 31. Results of the statistical tests of the conditions in experiment 2 with an effect of the workplace on the

noticeability and acceptance of the experimental conditions.

Noticeability Acceptance
Condition | 1 3 6 | 3 6
X2 Value @ 9.269 6.286 6.286 6.216 6.233
Sign. (2-tailed) 0.010 0.043 0.043 0.045 0.044
a) Kruskal-Wallis Test, Chi-Square value (p<0.05) with df=2.
Not noticed —
Very acceptable — I
Acceptable (o}
§ Slightly acceptable | * -
£
51
E Neutral — *
(o]
K]
[
—  Slightly unacceptable — * -4
Unacceptable — * o
Very unacceptable — * -
T | |
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Figure 47. Acceptance distributions experiment 2, plotted per desk in boxplots (n=6, 5, and 6 for desks 1, 2, and 3).

Desks 1, 2, 3show a descending acceptance. All desks have median values at the highest acceptance rating.
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5.3.2.2. Ratings of acceptance

Distributions of the participants’ ratings of acceptance of the light change are presentedin the boxplots of
Figure 48. As can be seen, immediate dimming, with a fading time of O s, was noticed by most participants.
The conditions with 5 s fading time were scarcely noticed. Table 32 presents for each condition the mean
and standard deviation values of acceptance.

Table 32. Mean and standard deviation of the acceptance level values of each condition in experiment 2. The
acceptance scale ranges from 1 to 8, with higher values for higher acceptance ratings.

Conditions 1 2 3 4 5 6 7
Mean 5.76 6.41 7.35 4.35 6.65 7.59 5.12
SD 1.985 2.123 1.618 1.902 1.967 0.939 2.315
Conditions 8 9 14 15 16 18 19
Mean 7.53 7.41 5.65 7.06 7.88 8.00 8.00
SD 1.505 1.326 2.120 1.853 0.458 0.000 0.000
T
\
Not noticed —| — [ — — — —_— e o e e—— e
| I
Very acceptable —| |
\
Acceptable —| ‘ — * * =  * — *
§ Slightly acceptable —| ‘ * % * *
g |
st
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2
q>) —|7
3 \
Slightly unacceptable —|
\
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\
Very unacceptable —|
\
‘ T T T T T T T T T T T T T T
Label 1 2 3 4 5 6 7 8 9 10 11 12 13 14
Lights Dim up Dim down No change
Actor Enter No change Leave * No change Enter Leave
Fading time [s] 0 2 5 0 2 5 0 2 5 0 2 5 -
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Figure 48. Results of the evaluated conditions of experiment 2 plotted in a boxplot. Conditions are sorted on
ascending label numbers. Characteristics of each condition are shown in the table at the bottom ofthe boxplot.
Within the subgroups, indicated with the dotted line, the median values show increasing acceptance with increasing
fading times. * Lights are dimmed down 5 min after the actor has left the office.

5.3.2.3. Impact on noticeability and acceptance

In the following paragraphs, the impact of dimming speed, dimming direction, and occupancy change on
the acceptance ratings of the light changes was analysed.

Dimming speed

The boxplots of Figure 48 suggest an increase in acceptance level with an increasing fading time for
dimming, observable by the median values within each subgroup. Using only thefading time as a variable,
four groups were formed to analyse the effect of dimmingspeed on acceptance. A first group experiencing
the situation in which a person entered the office and lighting was dimmed up immediately, using three
fading times (conditions 1-2-3). Asecond group experiencing lighting dimmed up using three fading times
without a change in occupancy (conditions 4-5-6). A third group experiencing the situation in which a
person left the office and after a five minutes delay lighting was dimmed down using three fading times
(conditions 7-8-9), and afourth group experiencing lighting dimmed down using three fading times without
achangein occupancy (conditions 14-15-16).

The analyses showed an effect of dimming speed on the noticeability and acceptance levels for all
conditions. Detailed results of the statistical analyses are presented in Table C.7 Appendix C. Post hoctests,
with a Bonferroni correction (significance of p<0.0167) were performed on the acceptance ratings to
analyse between which fading times these effects occurred. Only results of the combinations that showed
a significant effect are reportedin Table 33, all have a large effect size.

Table 33. Results of the post hoc tests showing the conditions where dimming speed showed animpact on the
acceptance ratings.

Conditions 3-1 5-4 4-6 8-7 7-9 14-16
z? -2.567° -3.189° -3.432¢ -3.201° -3.205¢ -2.953¢
Asymp. Sig. (2-tailed) @ 0.010 0.001 0.001 0.001 0.001 0.003
Effect size d -0.62 -0.77 -0.83 -0.78 -0.78 -0.72

a. Wilcoxon signed-rank tests, with a Bonferroni correction (p<0.0167), b. based on negative ranks, c. based on positive
ranks, d. Pearson r, calculated using r=Z/VN of Rosenthal (1994) (from: Field, 2009).

The tests showed for all groups, a significant difference in acceptance of fading in Os versus5s. The ratings
of the 2 s conditions were always in between the ratings of 0 s and 5 s, as can be seen in the boxplots of
Figure 48. Noneof the groups showed a significant difference between 2 s and 5 s fading. For dimmingup
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without an occupancy change and dimming down after an occupancy change, a significant difference
between fading in 0s and 2 s was found.

Dimming direction

Using only the dimming direction as a variable, four groups were formed to analyse the effect of the
direction of dimming on the acceptance level. To exclude the impact of a person entering or leaving the
office (5 min prior to the light change due to the delay), only the conditions without an occupancy change
were considered, being dimming up and down in O s (conditions 4-14), 2 s (conditions (5-15), and 5 s
(conditions (6-16). The tests showed only an effect of dimmingdirection on the noticeability of dimmingin
0 s, with a large effect size (p=0.025, Z=-2.236, r=-0.54). The tests showed no significant effect of dimming
direction onthe acceptance level. Results of the statistical analyses are presented in Table C.8 Appendix C.

Occupancy change

Using only the occupancy change as a variable, the data was analysed for an effect of occupancy change
on the acceptance level of the light change. Six pairs were formed of conditions with similar dimming
directions and fading times, with the occupancy change as a variable, comparing with to without an
occupancy change. The formed pairs consisted of three pairs of dimmingup with respectively 0,2,and 5 s
(conditions 1-4, 2-5, and 3-6), and three pairs of dimming down after a delay with respectively 0,2, and 5
s (conditions 7-14, 8-15, and 9-16).

The tests showed no significant effect of occupancy change on noticeability of dimming (p>0.05) and no
significant effect on dimming acceptance in all but one condition. Dimming up in 0 s was rated more
acceptable when accompanied with an occupancy change, with a large effect size (p=0.006,7=-2.742, r=
0.67). Results of the statistical analyses are presented in Table C.9 Appendix C.

53.2.4. Acceptable dimming

To create an overview of acceptable conditions, ratings of ‘acceptable’ [6] or higher were isolated and
plotted for each condition. Figure 49 shows the percentage of participants that evaluated a condition within
this higher part of the scale. Ratings of ‘slightly acceptable’ and lower were considered unacceptable. The
overview clearly shows, the acceptable conditions to a substantial extent to consist of light changes that
are not noticed by the participants.

Akashiand Boyce (2006) reported that with static lighting, 70% of the office workers in a typical US office
is satisfied with thelighting. When using this same threshold of satisfied users, similar levels can bereached
for acceptance of dynamiclighting usinga dimmingspeed of at least 2 s.
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Figure 49. Fraction of participants that rated lighting conditions as acceptable, very acceptable, or not noticed in
experiment 2. Conditions are sorted on ascending label numbers. Characteristics of each condition are shown below
the bar chart. * Lights are dimmed down 5 min after the actor has left the office.

5.4. Discussion

In this study, occupancy-based dimming was used to evaluate the noticeability and acceptance of dimming
of a single luminaire in the user’s visual field. In this Section, the strengths and limitations of the study will
be discussed.

5.4.1.  Study design

Experiment 1 was executed with a group of 41 while experiment 2 was executed with a relatively small
sample size. However, as calculated in advance based on the results of experiment 1, 17 participants for
experiment 2 appeared sufficient to show significant differences between the tested conditions. Both
experiments showed similar percentages of noticed light changes. Respectively 41% and 43% of the
executed changes in experiment 1 and 2 were reported as noticed by the participants. Both studies were
comparablein the effect of the independent variables on the noticeability and acceptance ratings of the
light changes. Intheanalyses of both experiments, no subdivision based on workplace was made. However,
the desk behind which the participants evaluated the conditions did show to influence the acceptance of
light change ratings, with lower acceptance of dimming at desk 3 compared to desks 1 and 2. Due to the
office layout and lighting characteristics this effect is not surprising. Desk 3 was most influenced by the
absolute desk illuminance reduction when dimming, dueto lighting spill-over from luminaire L4 (Table 21).
Additionally, the users behind desk 3, (facing desk 4) had luminaire L4 in their direct field of view (Figure
38). Desks 1 and 2 were situated next to desks 3 and 4, with a spacing in between, experiencing less
influence from the lighting spill-over and had luminaire L4 and desk 4, both subjects of change, less
prominently in their visual field.
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When considering users of all three workplaces, less than 60% of the users experienced occupancy-based
dimming with a short fading time (close to 0 s) as acceptable. Even lower acceptance was experienced at
desk 3, being 40-47% in experiment 1 and 33-50% in experiment 2. When all workplaces were considered,
both experiments showed, dimming with a fading time close to 2 s to be acceptable for more than 70% of
the users. Looking at the desks separately, only desk 3 showed lower acceptance for dimmingclose to 2 s
in experiment 1, being acceptance by on average 60% the users. Dimming with at least 5 s was found in
both experiments, acceptable at all desks by more than 76% of the users. Acceptance ratings per desk of
all conditions separately, are presented in Figure C.1 and Figure C.2 Appendix C.

In this study, co-workers’ desks were subject to illuminance reductions of 7% up to 19%, with the highest
reduction at the desk oppositeto the fading luminaire. When reductions exceed these levels, or when co-
workers positions have fading luminaires directly in their field of view, fading times should be considered
cautiously to ensure user acceptance of light changes. Results of the most critical user positions shownin
this study could then be considered (Figure C.1and Figure C.2 Appendix C).

The task performed during the study was designed to avoid a constant focus on the screen (combining
reading, thinking and writing). Participants were not restricted in their viewing directions and did not
receive instructions to specifically look around during the task. Participants’ actual viewing behaviour
depended on the individualand was not captured. Instructing users to observe luminaires during the study
is expected to negatively impact the acceptance of light changes.

Inthis study it was decided to block daylight by internal screens. By eliminating daylight influences, identical
conditions could betested in the different experimental sessions. As measured by Newsham and colleagues
(Newsham, Mancini, et al., 2008), inclusion of daylight is expected to result in higher acceptance of all
conditions. This could be caused by the already dynamiccharacter of daylight, or due to larger perceptible
steps of lighting at higher illuminance levels (NEN-EN 12464-1, 2011). Even though real offices do have
daylight inclusion, situations with limited daylight, due to weather conditions, season, geographical
location, or office design, need to be considered when specifying the dimming characteristics of the system.

5.4.2.  Test conditions

The effect of dimming speed on the acceptance ratings was mainly due to the boundary of noticeability.
Both experiments showed significant differences between the acceptance of fading in 0 andin 5s. Most of
the 5 s fading conditions were not noticed by the participants and therefore labelled with the highest
acceptance value (8), while the conditions with close to O s fading were noticed by the participants and
rated regarding their acceptance (1-7).

In both experiments, dimming direction did not show an effect on the acceptance ratings of light changes.
This was evaluated by only considering the conditions without an occupancy change, to not include the
activity of a person walking in or out, with or without a delay. In most conditions of both studies the
dimming direction did not influence the noticeability of the light changes. Only dimming up with a fading
time close to 0 s was noticed more often than dimming down with a fading time close to 0 s. This effect
however was only present in experiment 2, notin experiment 1.

Only dimming up close to O s in experiment 2 showed a significant effect of occupancy change on
acceptance ratings, with the condition without an occupancy change being evaluated lower in acceptance
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than the dimming up close to 0 s with an occupancy change condition. In both experiments, occupancy
changes did not have a significant effect on the noticeability of dimming. In experiment 2, dimming up in O
s alsoresulted in a higher score on acceptance when linked to an occupancy change compared to not being
linked to an occupancy change. Dimming down in O s did not show this effect. This might be due to the
relatively long delay between the moment the actor left the workplace and thelight change (5 min), causing
participants to not experience the two events as correlated. This effect was however not found in
experiment 1, where occupancy change was evaluated without the delay as well.

Inexperiment 1 dimming down accompanied with an occupancy change was evaluated with and without a
delay after the user left the office. Comparingthese conditions, acceptance of dimmingwas higher when
applied without a time delay after the user leaves his desk, which corresponds to the findings of Akashiand
Neches (2005), reporting that feedback regarding the occurred change could enhance the acceptance of
the users. In today’s systems, delays are implemented to limit the risk of false negative detections. False
negative detections could create dissatisfying situations when lighting is dimmed while a person is still
present. When applying more advanced sensors with limited risk of false negatives, it is advised to dim
lighting without the delay.

The acceptance ratings of dimming differed when participants were informed about the potential
occurrence of light changes at the end of experiment 1. However, this was only significant when dimming
down in five seconds as participants were more aware and vigilant of lighting changes. Regardless,
acceptance ratings did remain within the positive part of the scale.

In the conditions with labels 13 and 14, the actors were asked to enter or leave the room without an
accompanying light change. In both studies, none of the participants reported to have noticed a light
change during these conditions. This supports the assumption that participants did not report a noticed
light change in the experiment based on expectance of its occurrence but instead based on their actual
observation. The standard EN12464-1(2011) recommends a desk illuminance of 500 Ix for office tasks
(writing, typing, reading) and an illuminance of 300 Ix for the immediate surrounding area. In this study
dimming was limited to this range to achieve a situation that represents an actual office condition. This
limited range could have impacted the outcome, as Krzyszczuk and Boy ce (2002) report that each initial
illuminance level has its own relative threshold value for detection of change. For an initial illuminance of
475 Ix detection of change was after 22% dimming, and for 1095 Ix this was after 17% dimming. Akashiand
Neches (2004) reported that the probability of detection of illuminance reduction increases as the target
illuminance decreases. In the latter study the increased illuminance delta was accompanied with an
increasing speed which could haveinfluenced the detection probability, due to the increase in perceptible
steps with a larger dimming range (NEN-EN 12464-1,2011). Assuch, the use of a more extreme range of
dimmingis therefore expected toinfluence the noticeability and acceptance of dimming.

Based on previous research, wall luminance and uniformity are expected to influence behaviour of users
and perception of the space (Chraibi et al., 2017). In this study that influence is limited by using accent
lighting spots to keep the wall illumination as constant as possible. Excluding the accent lighting is expected
to increase the effect of dimming of luminaire L4 on the perceived scene brightness. Noticeability and
acceptance ratings would than include the effects of changes in perceived scene brightness instead of
limiting them to dimming conditions above a colleagues’ desk.
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5.4.3.  Unnoticed occupancy changes

Inexperiment 1and 2, only 229 ofthe 533 (43%) and 65 of the 136 (48%) occupancy changes were flagged
by the participants. To not emphasize its occurrence, capturing occupancy changes was not mentioned
explicitly during the verbal instructions. Occupancy was however shown in the on-screen list of potential
changes during the introduction instructions. Participants were informed that different people could have
different tasks during the experiment, to prevent participants leaving the office, when observingthe actor
todoso. Intheinformal conversations after the experiment, some participants indicated that they assumed
entering and leaving the office was part of the task of that person and they did not always report this.

As with the occupancy changes, no time and order effects were found for the reported light changes
presuming that participants did not become more focused nor indifferent on reporting noticed changes
later in the experimental session. Even though the participants’ attention was deviated from solely lighting,
participants might still have been more focused on lighting, due to the location of the study (Philips office
laboratory). In experiment 1 and 2, respectively 55 and 14 of the occupancy indications were registered as
“other” but specified by the participants as an occupancy change. Even though mastering the English
language was part of the inclusion criteria, it could be that some subjects were notfamiliar with the term
“occupancy”, influencing the indications provided. None of the participants however indicated during or
after the experimental session to be unfamiliar with the term.

No significant effect was found for reporting of occupancy changes between the desks. Therefore, the
workplace is not expected to havelimited people from observing an occupancy change. A significant effect
of desk was only found for the reporting of light changes, with the highest number of the light changes
reported from the desk oppositetheactor and thelowest number of from the desk diagonally opposite the
actor. This is in line with the expected influence of dimming of luminaire 4 on the average illuminance of
the desks. The unreported light changes are expected to be unnoticed by the participants, and not
consequences of the study design.

5.5. Conclusions

This study evaluated the acceptance of occupancy triggered dimming of a single luminaire above a
colleague’s desk, in the users’ visual field, for office workers. The luminaire was herein dimmed from an
average of 310-345 Ixto 543 Ixhorizontal deskilluminance, and vice versa. The conclusions of this research
apply therefore to dimming between a minimum illuminance of 310 Ixand a maximumi illuminance of 543
IX.

This study showed co-worker’s acceptance to increase with an increasing fading time for dimming. When
dimming with a fading time close to zero (upt0 0.27 s), less than 60% of the population rates the conditions
as acceptable. However, by applying occupancy-based dimming on desk level while using a fading time of
at least 1.71 s, an overall acceptance of at least 70% can be achieved, which is comparable to the level
reported by Akashiand Boyce (2006)for users’ satisfaction in a typical office in the US with static lighting.

Most evaluated conditions did notshow an effect of co-workers visually observinga person triggering the
change by entering or leaving the office space, on the acceptance levels. However, fast dimming up (822
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Ix/s) from 345 to 543 Ix, did showan effect, being rated significantly higher in acceptance when co-workers
could link the eventto a person entering the office compared to no change in occupancy.

These results regarding acceptance levels apply to both examined age categories. Noticeability did show
some difference between the age groups. Dimming with a fading time of 4.86 s or higher was not noticed
by at least 80% ofthe population with a typical office age, while the examined student population showed
a slightly more critical noticeability threshold, of 75% ofthe students not noticing the change when lighting
was dimmed with a fading time of 4.86s.

The results of the noticeability and acceptance of light changes are to be interpreted as an average for the
entire office space. At some desks in the office space lower acceptance could be experienced. When co-
workers have dimming luminaires directly in their visual field, or when co-workers’ desks are close to the
dimming luminaire, resulting in large illuminance reductions due to lighting spill-over, acceptance ratings
could be lower than evaluated in the rest of the office space. Fading times should therefore be considered
carefully to avoid discomfort.

For the illuminance levels studied, in both experiments, acceptance of dimming up with 45 Ix/s was found
to be significantly higher than dimming up with 822 Ix/s. Both when accompanied by an occupancy change
as well as when applied without a change in occupancy. Without a change in occupancy, acceptance of
dimming up in 133 Ix/s was rated significantly higher than dimming up in 822 Ix/s, in both experiments.
Dimming down in 605 Ix/s was rated significantly lower in acceptance than 45 Ix/s, in both experiments,
andlower than 22 Ix/s, in experiment 1. Both when accompanied with an occupancy change as wellas when
applied without a change in occupancy.
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Discussion

6. Discussion

6.1. Introduction

When offering lighting close to people’s own preferences, a significant improvement in ratings of mood,
lighting satisfaction and environmental satisfaction can be established. In multi-user office spaces, serving
the individual with his or her preferred lightingis however challenging. With general lighting designed and
applied at spacelevel, theone-on-onerelationship between the user and a luminaire is often absent. Even
when controldevices are offered on anindividual basis, the controllable lighting is often shared, leading to
consensus control. In this research, it was explored how to create satisfying lighting environments for the
individualin these, nowadays widely applied, multi-user office spaces.

It was hypothesized that by offering personal control of shared lighting to users, the satisfaction of the
individual office worker can be improved. The first study evaluated personal control in a field study in an
open office environment. In a series of follow up studies different strategies to enhance the user
satisfaction and limit the occurrence of conflict were explored, being: profiling of the user, the influence of
the wall luminance in the users’ visualfield, and the influence of fading time of dimming.

Inthis Chapter, the key findings of this research are presented (Section 6.2). By evaluating the methodology
used and acknowledging the strengths and limitations of the performed experiments, the significance of
the results of this research is explained (Section 6.3). The results are discussed in the contextual
environment of the office application (Section 6.4)and this Chapter ends with recommendations for future
work (Section 6.5).

6.2. Key findings of this research

Improvements regarding parameters contributing to the wellbeing of office employees can be realised by
offering satisfying lighting. Key findings of this research are:

In shared office spaces, like open plan offices, personal control over lighting can improve the users’
appreciation of office lighting.

Even though in the field study controllable lighting was shared with colleagues in the same control zone,
consensus controlresulted in slightly higher satisfaction compared to situations with a fixed average work
plane illuminance of 500 Ix without control. This study demonstrated that, when offered controls, users’
satisfaction with the amount of light on their desk and PC screen was rated just right, compared to
experiencing a bit too much light in the fixed lighting conditions. The small difference showed to be
statistically significant with a large effect size (following guidelines of Cohen (1988), with 0.1=small effect,
0.3=moderate effect, and 0.5=large effect). Light quality ratings also showed a small but significant
improvement in the situations with control, compared to neutral ratings in the fixed lighting situations.
When offered light controls, the users’ average preferred illuminance values were shown to be 160 Ix lower
than in conditions with fixed 500 Ix work plane lighting, resulting in 27.2% lower energy usage by lighting
in the testbed of this study. Consensus control did not introduce a negative effect on the environmental
satisfaction or the mood of the office users.
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Based on users’ control behaviour with the lighting system and zone luminaire output data, users can be
profiledregarding their activeness, tolerance, dominance and lighting preferences. The ability to offer lighting
conditions that meet the preference profiles of the users, creates the opportunity to improve users’
satisfaction with lighting conditions.

The study showed that, based on the assigned user profiles in the control zones, zones can be classified to
predict the probability of conflict occurring. A semi-automaticsystem that proposes lighting conditions by
using lighting preference profiles can support users in finding consensus in addition to the benefits of
manual personal control. A proposed illuminance level could be the result of a weighted combination of
user profiles, considering the tolerance of the users. A tolerant user can be satisfied with a broad range of
illuminance levels and therefore, the proposed illuminancelevel could be weighted towards the preference
of theintolerant user. In flex offices (without assigned desks), users can be guided to zones that match their
profiles. Zones are than defined by their daylight and electric lighting conditions, as well as by the other
users of that zone.

With high average luminance levels of the wall in the users’ visual field, the luminance and uniformity
distributions influence the selected preferred task illuminance of users.

The results of this study indicate that, when provided with controls, users do not only select the lighting
required for their visual task but also incorporate the observance of their visual field in their selected
preference. The results indicate that high maximum luminance values of the wall in the visual field (600
cd/m? in this study) and subsequently high perceived brightness levels, lead to lower selected desk
illuminance levels. The results also indicate that high minimum luminance values of the wall in the visual
field (> 94 cd/m? in this study), creating less contrast between the task and the background, lead to higher
selected deskilluminance levels.

The anchor of dimming (initial setting before adjustment) has a significant influence on users’ selected task
illuminances.

Offering users of open offices personal control with a 300-Ix start level (anchor) to control their desk
illuminance, instead of the recommended 500 Ix, resulted in 26% lower selected preferred illuminances.
Triggering lower selected illuminances, leads to lower energy used for lighting. An anchor of 300 Ix (average
desk level) has the potential to reduce the risk of conflict between people due to a smaller difference in
preferred illuminances between users. However, this research does not answer whether these smaller
differences are also perceivable by users.

A distinction can be made between noticeability and acceptance of light changes. Dimming from an average
horizontal desk illuminance of just over 300 Ix to well over 500 Ix (or vice versa), increases the co-worker’s
acceptance with anincrementing fading time for dimming.

In the field study, light changes due to personal control were regularly noticed by co-workersin the space
but rarely rated as disturbing. However, the noticeability did influence users in their choice to adapt the
light. The laboratory experiments showed dimming with a fading time close to zero (< 0.3 s) leads to less
than 60% ofthe participants rating the condition as acceptable. Applying occupancy-based dimming at desk
level while using a fading time of at least 1.71 s, an acceptance of at least 70% can be achieved. This is
comparableto thelevel reported by Akashiand Boyce (2006) for users’ satisfaction in a typical office in the
US with static lighting. Dimming with a fading time of 4.86 s or higher will not be noticed by at least 80% of
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the participants with a typical office age. The study showed no significant effect of dimming direction on
the acceptance levels of the co-workers. In most conditions, the human trigger of a light change (a person
entering or leaving the office space), did not show an effect on participants’ acceptance levels. All results
apply only fordimmingin the examined range, from 310-345 Ixto 543 Ix horizontal desk illuminance or vice
versa.

6.3. Strengths and limitations of this research

In this section, the experimental environment in which the studies in this research were conducted will be
discussed. The discussion is based on the designed and selected context of the studies as well as on the
tools used for evaluation.

6.3.1. Context of the studies

Testbed

The experiments conducted in this research were executed in two different spaces: an actual open office
space (the field studies described in Chapter 2 and 3) and a simulated office space (the laboratory
experiments described in Chapter4 and 5).

Literature provides extensive reasons to believe that introducing personal control in the open office
improves the satisfaction of the users. Even when conditions without control are not pronounced as
‘uncomfortable’, improvements in the user experience can be made. It is, however, a challenge to capture
the difference between two lighting conditions that are both not perceived as ‘uncomfortable’. This
challenge is considered in this research by designing the experiment as a longitudinalfield study. Running
the evaluation of personal control as a field study, had the advantage of including the daily office
characteristics in the use and judgement of personal control by users. These characteristics include, for
example, the impact of the performed tasks and the user’s exposure to verbaland non-verbalinteractions
with colleagues sharing the space. By designing the evaluation as a longitudinalfield study, user experiences
could be collected on various momentsin time, anticipatinga small, but positive, shift in user satisfaction.
The longitudinal design of the evaluation also allowed for participants to unconsciously discover their
individual lighting preferences as well as their preference as part of a group. Personal control could thus be
evaluated in a context as close as possible to a real application. Limitations of a field evaluation are,
however, the many uncontrolled variables in the office that could influence the evaluation parameters. The
risk of confounding variables was lowered by designing the study as a longitudinal evaluation, measuring
objective contextual parameters, including their subjective ratings, as well as counterbalancing the
conditions.

Choices for system behaviour had to be made to maintain a balance between the conditions to be
evaluated in the field studies and the burden on the participants. The burden on the participants can
possibly influence the quality of the subjective data. Demanding too much from the participants creates
the risk of losing their engagement, leading to incomplete data, or even participant dropout.

To extend theinsights from the field study (Chapter 2) and allow for evaluation of multiple conditions within
an acceptable time frame, the wall brightness and dimming speed explorations were evaluated in
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laboratory experiments (Chapter 4 and 5). In these laboratory experiments, variables expected to be of
influence were controlled more systematically.

Task

The type of visual task performed by the participants during the evaluations, is expected to have an
influence on the evaluation ofthe experienced discomfort (Kent, Fotios, & Altomonte, 2018). This influence
might be assigned to the degree of cognitive attention required for the task and the ability to maintain
fixation or reduce glances to the surroundings. In the experiments, participants performed either their
actual office task (field studies) or a simulated office task (laboratory studies). Discomfort experiences and
ratings reported in this research are expected to be lower than when a simple fixation task would have
been used, due to the greater cognitive attention required for the tasks performed in this research. This
greater cognitive attention could make people experience details in their environment to a lesser extent.
The tasks used in this research are however more representative of real office tasks conducted in actual
offices.

View and daylight

Daylight and view accompany each other almost always in offices. Al Horr et al. (2016)identified daylight
and view as part of the physical factors of the building, affecting occupant satisfaction in an office
environment. In the laboratory experiments, evaluating dimming speed and the influence of wall
brightness, daylight contribution as well as view were removed by closing the internal window screens.
Eliminating daylight influences allows for the creation of identical conditions during the different
experimental sessions of a study. As shown by Newsham and colleagues (2008), inclusion of daylight is
expected to result in higher acceptance of light changes. This could be caused by the already dynamic
character of daylight, by the larger perceptible steps oflighting at higherilluminance levels (NEN-EN 12464-
1,2011), orduetothedistraction by the view that often comes with the daylight opening. Higher luminance
levels due to daylight entry are expected to lower the noticeability of electric light changes. It could be
stated that the conditions tested in the laboratory experiments of this study represent the more critical
situations with limited daylight. Situations with limited daylight could exist in actual office applications when
screens or blinds are closed, or due to weather conditions, season, geographical location, or the office
design.

Inthe field studies, described in Chapter 2 and 3, daylight entrance and view were not removed. The office
used for the field studies had large windows. By having enough light available due to daylight, users may
have felt less inclined to control the artificial lighting. In both experiments, blinds were closed frequently
by the participants to control heat or limit the experience of glare dueto direct sunlightora brightsky. The
testbed was located on thefourth floor and its view included different layers of green, a lake, and a part of
the highway (covered by foliage depending on the season). Ininterviews, some participants did express to
consider maintaining their view as much as possible when selecting the position of the internal or external
blinds. A pleasant view is expected to positively influence people’s tolerance of discomfort (Aries et al,,
2010). This is coherent with studies showing that observers become more tolerant to discomfort due to
glare when the glare source (daylit window) contains pleasantinformation (Tuaycharoen & Tregenza, 2005,
2007). In these studies, views including natural scenes were reported as less glaring than images of urban
scenes, with additional positive contributions for the presence of water. In the research of Matusiak and
Klockner (2016) however, the extent of greenery in the view and the presence of water showed not to
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additionally contribute to the perceived view quality. Increased tolerance of the office conditions, duetoa
pleasant view, could affect control behaviour of users or affect their satisfaction with lighting through
control actions of others. This could impact the risk of conflict occurring (Figure 12, Chapter 3).

Lighting control

In the field studies, user control was offered by means of a vertical slider on a personal smart device (see
Figure 5 Chapter 2, Figure 3 Chapter 3). By using theslider, users could control the lighting in their assigned
control zone. Fotios and Cheal (2010) suggested that illuminance adjustments are characterised by a
centring bias, with mean preferred illuminances tending to lie near the centre of the available stimulus
range. This centring bias was not revealed in the performed field study. Inthe first field study (Chapter 2),
the controllable luminaires were set by the users on maximum output for 41% of the time and below a
60%-dimming level for 56% of the time (Figure 8, Chapter 2). This centring bias was also not revealed in the
wall brightness experiment (Figure 7, Chapter4).

In the field study, the controllable luminaires were adjustablein a range from 1 to 100% luminaire output,
delivering a maximum average desk illuminance of 500 Ix by artificial light only. Offering a different range
is expected to influence the users’ expressed preferred illuminance, as already shown in multiple previous
studies (Fotios & Cheal, 2010; Logadottiretal., 2011a). Even though absolute preferred illuminance values
are expected to deviate, a variation of preferences between users is expected to hold (Boyce et al., 2006b;
Newsham, Veitch, Arsenault, & Duval, 2004c; Veitch & Newsham, 2000b).

When the user-control condition was introduced in the field study, the controllers were set at an anchor
point of 60%. This anchor point is the initial setting before adjustment, also referred to as starting point.
Users were not specifically informed about the range or anchor of the controller. In the interviews, it
appeared that some users assumed the anchor point to resemble the previous setting of the no-control
condition. They indicated to be pleased with the extended range they were given by the introduction of
controls. As shown in previous studies, the anchor is expected to have influenced the users’ selected
preference (Fotios & Cheal, 2010; Logadottiretal., 2011a; Uttley etal., 2013). Alower anchoris for example
expected to lead to lower selected levels. In the experiment evaluating the influence of wall brightness, it
was tried to exclude the effect of the given range and the anchor on the selection of preferred dimming
levels. This was done by usinga range and anchor without a visual reference in the design of the interface
and including three different anchors is the experimental design. Even though no visual reference was
given, the study showed the anchor to have a significant effect on the selected levels, with lower levels
selected when offering a low anchor and higher selected levels when offering a high anchor, in line with
previous research (Fotios & Cheal, 2010; Uttley et al., 2013). The sequence of the three different anchors
was however not randomized between conditions. Each condition was first evaluated from the default
dimming start position (500 Ix desk level), followed by the minimum (ca. 300 Ix) and the maximum (ca. 700
Ix) start position, before continuing to the next condition. Users could have been biased by the order of
these conditions (Kent, Cheung, Altomonte, Schiavon, & Lipczyriska, 2018). During the conversations after
the experiment, users however shared not to have noticed a difference between a new condition or the
same condition with a different start position, for them all were “new” conditions. In this study, thevisual
representation of the range was excluded from the design of the interface. When provided with a visual
scale, users may be inclined to re-apply an earlier decided settingrather than makea new evaluation.
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Due to the influence of the range and anchor, the absolute values of the preferred illuminance found in
this research should only be interpreted in the context of this study. Results from Uttley et al. (2013) do
underpin that even though the anchor point and range do influence the selected light level, they do not
influence the satisfaction of the users with their light preference.

In the field studies, the controller included enough steps to offer a slider perceived as continuous, rather
than step-wise. When control actions were performed, lighting was adjusted with a dimming speed of two
seconds, using a linear dimming curve. A dimming command was sent to the system only after the user
released his or her finger from the slider. This was to avoid the system from crashing due to a command
overload. Users indicated small, slow, or gradual light changes to be more acceptable and generally not
perceived as negative by the observer, while fast and large light changes were less appreciated. Participants
of the field studiesshared in the interviews that they used strategies to make light changes, to avoid that
colleagues present in the office would notice their actions. They would make changes when their
neighbours were not present yet or not around, or to make light changes by moving the slider relatively
slow or in multiple small steps (Lashinaet al., 2019). Fast noticeable changes were accompanied by neutral
remarks by co-workers that still fed a hesitation to use the controls. This is in line with feedback received
from usersin an evaluation performed in a Dutch office building deployed with personal control (Smiggels,
2017). Usersin that study stated to hesitate to use the application on their smart phonefor the control of
the lighting, due to changes being clearly noticeable by others in the office space. The users made a
comparison with the less noticeable temperature adjustments, which are more gradualin their outputand
therefore easier controlled by the users.

6.3.2. Evaluation tools

Informing subjects on objective

In the performed evaluations, participants were not informed about the objective of the study. Informing
participants prior to the experiment might lead to biased evaluations and behaviour, creating a situation
which does not represent an actual office situation. In the study performed by Veitch et al. (2010), an
informed awareness campaign, reminding people of the controls through an email, led to more active use
of the controls. In that study, theincreased awareness of controls led to a tendency of higher selected light
levels, but did not improve occupant satisfaction, which could be due to already high satisfaction levels. In
the performed field studies, the purpose of the study as presented to the participants was kept as broad
as ‘their office experience including aspects such as temperature, air quality, lighting, and noise’. In the
dimming speed evaluation study, conditions were evaluated without and with informing participants. The
noticeability of dimming was expected to be higher and acceptance to be lower when users would be
informed and made aware of light changes happening. The results however showed that informing
participants had no significant effect on the ratings of all, but one condition. Only during the condition in
which dimming up in five seconds was evaluated, change was noticed significantly more often and rated
slightly lower in acceptance when participants were informed on the possibility of light changes occurring
(improving from an average rating of ‘acceptable’ when informed to ‘very acceptable’ when uninformed).

Subjective data

Killer et al. (2006) highlighted in their research theimportance of subjective assessments of lighting. In this
research, subjective assessments are collected through surveys and interviews. Especially in longitudinal
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field evaluations, the collection of subjective data introduces challenges. The risk of missing data or drop
out of participants is high. In the performed experiments, this risk is attempted to be reduced by limiting
the burden on the participants and creating and maintaining engagement of the participant group.

In both field studies, subjective data was collected via short weekly surveys as well as by extended surveys
at the end of each condition and complemented with face-to-face interviews at the end of each condition.
The participants were asked tofill in the surveys on their last work day of the week. Weekly reminders with
the survey link were sent on a personally indicated suited time. When needed, on Monday mornings, a
second reminder was sent. In case participants regularly forgot to fill in surveys, solutions were discussed
during the interviews. This approach resulted in high commitment and very limited missing data. This
strategy is however very time consuming for the research team and almostimpossible when consideringa
larger scale field evaluation.

Interviews were scheduled in private meeting rooms near the testbed. The interview data complemented
the input given through the surveys, hence allowing to limit the length of the surveys. These periodical
meetings also contributed in creating engagement of the participants. In preparation for the interviews,
theuser input overthe preceding period was studied. Additional notes made in the surveys were discussed,
and the opportunity was given to further elaborate on antecedent experiences. Participants shared in the
interviews to appreciate the preparation by the researcher, since it disarmed the preconception of
individual input in surveys not being read. In a few cases extended surveys were not filled in yet when
interviews were planned, because participants did not had time yet or forgot to do so. Ample booked time
gave them the opportunity to first fill in the survey (at their desk), prior to the interview. This was
appreciated by the participants.

Prior to the start of the study, an informative group session was scheduled to inform participants on the
relevancy of user research in general, and the value of their commitmentas a group. Complying with the
ethics guidelines of the organization, participants were also informed that they could always terminate
their participation without any consequences. To inform participants about the duration of the study, the
planning of the study was shared, which included a group lunch at the end of the study to celebrate a
successful study closure and to share the (first) results.

Using face-to-face interactions to complement data and build personal engagementis more challenging or
even impossible when conducting large scale studies or when test sites are distant. In these situations,
advanced sensors could potentially provide additionalinformation to complement the data. Extensive data
sets of performed research, like the one presented here, could be used to explore the use of these
technologies. In this study, all reminders were scheduled and send manually. With large user groups,
automation of reminders on personalized suited moments could expand the input provided by the users.

6.4. Contextual environment — office application

This research showed that in shared office spaces, like open plan offices, personal control over lighting
improved the users’ appreciation of office lighting. By impacting the user’s wellbeing, effectivity, and
engagement, state-of-the-art smart lighting systems have the potential to play a role in addressing
organizational productivity. To translate the results obtained in this research to insights valid for general
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open office environments, the results need to be interpreted carefully. In this Section, elements for
consideration will be discussed.

System behaviour

Inthe first field study, personal controlover lighting resulted in higher satisfaction of users with the quality
of light as well as with theamount of light on the users’ desk and PC screen, compared to a situation without
user control. In this study, personal control was evaluated usinga system with a “memorizing” behaviour.
Inthis “memorizing” strategy, the user-selected diming level was remembered and restored every time the
system was triggered by an occupancy sensor to switch on. To simplify the system behaviour, daylight
harvesting (regulating artificial light levels by considering available daylight) was switched off after a first
user action in a control zone and remained off for the remainder of the user control condition. In actual
office applications, this might however not be an ideal system behaviour to implement. Consideration of
energy efficiency when designing systems and their behaviour, is important, but outside the scope of this
research. Current standards (Ashrae, 2016) prescribe using daylight regulation in new and renovated
lightinginstallations to increase energy efficiency of modern buildings. A rising number of buildings already
apply daylight harvesting as a standard lighting control strategy. Integrating daylight regulation when
applying personal control in office buildings (“set-point controlled” system behaviour) or resetting the
system daily to lower default dimming levels (“forgetting” system behaviour) could lead to lower energy
usage by lighting. Lower default switch-on levels are expected to lead to lower luminaire output and energy
consumption (Mooreet al., 2002a). Besides the energy aspect, restoring desk dimming levels to a default
value at given moments, e.g. at the start of every new day, makes sense when considering flex offices in
which desks are not assigned to specific users. These flex office concepts are more frequently applied in
today’s office designs.

The “memorizing” behaviour remembers the users’ set level and avoids situations in which users are
required to unnecessarily repeatedly set their preference. Implementing personal controlin offices with a
system behaviour different than the evaluated “memorizing” behaviour could lead to lower satisfaction by
users than observed in this research. However, comparing the “memorizing” behaviour with other personal
control strategies in an explorative study did not show convincing user experience differences (Lashina et
al., 2019).

Knowing the preference profile of a user, as proposed in Chapter 3, an advanced system for personal
control can be considered, which integrates the user’s preference regardless of the user being assigned to
a fixed desk or having flexible work places. This “smart-memorizing” behaviour could be extended by
considering available daylight and regulating dimming levels accordingly to optimize energy efficiency.
Introducing automatic behaviour, it is important to properly inform users, to obtain a positive user
experience. Inthe performed field study, changes ofthelight level that were not triggered by a user action,
were described as confusing. Users could not easily understand why lighting was changing automatically
just moments after a performed user action.

Dimming speed

In the experiments evaluating dimming speed in the laboratory office, testing of multiple conditionsled to
frequent changes in occupancy. In an actual office situation, changes due to occupancy might be less
frequent than every 5 or 10 minutes (depending on the type of work). It is expected that in this study a
more critical situation is evaluated where users were exposed to more frequent changes. In addition, during
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the performed laboratory experiments, simulated tasks were used, and the view of the participants was
blocked by screens. Distractions from e.g., a view or a cognitively demanding task (Kent et al., 2018) are
expected to lower the noticeability of light changes.

The laboratory experiments showed that at least 75% of the users did not notice a light change, when
lighting was dimmed between 310 Ix and 543 Ix with a speed up to 45 Ix/s. When controlling lighting by
means of personal control, the noticeability of the change provided the user with direct feedback of the
system receiving the command and processing the expressed preference. Noticeable light changes caused
by interactions by other people were also shown to serve as a strong trigger for users to use the controls
(Niemantsverdriet, 2018), by reminding them to consider the possible benefit of the light controls. It is
therefore suggested to apply personal control triggered dimming between the boundaries of noticeable
and acceptable light changes, being faster than 45 Ix/s for noticeability and up to 133 Ix/s for acceptance
by at least 70% of the users. The results relate to the desk illuminance range between 310 Ix and 543 Ix.
The dimming speed may need to be adjusted when a larger illuminance range or dimming start points
outsidethe currently tested range are applied.

Flex office

Inthe performed field studies, personal controlwas evaluated in an office in which each userwas assigned
to a dedicated desk. The participant group was already familiar with each other and with sharingan office.
This is expected toimpact the potential of experienced conflict by feeling less inhibited to perform actions,
compared to not knowing neighbours (Lashina et al., 2019). Following trends like New Ways of Working
(Leesman, 2016), offices more frequently are designed as flex offices, in which desks do not have one
returning user. New office concepts, in which users canrent a desk for aday, introduce not only a different,
butalso an unknown neighbour.

Even though users are expected to consider their co-workers when making a change (Niemantsverdriet,
Broekhuijsen, Van Essen, & Eggen, 2016), in this research, users shared in the interviews to not discuss
their lighting preferences with their neighbours. Literature shows that even dominant individuals avoid
open discussion regarding preferences with colleagues and do not proactively search consensus (Lashina
et al.,, 2019). Yet, some users did share to know the preference of their neighbours, through multiple
observations of their neighbours’ performed actions. In offices with changing neighbours this is more
challenging. Smart systems could contribute here by usingthe user interface to discretely inform users of
the preferences of their (unknown) neighbours. Alternatively, when users’ preference profiles are known
(Chapter 3), a smart semi-automatic system could consider users and propose or automatically control
lighting. These semi-automaticsystems could supportusersin finding consensus in addition to the benefits
of manual personal control. A proposed illuminance level could result from a weighted combination of user
profiles by considering the tolerance levels of the users present in the same zone. When user preference
profiles are known, users could also be guided by the interface to workplaces that match their profiles.

Interfacing with shared systems

Offering users a local control has been shown to lead to lower selected dimming levels than when controls
are distant (e.g. wall mounted) (Moore et al., 2002a). Applying connected lighting systems, with control
through network communication, allows for offering light control on personal devices without extensive
hardware investments. This could be by a dedicated smart phone application or as a feature in a
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comprehensive building control or services application. The usability and ease of use of the application
comprising the controls will havea direct impact onthe frequency of use (Sadeghi et al., 2016). To be able
toapply theresults obtained in this research to connected lighting systems using smart phone applications,
personal control was evaluated using personal smart devices, i.e. an iPod touch generation 5. Even though
this control device is personal, the lighting system to interact with is shared. The study of Niemantsverdriet
(2018) underpinned that the perceived shared nature of the lighting system influences the way people
interact with the system. Users seem to consider the other people present in the office in almost every
interaction performed and, as shown by Lashina et al. (2019), also when avoiding conflict by not performing
interactions. The study of Niemantsverdriet (2018), shares three considerations mentioned by users during
their interactions with the shared system are 1) the individual’s reason to interact, 2) the expected impact
their action will have on others, and 3) how to balance own concerns and the concerns of others. The
interface can provide users with information to increase their awareness of the social context. Including
awareness information in the design of the interface of the shared lighting system, is expected to lead to
more collaborative ways of interacting. Providing users with additional information, should however be
donesuch thatit does negatively influence the users’ productivity.

The personal controlinterface, used in the field studies of this research, was evaluated by the participants
as ‘very easy to use’. The effort and complexity of interaction has been shown to influence people’s
behaviour (Escuyer & Fontoynont, 2001; Sadeghiet al., 2016; Van de Werff, Niemantsverdriet, Van Essen,
& Eggen, 2017). Ina study evaluating personal control in a large Dutch office building, the light controlling
feature was rated by the users as ‘easy to use’ (Smiggels, 2017). Controlling lighting was however
challenging because of difficulties the user was facing before reaching the lighting control slider. When
implementing digital interfaces, some essential user experience elements need to be considered. With
traditional wall mounted switches, users are experienced and trained to find the controls, which are often
located near the entrance of a space. When offering controls through digital channels, the logic of finding
the controls should be of similar simplicity to not create challenges for using the controls. In the earlier
mentioned Dutch office building, users had to self-install the lighting application on their smart-phones,
but experienced challenges in finding it. Simple things like the name of the application become essentialin
user’s access to lighting control. System and data security as well as privacy are currently hot topics and
networked services are often run on secured company networks. When the lighting system makes use of
this secured network, users need to be connected to the internal company network for controlling lighting.
As much as this might sound logical for the engineer of the system, for many users this might not be the
case. Providing theright information at correct moments or via correct channelsis the key for a successful
application of lighting control using personal smart devices. Notonly right after implementation of a smart
systemin a building, but also for users movinginto the building later in time. Connected systems provide
numerous opportunities to enhance the user experience in offices. When offering controls, the (simple
and logical) potential of digital interfaces must be used to its full extent to provide users with easy
interaction tools for these complex systems.

6.5. Recommendations for future work

In this thesis, personal control was examined as a means to improve individual satisfaction in multi-user
office spaces. Eventhough personal controlwas found toimprove the users’ satisfaction with lighting, cases
of conflict were still observed. As part of this research a selection of strategies have been explored to limit
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experiencing conflict and optimize the personal control proposition. The selected strategies are not all-
inclusive but are selected for this research based on theirimportance, business applicability, and feasibility.
These explored strategies comprise; profiling of users based on control behaviour, the influence of wall
brightness on performed actions, and the influence of dimming speed on noticeability and acceptance of
light changes.

Although the research resulted in many valuable insights (Section 6.2), there are several limitations, as
discussed in Section 6.3. Based on these limitations, recommendations for future research are provided
below.

The research focussed on the open office environment, as today widely applied in modern European
offices. An open office in a Dutch office building was used for thefield study, which formed the basis of this
research. This was an office space, offering up to 16 workplaces, enclosed by two walls, two small break-
out rooms, and a large window (Figure 1, Chapter 2). Open offices, however, could also be applied in a
much larger scale, in which the visual field of the user contains a larger portion of the ceiling. This could
impact the noticeability of light changes or provide different light settingsin the space. In North American
offices, partitioningis often used between desks or groups of desks. Besides its influence on the distribution
of lighting, partitioning impacts the perception of sharing of the lighting system by users as well as the
communication between users. To confirm the applicability of the results, a validation should be donein
open offices with a different type, design, or scale. Furthermore, offices with users from different global
cultures should be considered. The culture could potentially affect the perception of personal or sharing of
the office and the lighting system.

In this research, strategies that could potentially influence energy consumption arediscussed, for example
the use of low anchors that lead to lower selected desk illuminance values. Lower desk illuminance values
often also impact light levels at the user’s eyes. In future research, the impact of personal control on light
at the eye should be considered, for its effects and consequences on the non-image forming effects of
lighting.

The studies performed in this research were all done with settings specifically set up for the purpose of the
research. This being either in a mock up office in the laboratory or in a field study in which multiple
conditions wereintroduced. Users were aware of their participation in a study, which could haveinfluenced
their behaviour and experience, even though exact objectives were not shared. This research could be
extended by a post occupancy evaluation of personal control, in which controls have been used for a longer
amount of time by office employees. It also allows for inclusion of a larger participant group. However,
other means for collecting user experience data should then be considered. As already discussed earlier,
creating and maintaining engagement via strategies as used in this research will be challenging in larger
groups.

In this research wellbeing is assessed through users’ satisfaction with light quantity and quality, mood,
conflict experience, lighting preference and acceptance ratings of light changes. These components are
believed to contribute to wellbeing but providea partial view of the complexity that is featured within the
concept of wellbeing in buildings. Further investigation of how to assess user wellbeing in offices on all
relevant axes, while limiting the effort required from the users, is found relevant.
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It is suggested to integrate subjective system evaluations in the lighting control application. This should
however be integrated such that it does not harm the ease of use and usability of the control device. A
second suggestion is to include evaluations of building features and services in organizations’ periodical
surveys, which are often distributed through human resources departments. Combining these data sets
offers opportunities of quantifying the benefits of satisfying lighting in organizational productivity metrics,
as employee engagementscores, or even absenteeism. Evidence based claims of the impact of lighting will
benefit the application of lighting, not only as a functional element of the office environment, but also a
contributorto healthy, happy, and comfortable employees.
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Appendix A: Lighting preference profiles

Chapter 3 presents the preference profiles that are derived based on users’” activeness, dominance,
tolerance, and lighting level preference. This Appendix presents a description of the methodology used to
derive the tolerance and dimming level preference of users, as also published in (Despenic et al., 2017).

For tolerance and dimminglevel preference the number of classes are unknown. Therefore, classification
of users regarding these features is done by unsupervised learning. The task of unsupervised learning is to
infer classes by properly describing a hidden structure of unlabelled data. For this task, the K-means
clustering algorithmiis used (Lloyd, 1982).

Suppose a given data {x;, .., X} set consists of N observations that are D-dimensional. The K-means
algorithm will partition the data into K number of clusters such that their inter-point distances within a
cluster are small compared to distances to points outside the cluster. The w,, where k=1, ...; K, are D-
dimensionalvectors, representing the centres of the clusters. The goal isto find an assignment of each data
pointto clusters, aswell as aset of vectors { W }, such that the sum of squares of the distances of each data
pointto its closest vector  is minimal. The formal mathematical representation of the K-means algorithm
is given in (Bishop, 2006).

To validate and interpret the consistency within each cluster of data, the silhouette criterion, introduced
by Rousseeuw (1987)is used. A silhouetteis a measure representing how similar a data pointis to its own
cluster compared to other clusters. The main advantage of the silhouette criterion is that it does not assume
thatclass labels are available, since, in this analysis, labels of users regarding tolerance and preference are
unknown a priori. A silhouettevalue of the /" pointS;is given as:

bi —a;
max(a;,b;)

S; =

where g; is the average distance from the /* pointto the other pointsin the samecluster as i, while b; is the
minimum average distance from the /" point to pointsin a different cluster, minimized over clusters. The
silhouette value ranges from -1to 1, where high values indicate that a data point is matched well with its
own cluster and poorly to neighbouring clusters. When S; is large, havinga value close to 1, it implies that
within cluster dissimilarity a;is much smaller than the smallest between cluster dissimilarity b;. Therefore,
the ™ pointis well-clustered and it is assigned to the appropriate cluster. A different case is when S;is close
to zero. In that case, g; and b, are approximately equal and it is not clear whether the " point should be
assigned to either of the two clusters, since the i point lies equally far from both. When the value of S;is
close to -1, a;is much larger than b; meaning that /" point is much closer to the other cluster than to the
one it has been assigned to and this pointis considered ‘misclassified’. If the majority of the data points
have high silhouettevalues (above 0.5), the clustering is appropriate. Ifthe majority of the data points show
low (below 0.5)or negative silhouettevalues, the clustering configuration either hastoo few or too many
clusters. Values around zero indicate overlapping clusters. The average value of S; over all data points in
the entire dataset is a measure of how appropriately the data has been clustered.

References: Lloyd, S. P., Least squares quantizationin PCM, |IEEE Trans. Inf. Theory 28 (2) (1982)p129-137.
Bishop, C., Pattern Recognition and Machine Learning, Springer-Verlag NY, Inc, Secaucus, NJ, USA, 2006.
Rousseeuw, P., Silhouettes: a graphical aid to the interpretation andvalidation of cluster analysis, J. Comput.
Appl. Math. 20 (1987)p53-65.
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Appendix B: Influence of wall brightness

This Appendix presents an extensive overview of the design and results of the study reported in Chapter4.

Table B.1 Average horizontal illuminance at desk 4 for the different dimming levels of the ‘control group’ luminaires.

Dimming level in Desk illuminancein Ix at desk 4

percentage N50 U50 N100 U100 N200 U200
1 311 308 321 311 293 335
10 349 346 359 349 331 373
20 391 388 401 391 373 415
30 433 430 443 433 415 457
40 475 472 485 475 457 499
50 517 514 527 517 499 541
60 559 556 569 559 541 583
70 601 598 611 601 583 625
80 643 640 653 643 625 667
90 685 682 695 685 667 709
100 727 724 737 727 709 751

Table B.2. Overview of the sequences in which the light conditions were evaluated.

Sequence
1 2 3 4 5 6
N50 N100 N200 N50 N100 N200
us0 U100 U200 U100 us0 us0
) N100 N200 N50 N200 U100 N100
Trial 1 U100 U200 us0 us0 N200 U200
N200 N50 N100 N100 U200 N50
U200 uso U100 U200 N50 U100
N100 N200 N50 N100 U200 U200
N200 uso N100 us0 U100 U100
) us0 U100 us0 U100 us0 us0
Trial 2 U100 U200 U100 N200 N50 N100
U200 N50 U200 U200 N200 N50
N50 N100 N200 N50 N100 N200
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Paired samples t-test are performed, with effect size calculations done using eta squared (n? = t2/(t2 + N —
1); with 0.01=small effect, 0.06=moderate effect, and 0.14=large effect (Cohen (1988) from Field, 2009;

Pallant, 2002).

Table B.3. Results paired samples test on wall uniformity.

Sig. Mean Sig. Mean
& Effect ) & Effect ) )
(2- ) difference (2- ) difference in
) size ) ) size
tailed) in Ix tailed) Ix
N50min - U50min 0.411 0.01 -4 N200min - U200min | 0.000 0.59 -47
N50def - U50def 0.054 0.07 -18 N200def - U2004ef 0.011 0.12 -22
N50max - USOmax 0.540 0.01 -6 N200max- U200max | 0.000 0.44 -43
N100min -
0.956 0.00 0
U100min
N100def- U100gef | 0.222 0.03 10
N100max -
0.734 0.00 -3
U100max
Table B.4. Results paired samples test on average wall luminance.
Sig. Mean Sig. Mean
Effect Effect
(2- ) difference in (2- ) difference
) size ) size )
tailed) Ix tailed) in Ix
X50min - U200min 0.000 0.42 -37 X50min - N200min 0.025 0.09 10
X504ef - U2004ef 0.299 0.02 9 X50def - N200Ogef 0.002 0.18 31
X50max - U200max 0.000 0.23 -33 X50max - N200max 0.219 0.03 10
X100min-U200min | 0.000 0.25 -29 X100min - N200min 0.001 0.18 18
X1004ef - U200def 0.677 0.00 -4 X100def - N200def 0.057 0.07 18
X100max - U200max | 0.000 0.24 -31 X100max - N200max 0.072 0.06 13
X50min - X100min 0,082 0.06 -8
X504ef - X100def 0,106 0.05 13
X50max - X100max 0,673 0.00 -3
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Table B.5. Results paired samples test per distraction group — effect of wall uniformity on the preferred desk

illuminance.
Average Fast distracted Average Fast distracted
distracted group (n=7) distracted group (n=7)
group (n=47) group (n=47)
Sig. (2-  Effect Sig. (2- Effect Sig. (2-  Effect Sig. (2- Effect
tailed) size tailed) size tailed) size tailed) size
N50min - U50min 0.502 0.01 0.510 0.09 N200min - U200min | 0.000 0.57 0.006 0.77
N50def - U50def 0.112 0.06 0.197 0.30 N200gef - U2004ef 0.024 0.11 0.223 0.27
N50max - USOmax 0.696 0.00 0.550 0.07 N200max- U200max | 0.000 0.47 0.165 0.33
N100min- U100min | 0.945 0.00 0.882 0.00
N100gef - U100def 0.366 0.02 0.357 0.17
N100max- U100max | 0.808 0.00 0.252 0.24

Table B.6. Results paired samples test per distraction group — effect of average wall luminance on the preferred desk

illuminance.

Average Fast distracted Average Fast distracted

distracted group (n=7) distracted group (n=7)

group (n=47) group (n=47)

Sig. (2-  Effect Sig. (2-  Effect Sig. (2-  Effect Sig. (2-  Effect

tailed) size tailed) size tailed) size tailed) size
X50min - U200min 0.000 0.40 0.007 0.76 X50min - N200min 0.038 0.09 0.331 0.18
X50def - U2004ef 0.340 0.02 0.714 0.03 X50def - N200gef 0.005 0.16 0.128 0.38
X50max - U200max 0.000 0.26 0.648 0.04 X50max - N200max 0.450 0.01 0.096 0.44
X100min - U200min 0.000 0.32 0.731 0.03 X100min - N200min 0.005 0.16 0.143 0.36
X100def - U200def 0.599 0.01 0.975 0.00 X100def - N200def 0.069 0.07 0.543 0.08
X100max- U200max | 0.000 0.34 0.727 0.03 X100max- N200max | 0.271 0.03 0.127 0.38
X50min - X100min 0.230 0.03 0.235 0.26
X50def - X1004gef 0.081 0.07 0.820 0.01
X50max - X100max 0.928 0.00 0.442 0.12
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Appendix C: Noticeability and acceptance of granular dimming

This Appendix presents an extensive overview of the results of the study reported in Chapter5.

Table C.1 Results of the statistical tests regarding the effect of the first or second time a condition is evaluated in
experiment 1.

Acceptance Noticeability
Condition 1-12 2-22 3-32 4-42 6-6 2 1-12 2-22 3-32 4-42 6-62
VA -1.370° -0.497b -1.450° -0.272¢ -1.342b | -1.633¢ -0.447°¢ -1.732¢ -1.000¢ -1.414c
Asymp. Sig.
) 0.171 0.619 0.147 0.785 0.180 0.102 0.655 0.083 0.317 0.157
(2-tailed) @
Effect sized -0.21 -0.08 -0.23 -0.04 -0.21 -0.26 -0.07 -0.27 -0.16 -0.22

a. Wilcoxon signed-rank tests, b. based on negative ranks, c. based on positive ranks, d. Pearson r, calculated using
r=Z/VN of Rosenthal (1994) (from: Field, 2009)

Table C.2. Results of the statistical tests regarding the impact of dimming speed on noticeability and acceptance
ratings in experiment 1.

Noticeability Acceptance

Ovs2vs5s Conditions Chi-Square @ Asymp. Sig.2  Chi-Square @  Asymp. Sig.?
Person enters, dim up -2-3 | 34.667 0.000 33.612 0.000
No occ. change, dim up 4-5-6 | 34.414 0.000 32.822 0.000
Ovs5vs10s
Person leaves, 5-min delay, dim

7-9-10 39.714 0.000 33.495 0.000
down
Person leaves, no delay, dim down 11-12-13 | 46.519 0.000 43931 0.000
No occ. change, dim down 14-16-17 | 45.852 0.000 41.826 0.000

a. Friedman Test, N=41 (p<0.05), df=2

Table C.3. Results of the statistical tests regarding the impact of dimming direction on acceptance ratings in
experiment 1.

Dim upvs dim down Labels z°2 Asymp. Sig. (2-tailed) @  Effect size ©
No occ. change, dimin 0's, up vs down 4-14 -0.761° 0.447 -0.12
No occ. change, dimin 5's, up vs down 6-16 -0.537° 0.591 -0.08

a. Wilcoxon Signed Ranks Test, b. Based on negative ranks, c. Pearson r, calculated using r=2/VN of Rosenthal (1994)
(from: Field, 2009)
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Table C.4. Results of the statistical tests regarding the impact of occupancy change on acceptance ratings in
experiment 1.

i ) Asymp. Sig. (2- Effect size d
With vs without occupancy change Labels zZ2 .
tailed) @

Dim upinOs 1-4 -0.193°% 0.847 -0.03
Dimupin2s 2-5 -0.286¢ 0.775 -0.04
Dimupin5s 3-6 -0.314¢ 0.754 -0.05
Dim down in O's (occ.change includes delay) 7-14 -0.490° 0.624 -0.08
Dim down in 5s (occ.change includes delay) 9-16 -1.138° 0.255 -0.18
Dim down in 10's (occ. change includes delay) 10-17 -1.089° 0.276 -0.17
Dim down in O's (occ.change without delay) 11-14 -0.737¢ 0.461 -0.12
Dim down in 5s (occ. change without delay) 12-16 -1.211¢ 0.226 -0.19
Dim down in 10's (occ. change without delay) 13-17 -1.342¢ 0.180 -0.21

a. Wilcoxon Signed Ranks Test, b. Based on positive ranks, c. Based on negative ranks, d. Pearson r, calculated using
r=Z/VN of Rosenthal (1994) (from: Field, 2009)

Table C.5. Results of the statistical tests regarding the impact of the delay after an occupancy change on the
noticeability and acceptance ratings of dimming down in experiment 1.

Noticeability Acceptance

With ithout del A . A .

ith vs without delay symp Effect symp Effect
after occupancy Labels z2 Sig. (2- o z2 Sig. (2- o

) size i size

change tailed) @ tailed) @
Dim down in0s 7-11 -0.707¢ 0.480 -0.11 -1.432°b 0.153 -0.22
Dim downin5s 9-12 -2.121°¢ 0.034 -0.33 -2.083°b 0.037 -0.33
Dim down in 10s 10-13 | -1.000¢ 0.317 -0.16 -1.511° 0.131 -0.24

a. Wilcoxon Signed Ranks Test, b. Based on positive ranks, c. Based on negative ranks, d. Pearson r, calculated using
r=Z/VN of Rosenthal (1994) (from: Field, 2009)
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Table C.6. Results of the statistical tests regarding the impact of informing participants of the potential occurrence of
light changes on the noticeability and acceptance ratings of dimming down in experiment 1.

Noticeability Acceptance
Informed vs not Asymp. Sig.  Effect Asymp. Sig.  Effect
informed of light Labels z z@

(2-tailed) @ sized (2-tailed) @ sized
changes
Dim upinOs 4-4 -1.000¢ 0.317 -0.16 -0.827°  0.408 -0.13
Dim upin2s 5-5.1 -1.941¢ 0.052 -0.30 -1.394%  0.163 -0.22
Dimupin5s 6-6. -2.887°¢ 0.004 -0.45 -2.940%  0.003 -0.46
Dim downinOs 14-14.1 | -1.508¢ 0.132 -0.24 -0.424%  0.672 -0.07
Dim downin5s 16-16.1 | -1.508¢ 0.132 -0.24 -1.410°  0.159 -0.22
Dim down in 10s 17-17. -0.577¢ 0.564 -0.09 0.365b 0.715 0.06

a. Wilcoxon Signed Ranks Test, b. Based on negative ranks, c. Based on positive ranks, d. Pearson r, calculated using
r=Z/VN of Rosenthal (1994) (from: Field, 2009)

Table C.7. Results of the statistical tests regarding the impact of dimming speed on noticeability and acceptance
ratings in experiment 2.

Noticeability Acceptance

Ovs2vs5s Labels Chi-Square @ Asymp. Sig. @ Chi-Square @ Asymp. Sig. @
Person enters, dim up 1-2-3 10.667 0.005 6.343 0.042
No occ. change, dim up 4-5-6 20.462 0.000 24.041 0.000
Person leaves, 5-min

. 7-8-9 18.500 0.000 23.581 0.000
delay, dim down
No occ. change, dimdown | 14 -15-16 14.364 0.001 14.684 0.001

a. Friedman Test, N=17 (p<0.05), df=2

Table C.8. Results of the statistical tests regarding the impact of dimming direction on noticeability and acceptance
ratings in experiment 2.

Noticeability Acceptance
Asymp. Sig.  Effect Asymp. Sig.  Effect
Dim upvs dim down Labels zZ2 Y -p & . zZ2 Y -p 8 )
(2-tailed) @ sized (2-tailed) @ sized
No occ. change, dimin O's,
4-14 -2.236¢ 0.025 -0.54 -1.902°  0.057 -0.46
up vs down
No occ. change, dimin 2s,
5-15 -1.342°¢ 0.180 -0.33 -0.933°  0.351 -0.23
up vs down
No occ. change, dimin5's,
6-16 -1.414¢ 0.157 -0.34 -1.342°  0.180 -0.33
up vs down

a. Wilcoxon Signed Ranks Test, b. Based on negative ranks, c. Based on positive ranks, d. Pearson r, calculated using
r=Z/VN of Rosenthal (1994) (from: Field, 2009)
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Table C.9. Results of the statistical tests regarding the impact of occupancy change on acceptance ratings in
experiment 2.

With vs without occupancy change Labels 2 Asymp. Sig. (2-tailed) 2 Effect size d
DimupinOs 1-4 -2.742° 0.006 -0.67
Dim upin2s 2-5 -0.410¢ 0.682 -0.10
Dim upin5s 3-6 -0.447¢ 0.655 -0.11
Dim down in Os 7-14 -0.634¢ 0.526 -0.15
Dim downin 2's 8-15 -1.084° 0.279 -0.26
Dim downin 5 9-16 -1.604°¢ 0.109 -0.39

a. Wilcoxon Signed Ranks Test, b. Based on positive ranks, c. Based on negative ranks, d. Pearson r, calculated using
r=Z/VN of Rosenthal (1994) (from: Field, 2009)
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Figure C.1. Experiment 1 — desks 1,2, and 3: Fraction of participants that rated lighting conditions as acceptable, very
acceptable, or not noticed. Conditions are sorted on ascending label numbers. Characteristics of each condition are
shown below the bar chart. * Lights are dimmed down 5 min after the actor has left the office.
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Figure C.2. Experiment 2 - desks 1, 2, and 3: Fraction of participants that rated lighting conditions as acceptable, very
acceptable, or not noticed. Conditions are sorted on ascending label numbers. Characteristics of each condition are
shown below the bar chart. * Lights are dimmed down 5 min after the actor has left the office.
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Spending a large majority of our time indoors makes the indoor
environmental conditions important determinants of our
satisfaction and wellbeing. Over the last decades, lighting has
established itself as a recognized influencer of people’s
wellbeing in living and working environments. While poor
design can cause discomfort, the right implementations can
elevate satisfaction, improve mood, and influence performance.
The office as functional workspace has started giving way to
spaces designed to engage and inspire, resulting in an increase
of open office environments. The shared character of the open
office does, however, create challenges to cater to the
individual's wellbeing in these multi-user spaces.

In this thesis, wellbeing is addressed by improving the users’
experience of the lighting environment. Research is presented
showing that in shared office spaces, like open plan offices,
personal control over lighting can improve the users'
appreciation of office lighting. The proposition of personal
control can be further optimized when the preferences of users
in the office are considered and integrated in the behaviour or
feedback of the system. By careful consideration of the
brightness of the office walls as well as the speed by which
dimming is applied, the risk of conflict occurrence can be
limited. Technological developments allow for state-of-the-art
systems, that can support building owners or employers in
optimizing their buildings, to increase efficiency and limit costs.
To utilize these advanced systems to their full potential, it is
important to keep considering and consulting the users of the
buildings.
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