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THE INTERNATIONAL COMMISSION ON ILLUMINATION

The International Commission on Illumination (CIE) is an organization devoted to international co-operation and exchange
of information among its member countries on all matters relating to the art and science of lighting. Its membership
consists of the National Committees in about 40 countries.

The objectives of the CIE are:

1. To provide an international forum for the discussion of all matters relating to the science, technology and art in the
fields of light and lighting and for the interchange of information in these fields between countries.

2. To develop basic standards and procedures of metrology in the fields of light and lighting.

3. To provide guidance in the application of principles and procedures in the development of international and national
standards in the fields of light and lighting.

4. To prepare and publish standards, reports and other publications concerned with all matters relating to the science,
technology and art in the fields of light and lighting.

5. To maintain liaison and technical interaction with other international organizations concerned with matters related to

the science, technology, standardization and art in the fields of light and lighting.

The work of the CIE is carried on by seven Divisions each with about 20 Technical Committees. This work covers
subjects ranging from fundamental matters to all types of lighting applications. The standards and technical reports
developed by these international Divisions of the CIE are accepted throughout the world.

A plenary session is held every four years at which the work of the Divisions and Technical Committees is reported and
reviewed, and plans are made for the future. The CIE is recognized as the authority on all aspects of light and lighting.
As such it occupies an important position among international organizations.

LA COMMISSION INTERNATIONALE DE L'ECLAIRAGE

La Commission Internationale de [I'Eclairage (CIE) est une organisation qui se donne pour but la coopération
internationale et I'échange d'informations entre les Pays membres sur toutes les questions relatives a I'art et a la science
de I'éclairage. Elle est composée de Comités Nationaux représentant environ 40 pays.

Les objectifs de la CIE sont :

1. De constituer un centre d'étude international pour toute matiére relevant de la science, de la technologie et de I'art
de la lumiére et de I'éclairage et pour I'échange entre pays d'informations dans ces domaines.

2. D'élaborer des normes et des méthodes de base pour la métrologie dans les domaines de la lumiére et de
I'éclairage.

3. De donner des directives pour I'application des principes et des méthodes d'élaboration de normes internationales
et nationales dans les domaines de la lumiere et de I'éclairage.

4. De préparer et publier des normes, rapports et autres textes, concernant toutes matiéres relatives a la science, la
technologie et I'art dans les domaines de la lumiéere et de I'éclairage.

5. De maintenir une liaison et une collaboration technique avec les autres organisations internationales concernées
par des sujets relatifs a la science, la technologie, la normalisation et I'art dans les domaines de la lumiere et de
I'éclairage.

Les travaux de la CIE sont effectués par 7 Divisions, ayant chacune environ 20 Comités Techniques. Les sujets d'études
s'étendent des questions fondamentales, a tous les types d'applications de I'éclairage. Les normes et les rapports
techniques élaborés par ces Divisions Internationales de la CIE sont reconnus dans le monde entier.

Tous les quatre ans, une Session pléniere passe en revue le travail des Divisions et des Comités Techniques, en fait
rapport et établit les projets de travaux pour I'avenir. La CIE est reconnue comme la plus haute autorité en ce qui
concerne tous les aspects de la lumiére et de I'éclairage. Elle occupe comme telle une position importante parmi les
organisations internationales.

DIE INTERNATIONALE BELEUCHTUNGSKOMMISSION

Die Internationale Beleuchtungskommission (CIE) ist eine Organisation, die sich der internationalen Zusammenarbeit und
dem Austausch von Informationen zwischen ihren Mitgliedslandern beziglich der Kunst und Wissenschaft der Lichttechnik
widmet. Die Mitgliedschaft besteht aus den Nationalen Komitees in rund 40 Landern.

Die Ziele der CIE sind :

1. Ein internationales Forum fiur Diskussionen aller Fragen auf dem Gebiet der Wissenschaft, Technik und Kunst der
Lichttechnik und fir den Informationsaustausch auf diesen Gebieten zwischen den einzelnen Landern zu sein.

2. Grundnormen und Verfahren der Messtechnik auf dem Gebiet der Lichttechnik zu entwickeln.

3 Richtlinien far die Anwendung von Prinzipien und Vorgadngen in der Entwicklung internationaler und nationaler
Normen auf dem Gebiet der Lichttechnik zu erstellen.

4. Normen, Berichte und andere Publikationen zu erstellen und zu verdéffentlichen, die alle Fragen auf dem Gebiet der
Wissenschaft, Technik und Kunst der Lichttechnik betreffen.

5. Liaison und technische Zusammenarbeit mit anderen internationalen Organisationen zu unterhalten, die mit Fragen

der Wissenschaft, Technik, Normung und Kunst auf dem Gebiet der Lichttechnik zu tun haben.

Die Arbeit der CIE wird in 7 Divisionen, jede mit etwa 20 Technischen Komitees, geleistet. Diese Arbeit betrifft Gebiete
mit grundlegendem Inhalt bis zu allen Arten der Lichtanwendung. Die Normen und Technischen Berichte, die von diesen
international zusammengesetzten Divisionen ausgearbeitet werden, sind auf der ganzen Welt anerkannt.

Alle vier Jahre findet eine Session statt, in der die Arbeiten der Divisionen berichtet und Uberprift werden, sowie neue
Plane fir die Zukunft ausgearbeitet werden. Die CIE wird als hdochste Autoritat fir alle Aspekte des Lichtes und der
Beleuchtung angesehen. Auf diese Weise unterhalt sie eine bedeutende Stellung unter den internationalen
Organisationen.
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The following table provides an overview of the oral presentations and posters presented at
the conference. The papers are published in the proccedings in consecutive order of
presentation. Papers that have not been submitted are marked as such (“n.s.”).

The authors are responsible for the contents of their papers.

Please note: For direct access of a paper click on the respective page number.

C.

DEPENDING ON DAYLIGHT AND WEATHER

Invited Presentations Page
ITO1 |Y.Bhg Datuk Ir. PROMOTING EFFICIENT USE OF ELECTRICAL n.s.
Ahmad Fauzi bin ENERGY - MALAYSIA'S EXPERIENCE
Hasan
ITO2 |George Brainard THE CAPACITY OF LIGHT TO REGULATE n.s.
PHYSIOLOGY AND BEHAVIOR
ITO3 |Tran Quoc Khanh LIGHTING QUALITY FOR AUTOMOTIVE LIGHTING 1
ITO4 |George Brainard EXPLORING THE POWER OF LIGHT: FROM 7
PHOTONS TO HUMAN HEALTH
ITO5 |Thorsten Vehoff CHALLENGES IN OLED DEVELOPMENT: 20
HOMOGENEITY AND LIFETIME SCALING BEHAVIOR
ITO6 |Martine Knoop LIGHTING QUALITY WITH LEDS 31
ITO8 |Janos Schanda WHAT IS COLOUR FIDELITY IN MUSEUM LIGHTING? 36
ITO9 |David Sliney ALMOST ALL LAMPS ARE SAFE, BUT SAFETY OF 46
NEW LAMPS IS QUESTIONED
Oral Presentations Page
Lighting Quality with LED Sources Chair: Martine Knoop
OPO01 |Yamauchi, Y. et al. |DO OLEDS AND LEDS ILLUMINATIONS GIVE THE 56
SAME IMPRESSIONS ON SPACE? - INTERNATIONAL
SURVEY -
OPO02 |Li, H. et al. SCALING APPEARANCE IN A ROOM ILLUMINATED 63
BY LED SOURCES
OPO03 |Zhai, Q.Y. et al. THE IMPACT OF THE LUMINANCE LEVELS AND 73
COLOUR TEMPERATURE ON VIEWING FINE ART
UNDER LED LIGHTING
OPO04 |Zhang, J. et al. THE RELATION BETWEEN COMFORTABLE LIGHTING 82
AND PERCEIVED GLARE
OPO05 |Kirsch, R., Voelker, |SOLID STATE LIGHTING IN OFFICES: IMPACT ON 88
S. LIGHTING QUALITY AND ROOM APPEARANCE
Daylighting Chair: Peter Dehoff
OPO06 |Tralau, B., Schierz, |THE PREFERENCE OF COLOUR TEMPERATURE 96
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OPO0O7 |Wolff, C. et al. ATRAPALUZ: DAYLIGHT SYSTEM TO INTERVENE 103
SPACES AND PERCEPTION
OPO08 |Favero, F. et al. NATURAL EXPERIMENT ON THE EFFECT OF 113
ARTIFICIAL LIGHTING AND DAYLIGHT
OPO09 |lwata, T. et al. EVALUATION ON VISUAL ENVIRONMENT IN A FAST 120
FOOD RESTAURANT EQUIPPED WITH DAYLIGHT
DUCT SYSTEM
OP10 [Knoop, M. ANALYSIS OF SPATIALLY RESOLVED 130
MEASUREMENT APPROACHES TO ASSESS
SPECTRAL CHARACTERISTICS OF SKY PATCHES
OP11 |Hertog, W. DAYLIGHT ASSISTED INDOOR LIGHTING n.s.
Colour Quality (1) Chair: Hiro Yaguchi
OP12 |David, A. et al. WHITENESS METRIC FOR LIGHT SOURCES 140
OP13 |Wei, M. et al. BLUE-PUMPED LEDS FAIL TO RENDER WHITENESS 150
OP14 |Luo, M. et al. SPECIFICATIONS FOR THE CHROMATICITY OF 160
WHITE LIGHT SOURCES
Roadway and Street Lighting (1) Chair: Yandan Lin
OP15 |Gibbons, R., THE IMPACT OF LIGHTING LEVEL ON VEHICLE n.s.
Lutkevich, P. SAFETY
OP16 |Fotios, S. et al. LIGHTING FOR PEDESTRIANS: WHAT ARE THE 164
CRITICAL VISUAL TASKS?
OP17 |Hagio, T. et al. RELATIONSHIP BETWEEN UNIFORMITY AND 174
DISCOMFORT FOR TUNNEL INTERIOR LIGHTING
Lighting and Health (1) Chair: David Sliney
OP18 |Price, L.L.A., THE FIRST INTERNATIONAL WORKSHOP ON 182
Peirson, S.N. CIRCADIAN AND NEUROPHYSIOLOGICAL
PHOTORECEPTION, 2013: A PHYSICIST’'S
PERSPECTIVE ON THE CONSTRUCTION OF
STANDARD UNITS
OP19 |Mou, T. et al. EVALUATION OF SPECTRORADIOMETER 186
PERFORMANCE FOR APPLICATION OF
PHOTOBIOLOGICAL SAFETY ASSESSMENT OF
LIGHTING PRODUCTS
OP20 |Sullivan, J., Donn, |A REVIEW OF MEASURES THAT MAY BE USED TO n.s.
M. EXAMINE THE EFFECTS OF DAYLIGHT ON PEOPLE
Colour Quality (2) Chair: Janos Schanda
OP21 |Ohno, Y., Fein, M. |VISION EXPERIMENT ON ACCEPTABLE AND 192
PREFERRED WHITE LIGHT CHROMATICITY FOR
LIGHTING
OP22 |Liu, X.Y. et al. INVESTIGATING OBSERVER VARIABILITY FOR 200
ASSESSING MEMORY COLOURS
OP23 |Mizokami, Y. etal. |EVALUATION OF LED LIGHTING QUALITY BASED ON | 206
COLOUR DISCRIMINATON ASSESSED BY 100-HUE
TESTS
OP24 |David, A. COLOUR FIDELITY EVALUATED OVER LARGE 213

REFLECTANCE DATASETS
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Roadway and Street Lighting (2)

Chair: Ron Gibbons

OP25 |Lai, D. et al. INFLUENCE OF LIGHT SOURCE LUMINANCE ON 220
DISCOMFORT GLARE FROM LED ROAD LUMINAIRES

OP26 |Saraiji, R. DOMINANT CONTRAST AND VERTICAL 228
ILLUMINANCE FOR PEDESTRIAN ILLUMINATION

OP27 |Porsch, T. et al. MEASUREMENT OF THE THRESHOLD INCREMENT 237
(T1) IN ROAD LIGHTING BASED ON USING ILMD

OP28 |Webb, A. et al. TRANSPORT SIGNALLING IN FOG:TECHNIQUES n.s.
FOR EXPLORING LED REPLACEMENTS FOR
MISSION CRITICAL TASKS.

Lighting and Health (2) Chair: David Sliney

OP29 |Pan, J. et al. KEY ASPECTS FOR PHOTOBIOLOGICAL SAFETY 244
MEASUREMENT

OP30 |Wang, Y.T. et al. MEASURING DISCOMFORT GLARE OF MOTION n.s.
PICTURES ON RGB LED BILLBOARD AT NIGHT

OP31 |Hao, L. et al. EXPERIMENTS ON HEALTHY LIGHTING AND THE 253
TENTATIVE APPLICATION OF LEDS AT CHINESE
ANTARCTIC STATIONS

OP32 |Sater, M. ECO LIGHTING DESIGN PROCESS 259

Colour Quality and Mesopic Vision Chair: Ronnier Luo

OP33 |Bodrogi, P. et al. COLOUR APPEARANCE OF MESOPIC RELATED 266
COLOURS AT 0.3, 1, 3 AND 10 CD/M2: VISUAL
MAGNITUDE ESTIMATION AND MODELLING

OP34 |Uchida, T., Ohno, ANGULAR CHARACTERISTICS OF THE 273

Y. SURROUNDING LUMINANCE EFFECT ON

PERIPHERAL ADAPTATION STATE IN THE MESOPIC
RANGE

OP35 |Lin, Y. et al. A PILOT STUDY OF THE PHYSIOLOGICAL 281
MECHANISM OF THE GLARE CAUSED BY LED
BASED ON THE FLUCTUATION OF THE ELECTRO-
OCULOGRAM

OP36 |Tsai, Y.C. et al. TOWARDS A SYSTEM FOR DIGITAL 287
QUANTIFICATION OF COLOUR DISCRIMINATION
AND COLOUR DEFICIENCY

OLED for Lighting Chair: Tony Bergen

OP37 |Yamauchi, Y. etal. |[EFFECTS OF THE POSTURE OF OLED PANELS ON 294
THE FLUX MAINTENANCE

OP38 |Gerloff, T. et al. COLOUR RENDERING PROPERTIES OF OLED n.s.
SPECTRA

OP39 |Park, S. et al. SELF-SCREENING CORRECTION FOR LARGE-AREA n.s.
LIGHT SOURCES USING AN AUXILIARY LAMP
MATCHED TO THEIR SPATIAL DISTRIBUTION IN AN
INTEGRATING SPHERE PHOTOMETER

Lighting Design Chair: Yoshiki Nakamura

OP40 |Zaikina, V. et al. NEW MEASURES OF LIGHT MODELLING 298
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OP41 |Scheir, G. et al. APPLICABILITY OF THE UNIFIED GLARE RATING AS 306
ASSESSMENT OF DISCOMFORT GLARE SENSATION
BASED ON LUMINANCE MAPS

OP42 |Chung, T.M. et al. EVALUATING DISCOMFORT GLARE FROM 314
WINDOWS WITH NON-UNIFORM LIGHT
DISTRIBUTION

OP43 |Leibmann, H. et al. |BALANCING LIGHTING QUALITY, ENERGY 324

EFFICIENCY AND COST IN COMBINATION WITH
REAL TIME SIMULATION TECHNOLOGY

OP44 |Szabo, F. et al. ACCEPTANCE STUDIES ON INTELLIGENT ADAPTIVE | 337
CORRIDOR LIGHTING
OP45 |Dehoff, P. MEASURES FOR A BETTER QUALITY IN LIGHTING 348

A JOURNEY THROUGH RECENT ACTIVITIES IN
APPLICATIONS AND STANDARDS

Outdoor Lighting Chair: Peter Schwarcz

OP46 |Fotios, S. et al. INTERPERSONAL JUDGEMENTS, LAMP SPECTRUM 357
AND TASK DIFFICULTY

OP47 |Yang, X. et al. URBAN ARCHITECTURAL LIGHTING IN CHINA: AN 367

INSPIRING QUALITATIVE STUDY TO DEMONSTRATE
ITS DISTINCTIVENESS AND ALSO SIMILARITIES TO
INTERNATIONAL PRACTICES

OP48 |Djokic, L. et al. THE IMPORTANCE OF DEVELOPING A CITY STREET | 376
LIGHTING MAP

OP49 [Wu, P.J. et al. A GLARE DETECTION SYSTEM WITH A DIGITAL 380
CAMERA FOR HUMAN CARE

OP50 |Pong, B.J. et al. SIMULTANEOUS MEASUREMENTS OF GLARE AND 384
FLICKER PROPERTIES OF ENVIRONMENTAL
LIGHTINGS

OP51 [Nath, D. et al. A NOVEL APPROACH ON OUTDOOR SPORTS 392

LIGHTING DESIGN METHODOLOGY AND ITS
VALIDATION BY SENSITIVITY ANALYSIS

SSL Measurement and Testing Chair: Peter Blattner

OP52 |Poikonen, T. etal. |ADJUSTABLE POWER LINE IMPEDANCE EMULATOR 403
FOR CHARACTERISATION OF ENERGY-SAVING
LIGHTING PRODUCTS

OP&3 |Corell, D. et al. LUMINOUS FLUX AND COLOUR MAINTENANCE 408
INVESTIGATION OF INTEGRATED LED LAMPS
OP54 |Yang, T.H. et al. MEASURING CHARACTERISTICS OF LEDS BY 415

MONITORING TURN-ON TRANSIENT BEHAVIOURS

OP55 |Yuqin Zong, Shen, |DEVELOPMENT OF 2m TOTAL SPECTRAL RADIANT 421
H. FLUX STANDARDS AT NIST

OP56 |Austin, R. et al. LOW UNCERTAINTY ABSOLUTE n.s.
CHARACTERIZATION OF TOTAL PHOSPHOR
SPECTRAL EMISSION AS A FUNCTION OF
EXCITATION WAVELENGTH

Right Lighting in Outdoor Chair: Dionyz Gasparovsky

OP57 |Chung, T.M. et al. GLARE EVALUATION OF OUTDOOR TENNIS COURT 427
FLOODLIGHTING USING HIGH DYNAMIC RANGE
PHOTOGRAPHY
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OP58 |Parry, N. PIONEERING LED STREET LIGHTING ENERGY n.s.
SAVING PROJECT
OP59 |Sampaio, J.N. A SENSE OF WASTE: LIGHT URBAN DESIGN 437
TACTICS
OP60 [Chong, W.T. et al. ECO-GREENERGY WIND-SOLAR HYBRID 444
RENEWABLE ENERGY LIGHTING AND CHARGING
SYSTEM
OP61 |Gasparovsky, D. et |BENCHMARKING THE ENERGY EFFICIENCY OF 451
al. ROAD LIGHTING
Advancement in Photometry and Radiometry Chair: Armin Sperling
OP62 |Young, R., HIGH ACCURACY IMAGING COLORIMETRY 461
Neumeier, J.
OP63 |Li, S. et al. A NOVEL CONTINUOUS SCANNING METHOD FOR 470
GONIOSPECTRORADIOMETRY
OP64 |Rossi, G. et al. GONIOPHOTOMETRIC CHARACTERIZATION OF 476
OPAQUE CONSTRUCTION MATERIALS (COOL
MATERIALS)
OPG65 |lkonen, E. et al. CALIBRATION OF SPECTRAL RESPONSIVITY OF n.s.
IMAGING DEVICES USING LED LIGHT SOURCES
OP66 |Hall, S.R.G. et al. UNCERTAINTY BUDGET ASSESSMENT FOR 485
PRACTICAL ASSESSMENT OF THE RETINAL
HAZARD OF EXTENDED LIGHT SOURCES IN
ACCORDANCE WITH IEC 60825 AND IEC 62471
GUIDELINES
Posters Page
PPO1 |Rizzi, A. et al. A TEST OF COLOUR RENDERING EVALUATION 498
PPO3 |Lee, E.J., Fuchida, |A STUDY ON THE COLOR APPEARANCE OF 504
T. CLOTHING UNDER VARIABLE COLOR
TEMPERATURE AND ILLUMINANCE OF VARIOUS
LIGHT SOURCES INCLUDING LED LAMPS
PP04 |Nakajima, Y., A STUDY ON THE EVALUATION METHOD OF COLOR | 513
Fuchida, T. RENDERING PROPERTIES OF MUSEUM LIGHTING
AT LOW ILLUMINANCE
PP05 |Huang, S.G. et al. COMPUTATION AND EVALUATION ON DUV 522
PROPERTY OF LED LUMINAIRES
PP06 |Linke, S. et al. SIMULATING OF LED SUM-SPECTRA FOR THE BEST | n.s.
COLOR RENDERING INDEX ALONG THE BLACK
BODY CURVE — A REVERSE ENGINEERING
ATTEMPT
PP0O7 |Cengiz, C. et al. REACTION TIME MEASUREMENTS TO PERIPHERAL 532
STIMULI ON UNIFORM AND NON-UNIFORM
BACKGROUNDS UNDER MESOPIC LIGHT LEVELS
PPO8 |lwata, M. et al. VISIBILITY EVALUATION FOR FACE OF PERSON 538
STANDING UNDER LED STREET LIGHTING
ENVIRONMENT
PP09 |Fu, H.K. et al. THE STUDY OF BANDPASS CORRECTION IN ARRAY 546
SPECTROMETER MEASUREMENT
CIE x039:2014 VI
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CONSERVATION FOR LIGHTING ENVIRONMENTAL
EXPERIENCE DESIGN OF A CONVENIENCE STORE

PP14 [Veladzquez, J.L. et ZERNIKE POLYNOMIALS FOR PHOTOMETRIC 551
al. CHARACTERIZATION OF LEDS
PP16 |Thorseth, A. et al. COMPARISON OF STRAY LIGHT IN 557
SPECTROMETER SYSTEMS USING A LOW COST
MONOCHROMATIC LIGHT SOURCE
PP17 |Dubnicka, R. et al. DEFINING LUMINOUS INTENSITY DISTRIBUTIONS 565
OF LED LUMINAIRES BY THE MEASUREMENT OF
ROTATING LUMINAIRE GONIOPHOTOMETERS
PP18 [Wang, J. et al. MEASUREMENT AND EVALUATION OF FLICKER OF 573
LED LIGHTING SOURCES BASED ON THE EYE’S
TEMPORAL PERCEPTION
PP19 [Godo, K. et al. EVALUATION OF RELATIONSHIPS BETWEEN 579
TEMPERATURE AND ELECTICAL PROPERTIES FOR
SSL PHOTOMETRIC MEASUREMENTS
PP20 [Goodman, T.etal. |THE USE OF F1' AS A QUALITY INDEX FOR NON- n.s.
PLANKIAN SOURCES
PP21 [Hall, S.R.G. et al. BEAM PROPAGATION RATIO PARAMETERS, 583
TRACEABLE TO NATIONAL MEASUREMENT
STANDARDS
PP23 [Novak, T. et al. SUPERCAPACITOR AS A SOURCE FOR 588
AUTONOMOUS EMERGENCY LUMINAIRE
PP25 |Ho, J. et al. DAYLIGHT DESIGN PERFORMANCE BY USING 596
HONG KONG REPRESENTATIVE SKIES
PP28 |[Ito, D. OUTDOOR MEASUREMENT ON LUMINOUS 601
EFFICACY OF WINDOW
PP29 [Bian, Y. et al. THE COMPOSE OF REFERENCE SKY MODEL 605
SUPERIMPOSED ON THREE TYPICAL SKY
COMPONENT
PP30 [Chan, LIGHTING DESIGN FOR MITIGATING VEILING 611
T.K.C.,Tsang, REFLECTION IN INDOOR SWIMMING POOL
E.K.W.
PP31 [Chan, DAYLIGHT DESIGNS FOR HOSPITAL UNDER 621
T.K.C.,Tsang, SUBTROPICAL CLIMATE
E.K.W.
PP32 [Szabo, F. et al. MUSEUM LIGHTING WITH LEDS: LED LIGHTING FOR 629
THE SISTINE CHAPEL
PP34 |Yuan, Y. et al. VISUAL IMPRESSIONS OF COLOURED LED 638
LIGHTINGS IN AN INDOOR SPACE
PP35 [Gasparovsky, D. et |LIGHTING QUALITY AND ENERGY EFFICIENT 643
al. ILLUMINATION OF SCHOOL BOARDS
PP37 [Simonian, D., ILLUMINATION SYNTHESIS AND PLAYBACK BY A 653
Paolini, S. LIGHT PLAYER
PP38 |Sater, M. GOALS FOR ENERGY EFFICIENT LIGHTING PUT 661
INTO HIERARCHY
PP39 |Sater, M. LIGHTING DESIGN PROCESS FOR ENERGY 670
EFFICIENT LIGHTING
PP40 |Cheng, C.C. et al. ASSESSMENT ON LIGHTING QUALITY AND ENERGY 681
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708

PP44

Okuda, S. et al.

PREFERABLE LIGHTING CONDITIONS FOR
MIGRAINEURS TO RELAX IN ROOM

716

PP45

Suzuki, N. et al.

PROPOSAL OF LIGHTING METHOD IN CLASSROOM
OF PRIMARY SCHOOL CONSIDERING THE
TEACHERS' BRIGHTNESS SENSATION

720
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726
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PP49

Chao, W.C. et al.
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PERCEPTION
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PP51
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762

PP52

Takahashi, H. et al.
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767
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Abstract

Automotive lighting has three tasks: 1.Enabling good visual conditions for all traffic
participants (drivers, pedestrians, cyclists); 2. Creation of suitable technical possibilities for
the improvement of comfort, well-being and concentration for the drivers at night; and 3.
energy saving and contribution to worldwide environmental protection. In this paper, recent
achievements of improving lighting quality for automotive lighting are summarized in the
following three main application areas: 1. Headlamps and signal lamps of front lighting for the
illumination of the field in front of the car; 2. rear lamps (e.g. brake lamp); and interior lighting
(with LED devices).

Keywords: lighting quality, automotive lighting, AFS, marking light, matrix beam

1 Introduction

In 1886, automotive industry started its history with the invention of Carl Benz for the internal
combustion engine and, in 1908, the first electrical light sources found their way to car
technology. Since this time, automotive industry and its technology have been the symbol of a
dynamic innovation and mobility of a dynamic society in the process of industrial revolution
and telecommunication. In this context, automotive lighting has overtaken a central place in
car philosophy since 1990 and has been the driving force for the whole car innovation since
2006 with the introduction of LED technology.

Generally, automotive lighting has three tasks:

— Enabling good visual conditions for all traffic participants (drivers, pedestrians, cyclists);

— Creation of suitable technical possibilities for the improvement of comfort, well-being and
concentration for the drivers at night;

— Energy saving and contribution to worldwide environmental protection.
Lighting quality for automotive lighting has three main application areas:
a) Headlamps and signal lamps of front lighting for the illumination of the field in front of the

car (low beam, high beam, bending light, cornering beam) and signalling aims (daytime
running light, position light);

b) Rear lamps (brake lamp); and
c) Interior lighting (with LED devices).

2 |Interior lighting technology

In the next future or even currently in case of high-class vehicles, interior lighting technology
shall introduce some fundamental developments with LED components in order to

a) improve viewing conditions inside the car depending upon weather, clock time and traffic
situation (traffic density, driving in a city with city light or driving on a dark country road;

b) improve relaxation and concentration of the drivers by adjusting the lighting set-up to
“relaxing mode” for driving after the working hours and to “sport mode” with rather bluish
white light.
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The philosophy of lighting quality is related to the aspect and question of how can
concentration be improved and stress be reduced to support car drivers?

3 Rear lamp technology

Rear lamp technology was the first LED based lighting unit of the car due to its fast pulse time
i.e. rise and fall time of the LED pulses in order to make a faster signal appearance for other
traffic participants possible while braking. Besides signalling tasks, rear lamps with LEDs do
have high potentials for styling and improving the value of the vehicles. From the scientific
point of view, the maximal and minimal luminous intensity of the rear lamps has to be
reconsidered. All luminous intensity requirements for rear lamps have not taken the change of
weather, day time, ambient luminance and distance between the cars into account.

In the last 8 years, research on rear lamp technology has focused on flickering and
stroboscopic effects because rear lamps LEDs are operated with pulse width modulation (see
Figure 1). In order to minimize this effect which can lead to the distraction of visual attention
of normal drivers and to serious health impairing reactions for photo-sensitive drivers, the
frequency must be increased and has to be adjusted to at least 400 Hz if the detection rate of
flicker or the stroboscopic effect should be lower than 5% (see Figure 2).

Figure 1 — lllustration of the beads effect or bead string artefact. Image source: Technische
Universitit Darmstadt
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Figure 2 — Beads effect or bead string artefact (see Figure 1) recognition rate under two
observing conditions [1]
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4 Front lighting technology

On the front lighting side, lighting quality of automotive lighting has been influenced by three
developments and innovations:

the development of new light sources (Halogen tungsten lamp, Xenon lamp 35 W in 1990
and 25 W in 2011, LED front lighting in 2007 and laser beam in the next time in 2014);

the concept of adaptive front lighting (AFS, AFL); and

the concept of lighting situation based front lighting.

4.1 New light sources

Table 1 summarizes current lamp types for automotive front lighting.

Table 1 — Current lamp technologies in automotive front lighting

Luminous Max. Luminous
Lamp type flux luminance efficacy ccT
Halogen tungsten | _ 45001 | ~ 30 Mcd/m? 25 Im/W 3200 K
lamp(H7)
Xenon lamp (D2S) ~ 3200 Im ~ 90 Mcd/m? 90 Im/W 4200 K
LED (cold white) |~ 201990 1~ 20 Mcd/m? 65 Im/W 2888 e

With a Xenon lamp with 3200 Im and with a typical optical efficiency of 35%, a luminous flux
of the Xenon low beam (passing beam) of 1100 Im is achievable. In comparison, the luminous
flux of a halogen tungsten lamp low beam is maximal 500 Im. In recent research studies at the
Technische Universitat Darmstadt for automotive industry the following visibility distances of
low beam headlamps were determined (see Table 2). With a luminous flux of the best current
LED low beam of higher class vehicles of 900 Im, the visibility distance of LED and Xenon
lamp low beam is nearly comparable.

Table 2 — Visibility distances under 0° and 20° viewing directions

Low beam with

Visibility distance [2]

Visibility distance
under 0° [3]

Visibility distance
under 20° [3]

Halogen tungsten
lamp

70 m

63 m

18,3 m

Xenon lamp D2S

85 m

80 m

25,8m

4.2 Adaptive Front Lighting (AFS)

Since 1998, until 2010 the concepts of AFS (adaptive front lighting systems) were developed
and realized in many vehicle products (see Figure 3).
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Motorway light High beam

Figure 3 — Adaptive Front Lighting (AFS) functions

As can be seen from Figure 3, standard low beam is changed if the car is driven in a city to
have a broader light distribution but not with a longer visibility distance because street lights
also illuminate the road. Depending on the speed of the car when driving on the highway, the
low beam distribution can be adjusted from -0.57° to -0.23° to the horizontal line so that the
visibility distance can be increased from about 80 m (low beam) to 110 nm (motorway light).
The AFS functions and high beam assistance can be controlled by cameras, sensors and a
data processor (see Figure 4).

Navigation Data

A4

Enhanced
AFS Control >
Unit

Vehicle Data

Image Image Processing Control Projection
Capturing Object Detection Unit System

Figure 4 — Data and image processing unit inside the car [4]

Because the low beam has a maximal visibility distance of 85 m and highway light has about
110 m, the idea was to increase the number of occasions when high beam is used. Until 2005,
high beam could be set manually and the error rate has been very high. With high beam
assistance and with its camera detecting when other traffic participants appear on the road,
the high beam can be activated automatically. It enables a visibility distance of up to 140 m.

4.3 Lighting situation based headlamp technologies

However, AFS functions also have some disadvantages. They are only used depending on the
topology of the road (bend, city, high way, country road) and the real dynamic road situation
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cannot be taken into account. Therefore, lighting situation based headlamp concepts have
been developed since 2009 including:

— Marking light: illumination of animals and other objects on and beside the road with a
marking spot light (Figure 5);
— Vertical dynamic cut-off line (Figure 6);

— Glare free high beam (Figure 7).

Figure 5 — Marking light principle (image source: Company Hella/Lippstadt, [5])

Figure 6 — Vertical dynamic cut-off line [6]

MatrixBeam

Figure 7 — Glare free high beam, matrix beam [7]
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In a study of the Technische Universitat Darmstadt for the international automotive headlamp
suppliers in 2013, Zydek et al. investigated visibility distances of different headlamp
technologies. Results are illustrated in Figure 8. The discomfort glare of the tested glare free
high beam with HID Xenon lamp was equal 7 (mean value) on the De Boer scale.

Detection distance

120,0
100,0 I
80,0
60,0 I
40,0
20,0
0,0

Halogen, passing Halogen, driving  HID, passing HID, glare-free HID, driving beam
beam beam beam high beam

Detection distance / m

Figure 8 — Detection (visibility) distance of different headlamp technologies
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Abstract

Light is a potent stimulus for regulating circadian, neuroendocrine and neurobehavioural
responses in humans. Further, light therapy is effective for treating select affective, circadian
and sleep disorders. Over the past decade, discoveries show that these biological and
behavioural effects of light are mediated by a newly discovered photoreceptor in the eye that
is distinct from the classical rods and cones for vision. These findings are providing a basis
for major changes in lighting of advanced habitats for space exploration, as well as everyday
buildings on Earth.

Keywords: action spectra, circadian, light, light therapy, melanopsin, melatonin,
neurobehavioral, neuroendocrine, photoreceptor, pineal gland

1 Introduction

Four traditional objectives of architectural lighting have been to provide light that: 1) is
optimum for visual performance; 2) is visually comfortable; 3) permits aesthetic appreciation
of the space; and 4) conserves energy. During the past three decades, scientific evidence has
led to a growing understanding that, relatively separate from vision and visual reflexes, light
perceived by the eye can be a potent biological, behavioural, and therapeutic stimulus in
humans [Wetterberg, 1993; Lam, 1998; CIE, 2004a b; IESNA, 2008]. Over the past decade,
there has been an upheaval in the understanding of photoreceptive input to the circadian and
neuroendocrine systems of humans. A study on healthy human subjects confirmed that the
three-cone system that mediates human photopic vision is not the primary photoreceptor
system that transduces light stimuli for acute melatonin suppression [Brainard, 2001a]. That
discovery was rapidly followed by the elucidation of two action spectra in healthy human
subjects that identified 446 nm to 477 nm as the most potent wavelength region for melatonin
suppression [Brainard, 2001b; Thapan, 2001]. Those data suggested that a novel
photosensory system in humans, distinct from the visual rods and cones, is primarily
responsible for regulating melatonin, a hormone secreted by the pineal gland.

LIGHT

NERVOUS SYSTEM PHYSIOLOGY

mQCCIPITAL VISUAL SENSATION
CORTEX VISUAL REFLEXES
(Roos + Cones)
VLPO
SCN CIRCADIAN PHYSIOLOGY
NEUROENDOCRINE RESPONSES
(IPRGCs)

PTA NEUROBEHAVIORAL REGULATION
vSPZ

Figure 1 — The diagram above provides a simplified schematic of the neuroanatomy
responsible for mediating both the sensory capacity of the visual system and the non-visual
regulation of circadian, neuroendocrine and neurobehavioural functions.
Abbreviations: POT - primary optic tract; RHT - retinohypothalamic tract; ipRGCs - intrinsically
photosensitive retinal ganglion cells; IGL - intergeniculate leaflets; VLPO -ventrolateral
preoptic nuclei; SCN - suprachiasmatic nuclei; PTA -pretectal areas; vSPZ -ventral
subparaventricular zones. This figure is from [Brainard, 2006] and is reprinted with permission
by the Commission Internationale de I'Eclairage (CIE).
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Studies using both animal and human models are clarifying the neuroanatomy and
neurophysiology of the photosensory system that provides input for circadian,
neuroendocrine, and neurobehavioural regulation. A recently discovered photopigment,
named melanopsin, has been localized both in the retinas of rodents and humans [Provencio,
2000]. More specifically, melanopsin is found in a subtype of intrinsically photoreceptive
retinal ganglion cells (ipRGCs). These seminal discoveries and further clarification of the
biochemistry, anatomy, and physiology of melanopsin and the ipRGCs have been a crowning
achievement of neuroscience [Provencio, 1998, 2000, 2002; Gooley, 2001; Berson, 2002;
Hattar, 2002]. Figure 1 provides a simplification of the neural anatomy that support vision and
circadian, neuroendocrine and neurobehavioural responses [Brainard, 2006].

The professional communities of lighting manufacturers, designers and architectural
engineers have opened the door to understanding this emergent physiology. Together, they
are fostering the development of appropriate applications that might emerge from these
discoveries [JCIE 2004; CIE, 2004a, 2004b, 2006; IESNA, 2008, DIN 2009]. Ultimately,
lighting based on the classical design objectives will need to accommodate the recent
discoveries about the role of light in human health and well-being.

2 Circadian, Neuroendocrine, and Neurobehavioural Action Spectra

An action spectrum is one of the principal tools for identifying the photopigment that initiates a
light-induced response. A photopigment’s pattern of wavelength sensitivity, or its absorbance
spectrum, is like a fingerprint — it is unique to that molecule. Photobiologists define an action
spectrum as the relative response of an organism to different wavelengths of visible and near-
visible electromagnetic radiation. Over the years, a set of approaches for determining action
spectra that are applicable to all light responsive organisms has been refined [Horspool,
1994; Coohill, 1999].

In the photobiological literature, there are two basic types of action spectra: polychromatic
and analytical [Coohill, 1999]. Generally investigators begin exploring light sensitive biological
reactions by determining polychromatic action spectra. Such action spectra are developed by
employing broader bandwidth light stimuli that either have half-peak bandwidths greater than
15 nm to 20 nm or by emphasizing particular wavelengths against backgrounds of "white"
artificial or natural light. Polychromatic action spectra are useful for: 1) identifying interactions
of biological responses to multiple wavelengths; 2) clarifying how organisms respond to light
in more natural settings; and 3) guiding the development of the more sophisticated analytical
action spectra. Polychromatic action spectra, however, have limited utility for identifying the
specific photopigments that initiate light-sensitive responses [Coohill, 1999]. As in other fields
of photobiology, the earliest action spectrum studies on neuroendocrine and circadian
responses to light utilized polychromatic stimuli. From 1972 through 2004, a set of published
polychromatic action spectra developed in both rodents and humans consistently indicated
that the spectral region between 450 nm and 550 nm provided the strongest stimulation of
circadian and neuroendocrine responses [Brainard, 2005, for review].

Concurrent with the remarkable discovery of melanopsin and ipRGCs, ten recent analytical
action spectra have demonstrated the wavelength sensitivity of some of the physiological
responses mediated by these newly characterized sensory cells. Those action spectra are
presented in Table 1. It is significant that each of the studies in Table 1 indicate a Anax
ranging from 459 nm to 483 nm in the short wavelength portion (blue) of the visible spectrum
[Brainard, 2001b; Thapan, 2001; Berson, 2002; Yoshimura, 1996; Lucas, 2001; Hankins,
2002; Hattar, 2003; Dacey, 2005; Gamlin, 2007; Zaidi, 2007]. Given the differences in
laboratories, experimental models, physiological endpoints and specific investigative
techniques, this consistent identification of peak responses across the blue portion of the
spectrum is remarkable. It is also notable that the data from each of the action spectra in
Table 1 were fit to single opsin nomograms with relatively high coefficients of correlation.
Although full analytical action spectra have yet to be developed, a set of studies have
confirmed that shorter wavelength monochromatic light is more potent than equal photon
densities of longer wavelength light for evoking circadian phase shifts, suppressing melatonin,

8 CIE x039:2014



Brainard, G.C., Hanifin, J.P. EXPLORING THE POWER OF LIGHT: FROM PHOTONS TO HUMAN HEALTH

enhancing subjective and objective correlates of alertness, increasing heart rate, increasing
body temperature, inducing expression of the circadian clock gene Per2 and fMRI brain
responses in humans [Lockley, 2003; Warman, 2003; Cajochen, 2005, 2006; Revell, 2005a;
Lockley, 2006; Vandewalle, 2007a, 2007b, 2010; Zaidi, 2007; Gooley 2010; Ruger, 2013;
Rahman, 2014]. Together, the full analytical action spectra and selected wavelength testing
indicate that a novel photoreceptor system is primarily involved in circadian, neuroendocrine,
and neurobehavioural responses mediated by the eyes of humans and other mammals.

Table 1 - Each of the below action spectra is based on fluence response curves of 6 to
10 wavelengths. Each A max is derived from a best fit opsin nomogram.

Analytical Action Spectra Studies Showing Peak Sensitivity to Blue Light
for Circadian, Neuroendocrine and Neurobehavioural Responses

Peak (A Max) Species Response Citation
480 Mouse Circadian Yoshimura and Ebihara., 1996
rd/rd Phase Shifting
464 Human Melatonin Suppression Brainard et al., 2001
459 Human Melatonin Suppression Thapan et al., 2001
479 Mouse Pupillary Lucas et al., 2001
rd/rd Light Reflex
483 Human Cone Cell Hankins and Lucas, 2002
ERG Wave
483 Rat Ganglion Cell Berson et al., 2002
Depolarization
481 Mouse Circadian Hattar et al., 2003
rd/rd cl Phase Shifting
482 Monkey Ganglion Cell Dacey et al., 2005
Depolarization
482 Monkey Pupillary Gamlin et al., 2007
Human Light Reflex
480 Human Pupillary Zaidi et al., 2007
Light Reflex

It is important to note that not all analytical action spectra identify a A, in the blue part of
the spectrum. Analytical action spectra with wildtype mice and hamsters showed peaks in the
500 to 511 nm range for phase shifting locomotor activity and pupillary constriction
[Yoshimura, 1996; Lucas, 2001,Takahashi, 1984; Provencio, 1995]. It may be that the intact
rodent retina combines input from ipRGCs and classical visual photoreceptors for circadian
phase shifting and pupillary responses. In contrast, when mice do not have functioning visual
photoreceptors (such as in the rd/rd and rd/rd cl models), their retinal responses appear to
shift sensitivity to the shorter wavelengths for circadian and pupillary responses [Yoshimura,
1996; Lucas, 2001].
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3 Rods and Cones Interact with Ganglion Cell Photoreceptors

Abundant evidence shows that the melanopsin containing ipRGCs provide primary input for
circadian, neuroendocrine, and neurobehavioral regulation. It has also been demonstrated,
however, that rod and cone photoreceptors still play a role in this physiology. Studies with
genetically altered mice show that the classical rod and cone photoreceptors can compensate
for the loss of melanopsin and, at least partially mediate, light-induced circadian,
neuroendocrine and neurobehavioural responses [Panda, 2002; Lucas, 2003; Dkhissi-
Benyahya, 2007; Altimus, 2010; Lall, 2010]. In contrast, when both melanopsin is knocked out
and the classical visual photoreceptors are compromised, animals lose all visual and
nonvisual photoreceptive functions of the eye [Hattar, 2003; Panda, 2003]. Further, cellular
recording studies from nonhuman primate retinas have demonstrated that rod and cone cells
can directly activate ipRGCs [Dacey, 2005]. Data from human studies also suggest that the
visual rods and cones provide input to the SCN [Herbert, 2002; Lockley, 2003; Figueiro, 2004;
Jasser, 2006; Revell, 2007; Gooley, 2010]. Importantly, despite rapid experimental progress
on ipRGC physiology, it is currently unknown precisely how these newly discovered
photoreceptors work with the classical visual photoreceptors in transducing light in the
dynamic, complex polychromatic environments where humans carry out their daily activities
[Lucas, 2014].

4 Lamp Colour Temperature and the Biological Effects of Light

Independent of the research done with monochromatic wavelengths, studies have
investigated a variety of circadian, neuroendocrine and neurobehavioural changes relative to
correlated colour temperature (CCT) of broad spectrum polychromatic fluorescent lights
[Hanifin, 2007, for review]. In general, higher colour temperature lamps emit more energy in
the short wavelength part of the visible spectrum than lower colour temperature lamps. Lamps
emitting higher CCT light were found to evoke stronger melatonin suppression in healthy
human subjects compared to lamps with lower CCT light [Morita, 1998; Sato, 2005; Figueiro,
2004; Kozaki, 2008; Hanifin, 2011; Chellappa, 2011]. Additionally, fluorescent light with a
higher colour temperature was observed to have a more potent effect on core body
temperature than low colour temperature light [Yasukouchi, 2000; Sato, 2005]. Furthermore,
blood pressure and EEG frequency have been shown to increase with exposure to high CCT
light as compared to lower CCT light [Noguchi, 1999; Yasukouchi, 2000]. When examining the
effects of illumination prior to sleep, deep sleep was reduced after exposure to high CCT light
compared to low CCT light during the first half of sleep [Kozaki, 2005]. Finally, compared to
lower CCT light, higher CCT light enhanced subjective alertness and led to faster reaction
times in cognitive tasks associated with sustained attention [Chellappa, 2011]. In addition,
one group recently explored nighttime exposures of 3 000 K fluorescent light attenuated in the
short wavelengths with a yellow filter. That study showed that although the short wavelength
attenuated light elicited very little suppression of melatonin, some performance tests results
were similar to brighter, non-attenuated light [van de Werken, 2013]. Together, this literature
is generally consistent in demonstrating that higher correlated colour temperature lamps
induce stronger acute neurophysiological and neurobehavioural effects than lower correlated
colour temperature lamps in healthy subjects. Those findings are reasonably coherent with
the analytical action spectra shown in Table 1. Based on this emergent literature, some
investigators are beginning to field test high CCT lamps in the work place for potential
influence of this lamplight on employee alertness, performance, and well-being [Geerdinck,
2006; Mills, 2007; Viola, 2008].

It should be noted, however, that colour temperature may not always be a predictor of lamp
potency for biological and behavioural effects [Rea, 2006]. For example, two studies
compared equivalent bright, possibly saturating exposures of cool white fluorescent light (4
100 K) versus blue-enriched fluorescent light (17 000 K) for phase-shifting the circadian
system. In each study, both types of light elicited strong phase-shifts with no significant
difference between groups [Smith, 2009a; 2009b). A lower intensity comparison of these
same lamplights revealed a greater, albeit non-significant, phase-delay shift of the 17 000 K
exposure [Hanifin, 2009]. Taken together, the literature indicates that short wavelength
enriched light has enhanced potency for eliciting acute biological and behavioral responses,
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but longer term effects like circadian phase-shifting may not reflect that same sensitivity. More
work is needed to clarify the differences between the effects of polychromatic light on short
versus long term effects.

5 From Basic Science to Applications of Light Therapy

Following the discovery that bright white light exposure at 2 500 lux suppressed melatonin
secretion in healthy humans, researchers quickly determined that light could be used
therapeutically to treat Seasonal Affective Disorder (SAD or winter depression) and to phase
shift human circadian rhythms [Lewy, 1980; Rosenthal, 1984; Czeisler, 1986; Lewy, 1987].
Since then, light therapy has proven to be an effective therapeutic intervention for SAD
patients and its subclinical variant, sSAD [Wetterberg, 1993; Lam, 1998; Lam, 1999; Golden,
2005]. A variety of light treatment devices have been tested for treating these affective
disorders, including light boxes, dawn simulators, and head mounted delivery systems (e.g.
light visors). The current standard practice is for patients to undergo a trial of 10 000 lux white
fluorescent light for 30-60 minutes in the morning upon awakening [Lam, 1999; Golden, 2005].
As with the treatment of many medical disorders, patients vary in their responsiveness to light
therapy. Although a majority of clinical trials employing light therapy have been concerned
with the treatment of SAD, additional clinical applications have been explored including light
treatment of non-seasonal depression, various sleep disorders, menstrual cycle- related
problems, bulimia nervosa, and problems associated with senile dementia [Wetterberg, 1993;
Lam, 1998; Tuunainen, 2004; Parry, 1997; Riemersma van der lek, 2008; Lieverse, 2011]. In
addition, the utility of light therapy for resolving circadian disruption associated with
intercontinental jet travel and shift work has been studied [Wetterberg, 1993; Boulos, 1995;
2002; Lam, 1998; Eastman, 1995; Revell, 2005b]. Similarly, light has been tested as a
potential countermeasure for disruption of circadian rhythms and sleep-wake patterns in
astronauts. Disturbed circadian rhythms and sleep-wake cycles are major risk factors for the
health and safety of astronauts [NASA, 2013]. Studies of astronauts and ground crews have
shown light treatment to be an effective tool for supporting circadian entrainment [Czeisler,
1991; Stewart, 1995; Dijk, 2001; Barger, 2012]. Ground-based studies continue to investigate
the optimization of light as a countermeasure for circadian and sleep disruption in space flight
missions [Wright, 2001; Fucci, 2005; Basner, 2013; Brainard, 2013]. The aerospace
community is evaluating how lighting can be engineered properly for supporting vision,
circadian regulation, and alertness of astronauts in advanced human environments such as
the International Space Station as well as future space vehicles and habitats [NASA, 2013].
Such work is likely to be relevant to general architectural lighting design on Earth for civilians
with specific clinical disorders as well as problems associated with shift work and jet lag.
Indeed, preliminary methods are being developed to analyse the circadian efficacy of daylight
in architectural designs [Andersen, 2012], and active discussions between biomedical
researchers and lighting design professionals are beginning to foster a synthesis between
these disparate fields [CIE, 2004a, 2004b, 2006; Brainard, 2007; IESNA 2008].

How does the seminal discovery of a novel photosensory system in the human eye with a high
sensitivity to blue light intersect with the further development of therapeutic and architectural
lighting applications? One recent thrust has been to test shorter wavelength (blue) light
treatment for improved efficacy to evoke circadian phase-shifts and enhance acute alertness
in healthy individuals [Lockley, 2003; Warman, 2003; Cajochen, 2005; Revell, 2005; Lockley,
2006; Revell, 2006; Cajochen, 2006, Ruger, 2013; Rahman, 2014]. Similarly, a Phase |
clinical study tested prototype light panels with arrays of light emitting diodes (LEDs) for
clinical efficacy in treating SAD [Glickman, 2006]. In that study, the panels emitted either
brighter narrow-band blue light (468 nm, at 607 pW/cm2 or about 400 lux) or dimmer narrow-
band red light panels (an intended placebo light of 652 nm, at 34 HW/cm? or about 25 lux).
Study results showed that symptom improvement was significantly better in the group treated
with the blue LED light compared to those treated with the red LED light. Further, the
remission rates of the patients treated with the blue LED panel were comparable to the
remission rates typically reported in patients utilizing current standard bright light treatment,
even though the blue light panel was at a much lower intensity [Lam, 1999; Glickman, 2006].
Additional studies on light therapy for SAD have shown that narrowbandwidth blue light or
blue-enriched white light is potent for treating this disorder [Anderson, 2009; Strong, 2009;

CIE x039:2014 11



Brainard, G.C., Hanifin, J.P. EXPLORING THE POWER OF LIGHT: FROM PHOTONS TO HUMAN HEALTH

Meesters, 2011]. Although these data illustrate the importance of wavelength in light therapy
for SAD, additional larger scale studies are needed with other lighting comparison conditions.

In addition to treating SAD, studies have explored using light from LEDs to treat jet lag, shift
human circadian rhythms, and evoke acute alertness [Boulos, 2002; Wright, 2004; Figueiro,
2007]. The rapid development of solid state lighting technologies is bound to have an
increasing impact on light used for biological, behavioural and therapeutic applications. More
work must be done, however, before there is any certainty about the optimum blend of
wavelengths for these types of applications. Furthermore, as new lighting devices are
developed, caution must be exercised in assuring both the efficacy and the ocular safety of
such technologies [ICNIRP, 1997; ANSI, 2006; ACGIH, 2010].

6 Conclusions

Exploring the physics of light and the physiology of vision has been a passion for
philosophers and scientists for at least two millennia [Zajonc, 1993]. In sharp contrast, the
empirical study of the circadian, neuroendocrine, neurobehavioural, and therapeutic effects of
light is relatively recent - spanning only a few decades. Despite its relative youth, this field of
study is critically important in understanding how to optimize lighting in places where people
live and work. The discovery and characterization of a new photosensory system in the
human eye opens the door to significant challenges and innovation in the field of architectural
lighting. These advancements create opportunities for pioneering new lighting technologies
and design strategies that optimize illumination for vision, well-being and health.
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Abstract

OLEDs are on the verge of revolutionizing the lighting market as extremely thin area light
sources. As such there are many new challenges posed on the way various lighting
applications. Two of these are addressed here. First, the definition of homogeneity for an
OLED light source is evaluated based on a perception study. The standard display definitions
for homogeneity are not sufficient to capture the actual visual perception and thus new
homogeneity formulas are evaluated. Second, the lifetime of large area OLEDs is predicted
based on small area test devices aged under accelerated conditions. Influence of temperature
and current on the aging behaviour of OLEDs is analyzed focusing on the effect of
homogeneity and self-heating for increasingly large OLEDs.

1 Brightness homogeneity

To ensure the broad acceptance of OLEDs for general lighting applications, a homogeneous
appearance of the OLED lighting tiles is very important. Much more so than for displays, since
the latter rarely show the same colour with every pixel nor do they display the same picture
for a long time. At present the most common formulas in use to calculate the homogeneity of
luminance distributions on surfaces take into account only the maximum and the minimum
luminance of a panel (VESA):

Lmax - Lmin (1)
Lmax + Lmin

H1:1_

where
H is the homogeneity,
L,..and L,;, are the minimum and maximum luminance levels of the panel.

However, perception studies (OLED100.EU) have shown that the appearance of homogeneity
depends greatly on the luminance pattern. For example a luminance distribution showing a
gradient from the lower left to the upper right corner of a rectangular device does not appear
as inhomogeneous as an OLED with a centered distribution, where there is a gradient
between a dark stripe in the center and bright edges (so-called “bathtub” pattern). An
intensive perception study performed within the OLED100.EU project funded by the European
Union has indicated that the gradient of a luminance distribution might be a more appropriate
measure (Ashdown, 1996). Two new homogeneity formulas were proposed as the result:

|Ll- — L]-|} Ly (2)
dij max{dij}

_ ILi = L] N Lav (3)
=1 _Z dij /E{d”}

H, = l—max{
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where
L; and L; are the luminance at points i and j within the lighting area and
d;; is the Euclidean distance between the points.

Egn. (2) emphasizes the maximum gradient, eqn. (3) the average gradient, normalized by the
average luminance divided by the maximum distance or the sum of distances, respectively.
Clearly in this case for a rectangular OLED the two formulas would give lower values for a
gradient stretching from the lower left to the upper right corner than for a distribution from a
dark center to a bright edge, assuming the maximum and minimum luminance values are
identical and thus eqn. (1) yields identical results for both lighting tiles.

1.1 An advanced homogeneity perception study

Despite many interesting insights on the perception of OLED lighting tiles, the OLED100.EU
study also had two main drawbacks. Firstly, the mean luminance of the artificially created
OLEDs was less than 1000 cd/m? and thus way below that of OLEDs to be used for lighting (=
2000 cd/m?). Secondly, the patterns analyzed were idealized patterns such as the “bathtub”
that do not necessarily show up in actual OLED lighting tiles. Both topics were addressed in
this study, which was conducted in cooperation with Bartenbach in Austria. To artificially
create OLEDs of different brightness and homogeneity, a high brightness display screen
capable of reaching a maximum luminance of 5000 cd/m? was used. To obtain realistic
homogeneity patterns, a finite element model of OLEDs was used to simulate the
homogeneity of a square OLED based on different contacting methods and various
conductivities of anode and cathode. The resulting patterns chosen for the study are shown in

figure 1.
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Figure 1 — The eight different brightness patterns used in the study.

The study was divided into three parts. In two parts, two OLEDs were shown next to each
other. In the first, one of the two OLED was perfectly homogeneous while the other was
inhomogeneous. Observers were asked to identify the inhomogeneous OLED. In the second,
both OLEDs were inhomogeneous. Observers were asked to determine which of the OLEDs
was more inhomogeneous. In the third part, an OLED cluster of three by two OLEDs all with
the same type of homogeneity pattern was shown. The observer was asked to rate how
strongly he noticed the inhomogeneity and whether the OLED cluster was considered
disturbing or attractive in appearance, both on a 6-point Likert scale from zero to five. The
correlated color temperature of the surrounding room and the display background was
adjusted to 4300 K. The ambient luminance was set to 50 cd/m? in all studies and additionally
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to 200 cd/m? in the third study as well. The mean luminance and color temperature of the
OLEDs were chosen to be either 1520 cd/m? at 3000K or 2135 cd/m? at 5000K, in part due to
the color limitations of the display. For each pattern, the relation between minimum and
maximum brightness was varied to yield values of H, (see eqn. 1) between 60 and 100%. The
study was carried out with 40 people, aged between 20 and 59 years - with an average of
32.6 years.

Figure 2 — Simulated OLED-cluster as used within part 3 of the study.

1.2 Results

We began the study with four hypotheses to be tested:
1. The brighter the OLED, the harder it is to recognize inhomogeneities.
2. The color temperature does not influence the perception of inhomogeneities.
3. The perception threshold depends on the homogeneity pattern.
4. Inhomogeneities in a cluster of OLEDs are more disturbing than for single OLEDs.

Surprisingly, in part 1 (comparison of two OLEDs, one perfectly homogeneous) no
dependence on brightness was found. In part 3 (cluster of 2 by 3 OLEDs), however, it was
indeed more difficult for the observers to recognize inhomogeneities at higher luminance of
the OLEDs. Regarding color temperature part 1 showed that it has no influence on perception.
But for the OLED cluster observers found inhomogeneities more easily recognizable and more
disturbing at higher correlated color temperatures.

The perception threshold was indeed shown to depend on the homogeneity pattern. As shown
in figure 3 for the patterns number 7, 8 and 9 the correct recognition of inhomogeneity is
harder, i.e. less people correctly identified this OLED as the inhomogeneous one in part 1 of
the study. In other words at the same display uniformity (H4), these distributions appear more
homogeneous than the others.
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Figure 3 — Dependence of perception threshold on homogeneity pattern.

Finally, the fourth hypotheses was shown to be true. The more inhomogeneous an OLED is,
the more disturbing the resulting OLED cluster appears. For none of the available
homogeneity patterns was an inhomogeneous OLED cluster considered to be more attractive
than a homogeneous one. Moreover, in a cluster OLEDs were more easily perceived as
inhomogeneous, i.e. the perception threshold is lowered compared to a single OLED. This
makes the production of homogeneous OLEDs even more important, since any OLED
luminaire will most certainly consist of a cluster of OLEDs.

Equations (2) and (3) were used to calculate the homogeneity of the different OLED patterns
at varying H4 values. However, they did not show a clear preference of patterns 7, 8 and 9 as
illustrated by figure 3. Taking a closer look at the patterns, it appears that in patterns 7, 8 and
9 there might be less really bright or dark areas than in the other patterns. Thus we decided
to use a formula based on a frequency mapping of bright and dark areas in a pattern with
respect to the average luminance of the panel to calculate the homogeneity H,.

1 N L

av
where
N is the number of pixels, where the luminance is evaluated,
L, is the luminance evaluated pixel number i,
L,, is the average luminance,

s is the empirical standard deviation of the luminance and
®,=1forx>0and ®,=0forx <0, xis aplace holder for the terms in eqn. 4.

The ability of this formula or combinations thereof with eqn. (1) to (3) to correctly describe the
perception threshold are still under investigation and will be published elsewhere in the future.
In addition the eye movement of the observers was tracked by an SMI red-eyetracker. An
analysis of the way people observe homogeneity patterns is expected to give insights for an
appropriate mathematical model for homogeneity as well.
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2 Lifetime of large area OLEDs for lighting

One of the main challenges with long living light-sources such as LEDs and OLEDs is to
predict their substantial lifetime after a finite test time. LEDs have the grand advantage of
having seen plenty of use in the field over the last years, while OLEDs are still a niche
product with lifetime predictions relying heavily on modelling and aging at accelerated
conditions. To speed up the development of long-lived devices and keep the material bill for
testing as low as possible, operating lifetime is preferably tested on small scale devices of a
few mm? or cm?. In addition one cannot afford to wait several thousand hours for devices to
age at rated current and ambient temperature. Thus aging at accelerated conditions is used in
order to implement improvements quickly. For OLEDs the two main acceleration parameters
are driving current and temperature. The ultimate goal is two-fold: to predict the lifetime of
large area products based on accelerated measurements on research-sized OLEDs and to
provide acceleration conditions for the customer to test the lifetime of products as swiftly as
possible. The operating lifetime is defined as the time when the light output of the OLED —
measured in lumens or more conveniently in candelas per square meter in 0° direction —
drops to a certain percentage of its initial value. In this work we will always refer the time
when the initial luminance has dropped to 70%, i.e. LT70. Note that spontaneous failures are
not included in these considerations. The approach to predict the lifetime consists of two
complementing methods. The most straight-forward is to extrapolate a short lifetime
measurement until end of life. The obvious draw-back is that one needs to know the aging
behaviour beforehand to be reasonably sure of an extrapolation and even the uncertainty of
the forecast is unacceptably high based on measurements having lasted only 20% or less of
the total lifetime. Another approach is to use accelerated conditions. This allows aging of
devices up to their end of life condition without spending too much time. However, one needs
to find a reliable way to predict the lifetime under normal conditions based on these
measurements. This requires tests at multiple acceleration conditions and comparison to data
obtained under normal conditions. An additional challenge not previously addressed in
literature is the prediction of the lifetime of large area devices based on the aging of small
devices. This is complicated by the decreasing homogeneity and increased self-heating with
size.

2.1 Scaling experiments

OLEDs of five different sizes shown in figure 4 were used to predict the scaling behaviour
under operating conditions. To obtain a large array of acceleration conditions, experiments
were carried out at four different temperatures (25, 40, 60 and 75°C) and multiple different
current densities ranging from the 2.56 mA/cm? (rated current) up to 20 mA/cm?2. The high
current densities were only applied to small devices (1.68 and 0.04 cm?), because the
homogeneity drops dramatically for large devices at such currents. Thus 7.5 mA/cm? was
used as maximum acceleration for large OLEDs.

O < <
__
Test pixel Single pixel Rectangular Circular Square
(0.04 cm?) (1.68 cm?) (39.5 cm?) (45.36 cm?) (110.25 cm?)

Figure 4 — OLEDs of different sizes used for scaling experiments

For the sake of simplicity, we will focus on a comparison of the small test pixel with the large
square OLED throughout. For development, the goal is to predict the lifetime of a large OLED
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based on highly accelerated measurements with test pixels. In the ideal case, an acceleration
factor should be found between a 4 mm? pixel aged at 75°C at 20 mA/cm? and an OLED of
any given size at normal operating conditions, i.e. 25°C at rated current. In this study we will
judge the quality of the acceleration factor between a pixel at 75°C at 20 mA/cm® and a
square OLED with 110.25 cm? lighting area aged at 25°C at 2.56 mA/cm?2.

2.2 Extrapolation of lifetime

To obtain the operating lifetime of an OLED under certain conditions without waiting for the
luminance to drop to 70% of its initial value, it is easiest to extrapolate the data as soon as
possible. Since lifetimes of OLEDs already exceed ten thousand hours under normal
operating conditions, i.e. ambient temperature and rated current, extrapolation is necessary to
predict the lifetime based on measurements at operating or weakly accelerated conditions.
Nonetheless, it is important to wait long enough to ensure the initial behaviour often
characterized by an abrupt drop has passed and the long term behaviour has been reached.
For simplicity and to negate minor differences between devices with the same stack, the
normalized luminance L(t)/L, is used for lifetime prediction. Multiple different models are
available for extrapolation (Buckley, 2013):

1. Linear extrapolation (after the initial drop)

L(t)/Lo = b-at

2. Power law (generalize root)

L(t)/Lo =1-af®
3. Power law with additive constant (generalized root (loose))

L(t)/Lo =c-at’
4. Stretched exponential function

L(t)/Lo =c-exp{(-t/a)°}
5. Model free extrapolation

Here a, b, and c are fitting parameters.

L(t) is the luminance at a certain time t and L, is the initial luminance at t=0 hours. Model free
extrapolation uses the lifetime behaviour of a highly accelerated condition and stretches the
time axis until the resulting curve matches that of the condition of interest. This is extremely
helpful for small devices at the same temperature differing only in current density. As soon as
the temperature changes, however, the curve shape is also found to change too much for this
method to work. Since we expect self-heating in larger devices, this method will not be treated
here. For past stack architectures, the stretched exponential function has seen much
successful use in the prediction of OLED lifetimes, for current device architectures this
approach turned out to be inappropriate, however. Instead, the linear fit (1) as well as the
generalized root fit with an additional additive constant (3) yield the best results as shown in
figure 5.
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Figure 5 — Extrapolation of OLED lifetime (40°C, twice rated current) using different models

While very helpful to predict the lifetime under accelerated conditions, the uncertainty is very
high when predicting the lifetime at normal operating conditions after less than a few
thousand operating hours, since even with a known aging behavior it is risky to predict the
appropriate parameters based on less than 10% of the expected lifetime. Thus it is important,
to compute the lifetime at normal conditions based on the known lifetime under accelerated
conditions.

2.3 Conversion from accelerated to standard conditions

The two main parameters used for accelerating the lifetime behavior are current and
temperature. At high temperatures it is assumed that the organic molecules responsible for
light emission can decay or denature at a given probability or rate. This rate is controlled by
an activation energy, E,, for example the energy of the weakest molecular bond.
Mathematically this leads to an Arrhenius equation LT ~exp{Ea/(kgT)}, where LT is the
lifetime, T the temperature and kg the Boltzmann constant (Giebink, 2008). The resulting
lifetime of an OLED is then proportional to the inverse of the decay rate. The aging due to
current or current density is described by an inverse power law LT ~ J", where J is the
current density (Zhang, 2013). On the one hand this is a well-know equation to describe aging
processes on the other hand n=1 is known to correspond to electronic processes, while n=2
describes excitonic two-electron processes. A value of 1<n<2 corresponding to a mix of
electronic and excitonic processes is thus expected for OLEDs. Model 1 for the aging of
OLEDs is thus given by (Buckley, 2013):

1. LT=axe ’ksT x]™"

In model 2 the current density term is considered to be temperature dependent and the
exponent n is replaced by n’/(kgT). The third model attempts to treat self-heating due to high
currents. Thus the thermal energy kgT is replaced by kgT+bJ, where b is a new parameter.
The fourth model replaces this term by ksT+bJ?, since heating in ohmic resistances is
proportional to the current squared. For OLEDs, as for idealized diodes in general, the current
increases exponentially with voltage (Shockley equation). Since the self-heating dT of OLED
is proportional to the electrical input power density UJ, where U is the voltage and J the
current density. Since the current rises strongly with voltage, it seems appropriate to
approximate the voltage as constant for the currents relevant for general lighting and hide all
effects other than current density in the constant b, thereby approximating the temperature
rise due to self-heating by dT ~ bJ. In addition, while increasing current leads to self-heating,
it is unclear whether increasing temperature has a positive or negative effect on the aging due
to the current density. Thus the fifth and final model considered here is identical to model 3,
but neglects any temperature effects on the current density term. Thus all advanced models
considered are:
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EA/ —n//
2. LT=axe 'kpT)x] /(kpT)
E —
3. LT=a=xe A/(RBTHJ]) * | n,/(kBT+b])

EA/ 5 —n// :

4. LT =axe /(kpT+bJ*) ] /(kpT+bJ?)
Eg

5. LT =a=xe /(kBT+b]2) o

Model 1 has shown excellent agreement with lifetime measurements for 4 mm? pixels.
Presumably this is due to the negligible self-heating observed even at very high current
densities. As shown in figure 6 all models give extremely similar predictions for the lifetime
behavior. The activation energy in all cases lies between 0.39 and 0.45 eV. The b parameter
for models 3 to 5 is below 9e-5 in all cases, thus illustrating that self-heating indeed has no
effect on devices of this size.
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Figure 6 — OLED lifetime predicted at 40°C based on 4 mm? devices

2.4 Effects of scaling

For large area devices, homogeneity and self-heating might no longer be negligible. It is well-
known that at higher currents the homogeneity of an OLED decreases. This is easily
explained by the potential drop from the contacts to the centre of the lighting area. With
increasing voltage the current-voltage dependence becomes stronger. Due to an almost linear
behaviour of luminance with respect to current this leads to the OLED’s brightness increasing
more strongly near the contacts than far away from them. To improve the homogeneity of
large area devices, busbars are often used, which reduce the voltage drop toward the centre
of the device. This is also the case for the 110.25 cm? square device used in this study.

Self-heating is due to the fact that the main part of the energy flowing into the device is not
converted to light, but to heat. The temperature increase dT due to heating may be
approximated by
dT = JU(1 — WPE)FF/C (5)
J is the current density [A/m?], U is the applied voltage [V],
WPE is the wall-plug-efficiency, FF is the fill factor and

C is an approximate value for the cooling [W/(m2K)].

The wall plug efficiency is the ratio of the power of the emitted light output and the electrical
input power. The fill factor is the ratio between lighting area and total device area. Cis a
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cooling term for the OLED taking into account convection and emission. By comparison to
experiments a value of C = 20 W/(m2K) has proven to yield good approximations for dT. The
resulting heat distribution in the OLED is an interplay between cooling, which is stronger at
the edge of the lighting area as well as at the edge of the device, and heating due to current,
which is highest, where the most current flows. As long as self-heating is low, the temperature
maximum is in the centre of the device, despite most current flowing near the contacts. As
soon as self-heating becomes a dominant effect, the rising temperature leads to an
exponential rise in current which leads to a complex reorganization of the heat and current
distribution. To prevent this and the resulting sequential aging, heat spreaders are commonly
used to ensure an evenly distributed temperature across the lighting area. Heat spreaders
designed to be larger than the lighting area additionally enhance the cooling. For the large
square OLED a graphite-based heat-spreader is used. A comparison of the operating lifetime
of a 110 cm? OLED heated to 40°C by electrical transistors on the back and an OLED with a
heat spreader, where temperature is measured in the centre of the heat spreader, shows that,
once self-heating reaches approximately 40°C, the aging behaviour is also very similar (see
figure 7). This proves that up to the maximum self-heating considered in this study, the heat
spreader successfully homogenizes the temperature across the device.
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Figure 7 — Luminance decrease of OLED at 7.5 mA/cm?. One device is heated to 40°C by
electrical transistors, while the other is operated at room temperature. Due to the high current,
the device operated at room temperature heats up to 39.6°C on average.

The temperature increase due to self-heating is 4.7 K at 2.56 mA/cm?, 9.6 K at 4.2 mA/cm?

and 16.4 K at 7 mA/cm? for devices operated in vertical orientation. Application of the five
different models for lifetime prediction thus yield quite contrary results as shown in figure 8.
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Figure 8 — OLED lifetime predicted at 40°C based on 110.25 cm? devices

As can clearly be seen, models 3 and 4 completely fail to describe the aging behavior. This is
due to the fact that the self-heating actually has a positive effect in the aging term related to
current. The models neglecting self-heating (1, 2) as well as model 5 yield reasonable
descriptions of the data. They begin to significantly deviate only at currents above 7 mA/cm?,
which were not measured in this study. At 20 mA/cm?, which is the acceleration condition
used for the small test pixels, the lifetime predictions vary by a factor of two between the
models.

Conditions Model 1 Model 2 Model 3 | Model 4 | Model 5
25°C, 2.6 mA/cm?, 4 mm? 3850 4590 3910 4200 3603
25°C, 2.6 mA/cm?, 110 cm? | 4010 4050 2430 2470 4034
75°C, 20 mA/cm?, 4 mm? 41 42 40 30 40
75°C, 20 mA/cm?, 110 cm? | 44 60 1180 1340 21

The actual experimental lifetime of 110 cm? devices at 2.56 mA/cm? and 25°C was measured
to be 4050 hours. The low lifetime is due to a two-year old state-of-the-art of the OLEDs used
for this study chosen for comparability with OLED100.EU results. The lifetime of 4 mm?
devices at 20 mA/cm? and 75°C was measured to be 40 hours. Thus the prediction from small
devices at high acceleration to large devices at normal operating conditions is perfectly valid
with an error of approximately 5% due to the fact that self-heating at normal operating
conditions is negligible and the homogeneity is very high (~90%). Predicting accelerated
lifetime conditions of large area devices based on small devices is highly dangerous,
however. Due to self-heating deviations between large and small devices may go up to a
factor of two at 20 mA/cm?2.

3 Conclusions
In the first part, it has been shown that the homogeneity of an OLED is an essential
requirement to create an attractive appearance. It has also been shown, that inhomogeneities

are more easily perceived for OLED clusters than for single OLEDs. For the homogeneity
patterns there were also substantial differences in perception, which couldn’t be described by
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any existing homogeneity equation at present. However, new considerations are still under
testing.

The study has also shown that the prediction of lifetime for general lighting OLEDs with heat
spreader and busbars based on small 4 mm? devices at highly accelerated conditions is
indeed possible with less than 5% expected error. This is solely due to the fact that at normal
operating conditions the homogeneity is excellent and self-heating is low. Note that this is not
the case for transparent OLEDs, where neither heat spreaders nor busbars can be used to
ensure a good homogeneity.
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Abstract

CIE Technical Committee 3-50 Lighting Quality Measures for Interior Lighting with LED
Lighting Systems looked into available research results that underlines the suitability or
discard the applicability of existing measures to evaluate lighting quality of interior lighting
with LED lighting systems. The work has been summarized in the CIE report 205:2013
“Review of lighting quality measures for interior lighting with LED lighting systems”. The
document gives recommendations in the use of quality measures for LED lighting solutions,
including background information, research results and literature references, as well as an
indication of the relevant parameters to look into. To that, it gives an indication of needed
research to ensure quality lighting in all situations with LED systems.

This paper will focus on two reviewed quality criteria. A summary of the conclusions by CIE
TC 3-50 as well as recent research activities with respect to these quality metrics are
presented.

Keywords: LED, Lighting Quality, Indoor Applications, Interior Lighting, Review

1 Introduction

Light Emitting Diodes (LEDs) have shown a rapid evolution in the last few years and replacing
conventional light sources in luminaires for general, functional, lighting in indoor applications.
Even though the application of LED replacement lamps and LED Iuminaires will likely increase
energy efficiency, the resulting lighting conditions are not always rated positively by the users.
A reason for this might be that quality measures are applied, which are derived from research
with and referring to the use of diffuse fluorescent lighting. As LEDs have different
characteristics, such as a small size, a relatively high brightness and a different spectral
power distribution, it seemed to be required to validate the applicability of the existing quality
measures in situations with LED lighting solutions. CIE TC 3-50 Lighting Quality Measures for
Interior Lighting with LED Lighting Systems looked into available research results that
underline the suitability or discard the applicability of existing measures to evaluate lighting
quality of interior lighting with LED lighting systems. The work has been summarized in the
report “Review of lighting quality measures for interior lighting with LED lighting systems” (CIE
2013).

2 Review of Quality Measures

The quality measures included in the review conducted by CIE TC 3-50 were derived from a
number of relevant publications, such as CIE conference proceedings and reports, European
and US handbooks, guidelines and standards (e.g. CIE 1998, CIE 2002a, CIE 2002b, CEN
2011, IESNA 2000, IESNA 2004, IESNA 2008, McGowan 2009 2009).

A distinction has been made between quality criteria and recommendations. Quality criteria
focus on visual performance and avoiding visual discomfort, to ensure performance and
safety. Recommendations go beyond task performance and safety aspects and generally aim
at a higher lighting quality.
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The following quality criteria were considered:

e Task visibility: uniformity of task illumination, reflected glare, veiling reflections and
shadows

e Visual comfort: discomfort glare, overhead glare, luminance ratios, visual fatigue and
eyestrain

e Flicker and stroboscopic effects
To that, the following recommended measures for quality of interior lighting were reviewed:
e Modelling of faces and objects
e Colour rendering, light colour preference, object colour appearance
e Appearance of spaces: room surface brightness, distribution of light on surfaces
e Consistency of colour and luminous flux over time and space

Literature on research looking into these quality measures was studied to identify the gaps
and weaknesses in existing measures to assess the quality of interior lighting with LED
lighting systems. This paper will address two quality aspects: discomfort glare and flicker,
relevant to secure visual performance and avoid visual discomfort. The complete review can
be found in the report of CIE TC 3-50 (CIE 2013).

3 Lighting Quality: Discomfort Glare

The Technical Committee identified that the appearance of the LED lighting solution is one of
the major topics that affects the applicability of existing quality measures. Whereas style,
size, integration into architecture and appropriateness of appearance is as relevant as it was
for conventional lighting solutions, a non-uniform luminance distribution or patterns of bright
spots within the luminaire’s exit window can induce a feeling of restlessness, which might
impact well-being, visual fatigue and performance. The author is not aware of research
dealing with this topic up until today. Yet, a larger number of studies looked into the effect of
non-uniformity on perceived discomfort glare, which are described in the report of CIE TC 3-
50 (CIE 2013).

The review of research® on discomfort glare from non-uniform stimuli indicates that LED
lighting solutions with a non-uniform luminance distribution cannot be evaluated with the
Unified Glare Rating (CIE 1995) or the Visual Comfort Probability (IESNA 2000), typically
employed to assess discomfort glare from conventional indoor lighting solutions. In general,
the non-uniform stimuli induce more glare than conventional, fluorescent lighting solutions of
the same size, with the same average luminance. Based on the available research on metrics
to asses discomfort glare from LED lighting solutions, CIE TC 3-50 concluded that the UGR
and VCP should not be used for non-uniform light sources.

Recently, Xia et al. (2011) and Hara and Hasegawa (2012) indicated that the UGR can be
modified to address discomfort glare from non-uniform light sources. Geerdinck et al. (2013)
stated that this seems to be suitable for luminance contrasts within the exit window up to
1:10, but the UGR does not correlate well with the subjective assessments of luminaires with
a more non-uniform luminance distribution. Geerdinck et al. (2013) indicate that peak
luminance, luminance contrasts and spatial luminance distribution play an important role in
the glare assessment and need to be considered in the construction of a new glare index. To
that, the LED spacing and arrangement seem to be of importance (review in CIE 2013).

Division 3 of the CIE has set up a new Technical Committee addressing discomfort glare by
luminaires with a non-uniform source luminance. The TC will identify the non-uniformity
parameters that influence the glare rating, define the limits to the validity of UGR and propose
a preliminary correction to the UGR that takes into account non-uniformity of glare sources.

* published until Fall 2012
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4 Lighting Quality: Flicker and Stroboscopic Effects

Looking into quality of interior lighting with LED lighting systems, photometric flicker is a
relevant quality parameter; a large variety of photometric flicker is observed in LED products
(Paget 2011; Poplawski and Miller 2013) and flicker affects performance and well-being (IEEE
2010). In this context, flicker is defined as “the rapid variation in light source intensity” (IESNA
2000) and reflected in the modulation of luminous flux and the detection of stroboscopic
effects.

Drivers of LEDs can produce photometric flicker, and dimming of LEDs can reinforce light
modulation. A minimum driver output frequency of 100 or 120 Hz to avoid perceptible flicker
seems to be insufficient to ensure lighting quality (review in Poplawski and Miller 2013).
Based on the available research on metrics to asses flicker from LED lighting solutions, CIE
TC 3-50 concludes that flicker and stroboscopic effects are not addressed appropriately by
current quality criteria, such as flicker frequency and flicker percentage.

Bullough et al. (2012; Alliance for Solid-State Illumination Systems and Technologies
(ASSIST) 2012) propose a function of flicker frequency and percent flicker to predict the
detection and acceptability of stroboscopic effects, based on experiments under worst-case
conditions. Further research is required to assess the applicability of this approach in typical
applications. Minimum recommendations for flicker criteria as well as guidelines for
applications in which flicker is a relevant quality criteria can be found in Poplawski and Miller
2013). CIE TC 1-83 Visual Aspects of Time-Modulated Lighting Systems and the IEEE
PAR1789 committee are also investigating stroboscopic effects.

5 Outlook and Future Research

The small size of LEDs offers design freedom. It is to be expected that LEDs are not only
used in conventional luminaires, but will be, for example, embedded in furniture or room
surfaces. This can result in an atypical positioning of the light source, which in return can
affect visual comfort in a room. Discomfort glare from a source at the line of sight is typically
greater than from the same source positioned above the line of sight, especially when dealing
with non-uniform stimuli. Research looking into discomfort glare from non-uniform vertical
artificial light sources (e.g. Takahashi et al. 2007, Kasahara et al. 2006) or larger vertical
artificial light sources (e.g. Osterhaus 1996, Sendrup 2001) is available, but the research is
inconclusive. Further studies are necessarily.

The LED features directional light, small size and high brightness, in their combination
uncharacteristic for interior lighting, led to the review of existing quality measures by CIE TC
3-50. Considering the development of larger and commercial OLEDs, it seems to be
appropriate to review the quality measures with respect to OLED applications as well. OLEDs
have light emitting surfaces with a more uniform luminance distribution, realizing a very
diffuse lighting contribution to the room. This lighting condition is deviating from the one
realised by conventional, fluorescent lighting as well. The use of OLEDs will affect room
appearance. Research indicates that an increase of room surfaces’ luminance positively
affects room appearance (e.g. Loe et al. 1994, Houser et al. 2002, Veitch and Newsham
2006). At the same time, too diffuse lighting can cause a low degree of modelling, resulting a
in a monotonous visual environment (e.g. Newsham et al. 2004, Fostervold and Nersveen
2008). Direction of light, modeling and shadows are important aspects of lighting quality,
which all need further research to define an appropriate metric and determine minimum, as
well as maximum requirements (CIE 2013, Knoop 2014).

6 Summary

The work of TC 3-50 has been summarized in the report “Review of lighting quality measures
for interior lighting with LED lighting systems”. The document gives recommendations in the
use of quality measures for LED lighting solutions, including background information, research
results and literature references, as well as an indication of the relevant parameters to look
into. It gives an indication of needed research to ensure quality lighting in all situations with
LED systems. Focussing on two quality measures in this paper, discomfort glare and flicker,
research continued and is expected to lead to suitable metrics in the near future. Quality

CIE x039:2014 33



Knoop, M. LIGHTING QUALITY WITH LEDS

aspects related to future applications of LEDs and OLEDs need to be considered. Available
research needs to be reviewed and new research activities need to be started up, to provide
the lighting community with additional recommendations on the use of criteria to evaluate
lighting quality of interior lighting using new technologies.
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Abstract

Best colour fidelity can be obtained if the spectrum of illumination of the painting is the same
as under which the painter created his painting. For paintings older than hundred years this is
daylight.

Thus one could consider that lighting with best colour fidelity should be artificial daylight. But
one knows that daylight has too much harmful radiation (short wavelength visible and
UV radiation) and museum curators usually protest against light sources with correlated
colour temperatures as high as 6500 K.

Based on the request of museum curators to use light with a correlated colour temperature
not higher than 3500 K, a method has been elaborated to find the light spectrum that will
provide the smallest colour distortions between the colours seen under daylight and under the
light in the museum for a given LED light source combination. This will not be the light with
the highest colour rendering index.

Keywords: e.g. Colour Rendering, colour fidelity, colour preference

1 Introduction

Museum lighting is undergoing a major revolution. With the introduction of LED lighting
illuminating engineers got the freedom of selecting light source spectra almost at their will.
The present paper will discuss the question by concentrating on picture galleries, as the
colour and colour rendering of the light source is probably most demanding in this section of
museum lighting, where at the same time also the possible artefact damaging by optical
radiation is critical. CIE published two reports on the question of avoiding deterioration of
exhibited objects by optical radiation (CIE 1991, CIE 2004). These reports were published still
before the widespread application of LEDs in indoor lighting, and the publications do not dealt
with LED lighting in detail. The question has been discussed in the paper by Szabd et al
(Szabd 2012), but still did not went into detail of best light source spectrum for art gallery
lighting. A recent report by Druzik and Michalski discusses the selection of solid state lighting
in museums in more detail (Druzik and Michalski 2012).

A number of recent publications reported on refurbishing the lighting system in museums. If
one tries to enumerate the requirements for museum lighting one certainly has to distinguish
between the task of the museums. There are smaller museums where only a few artefacts are
shown, as e.g. museums introducing the heritage of an artist, or a traditional peasant art (e.g.
an old wind-mill). In such cases the educational character is the most important, and good
visibility, pleasant visual atmosphere is an important element. There are many medium size
museums that serve as educational facilities, where the artefacts have to be presented in an
eye-catching form, it is important that the visitor should feel himself at home in the museum,
that he/she is guided by light from artefact to artefact. The task for the lighting designer and
the museum curator can be compared to the role of the conductor of an orchestra, where they
have to re-interpret the masterpiece of the past, so that it should be interesting to the modern
audience/observers. Naturally also in these cases the art preservation is of paramount
importance.

But there is a third category of museums, where the most prestigious artefacts of mankind are
preserved, where — according to the viewpoint of the author — it is mandatory to present the
artefacts in a form as they were conceived, as the artist who prepared them intended to show
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them to the public. In the following a few examples of this type of museums should be
presented, as also the main subject of the paper, the new lighting of the Sistine Chapel falls
into this category.

Without going into details, just a few highlights from European museums might show current
trends. In the Louvre Museum, Paris, Leonardo’s Mona Lisa got its first LED illumination,
based on 7 different LEDs, in 2005. Although this lighting scheme was absolutely up-to-date
at that time, in 2013 the designers of the illumination decided to modernize it further, using 34
LEDs (Fontoynont 2013). The final adjustment of LED spectra was based on the judgement of
the curators.

At the National Gallery, London, a project for ,Improving our Environment” was conducted in
2013, refurbishing the lighting in several parts of the Gallery (Padfield 2013). 100 W 2800 K
incandescent lamps have been replaced by 14 W LEDs of 3200 K correlated colour
temperature (CCT). Interestingly the relatively small increase in CCT was found by curators to
“correspond more closely with filtered natural light” and “that the light produces a notable
increase in the sense of space in many paintings”. The illuminance was at the same time
reduced from 150 Ix to 130 Ix.

The lighting of the Rijksmuseum in Amsterdam has been refurbished using LED lighting by
Philips, the Lenbachhaus in Munich and recently the Sixtus Chapel in the Vatican are works
of OSRAM, where new LED lighting had been introduced. Up to this very last example, in all
cases the lighting engineer could prepare only the framework of the lighting, and the final
word was that of the museum curator. Just for the Sixtus Chapel we try to prepare a lighting
scheme based on a new paradigm: the artificial lighting of relatively low correlated colour
temperature — as requested by the curators — should show the frescos as far as possible in
colours that correspond to those as seen by the contemporary first observers of the
masterpieces.

2 Museum lighting requirements

The two partially contradictory requirements are the art conservation and the presentation for
the visitors. In this paper the art conservation issues will not be discussed in detail, many
papers have been published on this subject; see e.g. (Feller 1964, Aidinli 1990, CIE 1991,
CIE 2004). Based on these one can just state that UV and IR irradiation should be avoided,
and light levels should be as low as still acceptable for good colour vision.

In refurbishing he museum lighting in buildings that were built, when electrical lighting was
still not available, or its quality was low, lighting engineers tried to retain the natural overhead
lighting, but have built in complicated automatic shielding apparatuses and some
supplementary lighting, see Figure 1.

Figure 1. Overhead lighting at the Rijksmuseum, Amsterdam: The original daylight
lighting has been extended with automatic shielding control and some fluorescent
lighting.
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While the requirement for UV and IR radiation-free illumination is more easily fulfilled with
LED lighting, curators usually require also so little blue light as possible, as the photon energy
of blue light is not much lower than that of the adjacent UV radiation. This means relatively
low correlated colour temperature (CCT). During the days of incandescent lighting this was
not an issue, as CCTs much above 3000 K with reasonable life time were not available. With
LEDs the situation is different, and again harmonization between two demands has to be
fulfilled: colours of pictures painted in open air or in a studio lit by daylight will certainly look
natural under relatively high CCT and high illumination, but the museum lighting has to
harmonize in different parts of the building, thus if other departments are illuminated with
sources of lower CCT and 200 Ix to 300 Ix illumination, an abrupt change in CCT will produce
difficulties of re-adaptation. Our experience was — and this is in line with the findings of other
investigators — that museum curators will opt for CCTs not higher than 3500 K.

Loe and co-workers (Loe 1982) performed investigations in a mock-up art gallery mustering
real oil and watercolour paintings under different illuminants, and concluded that 200 Ix is an
acceptable level of illumination. Scuello and co-workers (Scuello 2004) performed visual
investigations in a simulated museum environment with postcard reproductions of paintings
and came to the conclusion that 3600 K CCT is an optimum value for a 200 Ix illumination.

3 Designing the LED spectrum

3.1 The question of the test samples

Detailed experiments were conducted already at the time of developing the CIE colour
rendering calculation method to select the test samples now in use (Nickerson 1962).
Experiments have shown that for the light sources that were available in the mid 1950" the
eight test samples were enough to properly characterize the colour rendering of a light
source.

Already with the introduction of the three band fluorescent lamps discrepancies between
calculated and visually perceived were observed. These became even more apparent when
RGB-LEDs and p-LEDs (blue LED with colour conversion yellowish phosphor) were
compared. Several reflectance data-sets have been calculated and incorporated into different
light source colour quality metrics (Davis 2005, Smet 2011, etc.), and Prof. Khanh and co-
workers have shown that if the CIE test sample set was changed to art-paint samples,
considerable discrepancies are observed in the colour rendering indices (Pepler 2013).

For the Sistine Chapel project — to determine the LED spectra to illuminate the frescos — first
the reflectance spectra of the different pigments used to create the masterpieces were
determined (see Szabd et al 2014). The spectrum of more than 200 samples has been
measured and from these a set of non-redundant samples has been selected, see Figure 2
(for further details see next section).

3.2 Classifying the test samples

Colorimetric characteristics of the test samples differ from sample to sample. Important
characteristics of pigments are their light-fastness, hiding power, etc. If one wishes to view an
image under a light source the spectrum of which differs from the spectrum under which the
image was created, an important characteristic of the pigment is its colour constancy, i.e.
how different the colour appearance of the pigment’s colour will be under the second light
source compared to its colour appearance under the first light source, taking chromatic
adaptation into consideration. If the pigments of an image are colour constant, the visual
impression of the picture will be very similar under the two light sources. Naturally the
spectrum of the two sources is also critical in the determination of colour constancy. Due to
practical reasons most colour constancy calculations use daylight as one of the light sources
and either llluminant A, or an often used fluorescent lamp spectrum (e.g. F11) as the other
light source (with the more widespread application of LED illumination this might change in
the future).
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Figure 2. a*,b* co-ordinates of selected samples.

In the following calculations the CIE standard illuminant A and D65 spectral power
distributions (SPD) were used as test and reference SPD. This is in line with the general
assumption that the frescos were painted under Daylight and should be illuminated by low
colour temperature general lighting, not too different from current incandescent lamp lighting.
Rumours that Michelangelo painted parts of the Last Judgement under candle light are hard
to believe: he might have done some brush work under candle light, but selecting the proper
hue and shade would have been too difficult at the low light levels of candle light — and the
images were produced to be seen in daylight.

The Luo et al method of calculating the colour inconsistency index, with [lluminant A and D65
as sources was used (Luo at al. 2003.). The CIECAMO02 colour appearance model, with its
built in chromatic adaptation calculation to get the test sample colour co-ordinates
transformed (CIE 2004), and the UCS colour space to calculate the colour differences (Luo et
Li 2007) were used.

The fifteen pigment spectra, selected from the Sistine Chapel measurements were grouped
into three categories, where the inconstancy index (the CIECAMO02-UCS colour difference)
was beyond 3, these samples we called colour constant, between 3 and 6, they have been
termed colour neutral, and samples with a higher AE as 6, these are the colour inconstant
samples. The next figures show the reflectance spectra of the samples falling into the three
categories.

As can be seen, the colour constant samples have smooth curves, the neutral ones show
slightly more curvatures, while the colour inconstant ones have narrower peaks and/or steep
rising portions. If such a steep rising portion of the reflectance spectrum coincides with parts
of the two emission spectra, where their characteristic are very different, this will manifest
itself in a high colour inconstantness.

CIE x039:2014 39



40

Schanda, J. WHAT IS COLOUR FIDELITY IN MUSEUM LIGHTING?

Reflectance
p
S
o

0,00

350 400 450 500 550 600 650 700 750 800

Colour Constant Samples

=

wavelength, nm

Figure 3. Spectra of the six colour constant samples

1,00

0,80

o
D
o

Reflectance

350 400 450 500 550 600 650 700 750 800

Colour Neutral Samples

[

)

wavelength, nm

=20
=21
27

Figure 4. Spectra of the three colour neutral samples.

1,00
0,90
0,80
g 0,70
€ 0,60
M
% 0,50
o
=040
€030
0,20
0,10
0,00

Colour Inconstant Samples

i p
/ A
/ aly
Vi
J /N N\

'/ \/

7

~7
/ /

[

/

/

T

350 400 450 500 550 600 650 700 750 800

wavelength, nm

Figure 5. Spectra of the six colour inconsistent samples.

CIE x039:2014



Schanda, J. WHAT IS COLOUR FIDELITY IN MUSEUM LIGHTING?

Doing these studies it has been realized that the artificial samples of the CRI2012 model
(Smet 2013) resemble quite well the spectral shapes of the colour inconstant samples (see
the CRI2012 theoretical test sample spectra in Figure 6.). Thus — as a first test — the CRI2012
theoretical samples were used to optimise the LED spectra intended for the Sistine Chapel
illumination.
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Figure 6. Theoretical test samples of the CRI2012 colour rendering model.

3.3 Selection and optimisation of the LED spectra to be used in the Sistine Chapel

For illuminating single pictures specially designed multi channel LED projectors can be used,
as e.g. done for the Mona Lisa at the Louvre (Fontoynont 2013). The entire Sistine Chapel
had to be illuminated with LEDs of the same spectra. Thus one had to construct the lighting
from a smaller number of LEDs of different SPD. A white LED and red, green, blue LEDs had
been selected, that enabled an easy tuning of the CCT and gave a reasonable freedom to
optimise for best colour appearance, i.e. to have the smallest colour difference between the
corresponding colours of the selected pigments under daylight and the selected warm white
colour in the museum.

The spectra of the four LED types are shown in Figure 7.
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Figure 7. SPD of the four selected LEDs.
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Optimization was performed for the additive mixture of the light of the four LEDs and the 17
theoretical reflectance spectra. Results are seen in the following two figures, comparing the
colour distortions if a 3500 K Planck source would be used (slightly filtered incandescent
lamp) and the optimized four LED combination. Also for the CRI2012 samples they were
grouped into three groups according to their colour inconstancy.
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Figure 8. a’y, b’y co-ordinates of the test samples under D65 illumination and the
corresponding colours for Planck 3500 K illumination.
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Figure 9. a’y, b’y co-ordinates of the test samples under D65 illumination and the
corresponding colours for optimized 3500 K LED illumination.

4 Summary and Conclusions

The illumination of museum objects is under a dramatic change. Due to energy saving
requirements many museums consider the use of LED lighting. In the USA one could observe
a trend to change halogen spotlights to LED retrofit lamps (Miller 2012, Miller and Druzik
2012). In Europe one can observe the trend that lamp companies produce new luminaires
directly for exhibition lighting using LED sources (Padfield 2013).

Despite the fact that some recent investigations show that most pleasing lighting for
illuminating paintings is at 550 K to 5700 K (Nascimento 2014), most museum curators opt for
warm-white lighting with a CCT not higher than 3500 K.

As most paintings produced up the end of the 19" Century were painted under natural
daylight, a new paradigm has been introduced: the light should show the colours of the
paintings as closely as possible to their original appearance. This means the spectral
distribution of the 3500 K CCT light source should be optimized in such a form that the
corresponding colours of the different pigments should be as close as possible to the colours
of the pigments seen under 6500 K (naturally other starting and viewing CCTs are equally
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possible). A further requirement — that can be fulfilled using the CIECAMO02 model to establish
the corresponding colours — is that the lower level of the illumination should also be
considered.

On the example of pigments used by Michelangelo and the other Renaissance painters in the
Sistine Chapel it has been shown that using this paradigm one can come nearer to the
original appearance of the paintings using a LED lighting of 3500 K CCT.
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Abstract

Human exposure limits for ultraviolet visible and infrared radiation based upon clinical
experience and biomedical research were the basis of Emission Limits for lamp product risk
groups. Photobiological safety standards for lamps have been published by the CIE
(S009:2002) based upon ANSI/IESNA RP27.1-3 and the CIE Standard was also adopted by
the International Electrotechnical Commission as IEC 62471:2006. Primary optical safety
concerns relate to actinic ultraviolet radiation and blue light. Although IARC classifies
sunlight as a Group | (known) carcinogen, it is nearly impossible to protect against the UV in
sunlight to currently recommended ACGIH/ICNIRP exposure guidelines for the skin during
summer months, and emissions from fluorescent lamps are trace amounts compared to
sunlight. Unlike laser exposures, which are rare, one is continuously exposed to artificial light
sources. Studies of the biological effects of light on human health is a very active current
area of biomedical research, and we do not understand all effects as well as we would like,
particularly with respect to the effects of visible light upon newly discovered retinal
photoreceptors—the photosensitive retinal ganglion cells. Although the biological effects of
ultraviolet radiation has been studied for decades, there continues to be a debate with regard
to obtaining an optimum balance of preventing excessive exposure that increases risks of
delayed effects upon the skin and eye, while at the same time having the benefits of low-level
UV. Realistic time-weighted exposure conditions are essential for risk-group assessment.
This applies to compact-fluorescent lamps and LED sources. More application-specific
optical-safety standards are needed.

Keywords: e.g. lamp technology, Photobiology, Lamp Safety

1 Introduction

During the past 50 years a wide body of biomedical research has been conducted to
understand the factors which influence injury from optical radiation—particularly with respect
to the eye. Human exposure limits for ultraviolet visible and infrared radiation from the
American Conference of Governmental Industrial Hygienists (ACGIH) and the International
Commission on Non-lonizing Radiation Protection (ICNIRP) were the basis of Emission Limits
for lamp product risk groups (ACGIH, 2014; ICNIRP, 2013). Exposure limits are freely
available from the ICNIRP website (http://www.icnirp.org). Photobiological safety standards
for lamps were first published by the CIE (S009:2002) in 2002, based largely upon
ANSI/IESNA RP27.1-3 recommended practice documents; and the CIE Standard was also
adopted by the International Electrotechnical Commission as |IEC 62471:2006. These
guidelines and standards address the principle optical safety concerns of actinic ultraviolet
radiation and blue light from conventional lamps. Although the International Agency for
Research on Cancer (IARC, 1992) classifies sunlight as a “Group | carcinogen,” i.e., a known
human carcinogen, it is nearly impossible to protect against the UV in sunlight to currently
recommended ACGIH/ICNIRP exposure guidelines for skin exposure during summer months;
whereas, the emissions from fluorescent lamps are only trace amounts compared to sunlight
(Lytle, 1993; Sliney, 1980). IARC classified fluorescent lighting as Group 3, i.e., “not
classifiable as to its carcinogenicity to humans.” Nevertheless, these trace emissions of UV
from fluorescent lamps have been measured to assess potential risk (Bickford, 1974; Levin,
1977; Lytle, 1993). It is from an understanding of outdoor, solar UV exposure, that lamp

46 CIE x039:2014


http://www.icnirp.org/

Sliney, D. ALMOST ALL LAMPS ARE SAFE, BUT SAFETY OF NEW LAMPS IS QUESTIONED

safety standards could emerge. Unlike laser exposures, which are rare, one is continuously
exposed to artificial light sources (CIE, 2002).

Studies of the biological effects of light on human health is a very active current area of
biomedical research, and we do not understand all effects as well as we would like,
particularly with respect to the effects of visible light upon newly discovered retinal
photoreceptors—the photosensitive retinal ganglion cells. Beneficial uses of light in
phototherapy to correct circadian disorders or mood disorders must be balanced by a careful
review of potential side-effects and actual retinal hazards. Although the biological effects of
ultraviolet radiation have been studied for decades, there continues to be a debate with
regard to obtaining an optimum balance of preventing excessive exposure that increases risks
of delayed effects upon the skin and eye, while at the same time having the benefits of low-
level UV in producing Vitamin D and possibly obtaining other positive effects for the immune
system.

In addition to potential UV hazards from lamps, the lamp safety standards (IEC/CIE, 2006)
consider several other potential optical hazards, such as infrared effects on the eye and
theoretical thermal hazards, but besides UV, the only other hazard that may significantly
affect risk group classification is the “blue-light hazard.” The blue-light hazard refers to the
potential risk of photomaculopathy, or Photoretinitis, a retinal injury which can occur if one
overcomes their natural aversion response to bright light and stares at e.g., the sun, a
welding arc or an arc lamp (CIE, 1998; Okuno, 2002; Sliney, 1980). Only very bright light
sources such as a xenon-arc searchlight pose such a risk under any reasonably foreseeable
viewing conditions (Figure 1). However, even a bright quartz-halogen lamp used to illuminate
the eye during ophthalmic surgery can produce a photomaculopathy, resulting in vision loss
(Byrnes, 1996).
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In drafting photobiological (optical) safety standards for lamps, expert committees have been
challenged to balance the potential, theoretical risks of exposure to real exposure conditions.
The Committee on Photobiology of the llluminating Engineering Society of North America
(IESNA) struggled for 20 years to develop lamp-safety risk groups (RG-0, RG-1, RG-2 and
RG3) before the first recommended-practice (RP) documents were published in 1993 (Sliney,
2013). Lamps are considered generally safe, and only under the most unusual exposure
conditions have retinal injuries (as during eye surgery) occurred. Certainly, lamps used for
general light service (GLS) are not hazardous under CIE S009 and the IESNA RPs when
properly assessed. Unfortunately, some assessments of LEDs and special-purpose lamps
using CIE S009 emission limits have placed lamps in a higher risk group than would be
consistent with the rationale and true photobiological risks. Revisions are now being
proposed for the current photobiological safety standards to provide more realistic time-
weighted exposure conditions for risk-group assessment. This applies to compact-fluorescent
lamps and LED sources. For example, no one is exposed with a lamp in their face at 20 cm
for 8 hours/day, as some have interpreted the current standards and guidelines. Much of the
problem stems from assuming that a proximal measurement distance of 20 cm (needed to
obtain a measureable UV spectroradiometric signal from fluorescent lamps) was somehow
related to an expected exposure condition! More application-specific optical-safety standards
are needed. Figure 1 illustrates the relative risks for a fixed exposure distance.

2 Solid-State-Lighting Optical Safety Questions

As with the introduction of any new technology, solid-state lighting (SSL) has - not
surprisingly — raised new safety concerns. Although “white” LEDs emit no significant UV,
because the earliest white LEDs were frequently rich in the blue part of the spectrum, some
scientists, governmental agencies and journalists began to raise the issue of the “blue-light
hazard.” Indeed, some media and Internet posts have occasionally contained warnings of
potentially adverse health effects from solid-state lighting (SSL). Most of these media reports
or Internet postings referring to “the blue-light hazard” are lacking in a realistic risk
assessment of retinal exposure (Prevent Blindness, 2013; Roberts, 2011; Wikipedia entry,
2013). Some of these reports are generally exaggerated and have been considered to paint
an unfair picture of SSL, and even prompted the Building Technology Office of the US
Department of Energy to issue a fact sheet on the optical safety of LEDs (USDOE, 2013).
Other media reports also consider that human circadian effects are more possible from blue-
rich light emitted by high CCT lamps (ABC News, 2011; Haim, 2011; Harvard Health Letter,
2012). This only briefly summarizes why some concerns have been raised, but we should ask
why some scientific studies have led to such concerns and statements to avoid SSL use.
What are the scientific bases of these reports? Can there be any validity in the concerns
raised? These are valid questions to address.

Concerns based upon the stronger influence of blue or blue-rich white LEDs with circadian,
neuroendocrine system and neurobehavioural responses (e.g., melatonin regulation), arise
because of the blue-light sensitivity of the intrinsically photosensitive retinal ganglion cells
(Berson, 2001; IESNA, 2008; West, 2011). It is therefore important to understand the
available scientific evidence that raised these questions in the first place. Can differing
spectra alone be cause for concern? Are there any realistic exposure conditions where there
would be potential photobiological effects? For those concerned about the potential health
and safety impact of a future, blue-rich, artificially illuminated environment by LEDs, it is well
to note that current solid-state lamp offerings have a lower correlated colour temperature
(CCT).

2.1 Age-Related Macular Degeneration

For several decades there has been a growing concern about the potential role of light in the
etiology (cause) or promotion of age-related macular degeneration (AMD). Although the
scientific evidence for this link has remained controversial, questions have arisen with regard
to new lighting technologies. Probably unwarranted, in the past few years there has been
growing concern that light from new light sources (luminaires) employing light emitting diodes
(LEDs), or even compact-fluorescent lamps (CFLs) may pose a special risk. The reason for
the concern appears to have arisen from the fact that most early “white-light” LEDs had a very
strong emission in the blue end (450-470 nm) of the visual spectrum compared to existing
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light sources, and LEDs are small and bright. Compact fluorescent lamps (CFLs) also tend to
be sold with higher CCT values than the previous, ubiquitous incandescent lamps most
frequently installed in domestic lighting.

But what do we really know about the etiology of AMD? The possible link of sunlight
exposure with AMD has been fostered by animal studies with bright (particularly short-
wavelength) light (Rozanowska, 2005; Sparrow, 2005; Sykes, 1981; Wielgus, 2010) and some
suggestive epidemiological evidence (Delcourt, 2001; Mitchell, 1998; Taylor, 1990). All of the
animal studies were for relatively short periods of some days, and many of the animals were
nocturnal rodents without cone photoreceptors. The applicability of the findings of the large
number of studies of daily exposure of nocturnal rodents with fluorescent lamps has led to the
criticism that the results have little relevance to the human species. At least one study,
however, employed non-human primates (Sykes, 1981) to show the light damage from
constant viewing of white fluorescent lamps; however, to obtain the results, the primate had to
have pupils medically dilated. Current guidelines for human exposure to bright light sources
take into account the uncertainties in extrapolating animal experimental data to the human
condition (ACGIH, 2014; ICNIRP, 2005, 2013). One criticism of the current exposure
guidelines has been that the limits appear to be solely based upon acute (minutes to days in
duration) exposures and those chronic, life-long exposures are not really possible in
experimental settings (Behar-Cohen, 2010, 2011). Most of the animal studies that exposed
rodents to direct cool-white fluorescent lamps for days at close range produced in retinal
irradiances of the order of summer sunlight over snow or even higher — retinal irradiances
almost never experienced by humans, and certainly not for many hours each day. Because of
the ratio of pupils size, to ocular focal length, rodents exposed to bright fluorescent lamps
experience a significantly higher retinal irradiance than would humans observing the same
lamp (Sliney, 1984), Retinal pigment epithelial cell culture biochemical studies as well as
rodent studies show retinal changes that have been suggestive of some changes believed to
be precursors of AMD (Algvere, 2006; Arnault, 2013; Remé, 2004; Rozanowska, 2005;
Sparrow, 2004; Magrain, 2004; Organisciak, 1994; Waxler, 1986; Wielgus, 2010; Winkler,
1999; Zhou, 2011). The action spectrum for light damage has been questioned, but most
rodent studies clearly show the greatest sensitivity in the blue-end of the visible spectrum
(Ham, 1976: van Norren, 2011). The connection between light exposure and AMD is best
made by the laboratory studies, but the majority of epidemiological studies in human exposure
to sunlight do not show a statistically significant relationship (Delcourt, 2001; Cruickshanks,
1993; Mainster, 2010). Epidemiological studies of lifetime human retinal exposures are
fraught with difficulties, since there are significant differences (~2X) in pupil size outdoors for
different people viewing the same scene and behavioural avoidance of bright light differs
among different individuals (Sliney, 1999, 2005). Recall bias is also a large issue with
epidemiological studies. We are therefore presented with strongly suggestive evidence for a
relationship of light exposure and AMD from laboratory studies, but few epidemiological
studies supporting this hypothesis. It may be that a link exists for a sub-population of persons
with a genetic pre-disposition for AMD and chronic light exposure that has not yet come out of
the epidemiological studies to date because of our current knowledge. Only further research
will finally answer that question. Because of this potential link, some experts have cautioned
against interior lighting at unusually high CCT values in domestic settings, although high CCT
values of daylight may be justified in a workplace setting to increase alertness (CIE 2004,
2006).

2.2 Circadian Effects

Blue-rich white LEDs and high CCT fluorescent lamps have been linked to circadian,
neuroendocrine system and neurobehavioural responses (e.g., melatonin regulation), because
of the blue-light sensitivity of the intrinsically photosensitive retinal ganglion cells (Berson,
2001; CIE, 2004, 2006; IESNA, 2008; Rahman, 2014; West, 2011). Studies linking night-time
indoor illumination to breast cancer in night-shift workers are based upon both animal studies
and epidemiological studies (Blask, 2011; Stephens, 2014; Wren, 2014). However, the
interpretation of these findings remains rather controversial. Indeed, like the AMD studies, the
findings of the basic science investigations can be interpreted either to be a cause for real
concern and the impetus for further research, or the findings can be largely dismissed as
either irrelevant to realistic human exposure condition, confounding factors, or that exposure
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doses required are not experienced in the normal household lighting levels or from street
lighting.

The current photobiological safety standards with risk group classification were based upon
the understanding of human photobiological thresholds known in the 1970s and 1980s. At
that time the enhanced circadian effects of blue light were not known. However, the criticism
that human exposure limits and risk group emission limits (ACGIH, 2014; CIE, 1998; ICNIRP,
2005, 2013; Sliney, 2013) were based largely upon acute effects and ignored chronic
exposure are unjustified. Certainly the UV limits were based upon human exposure studies,
skin-cancer studies over a lifetime as well as acute erythema thresholds. The blue-light
hazard radiance limits are based upon an acute effect (photomaculopathy) which only clearly
applies to staring at the sun, a welding arc or an arc lamp, or ophthalmic surgery exposures
(1ISO, 2007), and upon experimental threshold exposures data ranging from 10 to 1,000 s.
These limits are not based upon the rodent studies under fluorescent lamps, as such
exposures were considered unrealistic for human viewing of lamps (Sliney, 2013), but outdoor
viewing of bright environments was taken into account. At present there is clearly insufficient
biomedical data upon which to suggest safety criteria to protect against only hypothesised
neuroendocrine effects. But lighting designers should consider the spectral content of lighting
recommended for domesting and nursing-home settings.

2.3 Realistic Time-Weighted Averaged Viewing Conditions

The greatest challenge encountered in the development of the lamp safety standards and
recommended risk-group classifications has been agreement on what constitute realistic
exposure conditions. The measurement conditions needed to detect trace emissions of UV
led to a 20-cm default measurement distance. But this had nothing to do with human
exposure distances, that have to be based upon a time-weighted average (TWA) of direct
viewing for the eye and direct and indirect exposure of the skin (Sliney, 2013). See Figure 2.

e
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\
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A. “Lamp-in-the-Face Ocular Exposures B. Ocular Exposure from Indirect Lighting

Figure 2 — Staring directly into a bright lamp is not a realistic exposure condition; the natrual
aversion response to bright light results in strong squinting reaction or lid closure as shown in
(A). Using task lighting or overhead lighting is the chronic exposure condition for the eyes
under artificial illumination, and reflected exposure of the eye is far more comfortable (B).

Risk groups were based upon probabilistic risk analysis of reasonably foreseeable human
exposure and ocular viewing conditions (Sliney, 1999; Sliney, 2013; ??). Unfortunately, the
vertical (application-specific) recommended practice documents originally envisioned by
IESNA, were not completed, but such documents on UV lamp applications, Infrared lamp
applications, and projection lamp systems are being drafted. Hopefully the CIE effort to
update CIE S009 will also consider more realistic application conditions and not consider
emission limits, which are based upon exposure limits under TWA as equivalent (Figure 4).
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Emission control Exposure control

Figure 4 — Emission limits developed in product-safety (manufacturer) standards are
based upon risk assessment of time-weighted average (TWA) exposure conditions.
Exposure limits are used in occupational (workplace) and public/environmental health
safety standards by trained specialists examining specific, on-site exposures and risks.

Momentary direct viewing of a lamp at 20 cm viewing distance or even at greater distances
will be limited by glare. Direct lighting is positioned to minimize glare under normal use
(Figure 2). The maximum TWA of 300 or 1000 s used in higher risk groups also had to be
based upo realistic exposure distances. The 500-lux criterion for GLS lamps was based upon
many studies of use conditions and lighting design (Bickford, 1974; Levin, 1977; Lytle, 1993;
Sliney, 2000, 2013). Extensive research has led to the conclusion that the UV-B component in
fluorescent, or tungsten-halogen lighting at very high levels was the conservative equivalent
to 500 Ix measured from the bare lamp. This was not to say that exposures were only at 500
Ix, but that was a test condition. RG-1 was really intended for fluorescent lamp products,
where ultraviolet skin exposure could be based upon the equivalent dose from 2.8 h (10,000
s) daily exposure at the reference measurement position corresponding to the temporal-
spatial, worst-case exposure conditions, as opposed to 8-h, or continuous exposures, and
would not have to consider unusually photosensitive skin.

Finally, the measurement conditions now provided in current standards and guidelines (CIE
S009; IESNA, 2000) need to be approached with common sense. It would be very rare that
all criteria apply as illustrated in Figure 4 and 5.

10000

CIE Action

ACGIH o
Spectrum Blue-Light - / .:.P
. g Function £
= ¢
o = |
b < 1000
i E — loo mrad
- =l
o
@ e —— 50 mrad
o =
w Xenon Are 0 — 25 mrad
@ 2
= = e (1 mirad
= i we |
= o5 @ 5 mradl
4] (,\\’ﬁ\ o
14 S ﬁ
02 ]
©
o
Very Bright LED
. PR A f ) . -
200 250 300 350 400 450 500 550 600 650 700 00001 0001 001 0.1 1 10

E Durati
Wavelength (nm) xposure Duration (s)

Figure 4. Spectral weighting of the UV S(A) Figure 5 - Retinal thermal hazard limits
function and the Blue-Light-Hazard are rarely required for a risk-group
function B(A) are only required if the lamp classification except for large arc lamps.

emits in the spectral region of interest.
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3 Conclusions

Current photobiological safety standards simply do not apply to circadian effects and lighting
guidelines are appropriate (IESNA, 2008). Use of low CCT SSL should avoid any concerns
(whether warranted or unwarranted) of indoor lighting significantly contributing to AMD
compared to sunlight. Current LEDs (without UV pumping) do not pose any concerns about
UV and UV measurements would be absurd. Two major conclusions relate to “time-weighted
averaging” of exposures and to the meaning of the exposure distances. The primary health
and safety concern built into current standards relate to ultraviolet and blue-light
photobiological hazards and lengthy exposures (both photochemical mechanisms). For these
exposures, a risk can only materialize from very lengthy exposures, and time-weighting of
different irradiances experienced at different distances were considered in the development of
lamp risk groups. Extensive research led to the conclusion that the UV-B component in
fluorescent or tungsten-halogen lighting at very high levels was the conservative equivalent to
500 Ix measured from the bare lamp. This was not to say that exposures were only at 500 Ix,
but that is the relevant test condition. Although the 500-Ix criterion was based principally on
UV, it applies as well to blue-light retinal hazards because of behavioral avoidance of glare.
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Abstract

Organic electroluminescent lighting (OLED) is expected to become one of the next generation
lighting devices. In this research, we investigated the impression of a furnitured miniature
room illuminated by either flat type LED lighting panels or OLED panels with Japanese
subjects and European subjects. The chromaticities and illuminance of the room was the
same for those two illuminations. We found that the room gave significant difference in
impression for some adjective items. The scores of “calm”, “warm” and “gentle” were
significantly higher for OLED. From the results of factor analysis, three factors were extracted:
“amenity”, “activeness”, and “personality”. Moreover, the impressions obtained from both
groups of subjects were almost the same regardless of the nationality.

Keywords: OLEDs, LEDs, spatial impression, subjective evaluation, factor analysis

1 Introduction

In recent years, Organic Electro-Luminescence (OLED) lighting has been attracted attention
as a next-generation lighting. This lighting has various features: its wide range of illumination,
thickness, flexibility etc. OLED lighting is expected to replace conventional lighting devices in
near future. The researches dealing OLED in practical use, however, has just started, and it is
essential to explore various aspects of OLEDs before it comes into market.

One of the biggest differences of OLED from other lighting device is that OLED is a surface-
emitting light source, while LED is a point light source. As a result, when LEDs are installed to
appear as a pseudo surface light source, the residual differences coming from the light source
itself produces different impressions for the space illuminated when compared against a real
surface light source. In CIE2012, we showed that the room illuminated with OLED gave
subjects an impression of gentle and warm compared with those illuminated with LED [1].
However, the experimental conditions such as the chromaticities and illuminances of the room
were not fully controlled.

The purpose of this research is to test if our findings are still true under the identical
chromaticities and illuminances (Experiment 1), and then to test subjects from different
countries to compare their results (Experiment 2). As Experiment 2, we conducted the same
experiments in Japan and in Germany to record impressions of miniature rooms illuminated by
either LEDs or OLEDs with the same procedure. In the experiments conducted in Japan, we
repeated our previous conditions[1].

2 Methods

The experiment was conducted with a 300 x 350 x 320 mm box that imitated a room. In order
to mimic a habitation space, some miniature furniture were placed inside the box: a dining set
composed of a table and four chairs was arranged in the center, a sofa and a television were
arranged at the left and the right back, respectively (Figure 1). Four light source panels, either
OLED or LED, were installed as ceiling lights. Two combinations of light sources were used.
In the first condition, commercially available OLED panels (Lumiotec) and colour tuneable
LED light boxes of our own making were used. In the second condition, commercially
available LED panels (Epoch Lighting) and also commercially available colour tuneable OLED
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panels (Pioneer) were used. As one of the light sources in both combinations was colour
tuneable, we could match the chromaticities and illuminance of the room in both combinations.
The chromaticities used in the experiment are shown in Figure 2.

(x.y)=(0.402, 0.407)

J
.

0.4

0.3 (x.y)=(0.394, 0.387)

0.2
01 02 03 04 05 x

Figure 1 — Appearance of a miniature room Figure 2 — Chromaticities of the illuminants
Colour 1 (0.402, 0.407) & Colour 2 (0.394, 0.387)

The area of the illuminations was varied in the experiment 1 in Japan: 10%, 50%, and 100%.
Four panels were set at the configuration of 2 x 2. The slit was used to restrict the area. The
illuminances of the center of the room, measured at the top of the table, were kept at 480 Ix
for all the conditions.

The position of the box was adjusted so the  Table 1 — Adjectives used in the experiments
height of the furniture figures and eyes were

in the same level. The distance between a *calm *large

box and a subject was set to be approximately *relaxing *interesting

50 cm, although the head position of the *natural =uniform

subject was not fixed. Subjects were asked to *warm *premium

evaluate the impression of the room for 20 srelief -gentle

adjective items in five steps, while observing -soft -unique

the imitated habitation space (Figure 3): Table -tasteful - spacious

1 shows all the adjectives used in the cheerful -vivid

experiment. We picked up these adjectives cheertu vivi
*bright *showy

based on the previous reports [2,3]. In the i )
Experiment 1 and Experiment 2 conducted in “lively *dazzling
Japan, the adjectives were given to the

subjects written in Japanese, while the

adjectives were shown in English in

Experiment 2 conducted in Germany. In the

real experiment, we built two identical

miniature rooms, one is illuminated with OLED,

and the other with LED. calm 5—@'3—2—1

Before starting the experiment, the subject
observed the room for three minutes. This
was long enough for adaptation. Five male students were served as subjects in Japan, while
13 paid persons participated in the experiments in Germany. As four among 13 subjects were
from Europe, we show their results in this paper.

Figure 3 — example of the evaluation

3 Results and Discussions

3.1 Experiment 1: Effects of area

The results obtained from 5 subjects in Colour 1 condition are shown in Figure 4. The x-axis
indicates the area of the illumination, changing from 10% to 100%, and the y-axis indicates
the evaluated values. The solid symbols (black line) and open symbols (gray line) denote the
results obtained from OLED, and LED, respectively. As most of the subject showed the same
trends, we averaged all the values, and the standard error are shown as error bars in each
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symbol. As the results obtained from Colour 2 showed

results of condition Colour 1 here.

the similar trends, we only show the
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5
4 .'--O_--U o 0
3 { ' u/r' I ‘ o _peet
- % l!
2 o
1 S 1 P - .
10% S0% 100% 10% 50% 100% 10% S0% 100% 10% S0% 100% 10% S0% 100%
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4 D
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< 3 —g—0 o
E 2 ‘o r a.
=
2 | R S
? 10% 50% 100% 10% 50% 100% 10% 50% 100% 10% 50% 100% 10% 50% 100%
-
]
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= 5
- 4 .
=5 - | | =
o———q E/‘ﬂ" @
2 n’
10% 50% 100% 10% S50% 100% 10% S0% 100% 10% 50% 100% 10% 50% 100%
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5
4
o
3| ot - = o
2 . . o —0
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10% 50% 100% 10% 50% 100% 10% 5S0% 100% 10% 50% 100% 10% 50% 100%

Light emission areas

Figure 4 — Evaluated values across the light emission area (Colour 1)

As clearly shown in the figure, the values increased as the area of the illumination increased
in most of the adjectives except the adjective “interesting”. Some data show statistically
difference between the results obtained from OLED and LED, which are shown with asterisks
(*: <0.05 and **: <0.01). The impression of “warm” in area 10% condition showed the biggest
difference, and OLED was superior in this point.

Factor analysis was performed. The factor extraction method of maximum-likelihood
estimation method was used. Factors for three high ranks were adopted. The rotation of factor
axes using the Varimax method made it easier to extract factors. Table 2 shows the factor
loading after rotation. Cumulative contribution ratio of first and second factors is 45.3%.
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Table 2 — Factor loading (after rotation)

Factor
1 2 3

bright 0822] 0.287] 0.158
cheerful 0764] 0134 0034
Brge 0741) 0329] 0.065
un iform 0723] 0385 0002
live iy 0.706] 0.103] 0487
spac bus 063] 0336] 0087
dazz lng 0612] -0.105] 0.251
soft 0074 081] -0.007
gentke 0.168] 0.809' 0058
re Bxng 0286 075 0077
wam 0229] 0743] 0.233
re lef 0419] 0701] 0058
cah 0.004 065] 0.142
natural 0469] 0516] -0.059
showy 0367[ 0092] 0709

vivid 0304 0.1
nteresting -0.03] 0013 0674
un gue -0.202| -0.036] 0644
tasteful 0386] 0322] 0588]
prem um 0311] 0393] 0561
contrbuton rato | 23.39%| 21.95%| 14.68%
cumu btive " , ,
contrbution ratb 23.39%| 45.34%| 60.02%

Amenity factor score

1
w 0.5
o
a 0
8 05 10% 50% 100% 10% 0% —100%
E -0.
-1 - OLED1 OLED2
= LED1 —— LED2
-1.5

Light emission areas

Figure 4 — The effects of the area on the impressions of the illuminated room

We named the first factor as “activeness”, derived from the factor loadings such as “lively”
and “bright”. The second factor was named as “amenity”, derived from the factor loadings
such as “warm”, “gentle” and “relaxing”. Naming of these factors was referring to
the studies of a number of semantic differential scale method [4]. Further, we calculate
the factor score coefficient matrix, and derived factor score by multiplying the evaluated
values. The factor scores of amenity are shown in Figure 4. Panel (a) denotes the results
obtained from Colour 1, while (b) obtained from Colour 2. Red and orange lines indicate the
scores of OLEDs, while blue lines indicate those of LEDs.

Both panels show the same trends: the scores of OLEDs were superior to those of LEDs in all
the area conditions. These results are consistent with our previous results. In this experiment,
the chromaticities of OLED and LED were the same, and the same results were obtained from
two different chromaticities.

3.2 Experiment 2: Comparison between Japanese and European People

Due to the time constraint, the experiment in Germany was conducted only in 100%
conditions in two chromaticities: Colour 1 and Colour 2.
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The results of Colour 1 condition obtained from European subjects are shown in Figure 5 (a).
Red and orange symbols and lines indicate the results with OLED while blue lined indicate
those with LED. Expect some adjectives such as “bright”, “vivid”, “uniform”, the rated values
showed the similar trends. In order to compare the results from Japanese, we show them in
Figure 5 (b) (Colour 1). These values were extracted from Experiment 1 (100% condition). No
adjectives were significantly different among Japanese subjects, while “bright” and “vivid”
showed significant differences (p<0.05) among European subjects.

)

Evaluated values
= (3] w B un

- OLED1 & OLED1
- LED1 - LED1
EPTEISEEEPEEES3232338%8 crsExgazggerEEessnse
CE3228 335358 SEgEs>25s 32238V 2853582 cE§2c>2%
o = L= e gus e o w 2 2 2@ 2 E g3 = 5 &
&= ] 2ok b3 a = - o 8 3 £ =2 o
c c

Figure 5 — Evaluated values from (a) European (b) Japanese subjects for all adjectives

Factor analysis was conducted to the results obtained from European subjects. The same
procedure was adopted to derive factors. Table 3 shows the factor loading after rotation.
Several factors were extracted. “Personality”, “amenity”, “activeness” were the first three
factors.

Table 3 — Factor Loading of European subjects Table 4- Factor Loading of all the subjects
Factor Factor
1 2 3 4 1 2 3 4
tasteful 0879 | -0089 | -0.158 | -0.088 soft 0.858 | -0.072 | 0.191 | 0.039
interesting 0.747 -0.15 003 0.001 gentle 0797 | 0025| 0217 | 0.071
premium 0733 | -0099 | -0059 | 0.162 warm 0727 | 0256 0.147] -0070
cheerful 0.717 0.15 0.12 -0.069 calm 0667 0.001 | -0.129 0174
lively 0502 | 0224 | 0386 | 0093 | relaxing 0649 | 0131 0430] 0.089
n_gtu_ral 0557 0239 0111 -0.059 | dazzling -0534 | 0246 | 0314| 0195
relief 0535 | 0169 | 0217 { 0072 interesting 0.041 | 0694| 0.117] -0078
unique 0481 0.258 0058 | -0081 - —
lively 0053 | 0688| 0272| 0226
soft 0.144 0798 | -0.181 | -0285 :
unique 0.185 | 0669 | 0014 | 0.020
gentle 0.184 0786 | -0097 | -0236 vid ~0.020 [E6 @R —008s T 0199
warm 0176 | 0775 | -0283 | -0031 ‘“‘”f | : : : :
r.e|axir|-g 0247 0.739 -0.049 0.16 taste_ u 0.011 0.631 0.487 | -0.158
calm -0.205 0614 0.200 -0.092 premium 0.090 0.578 0.401 0.062
spacjous -0.114 | 0003 0871 0.025 showy -0.288 | 0560 | 0.076| 0.326
large 0063 | -0393 | 0683 0.005 relief 0.213| 0.130]| 0687 0.191
bright 0.312 -058 0.633 0.024 natural 0.266 | 0.031| 0601 | 0.160
vivid 0217 | -0009 | 0609 0014 cheerful -0015| 0.169 | 0490 | 0.185
uniform 0.044 0.004 0.295 0.098 spacious 0119 0.106 0.150 0.791
dazz|ing 0.175 -0.281 0.216 0.821 large -0.161 0072 | 0475| 0.670
showy -0.159 | -0359 | 0467 0549 uniform 0.196 | 0037 0074 | 0539
moist —0304 | 0188 | -029 | 0338 | bright -0.352 | 0.241| 0407 | 0504
contrbuton rato | 19.34% 17.99% 13.64% 6.36% contribution ratio | 17.50% | 15.67% | 11.99% | 10.18%
cumu btie cumulative ,
contrbution ratp | 13:34% | 3733% [ 5097% | 57.33% sontribution ratio| 17:50% | 33.16% | 45.15% | 55.33%

To find the common factors among European and Japanese subjects, we tried to run factor
analysis on all the data. Table 4 shows the factor loading after rotation. As the contributions
of top three factors do not have significant difference, the term “amenity” was extracted as the
first factor, based on the adjectives “soft”, “gentle”, “warm”. We can set “personality” as the
second factor.
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Again, we calculate the factor score coefficient matrix, and derived factor score by
multiplying the evaluated values. The factor scores of amenity and personality are shown in
Figure 6. Red and orange bars indicate scores of OLEDs, and blue bars those of LEDs.
Colour 1 and Colour 2 are indicated in the legend with 1 and 2, respectively.In both colour
conditions, the amenity factors of OLEDs were higher than those of LEDs, which showed the
same trends as the Experiment 1. On the other hand, we could not see any clear trends in
personality factor score.

Amenity factor score Personality factor score
0.5 0.5

B OLED1
. B LED1
OLED2

B LED2

-0.5 -0.5

Figure 6 — Factor scores of amenity and personality from all the subjects

In order to find if there could be any region dependent factor, we calculated the amenity factor
score from European and Japanese subjects separately. The scores are shown in Figure 7.
Solid bars indicate the scores calculated from Japanese subjects, while the hatched bars
indicate those from European subjects. Colours of the bars are the same with those of Figure
6.

Amenity factor score
0.7

B OLED1 (Japanese)
[ OLED1 (Europeans)
B LED1 (Japanese)
[l LED1 (Europeans)
L - B OLED2 (Japanese)
0 ' ' | @ OLED2(Europeans)
B LED2 (Japanese)

-0.7

Figure 7 — Factor scores of amenity from Japanese and European subjects

From Figure 7, it is shown that both Japanese and Europeans show the same trends, even
though the score of each illumination are different.

To explain these results, we assume that the spectral distribution and the color of the
furnitures installed in the miniature room affected for some impressions. When we measured
the chromaticities of some furnitures, the chromaticities obtained from OLEDs shifted towards
reddish direction. Reddish appearance of the room could give impression of warm, soft higher,
which led the amenity score of OLEDs higher.
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4 Conclusions

Some significant differences in impression of the miniature room illuminated with OLED and
LED were observed in common among all the subjects, regardless of their nationality. We
expect that continued investigations will reveal further advantages of the OLED, and also the
factors which controls the impression of the room. Also we need to conduct the experiment in
the real environment.

Acknowledgement

We would like to thank Mr. Alexander Isphording for his great assistance for conducting our
experiments in Aachen, Germany.

References

[1] Yokoyama, R., Yamauchi, Y. and Ishida, T. 2012. The effects of the luminescence area of
lighting on the impression of space, CIE2012, 741-747

[2] Wake, T., Kikuchi, T., Takeichi, K., Kasama, M. and Kamisasa, H. 1977. The effects of
illuminance, color temperature and color rendering index of light sources upon comfortable
visual environments —in the case of office-, J. Light & Vis, Env.,1, No.2, 31-39

[3] Nakayama, K. Sato, M. and Inui, M. 2000. Study on affluent lighting in a Japanese living
room: meanings of affluent lighting and elements concerned, J. Light & Vis. Env., 1, No.1, 59-
65

[4] Osgood, C., Suci. G. and Tannenbaum,P.1957. The Measurement of Meaning. University
of lllinois Press

62 CIE x039:2014



Li, H. et al. SCALING APPEARANCE IN A ROOM ILLUMINATED BY LED SOURCES

OP02
SCALING APPEARANCE IN A ROOM ILLUMINATED BY LED SOURCES

Li. H.", Luo, M.R."%", Liu, X.Y."?
'State Key Laboratory of Modern Optical Instrumentation, Zhejiang University, Hangzhou,
CHINA
2 School of Design, University of Leeds, UK
3School of Science, Harbin Engineering University, Harbin, CHINA
*M.R.Luo@leeds.ac.uk

Abstract

This study investigated the whiteness of white lights close to the blackbody locus, and the
appearance of a living room. Thirty observers took part in the experiment under 20 lighting
conditions. A questionnaire was designed for observers to answer different questions in each
condition. The present results confirm Rea and Freyssinier’s finding, i.e. the whiter whites are
located above and below the blackbody locus for above and below 4000K, respectively. For
scaling the whiteness in a room, different assessment methods gave similar results. For
scaling the appearance in a room, a brighter room will make the room to be less colourful, and
more uniform. A cooler room will make the room to be brighter, but less colourful. However, it
will make the objects in the room to appear more colourful.

Keywords: Room appearance, Category judgement method, Whiteness, Brightness,
Colourfulness, Uniformity, Hue composition.

1 Introduction

The perception of white lights is a quality indicator of LED illumination. American standard,
ANSI.377-2008 (2008) defined LED white sources in x y chromaticity coordinates. Figure 1
shows the region representing white sources. It is consisted of eight quadrangles
corresponding to CCTs ranging from 2700K to 6500K. The blackbody locus goes through the
quadrangles. In industry, people assume that the whitest whites are all located on the
blackbody locus.

2T00E

0.42

04

03a

036

Cy

028 03 032 0.54 038 038 04 0.42 0.44 0.4é 042

Cx

Figure 1 — The basic ANSI.377-2008 quadrangles (red) with centers. The blackbody
locus (blue) goes through the centers of quadrangles.

However, Rea and Freyssinier (2013) showed that the whitest lights located above the
blackbody locus when CCT>4000K, and located below the blackbody locus when CCT<4000K.
Their results disagreed with the general perception that the points located on the blackbody
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locus were whiter than those depart from the locus. Figure 2 shows the lights used in their
experiment in x y chromaticity diagram. Six groups of lights with different CCTs were selected:
2700K, 3000K, 3500K, 4100K, 5000K and 6500K. In each group, there were seven sources
having different spectral power distributions (SPD). The seven SPDs distributed uniformly in
the iso-colour temperature line in x y chromaticity diagram. Twenty Observers participated in
the experiment. Observers were asked to judge the amount of hue in different white lights.
Note that a pure white light should not be perceived any hue. The whitest lights in each of the
six groups are connected as a locus of whites as shown in Figure 2. There are 4 loci obtained
from different scaling methods. However, all of them agreed with each other well. The loci
showed that when CCT>4000K, the whitest lights located above the blackbody locus, and
when CCT<4000K the whitest lights located below the blackbody locus. Recently, they also
built a visual model to predict the perceived tint in white lights (Rea, M. S., 2013).The results
disagreed with the general perception that the blackbody locus represented the whitest lights.
However, their experiment was conducted in a viewing box, which might not provide complete
adaptation. Therefore, an experiment was designed and conducted in a real room to verify
Rea and Freyssinier’s finding.

0.50

0.48

0.46

0.444

0.42

0.40

0.38

0.38

0.34

0.32

0.301

0.28 T T T T T T T T T
0.28 030 032 034 036 038 040 042 044 046 048 050
x

Figure 2 — The experimental lights in x y chromaticity diagram in Rea and Freyssinier’s
research. The smooth solid curve represents the blackbody locus. The smooth dotted
curve represents the daylight. The curve connected with six points represents the
whitest lights.

Colour appearance model such as CIECAMO02 (CIE 159:2004) have been developed to predict
the colour appearance correlates including brightness, lightness, colourfulness, chroma,
saturation and hue. However, they can only predict colour patches under well defined viewing
conditions such as illuminant, luminance of the adaption field, types of surround, luminance
factor of the background. In lighting design, a colour appearance model for predicting room
appearance is required. The typical correlates predicted should be spatial brightness,
colourfulness, hue and uniformity. The present study will provide the experimental data in
scaling the appearance of a real room and of some colour patches inside the room.

Overall, there are two goals in this study: one is to verify Rea and Freyssinier’s results of
white locus and the other is to assess colour appearance of a real room and colour patches.

2 Experimental

2.1 Observers

Thirty observers (23 males and 7 females) participated in the experiment. All had normal
colour vision as confirmed by the Ishihara test. The mean age for all observers was 23
ranged from 18 to 33.
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2.2 Experimental setup

The experiment was conducted in a room with a physical size of 5.4m (L) by 4.7m (W) by
2.7m (H) as shown in Figure 3. It was decorated as a living room with typical furniture such as
sofa, tea table, TV and plants. The room was illuminated by a LED panel (3m by 1.5m)
consisting about 1800 LEDs in 11 colours. By adjusting the proportions of 11 LEDs, the panel
could produce lights with different chromaticity coordinates and SPDs.

0.65 T T T T T T T T T

=

1 1 L 1 1 1 1 1 1
01 015 02 02 03 03 04 045 05 05 06 0BS
"

035 L

Figure 3 — The experimental situation Figure — 4 the experimental lights in
u’ v’ chromaticity diagram

2.3 Light settings

Four groups of test sources were generated by the LED panel and each group had 5 sources.
Figure 4 shows the distribution of the light sources in u’ v’ chromaticity diagram. Lights in the
same group had the same u’ value but different v’ values. Two adjacent lights had an equal
interval in v’ direction. The middle light source in each group is always close to the blackbody
locus. All the lights had a luminance about 85 cd/m?, when measure a reference white paper
on top of the tea table in Figure 3. The height of the tea table was 45 cm. Most of the sources
had a CRI value around 80 ranged from 75 to 90. Table 1 shows the lighting parameters for
all lights. Figure 5 shows SPD of all the lights used in the present study.

Table 1 — the parameters of experimental lights

X Y u’ 4 Y CCT CRI
1 0.3746 0.4449 0.2058 0.5261 87.39 4512 82.8
2 0.3406 0.3848 0.2041 0.4971 86.55 5240 77.8
Group1 | 3 0.3127 0.3319 0.202 0.4684 86.6 6475 82
4 0.2903 0.2875 0.1984 0.4421 86.5. 9002 83.8
5 0.2689 0.2474 0.1968 0.4129 86.45 83
1 0.4049 0.4596 0.215 0.5377 86.05 3961 82.4
2 0.3729 0.407 0.2121 0.514 85.79 4385 83.8
Group2 | 3 0.3467 0.3606 0.2156 0.4868 86.61 4970 81.4
4 0.3234 0.3194 0.2136 0.4629 85.5 5969 84.6
5 0.302 0.2858 0.2077 0.4423 85.68 7924 80.5
1 0.4283 0.4614 0.227 0.5418 85.82 3557 75
2 0.4044 0.4195 0.2301 0.521 85.97 3733 84
Group3 | 3 0.3807 0.3862 0.2257 0.5046 85.82 4059 82.3
4 0.3626 0.3518 0.2303 0.4839 84.66 4365 77.6
5 0.3398 0.3138 0.2279 0.4613 84.53 5096 82.2
1 0.4823 0.4597 0.2572 0 .5497 85.91 2760 66.6
2 0.4634 0.431 0.2586 0.5357 86.39 2804 78.8
Group4 | 3 0.4479 0.4058 0.2622 0.5219 86.62 2838 89
4 0.4299 0.3821 0.2622 0.5081 86.09 2934 87
5 0.416 0.3634 0.2547 0.5012 85.56 3024 74.7
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Figure 5 — Spectral power distributions of the experimental lights of (a) Group1 (b)
Group2 (c) Group3 (d) Group4.

2.4 Questionnaire

A questionnaire was designed to study the perception of white lights, the appearance of the
room and the appearance of colour patches. For the appearance of the room, observers were
asked to observe the whole room. For the appearance of colour patches, observers were
asked to sit in the sofa and observe two colour charts on the tea table in 0/45 geometry (see
Figure 6). For the perception of white lights, observers were asked to observe the white patch
in the top right corner of the colour chart on the right as shown in Figure 6. Table 3 shows the
qguestionnaire. The brightness, colourfulness and uniformity of the room and the brightness
and colourfulness of the colour patches were evaluated. Four questions were designed to
evaluate the whiteness of the white patch. They were ‘not white - white’, ‘white percentage’,
‘not prefer - prefer’ and hue composition. For the white percentage, 100 represents a pure
white and 0 represents a chromatic colour with no trace of white. For the hue composition,
observers were asked to select two of the unitary hues (red, green, yellow, and blue) and then
estimated the proportion of the two. For example, orange is constituted by 50% red and 50%
yellow. For other questions, the score were between -3’ and ‘+3’, the extreme positive and
negative scores respectively. Table 4 gives an example of all the categories for scaling ‘dark -
bright’.

66 CIE x039:2014



Li, H. et al. SCALING APPEARANCE IN A ROOM ILLUMINATED BY LED SOURCES

Figure 6 — The colour patches used in the experiment

Table 3 — The experiment questionnaire

(1) The perception of white lights

not white - white

white percentage (0 -100)
not prefer - prefer (dislike-like)
hue composition

Alw[IN]|-

(2) The appearance of the room

5 dark - bright
6 not colourful - colourful
7 not uniform - uniform

(3) The appearance of colour patches

8 dark - bright
9 not colourful - colourful

Table 4— The relationship between the number and the feelings

-3 -2 -1 1 2 3
verydark | dark [ alittle dark | alittle bright | bright | very bright

2.5 Procedure

A typical procedure for visual assessment is given below. Observers first read an instruction.
Then all the sources were shown to make observers to have an overall understanding of
experimental lights. It took thirty seconds to have an adaptation after changing lights. To
avoid the influence of the white paper on the judgement, observers orally answered questions
instead of filling the questionnaire. All the questions followed a random sequence. Observers
could sit down or walked around freely when observe the whole room, but when assessing the
colour patches, they must sit on the sofa with a 0/45 viewing geometry.

2.6 Summary

In summary, thirty observers participated in the experiment. Under each light, observers
estimated 9 scales of the perception of white lights, the appearance of the room and the
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appearance of colour patches. Hence, the total estimation was 20 lights x 30 observers x 9
scales. It took about five minutes to evaluate all the questions under each light. And the total
experiment remained two hours and was divided as two one-hour sessions.

3 Results and Discussion

The inter-observer variability was calculated using the correlation of variation (CV). For a
perfect agreement, CV should be zero. A value of 20 means 20% disagreement. It had a
mean value of 26% ranging from the most consistent observer (21%) to the least consistent
observer 35%.

3.1 The perception of white lights

In the part of the perception of white lighting, the mean of the white amount of the white patch
was calculated. The lights having high mean value were considered to be whiter. Figure 7
shows the results in a bubble chart in u'v’ diagram. The size of bubble is related to the
amount of white. A whiter white will have a larger bubble than a darker white. Its location
corresponds to the u’v’ coordinates of experimental lights.

The results showed that for the first three groups, the whitest lights are located close to the
blackbody locus. But for the last group (2800K), the whitest one is located far away below the
blackbody locus. In other words, when CCT>4000K, the whitest lights are above the
blackbody locus and when CCT<4000K, the whitest lights locates below the blackbody locus.
It can be seen that the present locus agrees well with that found by Rea and Freyssinier.
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Figure 7 -The bubble chart plotted in u’ v’ chromaticity diagram. The solid and dotted
loci represent the white locus in this study and in Rea and Freyssinier’s study.

Another assessment task was to scale the preference of the white illumination. The
correlation of determination (r-square) between the results of white amount and white
preference was calculated. The high value of r-square, 0.83, illustrates that people prefer to
like the whiter whites. Figure 7 shows the scatter plots of white amount and white preference.
It can be seen that all points are located around the best fitted line with very small scattering
of the data. This implies that a purer white will be more preferred by observers.
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Figure 8 - The scatter plot of the visual results between white amount and white
preference.

3.2 The Visual Effects

In order to understand the visual effect between visual attributes, the scatter diagrams were
drawn, and the correlation of determination were also calculated. The results will be
discussed in the following sessions.

3.2.1 The effect of the brightness of the room on the other attributes

Figure 9(a) shows the visual results of the dim-bright scale plotted against those of the cool-
warm scale. It can be seen that people tend to feel cooler in a bright room. The two attributes
are highly correlated with a r-square value of 0.65. Figure 9(b) shows the scatter plots of
visual results between the dim-bright scale and the cool-warm scale. It can be seen that
although all lights were produced by the same LED panel, people tend to feel more uniform in
a brighter room.
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Figure 9 - The plots of the visual results (a) between brightness of the room and
‘warm-cool’ (b) between brightness and uniformity in the room.

Figures 10a and 10b show the room brightness results plotted against the brightness and
colourfulness of the colour patches on the charts, respectively. The results showed that an
increase of room brightness will make colour patches appear brighter and more colourful. The
high correlation of determination values (0.87 and 0.75) demonstrate that the brightness and
colourfulness of the colour patches are closely correlated to the brightness of the room.
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Figure 10 - The plots of the visual results between brightness of the room and (a)
brightness of the colour patches, and (b) colourfulness of the colour patches.

Figures 11a and 11b show the room brightness results plotted against the colourfulness
results of the room and colour patches, respectively. It can be seen that the colourfulness
results of the room and colour patches had an opposite effect, i.e. a brighter room would
make the room less colourful and make the colour patches more colourful. For colour patches,
this is well understood as the Hunt effect (Hunt., R. W. G., 1952), an increase of luminance to
make sample more colourful. However, this led to a reduction of room colourfulness. This
suggests that brighter lights would appear less tinted so that the room looks less colourful.
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Figure 11 - The scatter plots of the visual results between the room brightness and (a)
room colourfulness, and (b) colourfulness of colour patches.

Figure 12 plots the visual results of room brightness and pure white of colour patch. The

results showed a strong positive relationship. This implies that in a brighter room, the white
patch becomes less tinted and appears whiter than in a darker room.
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Figure 12 - The scatter plot of the visual results between the room brightness results
and the white amount of the white patch.

3.2.2 The effect of the hue composition of lights on the appearance of the room

Each observer was also asked to scale the hue composition of each light. If it is a pure white
light, there will be no trace of hue. Otherwise, each light will be scaled using the concept of
unitary hues: red, yellow, green, and blue. The raw data of hue composition was first
transformed to the values corresponding to 0, 100, 200 and 300, respectively. For example, a
yellow-green colour has 40% of yellow and 60% of green. Then the result will be calculated as
40%*100+60%*200=160. The final results were analysed by calculating correlation of
determination values with the other attributes of the appearance in the room. The correlation
of determination values between hue composition and the warm extent, brightness, and
colourfulness were 0.8,0.55 and 0.24, respectively. Figures 13a, 13b and 13c show the
scatter plots of the hue results from 0 to 400. We can see that the lights having reddish hue
(left of the diagrams) will make the room to appear warmer, darker, and slightly more colourful
than the lights having bluish hue (right of the diagram).

hue composition-warm,r*=0.8 hge composition-bright({room),’=0.55  hue composition-colorful(room),r?=0.24
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Figure 13 - The scatter plots of visual results between the hue composition of the light
and a) the warm amount of the room, (b) the brightness of the room, and (c) the
colourfulness of the room.

4 Conclusion

The line representing the perception of white lights locates above the locus when CCT>4000K
and locates below the locus when CCT<4000K. The results verified Mark’s conclusion.

People prefer the whiter lights to the tinted ones.
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A brighter room seems to be cooler and more uniform, and make the colour patches to appear
brighter, and the white patch to be whiter. On the contrary, a darker room looks warmer and
less uniform, and make the colour patches to looks darker and the white patch to be more
tinted.

A brighter room appears less colourful, but make colour patches to be more colourful.

The lights having reddish hue make the room to appear warmer, darker, and more colourful,
and those with bluish hue will lead to opposite effects, making the room cooler, brighter, and
less colourful.
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Abstract

The aims of this study are to investigate suitable LED lighting conditions in viewing fine art
paintings in museum environment and to verify the Kruithof’s rule to define the pleasant zone
in terms of the correlated colour temperature (CCT) and illuminance. The experiment was
conducted in a room to simulate the exhibition of real paintings in museums. Twenty four
observers of different genders and of different education backgrounds were invited to
evaluate oil and gouache paintings under different illumination conditions. Each painting was
assessed via 14 word pairs using the categorical judgment method. The results showed that
illuminance had a larger impact than CCT on visual perception, and three factors dominate
visual perceptions: Comfort, Vividness and Definition. The present results only partially
agreed with the Kruithof’s rule.

Keywords: Museum lighting, LED lighting, CCT, llluminance, The Kruithof’s rule

1 Introduction

The main missions for museums are presentation, conservation and education. The former
two are in general competing with each other (Berns, 2011). For example, to achieve a high
quality presentation requires a high visibility perception by applying higher luminance lighting.
This could contain higher UV and IR components to damage the artefacts (Cuttle, 1996). So,
a successful design of museum lighting should consider appearance, conservation and energy
saving. LED lighting is perfectly suited for museum lighting because of its unique features, no
UV and IR, and low energy consumption. Also, it is capable of adjusting its spectral power
distribution (SPD), to enhance the aesthetics and atmosphere perception for viewing the
artefacts. There have recently been large efforts to improve the colour rendering and visual
performance on LED lighting. However, not much work has been done to investigate the
optimal condition of the colour temperature and luminance levels in museums under modern
lightings.
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Figure 1 — Pleasing Area Figured by Kruithof (unshaded area).
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Figure 1 shows the Kruithof’s (1941) pleasing area between the two defined curves (see the
unshaded area) by investigating incandescent lamps, daylight and luminescence. It clearly
indicates the pleasing area to be a higher CCT illumination at a higher illuminance and a
lower CCT illumination at a lower illuminance for general application. However, the zone has
limited pleasing area below 200 lux as the maximum illuminance for museum lighting defined
by the CIE (CIE 157:2004). Viénot et al (2009) conducted experiments using LED
illuminations to verify the Kruithof’'s rule and they concluded that a higher CCT at a lower
illuminance is unpleasant, but it is inconclusive that a higher CCT source will be judged as
more pleasant than a lower CCT source at higher illuminance levels as suggested by Kruithof.
Yoshizawa et al (2013) studied LED illumination according to the change of CCT, colour
rendering index (CRI), and illuminances (up to 400lux) in two similar experiments. One was in
a Mock-up room using reproductions of artworks and the other was in Morohashi Museum
using original oil paintings. Their results showed that two factors driving visual perceptions for
viewing oil paintings, visibility and texture. The parameter of CCT had a negative correlation
with texture while illuminance had a positive correlation with both factors. Luo, H. et al (2013)
also performed the experiment using engineering and art students to evaluate three types of
art paintings under LED lightings. The results showed that all the 11 scales studied can be
reduced to two factors, Visibility and Warmth.

This paper describes an experiment carrying out in the viewing environment close to real
museums to study the impact of CCT and luminance on visual perception and to verify the
Kruithof’s rule.

2 Experimental

2.1 Overview

The experiment was conducted in a room refurbished close to the viewing conditions in
museums. There were 12 phases of viewing conditions including 4 CCTs, 3 illuminance levels
and 6 paintings. In total, 24 observers participated in the experiment. Fourteen scales were
used to assess each painting associated with appearance and atmosphere perceptions.

2.2 Illuminations

Figure 2 shows the experimental situation for visual assessment against a white wall to
simulate visual effect of an exhibition of paintings in a gallery. The viewing geometry of
observer was carefully controlled by considering the size of painting to ensure a constant
viewing angle.

0.005

0.004

g
(=
o
w

g
=
o
]

power{uW/nm)

— -4000K
----5000K
--e---6500K

400 450 500 550 600 650 700
wavelength(nm)

Figure 2 — Experimental Situation Figure 3 — SPDs of the llluminations at 800lux

A Telelumen Light Replicator ® from Telelumen Limited Liability Company with 16-channel
LEDs was used to illuminate the paintings. Table 1 shows the measured parameters of the 12
lighting conditions in the experiment. Each was defined at 4 CCTs (2850K, 4000K, 5000K and
6500K) and 3-level of illuminances (50lux, 200lux and 800lux). The lowest and highest CCTs
match CIE standard illuminant A and D65 well. The lowest and highest illuminances
corresponded to the upper limitation for the artefacts in a museum as defined byCIE 157
standard (2004). All sources had high CIE colour rendering index values (Ra>93) due to good
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match of SPD to the reference illuminants using the 16 LEDs. Figure 3 shows the SPDs of
800lux in experiment at 4 CCTs. The SPDs at 50lux and 200lux of the same CCT had
difference only in the intensity of power and similar in the shape of SPD. So, they are not
plotted here.

Table 1 — Parameters of the 12 llluminations as Viewing Conditions

Target _ Ta_rget Measured _Mea_sured CIE-
CCT | illuminance CCT illuminance X y du’v’ Ra
(K) (lux) (K) (lux)
50 2860.3 49.3 0.4476 | 0.4039 | 0.0013 | 96.7
2850 200 2856.1 201.3 0.4457 | 0.4047 | 0.0008 | 93.5
800 2836.5 803.8 0.4379 | 0.4092 | 0.0020 | 95.5
50 3896.4 49.6 0.3838 | 0.3750 | 0.0018 | 93.6
4000 200 3958.6 200.9 0.3807 | 0.3728 | 0.0020 | 94.2
800 3984.6 804.4 0.3824 | 0.3819 | 0.0018 | 95.4
50 4992.5 48.9 0.3446 | 0.3466 | 0.0056 | 95.5
5000 200 5029.8 200.0 0.3437 | 0.3461 | 0.0055 | 95.9
800 5099.7 803.8 0.3424 | 0.3501 | 0.0029 | 95.3
50 6538.8 50.6 0.3131 | 0.3188 | 0.0055 | 96.9
6500 200 6498.7 202.9 0.3139 | 0.3195 | 0.0056 | 97.3
800 6514.6 802.0 0.3135 | 0.3213 | 0.0044 | 96.4

2.3 Paintings and Observers

Table 2 shows the paintings used in the experiment including 4 oil paintings (1-4) and 2
gouache paintings (5-6) drawn by the art students from China Academy of Art. The smallest
one is Painting 3 with a size of 300mm x 400mm while the largest one is Painting 6 with a
size of 765mm x 523mm.

Table 2 — Paintings Used in the Experiment

1 Portrait of Woman 3 Wetland Scenery

4 Cold-tone Still-life 5 Cold-tone Still-life 6 Warm-tone Still-life

Twenty four Chinese observers aged 21 to 24 participated in the experiment. They all passed
the Ishihara test as normal colour vision and are divided equally into two groups named
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Scientists (students major in science or engineering) and Designers (students major in design
or art) according to their education background. Also, in each group, there were 6 male and 6
female observers.

2.4 Scale

Fourteen word pairs in Chinese were used for evaluating each painting under different
illumination conditions. Six of them were associated with appearance of the paintings (High-

Contrast/Low-Contrast, Warm/Cool, Bright/Dark, Clear/Unclear, Colourful/Dull,
Natural/Artificial), and the others were associated with atmosphere (High-Quality/Low-Quality,
Active/Negative, Relaxed/Tense, Soft/Hard, Artistic/Business, Lively/Boring,

Comfortable/Uncomfortable, Pleasant/Unpleasant). Most of them were chosen from the former
researches by Viénot (2009), Yoshizawa (2013) and Vogels (2008). The latter scales were
mainly design used to scale atmosphere. Each scale was evaluated using an 8-point
categorical scale. Scores 1 to 4 stand for the extent of the perception. The positive word was
recorded as a positive number while the negative word as a negative number. For example,
Bright/Dark scale is judged from extremely bright (+4) to extremely dark (-4).

2.5 Arrangements

The categorical judgment was carried out by oral questioning and answering but not by hand
writing questionnaires. This is to avoid the visual impact on chromatic adaption of staring at
data sheet given on white paper. The experiment was designed for each observer to evaluate
5 of the 6 paintings respectively under 12 illuminations, while ensured all 6 observers in one
subgroup (male scientist, male designer, female scientist, female designer) to evaluate
each painting 5 times. In total, there were 20160 evaluation results. Each observer
participated three sessions, about one hour each (three hours in total).

In the experiment, each observer was first tested for their colour vision by the Ishihara test
and then listened to the instruction. In each session, observers went through four phases of
illuminations. After 1-minute adaptation, they estimated each painting one by one using the 14
word pairs. They then proceeded into the next illumination with adaptation until the completion
of all 12 phases in 3 sessions. The sequences of illuminations for each observer, of the
paintings in each phase, and of the scales for each painting were all randomised in each
session.

3 Results and Discussion

3.1 Inter Observer Variation

Inter- observer variability was investigated in terms of standard deviation. The experimental
result had a mean standard deviation of 1.6 with the highest consistency for Relaxed/Tense
while Artistic/Business the worst. The results of correlation coefficient between different
gender and different education background showed that Artistic/Business and Natural/Artificial
led to the most marked difference while some physical judgments such as Warm/Cool and
Bright/Dark reach good consistency between different groups.

3.2 Impact of llluminance and CCT

Figure 4 shows the impact of CCT on the visual results for most of the word pairs, while
Figure 5 shows the illuminance affecting visual results. Only the positive word was used to
represent a word pair in Figures 4 and 5. The higher the number is, the stronger the
perception to the positive word. For most of the word pairs, score decreases when CCT
increases while score increases when illuminance increases. When CCT increases to 5000K,
Relaxed, Warm, Soft and Artistic perception reduce sharply and then reduce slowly to reach
5000K. However, the tendency of High Contrast, Bright and Clear perception appear a peak at
5000K indicating that CCT have no monotonic relationship with them. When illuminance
increases, most scales increase sharply to 200lux and then increase slowly or flatten out
while Soft and Artistic perceptions decrease. It is said that positive evaluations most come
from appropriately brighter illumination, but too bright illumination make paintings lose
softness and artistic value.
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The score range in Figure 5 is obviously larger than Figure 4. It indicates that illuminance
should have a larger impact than that of CCT. llluminance shows a positive correlation to
most scales and this influence obviously weakens when illuminance increases, especially
higher than 200lux, while CCT shows negative correlation to most evaluation scales. The
present result implies that a moderate illuminance level and low CCT could help build positive

evaluation result in majority of indexes.
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Figure 4 — Impact of CCT on the Word Pairs
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3.3 Factor Analysis and ANOVA
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Figure 5 — Impact of llluminance on the
Word Pairs to Have Positive Effect

The goal of factor analysis is to reduce the large number of word pairs into fewer underlying
dimensions. Principal component analysis and orthogonal rotation were the methods used in
the factor analysis. Table 3 shows the result of factor analysis with total variance explained in
brackets. The impressions of each factor are based on the members of words pairs in the raw
data. Three main factors were found and they are named Comfort, Vividness and Definition.

They explained about 60% of variance.
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Table 3 — Rotated Component Matrix of Factor Analysis

Factor (68.292%) 1(28.309%) 2(17.731%) 3 (13.385%)

Meaning Comfort Vividness Definition
Comfortable .819 213 170
Natural 775 -.045 193
Pleasant 72 .346 101
Relaxed .743 118 -.084
Active .684 411 .098
Lively .651 .383 .204
Soft 469 247 -.443
Colourful .325 71 077
High Contrast .069 .690 423
Warm .255 .668 -.142
Bright .185 .593 481
Clear 110 .155 .837
High Quality .455 AT7 .633
Artistic .046 -.031 077

The Comfort factor includes half of the word pairs studied and represents the atmosphere
perception of museum lighting, while Vividness and Definition are more related to appearance.
Vividness is an important factor about contrast information of a painting such as higher
colourful, higher contrast, brighter. Definition is associated with the word of visibility in a
sense such as clearer and higher image quality. Another factor was Artistic and was on its
own having a low rotation sum (8%).

The ANOVA result shows that illuminance had a large impact to all 14 word pairs and the 3
factors in Table 3, while CCT had a large impact to the 3 factors and most word pairs except
High Contrast, High Quality, Bright and Clear. The ANOVA result testified that the illuminance
had a larger impact than CCT on this viewing condition. Figure 6 and Figure 7 show the
impact of CCT and illuminance respectively on the 3 factors. Each factor was independently
affected by CCT and illuminance. It may be interpreted as that all the 3 factors increase when
illuminance increases but Comfort perception would not increase when lighting is brighter
than a critical level. When CCT increases, the perceptions of Comfort and Vividness decrease
while Definition increases.
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Figure 6 — Impact of CCT on the 3 Factors Figure 7 — Impact of llluminance on the 3

Factors
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3.4 About the Kruithof’s rule

Figure 8 shows the score of Pleasant/Unpleasant of different illuminance levels plotted
against CCT. It can be seen that there is a reasonable agreement between two curves for
200lux and 800lux. They are much higher than the curve of 50lux. Scores decrease slightly
when CCT is increased. This suggests that a lower CCT and appropriately a higher
illuminance will be perceived as more comfortable. The comparison with the Kruithof’s rule
(1941) led to a similar conclusion to Viénot’'s statement (2013) that a higher CCT at a lower
iluminance is unpleasant, and a higher CCT source will not be more pleasant than a lower
CCT source at higher illuminance levels.
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Figure 8 — Score of Pleasant/Unpleasant

Figure 9 shows the contours (solid curve) representing different degrees of Comfort
perception from top left (most comfortable) towards the right (the less comfort) of Comfort
factor. The Kruithof’s pleasing area is expressed between the two dotted curves. The squared
dots in Figure 9 are the conditions studied in the present experiment.

The rectangular area in Figure 9 encompassed by 2850K-4000K and 200lux-800lux is
considered to be a comfortable or pleasing zone for LED museum lighting both in the
Kruithof’'s and present results. However, the area of high illuminance and high CCT judged to
be pleasing by Kruithof had very low scores on the contours in Figure 9. This implies that
present results do not totally in accordance with the Kruithof’s rule. The Kruithof’s rule may
not be suitable for LED museum lighting.
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Figure 9 — The Contour Line (solid curve) of Factor Comfort Overlapping with Kruithof’s Area
(in dotted curve). Square dots are the condition of this experiment.

4 Conclusions

An experiment was carried out to investigate the impact of LED lighting parameters of CCT
and illuminance on visual perceptions when viewing fine art paintings.

It was found that the illuminance had a larger overall impact than CCT on viewing museum
paintings. An increase of illuminance will sharply raise the score for most of the scales from
50lux to 200 lux and tend to slow down when reach 800 lux except for Soft/Hard and
Artistic/Business perception. CCT had a negative correlation to all the scales except contrast,
brightness and clearness perceptions.

Factor analysis revealed that there are three dominating visual factors: Comfort (including
scales of comfortable, natural, pleasant, relaxed, active, lively, soft), Vividness (colourful,
high-contrast, warm, bright), and Definition (clear, high-quality). The three determine the
quality of LED lighting for observing fine art paintings.

In consideration of the experimental conditions, illuminations with the CCT range of 2850K-
4000K and a moderately illuminance range of 200lux-800lux is considered to be a comfortable
or pleasing on museum LED lighting for paintings. The present results also had some
disagreements with the Kruithof’s rule.
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Abstract

In office lighting conditions, glare was considered as a vital issue for the comfort of lighting, but
not the unique. In this paper, we describe an experiment that investigates the relation between
perceived glare and comfortable lighting. The comfort of lighting and the perceived glare were
evaluated at various luminance levels with subjective evaluation methodologies. The results
indicate a significant influence of luminance level on perceived glare. The perceived glare
increases with the logarithm of the luminance and the vertical illuminance at eye. There is a
quadratic relation between rating on comfort and vertical illuminance at eye. A vertical
iluminance at the eye in the range of 130Ix to 340Ix is considered comfortable for more than 70%
of the people.

Keywords: perceived glare, comfort of lighting, vertical illuminance at eye, BCD (the border
between comfort and discomfort).

1 Introduction

A comfortable lighting design is a comprehensive consideration of, a.o., perceived brightness,
glare and light distribution. Within the lighting community, glare has been widely studied and it
was considered as a vital issue for lighting design in offices. However, glare is just one factor of
perceived comfort of lighting. There is more than only glare that determines comfortable lighting
in e.g. offices, and to what extent glare that is not considered uncomfortable determines
comfortable lighting is still unclear.

The llluminating Engineering Society of North America (IESNA) defines glare as “the sensation
produced by luminance within the visual field that is sufficiently greater than the luminance to
which the eyes are adapted to cause annoyance, discomfort or loss in visual performance and
visibility.”[1]. The CIE makes a distinction between Disability Glare, defined as “glare that
impairs the vision of objects without necessarily causing discomfort”, and Discomfort Glare,
defined as “glare that causes discomfort without necessarily impairing the vision of objects” [2].
This study mainly focuses on discomfort glare.

In this paper, we describe an experiment to investigate the relation between perceived glare and
comfortable lighting, and try to understand that to what extent glare that is not considered
uncomfortable determines comfortable lighting.

2 Experimental set-up

2.1 Experimental equipment

The experiment room was furnished as an office which is an 11.8m by 6.3m rectangular space
with a 3.2m ceiling. The walls and ceiling of the room were painted white, and the floor was

* Address of the corresponding author: Yan Tu, School of Electronic Science and Engineering,Display
R&D center, Southeast University, Nanjing, 210096, P.R.China; Email address: tuyan@seu.edu.cn; fax
86-25-83363222
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covered with gray carpet to avoid reflections of the light. The windows in the south wall were
sealed with opaque shades of a cream color. Fifteen LED luminaires were installed in the ceiling

(see Fig.1).

1180cm

A A AN 2 P PN P . VA AP,

000, 1B0cm

| Table Front
—

150cm

630cm

Figure 1 — Schematic overview of the experimental room showing the location of the luminaires
and the subjects

The LED luminaire specifically built for the experiment by Philips Lighting consisted of 49 small
LED source (each with a size of about 1 mm2 for the lighting area and a peak luminance as high
as 560000 cd/m2 as measured with CS-200 Luminance & Color Meter). The LED sources were
arranged in a 7 by 7 matrix configuration, with a pitch of 7 cm in both horizontal and vertical
direction. The total luminaire area covered 60x60 cm2. The area of its exit window (red contour
in Fig.2a) was 43x43 cm2. Further, a diffuser was used, see Fig.2b. The average luminance of
the exit window of the LED luminaire was controlled by a DALI (Digital Addressable Lighting
Interface) controller from 968cd/m2 to 3397cd/m2. The normalized luminance distribution over
the exit window is shown in Fig.2c.

60 cm

(a) (b) ()

Figure 2 — lllustration of the tested LED luminaire; (a) diagram showing actual dimensions, (b)
picture of the actual luminaire (c) normalized luminance distribution over the exit window

2.2 Experimental design and procedure

In order to evaluate the comfort of lighting and the perceived glare, we performed a
between-subject experiment with the comfort of lighting and the perceived glare as the
dependent variables, and the luminance level (i.e., five levels) as the independent variable.The
experiment included two sessions depending on the two evaluation objects, i.e., the comfort of
lighting and glare perception. In each session, the fifteen LED luminaires were switched on and
five different luminance levels of the exit window were used: 2.99, 3.19, 3.33, 3.43 and 3.52
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log10cd/m2, corresponding to 977cd/m2, 1548cd/m2, 2138cd/m2, 2691 cd/m2 and 3311 cd/m2
respectively. The exit window luminance of the luminaire was measured at the height of 1.15m
under the tested luminaires with a LMK mobile CCD camera.

In each session, the subjects experienced all five luminance levels of the LED Iuminaires. Once
a particular luminance level was selected, the subjects were asked to watch a short cartoon (1
minute) on the screen of the laptop in front of them so that they were forced to look in front of
them and could experience the comfort of lighting and the perceived glare for a sufficient amount
of time. The short cartoon shown on the screen had no sound and the viewing distance is 60cm,
positioned such that the horizontal line of the sight of the participant was around the center of
the screen. In addition, the subjects were explicitly requested to continue focusing on the screen
in front of them without looking directly at the light source or the rest of the room when they
scored perceived glare and the comfort of lighting. The evaluation forms were shown on the
screen and the evaluations were performed with the keyboard. In the comfort of lighting
evaluation session, subjects evaluated the comfort of the lighting with two different
methodologies: once on a five-point rating scale (see Table 1), and once by indicating whether
the lighting condition was comfortable or not. In the perceived glare evaluation session, subjects
were asked to evaluate perceived glare also with two different methodologies: once on a
seven-point rating scale which was the same as the scale used in the research of Boyce and
Ngai [3, 4] (see Table 2), and once by indicating whether the perceived glare was comfortable or
not. Both sessions of the experiment were performed by four groups of four subjects. The four
subjects were seated by two large tables placed symmetrically in the experimental room.Each
session contained five lighting conditions and lasted about 8 minutes.

Table 1 — Comfort of the lighting rating scale in the experiment

Category Name

Comfortable
Hardly uncomfortable
Slightly uncomfortable

Uncomfortable
Extremely uncomfortable

a b W PNN -

Table 2 — Glare rating scale in the experiment

Category Name

1 Imperceptible
Just perceptible
Noticeable
Just uncomfortable
Uncomfortable
Just intolerable

N OO o0k~ WODN

Intolerable

2.3 Participants

Thirty two paid subjects were recruited in the experiment, including 18 males and 14 females.
They were divided into two equal groups for two sessions. The participants were mostly students
of Southeast University in Nanjing (China). Their age varied between 21 and 25 years, with
average age of 23 years.

3 Results
An analysis of variance (ANOVA) (with the software package SPSS version 16) was performed

with the ratings on perceived glare as dependent variable, luminance level (5 levels) as fixed
factors, and the subjects as a random factor. The result of the analysis is shown in Table 3. It
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illustrates a statistically significant influence of luminance (p<0.001) and subject (p=0.022) on
perceived glare.

Table 3 — Result of the ANOVA on the perceived glare ratings; df refers to the the degree
of freedom, F to the F-value, and Sig. to the significance level.

Factor df F Sig.
Luminance 4 7.794 <0.001
Subject 15 2.155 0.022

Fig.3 shows the mean rating on perceived glare including the 95% confidence interval for every
luminance level. It illustrates a linear increase in perceived glare with the logarithm of the
luminance, as already reported in literature for direct glare [5, 6]. In addition, there is also a
linear relation between perceived glare and vertical illuminance at eye; and the higher the
vertical illuminance at eye is, the more the glare is perceived (see Fig.4).

Mean rating for five luminance levels

4,5 -
4,0 -
3,5 -
3,0 - R2=0,924
2,5 -
2,0 -
1,5 4
1,0 4
0,5 -
0,0 . . . .
2,9 3,0 3,1 3,2 3,3 3,4 3,5 3,6

Luminance(log,, cd/m?)

Mean rating on perceived glare

Figure 3 — Mean rating (on the seven-point scale) for five luminance levels; the error bars
represent the 95% confidence interval of the mean.
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Figure 4 — Mean rating (on the seven-point scale) for five vertical illuminance levels at
eye; the error bars represent the 95% confidence interval of the mean.

Fig.5 shows the percentage of people who responded “comfortable” to perceived glare in a given
light setting plotted against the mean rating on perceived glare of that light setting. The five data
points are separated for the five luminance levels used in the experiment. The negative slope of
the fitted lines indicates that the percentage of subjects considering perceived glare comfortable
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decreases with an increase in mean rating on perceived glare, as expected. More specifically,
the border of comfort-discomfort (BCD) defined as the glare level that 50% of the subjects
experienced as uncomfortable corresponded to a glare rating of about 3 (on the seven-point
scale). Hence, the BCD corresponded to the point where perceived glare became “noticeable”.
This is consistent with our findings in a previous study [7].

Combining the BCD value with the linear relation between rating on perceived glare and vertical
illuminance at the eye resulted in the conclusion that the border of discomfort glare occurs for a
vertical illuminance at the eye higher than about 340Ix.
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Mean rating on perceived glare

Figure 5 — Percentage of people saying that perceived glare is comfortable plotted
against the mean rating on the seven-point scale.

Fig. 6 shows the relation between mean rating on comfort of lighting(left), percentage of people
saying that light is comfortable(right) and the vertical illuminance at eye. It shows that there was
a quadratic relation between rating on comfort and vertical illiminance at eye. At low illuminance
levels lighting becomes more comfortable with increasing vertical illuminance at the eye, while
above about 240Ix vertical illuminance at the eye a decrease in the comfort of the light with
increasing illuminance was found. Obviously, the increase in comfort with increasing vertical
illuminance at eye is a consequence of improving visibility, whereas the decrease at higher
illuminance is a consequence of perceived glare. In addition, there was also a quadratic relation
between percentage of people that found the light comfortable and vertical illuminance at eye.
By comparing the two quadratic relations, scores on the comfort scale referring to “comfort” and
“hardly uncomfortable” at least 70% of the people indicated to find the light comfortable. So, the
range of levels in vertical illuminance at the eye found to be comfortable (in the quadratic
relation) was between 130 and 340 lux.
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Figure 6 — Mean rating on comfort and percentage of people saying that light is
comfortable plotted against the mean rating on the seven-point scale.

4 Conclusions

In this paper, a subjective experiment was performed to investigate the relation between
perceived glare and comfortable lighting. The results of perceived glare evaluation indicate a
significant influence of luminance level on perceived glare, furthermore, perceived glare
increases with the logarithm of the luminance and the vertical illuminance at eye. The results of
comfort of lighting illustrate that there is a quadratic relation between rating on comfort and
vertical illuminance at eye, and a vertical illuminance at the eye in the range of 130Ix to 340Ix is
considered comfortable for more than 70% of the people.

It should be noted that in this study, horizontal illuminance at the work plane and vertical
illuminance at the eye were directly related. Further research needs to focus on different ratios
between horizontal illuminance at the work plane and vertical illuminance at the eye and on
possible other parameters affecting perceived glare and comfortable lighting.
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Abstract

This paper investigates minimum recommendations of EN 12464-1:2011 for office lighting and
their validity for solid-state lighting. In a subject experiment the influence of different
photometric criteria on visual appearance is examined. Results show that surrounding area
illuminance is not an effective way to enhance visual lightness and room attractiveness.
Effects of decreased work plane illuminances can be compensated by increased wall and
ceiling illuminance. In accordance with other research, a luminance in a 40° horizontal band in
the order of ~40 cd/m2 was found to correspond to a point where a space appears generally
bright and attractive.

Keywords: Office Lighting, Lighting Quality, Standardisation, Visual Appearance, Background
Luminance, Ambient Lighting

1 Introduction

International lighting standardisation for offices provides the lighting designer with illuminance
values for different surfaces and areas in the space to support the occupants’ work
performance. Recent amendments of the European standard EN 12464-1 (2011) have
included illuminance recommendations for vertical non-task areas for the first time. This
marked an important step in the inclusion of lighting quality criteria affecting visual
appearance of work places. However, as described in (Kirsch & Volker 2013a), new office-
lighting installations based on LEDs enable lighting designs in a detailed way previously
hardly achievable with conventional light sources. Driven by an increasing demand for energy
savings designers often strive to meet standard recommendations as accurately as possible
and - due to available LED-light sources - have the possibility to do so. Bearing a high
potential to reduce energy consumption, it is highly important that lighting designers consider
lighting quality criteria that go beyond a mere compliance with lighting standards.

Lighting quality criteria involve many different factors such as assistance with task
performance, avoidance of visual fatigue and biological effects of light on humans. In the
present study, recommendations derived from EN 12464-1 (2011) are examined regarding
their impact on visual appearance.

2 Photometric Criteria Influencing Visual Appearance

Factors to determine visual appearance and lighting quality in office spaces have been
investigated extensively over the last decades. Quality criteria include spectral aspects of
lighting such as colour rendering and spectral power distribution as well as physiological and
biological effects. In this work, two factors influencing the appearance of a space based on
the distribution of light are examined:

e Ambient lighting

e Luminances in the visual field
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Table 1 shows requirements for horizontal and vertical illuminances in a standard cell office
according to EN 12464-1:2011.

Table 1 — Lighting requirements

Task area Surrounding area Walls Ceiling

Illuminance 500 lux 300 lux 75 lux 50 lux

2.1 Task area illuminance

A task area illuminance of 500 lux is recommended by most current standards such as IESNA
RP-1 (2004) and EN 12464-1 (2011). Osterhaus (1993) states a decrease of task area
iluminance recommendations by about 50% since 1973. General lighting levels, especially for
computer visual display units, “will most likely be reduced further in exchange for a more
efficient design [...]” (Osterhaus 1993, p.10). This indicates that an illuminance level of 500
lux in the task area is generally accepted and thus, will be kept constant throughout this
study.

2.2 Ambient Lighting and Surrounding Area llluminance

There are several different definitions for ambient lighting. In North America and Asia ambient
lighting usually refers to a general illumination of a space including illuminances on the work
plane and the background. A similar quantity often used in Europe is the surrounding area
illuminance, which is restricted to horizontal illuminances on the work plane. Lighting
standardisation distinguishes between immediate surroundings of the task and a horizontal
background area covering the rest of the space. In lighting design practice these two areas
are often treated as one. Especially in Germany, other regulations for workplaces take
precedence over EN 12464-1:2011. The surrounding are according to the ‘decree for
workplaces’ covers a “spatial area adjacent to one or more task areas that is bounded by
walls or circulation areas” (BAuA 2011, p.3). This area is to be lit with an average illuminance
of 300 lux if task area illuminance is 500 lux. In lighting design practice, this area is usually
reduced by a 0.5 m boundary along the walls. Thus, in this study surrounding area illuminaces
restricted to the workplane less the task area and a 0.5 m boundary area along the walls are
investigated.

According to EN 12464-1 the illuminance in the surrounding areas must be related to the task
area illuminance to “provide adequate adaptation luminance” and “provide a well-balanced
luminance distribution in the visual field”. Increasing the illuminance in the surrounding area
will to some extend indeed result in higher luminances in the visual field. However, the visual
effectiveness of illuminance on the work plane and floor is probably low due to low floor-lining
reflectance of typically 20 %.

Research on preferred and accepted surrounding area illuminances is inconsistent to some
degree. It is commonly agreed that the preferred surrounding area illuminance levels depend
on the overall illuminance of the workplane including the task area (e.g. (Slater et al. 1993),
(Tabuchi et al. 1995) or (Inoue 2010)). Thus, task to surrounding illuminance ratios are often
reported rather than absolute values. Preferred ratios are usually in the area of 1:1 (e.g.
(Bean & Hopkins 1980), (Tabuchi et al. 1995)). However, ratios can be much higher and still
accepted. For a task area illuminance of 500 lux, surrounding area illuminance as low as 85
lux (task to surrounding illuminance ratio = 6:1) can still be acceptable for a high percentage
of office workers (Inoue 2010). Additionally, research by Flynn (1977), Loe (1991) and Houser
(2002) indicates a lower correlation of apparent floor brightness with the overall brightness
perception of a space than for other surfaces.

Since most research mentioned here does not clearly distinguish between horizontal and
vertical illuminances it can be questioned if surrounding area illuminance as defined in this
study was the only influencing variable. In some of the studies a change in work plane
illuminance resulted in a change of wall illuminance (and therefore luminance), which may
well have a greater effect on acceptance and preference than the specified illuminances.
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Research question 1:

Does a reduction of surrounding area illuminance levels derived from office lighting standards
(300 lux) have a negative effect on visual appearance?

2.3 Luminances in the Visual Field

Reflectances of room surfaces often used in lighting calculations are 70/50/20% for
ceiling/walls/floor. Diffuse paint or wallpapers can be approximated by lambertian reflectance
where luminances can be calculated from illuminances according to (1).

1-p-E (1)
]!

where L is the luminance of a surface; E is the illuminance on this surface and p is the
reflectance of this surface. Recommendations of 12464-1:2011 (table 1) will result in wall and
ceiling luminances of about 11 to 12 cd/m?.

Current research indicates that Iluminances three to four times higher than the
recommendations lead to a enhanced visual appearance of the office space. Loe et al. (1994)
identified a luminance of 30 cd/m? in a 40° horizontal band as the point where the appearance
of an office changes from generally dim to generally bright. In a later study (Loe et al. 2000)
this value was found to be more around 40 cd/m”. These findings are in accordance with other
research (e.g. (van Ooyen et al. 1987), (Veitch & Newsham 2000), (Newsham et al. 2005) and
others). Many different researchers have investigated the strong effect of vertical luminances
on room appearance. Davis and Ginthner (1990), Baron et al, (1992) and McCloughan et al.
(1999) are examples of research where wall and ceiling luminances affected the apparent
brightness of a space. Research by Marsden (1972), Fischer (1973) and Houser et al.
(Houser et al. 2002) also indicates effects on the pleasantness and attractiveness of a space.

Thus it can be assumed that room surface illuminances recommended in EN 12464-1:2011
cannot always ensure sufficient lighting quality regarding the appearance of a space.

Research question 2:

How is room appearance affected by different background luminances when all other lighting
parameters are held constant?

Research question 3:

Can a decreased surrounding area illuminance be compensated by increased background
luminances?

3 Hypotheses:

To quantify the influence of different photometric criteria on visual appearance and to find
answers to the research questions the following hypotheses are tested:

e Surrounding area illuminance has an effect on visual lightness, not on room attractiveness
e Background luminance has an effect on both, visual lightness and room attractiveness

e Background luminance is a more effective way to enhance visual appearance than
illuminance based quantities
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4 Methodology

4.1 Experimental set-up

The experiments are conducted in the office lighting simulator at the Department of Lighting
Technology of the Technical University Berlin. Dimensions of the space are 5m x4 mx 2,8 m
(LxWxH). Walls and ceiling are equipped with acrylic glass plains backlit by LED-panels to
create the desired wall and ceiling luminances. Six projectors inside the ceiling provide work
plane illuminance. The setup allows for a strict separation of illumination on vertical and
horizontal surfaces. A more detailed description of the simulator can be found in (Kirsch &
Volker 2013a) and (Kirsch & Vdélker 2013b).

4.2 Experimental Design and Independent Variables

The experiment was arranged as a 3x4 repeated measures design where all participants rated
all scenes acting as their own control group. Within subject variables were three levels of
surrounding area illuminance and four levels of wall/ceiling luminance..

Table 2 — Independent variables

Within Subject Factor Range

Surrounding Area
llluminance

Walls/Ceiling Luminance 11 cd/m?, 30 cd/m?, 50 cd/m*, 75 cd/m*

100 lux, 200 lux, 300 lux

The range of the factors was determined using current research findings with respect to
acceptable energy usage. Values for the surrounding area illuminance started at 100 lux
representing findings of Inoue (2010) and corresponding to an accepted recommendation for
circulation areas. 300 lux were suggested by Tabuchi et al. (1995) among others and are also
the current standard recommendation for offices (e.g. CEN 2011).

11 cd/m2 were calculated from wall and ceiling illuminances recommended in (CEN 2011)
according to formula (1). 75 cd/m2 represent a luminance that, due to energy consumption
concerns, cannot realistically be exceeded in a real office.

4.3 Experimental Procedure

To avoid experimental biases influencing the participants’ judgement, a number of
countermeasures exemplary described in (Poulton 1989) were included in the experiment (e.g.
anchor stimuli at the beginning of each session, randomised order of experiments, distraction
scenes between rated scenes, continuous scales without digits).

Each scene was presented for a time period of five minutes before the questionnaire could be
filled out. In this way, judgements based solely on first impressions are partly replaced by a
‘sensory image’ (CIE 2006). During the five-minute-period participants performed a simple
office task including writing and reading.

4.4 Dependent Measures

The dependent measure was a short version of the room appearance judgement introduced
by Veitch and Newsham (1998) consisting of eight of eight sematic differential scales. Using
principal component analysis (PCA), the set of observations was converted into two
components that were named ‘visual lightness’ and ‘room attractiveness’.

4.5 Sample

64 naive participants (age: 20-47 years, mean 26.47 years, median 26 years, sex: 46 % male,
54 % female) rated all scenes.
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5 Results

A multivariate analysis of variance (MANOVA) was conducted to test for an overall difference
of outcomes.

There was a significant main effect of surrounding area illuminance. Orthogonal planned
comparisons revealed a significant effect of surrounding area illuminance on visual lightness
but not on room attractiveness.

There was also a significant main effect of walls/ceiling luminance. Planned comparisons
indicated an influence on both, visual lightness and room attractiveness. Effect sizes between
luminance levels decreased with higher luminances.

There was no significant effect of the surrounding area illuminance*background luminance
interaction.

The participants’ subjective responses were examined further using boxplots (Figure 1 and
Figure 2).

As can be seen clearly, changes in subjective responses due to changes in surrounding area
iluminance, although existent, were by far smaller than for changes in wall and ceiling
luminance. For all cases an increase in luminance by one factor level affected attractiveness
and brightness appraisal in a way that the effect of decreased surrounding area illuminance
was outbalanced.
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Figure 1 — Boxplot of ‘visual lightness’
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Figure 2 — Boxplot of ‘visual attractiveness’

Mean subjective responses of visual lightness and room attractiveness showed a very good
correlation with the average luminance in a 40° horizontal band first described by Loe (1994).
Trends were estimated by regression with a power function, with R? > 0.7 for both
components.

Although the semantic differential scales do not have a defined centre-point, they are often
assumed to have an arbitrary zero-point that can be regarded as the point where general
subjective responses change from one of the bipolar adjectives to the other ((van Ooyen et al.
1987), (Loe et al. 1994), (Volker 2006)). Thus, in this work around the zero point of the visual
lightness scale subjective responses are assumed to change from generally dim to generally
bright and for the room attractiveness scale from generally unattractive to generally attractive
respectively.

The luminance value in the 40° horizontal band corresponding to the middle of the visual
lightness scale was found to approximately 38.4 cd/m?, for the room attractiveness scale to
38.8 cd/m®. Thus, it can be assumed that for a room to appear generally bright and attractive,
the average luminance in the 40° horizontal band should be in this order of magnitude.

6 Discussion and Conclusion

Results indicate a low visual effectiveness of surrounding area illuminance on visual
appearance of the space. The pleasantness of the test laboratory was not affected withing the
range of the independent variables used in this work. Visual lightness as a measure of
brightness perception was affected significantly when increasing surrounding area illuminance
from 300 lux to 100 lux. However, graphical evaluation showed only small changes of about
AMedian=0.3 rating units.

Changes in wall and ceiling luminance on the other hand led to significant enhancements of
room appearance judgement. An increase from 11 cd/m2 to 30 cd/m2 alone more than
counterbalanced the effect of decreased surrounding area illuminance.
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For the space to appear generally attractive and bright, the derived luminance values in the
order of ~40 cd/m2 are in good accordance with previous research (e.g. (van Ooyen et al.
1987), (Loe et al. 2000), (Veitch & Newsham 2000) and others).

The results show that regarding visual appearance the inclusion of wall and ceiling
illuminances in current standards such as EN 12464-1 is a step in the right direction. The
illumination of vertical surfaces has a great impact on perceived lighting quality and makes an
office space appear brighter and more attractive. However, illuminance recommendations are
not an adequate design approach since the characteristics of the observed surface are not
included. The unproblematic applicability of illuminance values in lighting calculations is
undisputed. Still, appropriate recommendations are minimum quantities of luminances since
this is the measure actually seen and appraised by occupants. Moreover, the recommended
values of 50 lux for the ceiling and 75 lux for the walls are to low regardless of the actual
surface reflectance. If one assumes reflectances of 70%/50%/20% for ceiling/walls/floor,
illuminance values should be in the order of 180 lux for the ceiling and 250 lux for the walls to
achieve luminances of about 40 cd/m2 according to formula (1). This appears to lead to a
major increase in energy consumption. However, if recommendations for the illuminance in
surroundings can be decreased to 100 lux, the impact on energy consumption can be
optimised. If energy efficiency can be re-defined as lighting quality per connected load, a
lighting installation with brighter walls and lower surrounding area illuminance is more energy-
efficient than an installation exactly meeting lighting standard recommendations.

References

Baron, R.A., Rea, M.S. & Daniels, S.G., 1992. Effects of indoor lighting (illuminance and
spectral distribution) on the performance of cognitive tasks and interpersonal behaviors: The
potential mediating role of positive affect. Motivation and Emotion, 16(1), pp.1-33.

BAUA, 2011. ASR A3.4 Technische Regeln fur Arbeitsstatten,

Bean, A.R. & Hopkins, A.G., 1980. Task and background lighting. Lighting Research and
Technology, 12(3), pp.135-139.

CEN, 2011. EN 12464-1:2011: Lighting of work places — Part 1: Indoor work places, Berlin,
Germany: Beuth Verlag GmbH.

CIE, 2006. CIE 175:2006: A FrameworkK for the Measurement of visual appearance, Vienna,
Austria.

Davis, R.G. & Ginthner, D.N., 1990. Correlated color temperature, illuminance level, and the
Kruithof curve. Journal of the Illuminating Engineering Society, 19(1), pp.27-38.

Fischer, D., 1973. Comparison of some European interior lighting recommendations. Lighting
Research and Technology, 5(4), pp.186-190.

Flynn, J.E., 1977. A study of the subjective responses to low energy and non-uniform lighting
systems. Lighting Design and Application, 7, pp.167—-179.

Houser, K.W. et al., 2002. The subjective response to linear fluorescent direct/indirect lighting
systems. Lighting Research and Technology, 34(3), pp.243-260.

IESNA, 2004. ANSI/IESNA RP-1-04: American National Standard Practice for Office Lighting,
New York, USA: llluminating Engineering Society of North America.

Inoue, Y., 2010. Study on llluminance Balance between Working Area and Ambient -
Consideration of initial Lighting Condition, Visual Task performance and Impression of
Lighting. In Proceedings of the CIE 2010 Lighting Quality and Energy Efficiency, Vienna.
Vienna: CIE, pp. 776-782.

Kirsch, R. & Volker, S., 2013a. Lighting quality versus energy efficiency. In Proceedings of
CIE Centenary Conference ,Towards a New Century of Light“. Paris: CIE, pp. 895-902.

Kirsch, R. & Vdlker, S., 2013b. Neukonzipierter Lichtsimulator im Fachgebeit Lichttechnik an
der Technischen Universitat Berlin. Licht, 4, pp.68-70.

94 CIE x039:2014



Kirsch, R., Voélker, S. SOLID STATE LIGHTING IN OFFICES: IMPACT ON LIGHTING QUALITY AND ROOM ...

Loe, D.L., Mansfield, K.P. & Rowlands, E., 2000. A step in quantifying the appearance of a lit
scene. Lighting Research and Technology, 32(4), pp.213-222.

Loe, D.L., Mansfield, K.P. & Rowlands, E., 1994. Appearance of lit environment and its
relevance in lighting design: Experimental study. Lighting Research and Technology, 26(3),
pp.119-133.

Loe, D.L., Mansfield, K.P. & Rowlands, E., 1991. Light patterns and their relevance to spatial
appearance and the quality of the lit environment. In Proceedings CIE 22nd session,
Melbourne. Vienna, Austria: CIE, pp. 41-44.

Marsden, A.M., 1972. What do we want from our lighting? Lighting Research and Technology,
4(3), pp.139-150.

McCloughan, C.L.B., Aspinall, P.A. & Webb, R.S., 1999. The impact of lighting on mood.
Lighting Research and Technology, 31(3), pp.81-88.

Newsham, G.R. et al.,, 2005. Task lighting effects on office worker satisfaction and
performance, and energy efficiency. LEUKOS - Journal of Illuminating Engineering Society of
North America, 1(4), pp.7—26.

Van Ooyen, M.H.F., van de Weijgert, J.A.C. & Begemann, S.H.A., 1987. Preferred
Luminances in Offices. Journal of the llluminating Engineering Society, Summer, pp.152—-156.

Osterhaus, W.K.E., 1993. Office lighting: a review of 80 years of standards and
recommendations. In Proceedings of the 1993 IEEE Industry Applications Society Annual
Meeting,Toronto. New York: IEEE, pp. 2365-2374.

Poulton, E.C., 1989. Bias in quantifying judgements, Lawrence Erlbaum Associates.

Slater, A.l., Perry, M.J. & Carter, D.J., 1993. llluminance differences between desks: Limits of
acceptability. Lighting Research and Technology, 25(2), pp.91-103.

Tabuchi, Y., Matsushima, K. & Nakamura, H., 1995. Preferred Illuminances on Surrounding
Surfaces in Relation to Task Illuminance in Office Room Using Task-ambient Lighting. Journal
of Light & Visual Environment, 19(1), pp.28-39.

Veitch, J.A. & Newsham, G.R., 1998. Lighting quality and energy-efficiency effects on task
performance, mood, health, satisfaction and comfort. Journal of the llluminating Engineering
Society, 27(1), pp.107-129.

Veitch, J.A. & Newsham, G.R., 2000. Preferred luminous conditions in open-plan offices:
research and practice recommendations. Lighting Research and Technology, 32(4), pp.199—
212.

Volker, S., 2006. Hell- und Kontrastempfindung - ein Beitrag zur Entwicklung von
Zielfunktionen fur die Auslegung von Kraftfahrzeug-Scheinwerfern. University of Paderborn.

CIE x039:2014 95



Tralau, B., Schierz, C. THE PREFERENCE OF COLOUR TEMPERATURE DEPENDING ON DAYLIGHT ...

OP06

THE PREFERENCE OF COLOUR TEMPERATURE DEPENDING ON
DAYLIGHT AND WEATHER

1% Tralau, B. ', 2" Schierz, C.
! Zumtobel Lighting GmbH, Dornbirn, AUSTRIA, 2 Technical University of lImenau, GERMANY
birthe.tralau@zumtobelgroup.com

Abstract

This paper focuses on the effect of colour temperature on humans depending on various
parameters such as the time of day, the colour temperature of daylight or the weather.
Therefore a field study in a school in Innsbruck was set up. The lighting was variable in colour
temperature. Six different lighting scenarios following different automatisms have been
evaluated from 36 pupils.

The study in general has shown that the choice of constant artificial light’s colour temperature
is a very individual choice and that there is no clear preference. For a dynamic variation of the
colour temperature within the classroom, the direction of variation was the main important
factor. A variation of the colour temperature of artificial light against the direction of colour
temperature of daylight was not accepted at all.

Keywords: Colour Temperature, Daylight, Weather

1 Motivation

The increasing demand for energy efficiency represents a challenge for the development of
lighting systems and lighting design. Besides increasing efficiency of luminaires and lamps,
lighting control more often becomes used as to save additional energy. The biggest saving
potential is the use of daylight. Therefore currently a lot of systems are used which measure
daylight entry into the interior and add artificial light in order to get a constant light level is
achieved.

But daylight has more advantages. From many studies which where conducted at office
workplaces, we know that there is a strong preference for workplace illumination with daylight.
On the one hand this involves the view out of a window and on the other hand the daylight
usage itself. In addition to the continuous daylight spectrum, the continuing change in light
colour, light direction and intensity ends up with very special characteristics.

Light, especially daylight, also fulfils a non-visual function. It acts as a Zeigeber for the human
circadian rhythm. Responsible for that are receptors in the retina of the human eye, which
react primarily on shorter wavelengths of the visual light spectrum. Many recent studies focus
on the effect of light colour on well-being and performance of humans - and on long-term
effects. As a result dynamic lighting controls for artificial light have been developed. The
dynamics are often based on typical variations of natural daylight or on the human daily
performance curve.

2 Problem

Both approaches for the use of lighting control of artificial light over time have different goals:
the reduction of energy consumption on the one hand and the support of the human circadian
rhythm on the other hand. Both have disadvantages from a user point of view and are rarely
accepted by inhabitants.

One main reason for this rejection is usually the light colour.

Different colour combinations of artificial lighting with daylight, which vary depending on
daytime or weather are the result of automated lighting control systems. Depending on room
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shape, window openings and seating position different colour adaptation states are the result,
influencing the evaluation of light colour and light colour combinations. Changes in habitual
lighting conditions affect the user perception of the current lighting situation.

The aim of this thesis is to investigate the effect of light colour and light colour combinations
in terms of user acceptance, lighting quality and energy efficiency - and to implement the
results in recommendations on control strategies for artificial light.

3 Theoretical Framework

Previous knowledge about the effect of light colour and light colour combination goes back to
the '40s, when the fluorescent lamps were introduced. Starting with this new technology it was
possible to choose light colours in interior rooms.

The question of how different colour temperatures should be used in practice was first
investigated by Kruithof. He found that colour temperature - depending on illumination level -
must be within certain limits, otherwise it will be felt unpleasant. Moreover, according to
Kruithof a low illumination level goes hand in hand with a low colour temperature and a high
illumination level with a high colour temperature. Until today the work of Kruithof is highly
accepted among lighting designer.

But Kruithof's results are also subject to scientific criticism. For example Davis, Bodmann,
Newsman, Cockram, Boyce and others could later present results that contradict the simple
context of the "Kruithof curve". They revealed that for the preference of an illumination in the
interior the lighting level is a more important factor than the light colour itself. Every lighting
situation, but especially the light colour, is judged individually highly differentiated and
emotionally.

In the project "Harmonious light" Fleischer investigated the effect of light condition changes
on the human emotional state. In addition the study observed the effect of external factors
such as weather, activity or the circadian rhythm corresponding to the daytime or the sky
situation. Therefore the artificial light was varied in terms of direction (direct/indirect) as well
as in terms of light colour. The findings suggest that dynamic lighting systems have a positive
effect on people’s mood. Moreover, Aldworth and Bridges could proof that variable lighting
options are usually preferred over static situations.

Essential requirements for control strategies of dynamic lighting systems have been
formulated by Bieske. She conducted studies on the variation of light colour and its
appropriate rate of change.

A study in flight cabins analyzed the relation between the colour temperature of light and the
felt room temperature. They found out that the room temperature feels two degree less, for
lighting with cooler colour temperatures and two degree more with warmwhite colour
temperatures.

In the context of this work, fundamental studies on the effect of light colour and light colour
variation can be expanded - to provide evidence of the effect of local light colour
combinations depending on various parameters such as time of day, daylight and weather.

4 Method
This paper presents a field study which was set up in a school in Innsbruck (Austria).

In two different classrooms a new lighting system was installed (see table 1). The reference
classroom has got a modern direct lighting with a static colour temperature of 4000K and a
micro-prism optic (MPO) to reduce glare.

The second classroom has got a direct lighting, variable in colour temperature from 3000K to

6500K. In both classrooms the illuminance was controlled to 300lux to guarantee the same
amount of light in both classrooms in order to focus the investigation on colour temperature.
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Analysing the results from previous studies on light colour it can be expected that artificial
light with colour temperature equally to the colour temperature of daylight will have the
highest acceptance. Additionally the hypothesis was investigated that the preferred colour
temperature of artificial light will change depending on the weather due to the feeling of room
temperature, which is correlated to the colour temperature - e.g. for good (warm) weather
situation a cold light colour is preferred and for bad (cold) weather situation a warm light
colour is preferred.

Table 1 — Two classrooms in comparison

Classroom Standard Reference Classroom LED Experimental
e Direct lighting with MPO optic e Direct lighting with MPO optic
e 4000K (fluorescent) e 3000K-6500K (LED)
e llluminance constant (300Ix) e llluminance constant (300Ix)
controlled depending on daylight controlled depending on
daylight

e Colour temperature following
different automatisms (see
investigation scenarios)

To proof the hypothesis six different lighting scenarios are examined within a field study (see
table 2). The first three scenarios had a static colour temperature of 3000K, 4000K and 6500K
(see figure 1). In another scenario the colour temperature of the artificial light followed exactly
the colour temperature of the daylight measured on the roof top and in the room. The last two
scenarios changed the colour temperature depending on the weather situation. For example
in lighting scenario five: When the weather was good and a clear blue sky was present the
colour temperature was 6500K. Scenario six was the inverse scenario to scenario five.

Table 2 — Lighting Scenarios of Classroom LED Experimental

nr name description
1 baseline 300lux, 4000K
2 warm white 300lux, 3000K

300lux, 5800K

300lux, CCT daylight = CCT artificial light

300lux, (sunny) = 6500K; (overcast) = 4000K; (rain) = 3000K

300lux, (sunny) = 3000K; (overcast) = 4000K; (rain) = 6500K

For the automatism of the colour temperature within the experimental classroom, an algorithm
was used which was developed by Tridonic for another scientific project (Austrian FFG-project
K-Licht, subproject P01). Data from the daylight sensor on the roof was used. As a result of
the sky illuminance and a shadiness vs. direct sun comparison the colour temperature could
be calculated and used for the automatism of the lighting.

Within the field study six different lighting scenarios have been examined in dependence on
the parameters day time, weather and daylight. Each scenario was presented for two weeks
to the pupils and has been repeated. The order of the scenarios was randomised.
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Figure 1 — Classroom with different colour temperatures (3000K, 4000K, 6500K)

The lighting scenarios were evaluated by two teachers and 36 pupils (18 pupils per
classroom) aged between 12 and 14 years of both classrooms in particularly with regard to
user acceptance and light.

Figure 2 — Measurement equipment for horizontal and vertical illuminance, colour temperature
and spectral distribution with a fixed installation of a JETI Specbos; 9 reference points

In order to come to a clear conclusion about the user acceptance subjective assessments of
users were recorded and their behaviour was observed. For the subjective assessment an
interactive voting system was used which guides the pupils playfully through the
questionnaire. The survey was executed every second week on Wednesday. Additionally, the
pupils had to fill out a mini diary every morning and afternoon, asking for their actual opinion
and feeling.

The investigation started at the beginning of January 2013 and ended mid of July.

Next to the evaluation of lighting scenarios, the colour temperature, spectral distribution and
the illuminance level was measured continuously (see figure 2).

Even so studies in schools are very difficult and the reliability of results is often questionable,
an interesting result could be found within the investigation.
4. Results

For most of the scenarios and questions no significant difference could be found. The spread
of the individual preferences and evaluations of lighting quality was very wide. This leads to
the conclusion that the colour temperature of the artificial light in general is a very individual
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decision. And even if the light colour in the interior is not the preferred one, it is not distracting
or disturbing the visual task and the situation can be accepted.

However, surprisingly there was one scenario which was not accepted at all (see figure 3).
Due to the feeling of room temperature which is correlated to the colour temperature the
expectation was that pupils would prefer cooler colour temperatures when the weather is good
outside and the other way around. Contradictory to this hypothesis the scenario was refused
from the subjects with statistical significance.

Additionally, most of the subjects have perceived the change of light colour and evaluated the
change as disturbing. Also after the repetition of the scenario some weeks later, pupils
refused the weather dependency. Since the other two dynamic lighting scenarios where
evaluated more or less equally as the static once, the dynamic change of colour temperature
itself cannot be the reason for the disapproval.

MEDIAN
How satisfied are you with.. ?

very 5 O baseline 1
O baseline 2

O warmwhite 1

O warmwhite 2

@ daylightwhite 1
@ daylightwhite 2
@ weather 1

@ weather 2

B weather invers 1

W weather invers 2
very 0 m daylight 1

dissatisf temperature ventilation lighting light colour W daylight 2

Figure 3 — “How satisfied are you with..?” (Median)

Comparing the change of colour temperature over the day measured in the room with the
measurements of daylight on the roof, it can be concluded that for the weather depending
scenario the direction of variation of colour temperature of both components is inverse (see
figure 4).

Variation of colour temperature for one day (MP1)

6500
6000
joserercevesveress ez <
5500 o LS1 = baseline
¥ 5000 A LS2 = warmwhite
£ ¢ | —#—LS3 = daylightwhite
— 4500 1 .
o ‘ —e— daylight measured = LS4
(8]
4000 - LS5 = weather
3500 e O g 0 | —e—LS6 = weather invers
3000
2500 Frrr T T I T T T T T T T T
1 7 13 19 25 31 37 43 49 55 61 67 73 79 85 91 97 103 109
time

Figure 4 — Example for the variation of colour temperatures of lighting scenarios for one day at
measurement point 1 in the room
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This leads to the conclusion that when a dynamic colour temperature in the interior as well as
a good daylight situation is present, the direction of the colour temperature’s change of the
artificial light is important. It is accepted to change the colour temperature in the same
direction as the daylight. It doesn’t matter if there is a difference of colour temperatures. It is
not accepted to change the colour temperature against the colour temperature of daylight.

5 Outlook

The study has provided some insights for the use of different colour temperatures in combination with
daylight. The next step will be to evaluate the effects of the change direction of the colour temperature
in a laboratory.
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Abstract

Atrapaluz is proposed as a sustainable natural lighting system to induce patrimonial buildings
reuse, looking for their better environmental, social and economic performance. However, it
can be useful in any blind or dark area of human habitat, for perceptual, aesthetic and
ergonomic improvement. It was tested as a prototype system (patented in Chile) and it is in
process for an international copyright. Like many daylight devices, Atrapaluz consists of three
parts: capture, transport and emission of light, but it is considered an innovation because it
doesn’t depend on a singular shape, but on an adaptable combination of two optical
principles: a mirror reflection in the transport zone and a total internal reflection in the
emission zone. Here we present and evaluate its performing in a dark residential building
considered a modern heritage architecture.

Keywords: Sustainable Architecture, refurbishment, daylighting, lighting technology.

1 Foreword

The vestiges of the architectural Patrimony in Chile, very little for seismic, technological and
historical reasons, are non-monumental, in general, but valuable as a Chilean patrimonial
identity. Its recovery at the central urban zones requires public policies of incentives and
promotion. But by their antiquity, these buildings show inadequate luminance comfort and
energetic deficiency, increasing its maintenance costs. These factors make them
aesthetically unattractive for young peopleATRAPALUZ proposal, a ‘non-invasive, minimum
and adaptable device', could allow to transform perception of dark intermediate enclosures
spaces, taking natural light into them for its comfortable use during day time, with consistent
results, contemporary sensitivity and sustainable philosophy, taking advantage of the optical
characteristics of materials available on the market.

Thus, natural light —free and with a known trajectory, regularity and intensity- can be the
factor that raise ‘sustainable improvement' of aged buildings in our city. solar light can be the
material of perceptual revitalization, and keep the favorable physiological effect related to the
light activation of circadian cycle and its derived hormonal effects. So, as long as possible,
during the day, natural light should not be replaced with artificial light.

ATRAPALUZ, an innovative version of the ‘lumiduct’ category, is an adaptable device, that
captures and transmit solar light with several options for the reflector/distributor components,
and that re locates light by a diffuser of variable form. In its prototype version it included: a
receiver with an inverted pyramidal trunk form, a straight tubular transmitter - both with
superficial reflection properties-, and a diffusing PMMA block with the property of ‘total
internal reflection', in addition to the necessary elements of protection, fixation and
connection between conduits and block.

2 Objectives

The project aim was to offer an instrument that could improve conditions of old built spaces,
enhancing people perception and comfort by creating a flexible and adaptable light interface.
It could allow designers and architects to handle natural light, and its unique qualities related
to benefits in biological, psychological and social welfare,allowing awareness of ‘time passing’
for those who enjoy space with a contemporary aesthetic sensibility. With this purpose, we
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have considered the inhabitant to be a perceptually active and reactive receptor in front of
light effects (Noe, 2004), involving his biological cycles during year and daytime (Rea, 2007)
and his cognitive/emotional behaviour (Maturana, 1984). An ergonomic approach (Norman,
2004) was also used to qualify and quantify factors associated with the lighting criteria as a
condition of spatial comprehensibility, sense of ownership and wellbeing. So, our our installed
devices were developed under an anthropologist heritage approach (Chanfén 1996, UNESCO
1982), trying to give an adequate answer to real contemporary requirements of natural light.

3 A method for the unknown

When dealing with a problem that requires solutions from designers, architects or creative
professionals, they usually know the effect to look for but not exactly how or where it will take
place. For that reason in these fields the methodologies are commonly of 'rough estimate and
iteration' (Letelier, 2000) or, at least, controlled ways to reduce the uncertainty of the problem,
simplifying it to appreciate it better. Being the appreciation one of the most complex human
processes, a problem of illumination leaves us habitually with an ideal that seems to be a
non-real challenge. For that reason, the methodologies that serve better in our disciplines are
those of multiple and successive approaches, while do not lose focus of perceptual intention.
This intention could be promoted with anything we have by hand, accepting the associations
that such stimuli suggest at diverse moments, and allowing us to calibrate without prejudice,
all the possibilities.

We proceeded to define the conditions for the technical feasibility of the projects through
study models in 1:10 scale, knowing that experimentations in architecture can hardly
intervene real spaces and that light is indifferent to scale (its appearance in a reduced model
is identical in form and intensity than what will be in real dimension) (Pattini, 2009).

The quality and quantity of light in the models was instrumentally measured in various
alternatives, which threw sufficient data and criteria (in technical, spatial and perceptual
aspects) to decide the solution to be developed into a prototype 1:1 scale, the Atrapaluz.
This allowed us to verify the real lighting efficiency, the ergonomic improvements and its
feasibility of installation. After creating the prototype, a modified version of its shape was
applied to a real case (in an experimental model) that maintained physical principles used in
the Atrapaluz prototype.

To evaluate the results of all proposals we used ergonomic criteria considering that
optimization of comfort and effectiveness of tasks is fundamental in designing for any human
activity, based on the triad of usability: effectiveness, efficiency and satisfaction (ISO 9241-
11, 1998). Thus, during the process, the product was transformed while transforming its
architectural intervention possibilities: the architectural intervention became indistinguishable
from the design product, being part in the evaluation, installation and use. The limits of
architectural perception and practical design merge in the transformation of places when you
are looking for a new user experience. Space modification implies loss of the limits between
design and architecture, while the product becomes 'with and in' architectural intervention.

Figure 1 — Atrapaluz prototipe
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4 The UVP case

UVP is a complex of middle class apartment blocks, built in the fifties that have 70m long and
with four levels each. We choose this case to work in because it is considered a Modernist
Heritage, a new and interesting case of Patrimony. We worked in the central corridor of the
second floor, which is 32m long from the central stairway. During the day it has serious
problems of darkness and glare because of an only source of natural light (a window) placed
at the end of the corridor. Inhabitants are forced to use electrical lighting during 24hrs every
day of the year in order to eliminate darkness and minimize glare that impede a good visibility
in the corridor.

The visible effects in the models were evaluated by experimental subjects (inhabitants of the
building) that emit their perceptual appreciation on a conventional punctuated range. In the
other hand, it was also evaluated by the research team, whose judgment considered various
aspects: the type of optical phenomenon of the light (simple reflection, diffusion, refraction,
total internal reflection, etc.), shadows, spots of light; disintegrating effects of the materials,
etc.

4.1. Actual perception at UVP

Current daylighting sources: hall 32m long, 2.5m tall with 6 opaque doors of apartments, 3 on
each side. The central hall gives some indirect light from the outside. The picture shows the
only source of direct natural light at its end (north), through a window that occupies the entire
wall. This situation causes a strong glare because the rest of the corridor remains in almost
total darkness.

Effect of the quality of surfaces: the walls are semi gloss and white and they produce diffuse

reflected light from the background window, increasing a little the illuminance in the hallway.
The floor is black, shiny and polished and produces reflection of the window, but doesn’t
contribute to increase the overall illuminance. The glare effect increases with the distance
from the window. At 24 m doors hardly differ during the day.

A

Figure 2 — A. The UVP. B. UVP corridor. C. Floor plan

4.1.1 Spatial perception

a. Understanding the shape of the place: while the spot light is farthest, the hallway exposes
better its rectangular section, but never its true length. The huge power of window light and its
luminance at the end of the corridor do not allow comprehending the shape and boundaries of
the place during the day. Its powerful brightness makes it look as a cylinder box as we
approach to the focus.

b. Comprising depth. The doors are arranged at irregular distances that prevent to infer
modules to estimate length and amount. The bright end seems to be closer, thus perceptual
distance is shorter. Hiding their true length can be positive in an excessive long hallway.

c. Constitutive peculiarities of architectural space: darkness level in this place, obscure
architectural details (cornices and baseboards) reinforcing the notion as tunnel space. An
aesthetic intention in rhythmic accents of the doors is not understood.
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d. Pragmatic key for habitability: There is a tract of the hallway where the doors details are
unnoticed, neither their numbers nor their locks. People are seen as silhouettes and their
faces are not recognizable, suggesting insecurity.

5 Alternatives Proposals for UVP Corridor

Two proposals were developed for this case: a Reflective Slatted Shutters and an Anidolic
System. The optical principles developed for the Atrapaluz system were tested in both cases.
Knowing that light is not affected by scale (Pattini, op.cit.), we conducted quantitative
evaluations of proposals in two scale models each (1:25 and 1:10). For qualitative evaluation
we assessed them in-situ using projection of photomontage techniques for opposed stages:
current and projected state. The experimental work is now completed for the Anidolic System
for the UVP building, while the analyses for Reflective Slatted Shutters for the same corridor
are in progress. Nevertheless, we present here a description of both perceptual effects.

5.1. Reflective Slatted Shutters

In the first proposal, for the capture zone we used a reflective and movable set of slatted
shutters (ideally associated to an heliostat-system), whose light beams converged at 10 m
from the light capture point. This point is the new beginning of the reflective false ceiling.
Thus, in the first part of the corridor, light trajectory does not have intermediate reflections so
it can reach the end of the space with a shorter reflective box: this produces few rebounds
and fewer losses. The final emission was done only at the darkest corridor zone, also with
PMMA transparent plates.

Daylighting sources: This alternative proposes to use the entire surface of the window as a
source of natural light, but directing and converging the incident rays to a distant point where
the ceiling begins. From this point the light travels through the ceiling (as a lumiduct) and
emits its light in PMMA prisms arranged in the corridor. The shutter can be controlled by a
heliostat system.

Effect of the quality of surfaces: While most of the rays are able to concentrate during the day
to illuminate the interior of the hall, closer to the window it creates an interesting effect by the
reflection promoted in the satiny walls. In the lumiduct ceiling we have installed many pmma
boards to diffuse and give off light, increasing the illuminance in the corridor.
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Figure 3 — A. UVP corridor seccion. B. Converging sunrays scheme. C. Interior images

5.1.1 Spatial perception

a. Understanding the shape of the place: In this alternative, when the sightless allowed to
enter a low light, the ‘space box' seems to expand and promotes misleading by the reflections
and multiplication of light in the walls. The most interesting effect is that the horizontal
banding of the slatted shutters also produces an increase in its height (by Helmholz illusion).

b. Comprising depth. When the background (window) is very luminous, it surpasses every
other focus of attention, so perception is dizzying to that point, shortening the distance
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perception, turning off any other detail. Instead, when the background is dark and the glare
disappears, the light plates that come down from the ceiling appears and illuminate the
hallway.

c. Constitutive peculiarities of architectural space: The side walls, as limits, are not very
important with the shutter open because reflections are low. The floor and ceiling, however,
become important in perception. When the background is dark, the ceiling takes importance
with its lighting plates and walls are enhanced with powerful light spots. In that scenario the
floor and the sightless almost disappear.

d. Pragmatic solution_for habitability: This alternative provides a high degree of illumination in
the two situations, half open and closed, allowing a good habitability.

5.2 Lighting with Anidolic System at UVP

In the second proposal, the capture zone was performed using an anidolic system; the
distribution zone was worked in a reflective box over all the ceiling and emission part was
achieved with transparent PMMA plates hanging along the ceiling, until 32 meters away.

Davylighting sources: A screen is placed at the background (window) to prevent glare and
which is part of the collector. The incident rays on the fagade are redirected to the reflective
lumiduct ceiling. The ceiling plates are longitudinally arranged PMMA, not parallel to the
corridor, which transmit light by total internal reflection.

Effect of the quality of surfaces: The visible surface of the lumiduct ceiling is smooth and semi
glossy. The zigzag light fold where plates are inserted as a keel, so reflections and glare are
not monotonic but discontinuous breaks that avoid monotony. Each light stretch is replicated
on the polished floor. The white walls are now along all the way
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Figure 4 — A. Idea schemes. B. Interior images of path sunlight.
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5.2.1 Spatial perception

a. Understanding the shape of the place: Tunnel feeling is gone, replaced by a space with a
central, dynamic and unpredictable axis. Its shape produces inflections and
inquiries, promoting visual interest. Walls definition and its boundaries are clear.

b. Comprising depth. With only three non-parallel linear features, the hall seems shortened by
two reasons: the length of the beam lines tends to generate a gestalt compressed zigzag.

c. Constitutive peculiarities of architectural space: Light lines that allow seeing the silhouette
of the window gives a better sensation to the space perception. Ground floor are easily
distinguishable from the walls and accidents.

d. Pragmatic solution for habitability: Glare disappearance and increased brightness (though
slight) make doors distinguishable, including its location, numbers and locks. People are also
more easily identifiable in all the way.

6 Evaluation and results

The alternative with Anidolic System was quantitatively evaluated with a luxometer to
measure illuminance levels every meter along the corridor, at different dates, seasons and
times of the day, keeping the study model towards the precise real orientation because we
worked without a heliodon.

Qualitative evaluation compared the actual situation of corridor and the proposed one with
Atrapaluz, in its aesthetic and functional effects, and also dimensional aspects perceived with
and without light intervention. An exploratory tool was developed by a Psychologist,
consisting in a questionary to compare a set of 24 opposite pairs of relevant items that were
presented to a sample of 19 inhabitants of the building. They were exposed to scenes with
and without the Atrapaluz intervention, so they could compare the effects in situ and answer
the questionary. Analyses were divided into three stages: i) Analysis of perceived attributes
and accidents perception in current conditions, ii) Analysis of perceived attributes and
accidents with the Atrapaluz intervention and iii) Compare results to distinguish differences in
perception and preferences between the two scenes.

6.1. Qualitative study

An exploratory research of aesthetics conditions of spatial perceptions was performed. It aims
to identify and to associate the corridors in the UVP studied case. The study employed a
qualitative approach, using a survey and data visualization in a monitor computer.

People included in the survey were at least 19 years old and they were currently living in the
building. 38 surveys were applied but just 19 were collected. Each dimension was required to
be measured in scale of 1 to 7.

6.2. Application procedures

Meetings were set previously with the management committee of the UVP complex in order to
introduce them material and application procedures. The survey was applied using images
displayed on screen visualization data display.

The case was presented to each person so they were able to observe in situ the corridor with
the proposed Atrapaluz. The implementation was performed in two consecutive steps; the first
was to use the survey regarding the current perception of the corridor, the second with with
the section on the project perception.
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With Atrapaluz Without Atrapaluz

Figure 5 — Images shown in the application of the survey.

6.3. Results analysis

The analysis of results was divided into three stages. The first one refers to the perception
analysis of the corridor attribute in the current conditions, it means without the Atrapaluz
device. Subsequently, results of attributes perceived with Atrapaluz intervention were
analyzed. Finally, results of previous steps were compared to determine if there was a
modification of perception and any preference (with or without the Atrapaluz proposal) for the
corridor.

Step 1 ( Perception without Atrapaluz intervention ): according to the interpretation of
responses, the results obtained suggest that initially the corridor was categorized as heavy,
sad , dark , nasty, boring, useless, uncomfortable, expulsive , locked , gray. It was also
classified as cold , simple , spacious , quiet , tall and big. Moreover, regarding perception of
the corridor lights, on average, subjects felt that there were three lights in the corridor.
Additionally, according to the presented categorization, it was possible to establish that
people consider lighting unpleasant and inadequate, even when they did not find anything
good or bad about their location. Finally, from this data, it was possible to conclude that
people consider the color of walls, floor and sky of the corridor as diffuse, the end of the
corridor as clear, and they thought that it makes difficult to clearly see clothing or faces.

Concerning the luminaries, the data were obtained shown that on average only one subject
considers there are 3 lighting in the corridor. Furthermore, using the scale mapping criteria
previously described, it is posible to state that people considered lighting unpleasant and
insufficient, but do not find anything good or bad about their location.

Step 2 ( Perception with intervention Atrapaluz ): Results allowed to conclude that the
corridor was qualified as safe , bright, cheerful, clear , simple, nice, interesting , quiet , useful
, comfortable, cozy and colorful. Moreover, regarding perception of the corridor lights, again,
on average, subjects felt that there were approximately three lights in the corridor and
according to the categorization previously presented,it was possible to state that people
perceive the corridor as properly illuminated, nice and well-located after intervention. Finally,
it was possible to conclude that people considered color of the walls, floor and ceiling clear.
They also estimated that it is easy to see clothes, but they don’t distinguish as easy or difficult
to see clearly people’s faces in the corridor.

Concerning the luminaries, the data were obtained shown that on average subjects considers
there are 3.2 lighting in the corridor. Furthermore, using the scale mapping criteria previously
described, it is posible to state that people considered lighting as sufficient, nice and well
placed after the intervention. No group differences were found regarding these distributions.

Step 3 (perception comparison with / without Atrapaluz intervention) : Regarding the corridor
and its equipment, as previously stated, definitions performed by the subjects did change
after the proposed enhancement. So far, most of the studied dimensions of analysis related to
perception were differentially evaluated by the subjects after the simulation with Atrapaluz

109 CIE x039:2014



Wolff, C. et al. ATRAPALUZ: DAYLIGHT SYSTEM TO INTERVENE SPACES AND PERCEPTION

was presented.. That means it was possible to change the perception of the responders
regarding the attributes of the corridor as an object of study.

In this sense , there were changes in all features except complexity, length, noise, symmetry,
closure, height and size . All of these characteristics are associated with the dimensional
space rather than to attribute from the "Atrapaluz" itself as spatial aesthetic perception
contribution to the residents of UVP neighborhood.

As previously stated, regarding the corridor and its equipment, the definition that those
subjects performed during the study changed. Below it is shown a curve that contains
perceptions before and after (with and without the Atrapaluz intervention).
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Figure 6 — Graphic results of comparison perception with and without the Atrapaluz (measured
in scale of 1to 7).

For each dimension, averages were subtracted from each other to highlight variations due to
Atrapaluz effect and the results are shown in the following figure.
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Corridor characteristics variation after Atrapaluz
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Figure 7 — Graphic of variation after Atrapaluz.

7 Conclusions

Quantitative results show that despite the device did not achieve minimum illuminance levels
for a public space (100 Ix), there was a significant glare decrease, which improves the
performance in scotopic vision.

Qualitative results show that in 18 of the 24 comparative questions (75%) there were positive
perception changes in the inhabitant sample. Results of comparison between these two
situations lead to conclude that there were positive perceptual changes in most of the
dimensional space aspects without significant changes in illuminance levels. That means it
was possible to change perception of responders regarding the attributes of the corridor as an
object of study.

From a cognitive ergonomics perspective, the intervention Atrapaluz in the UVP case makes it
more accessible because it increases the ability to receive information of the corridor by
increasing its lighting level and reducing uncertainty of people (Cafas, 2001). Therefore, it
increases both the perception of security and the ability to perform decisions during the act of
walking the corridor.

The achievement of perceptual changes and habitability improvements is perhaps the main
concern for architects and designers. In all operated cases, a better presence of real space,
its architectural and functional accidents are evident. On the other handand most importantly,
the alternative use of the appliance at different times of day, provide new insights - formal and
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dimensional — of an stimulating space, always providing interest and attention of the
inhabitants.

So, it could be argued that design lighting solutions should be considered early in the design
process to promote accessibility of daylighting systems to the people, providing further visual
comfort experiences for human living.

To finish, effectively Atrapaluz intervention improves perception of space by inhabitants,
which means that it becomes more comfortable with the use of natural light and its dynamic
changes, the final goal of this work.
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Abstract

In this case study we investigated the effect of the exposure to daylight and artificial light
indoor during Scandinavian winter. Twenty-one subjects experienced two radically different
lighting solutions for three days in a row, eight hours each day: one group (n=12) was
exposed only to daylight, one (n=9) only to artificial electric lighting (>500Ix average on work
plane, 3000K). We observed an effect between light conditions on mood, which was elevated
in the daylight room. Mean levels of alertness and perceived energy ratings were higher in the
daylight condition. An effect of the lighting condition was found for activity levels as measured
by the actigraphs, especially in the morning. Due to the experimental design it is at present
difficult to tease out if observed effects were due to the lighting exposure or to other
environmental factors, e.g. architectural layout, timing or intensity of the exposure, therefore
future further studies would be needed to examine different combinations of factors.

Keywords: office environment, school environment, sleepiness, mood, space perception

1 Introduction

Today in industrialised societies, lifestyle and working conditions changed the patterns of
exposure to natural light and darkness compared to few generation before ours. Indeed a
difference in timing and intensity of exposure between workers working indoor and outdoor
was reported (Dumont et al., 2010), as well as the effects of lack of natural exposure on
workers’ wellbeing, especially on sleep disturbances (Leger et al., 2011).

This paper would like to contribute to the understanding of the user’s experience of lighting
conditions indoor in an everyday setting; we were specifically interested in investigating
whether a day-lit scenario could provide beneficial effects on subjective and objective
parameters in comparison with an artificial lighting condition. We were interested to observe
differences in perceived qualitative aspects, such as parameters of lighting, and quantitative
aspects, illuminance, activity levels and sleep timing. One scenario presented exposure to
static artificial lighting with warm colour temperature, a typical configuration for office lighting
in Scandinavian countries, and no daylight contribution. The other scenario was only day-lit,
with no contribution of artificial lighting; therefore subjects were exposed to natural variation
of spectrum and intensity during a whole working day.

Bright-light exposure reduced the intensity of depressive symptoms and improved vitality,
indicating that exposure to bright light did have a beneficial effect on mood in healthy adults
(Partonen & Lonnqvist, 2000). Results of a field investigation, showed that persons who were
exposed to short durations of bright light experienced higher feelings of vitality shortly after
(Smolders et al., 2013). Hubalek et al. (2010) reported that the amount of light entering the
eye appeared to have an impact on sleep quality during the following night.

Daylight has three main characteristics: it continuously varies in intensity, colour and
distribution. In cloudy conditions, continuous and (relatively) unpredictable variation of
illuminance values is a strong feature of daylight (Tregenza & Wilson, 2011). Veitch (2011)
suggested that psychological and physiological effects of light are mediated through three
processes by which skylights and windows affect health and well-being: dose of light and
darkness, view and architectural aesthetics. Indeed the complexity of daylight distribution in a
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room makes it difficult to identify one single parameter that might have more relevance than
the others.

High intensity and a spectrum rich in the short wavelengths, characteristics of natural outdoor
conditions, were proved in previous literature to be effective for circadian regulation and
improvement of alertness and mood. Therefore it can be expected that daylight exposure
cause different outcomes regarding direct and long-term effects on the human body compared
to a static light of warm colour temperature.

2 Method and design

The controlled observation took place at KTH — Royal Institute of Technology, in Sweden (N
59° 10', E 18° 8'), in February 2012. Two rooms with radically different lighting conditions
were used: one only exposed to an artificial electrical lighting system — the Artificial Lighting
Condition (ALC); and one with only access to daylight and no electrical light — the Day-Light
Condition (DLC). The experiment was performed from 8:30 to 16:30 h with an hour break
during lunch, at 12 o’clock, which was not controlled, see figure 1.

A total of 23 students took part, randomly assigned to each room on the first experimental
day. Two male subjects from the ALC didn’'t complete the test, therefore 21 subjects were
considered in the analysis. Average age was 29.3 (SD = 4.4) in the ALC, 29.2 (SD = 5.4) in
the daylight condition. The subjects reported their chronotype on a diurnal scale type
questionnaire (Torsvall & Akerstedt, 1980). Both groups scored between evening and
intermediate type — ALC was 2.0 (SD = 0.5), DLC 2.0 (SD = 0.4).

The lighting in the artificial room provided a standard illumination at the workplace (>500Ix;

3000 K) with a combination of direct and indirect distribution. Total installed power,
considering ballast consumption, was 0.529 KW (8.3 W/m2).

Artificial room Daylight room

.l
06 j 18

Figure 1 — Timing of the experiment and exposure conditions in the two rooms. The blue line with
variable thickness illustrates daylight exposure during experimental days. The inner orange line with
continuous thickness illustrates artificial light. In the daylight room (right in figure) subjects were
exposed to a varying stimulus. Subjects in the artificial room (left in figure) were instead exposed to a
constant lighting. The experimental conditions were not controlled during lunch break (12-13:00 h).

The daylight room was equipped with one window (80% of wall area) and a tilted skylight over
a light-shaft. The daylight factor as calculated by software (ReluxPro, Relux Informatik AG,
Basel Switzerland) was 7. Weather was characterized by overcast conditions, illuminance
registered by actiwatch varied with a similar temporal distribution during the three days, see
figure 2.

A wake diary which included sleepiness — KSS, Karolinska Sleepiness Scale (Akerstedt and
Gillberg, 1990), perceived energy level and subjective mood evaluation, was filled in every
hour by the subjects. The subjects wore an actigraph (Actiwatch Spectrum, Philips
Healthcare, Best — The Netherlands) for four days including one day before the study.
Subjective ratings of the lighting conditions (Liljefors, 1999; Ejhed, 1991) were registered
every day at 15:00.
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The participants were studying during the experiment. Use of personal laptops was allowed
but students were requested to lower the screen brightness as much as possible. We followed
the ethical procedure of the Institute and participants signed written consent. Data was
processed with SPSS and STATA analysis software. Significant effects are reported here and
in Favero et al., (2014), in review.
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Figure 2 Pictures and plans of experimental rooms. The seating plan was set up in a similar layout
in the two rooms, as in the plan on the left. Subjects in the daylight room (right in figure) changed the
layout in the afternoon of day 1 to the configuration shown, with three tables facing the window.

3 Results and discussion

From the analysis of the subjects’ chronotype and sleep pattern on the night preceding the
first day the groups appeared to enter into the experiment with a similar sleep history. There
was no significant difference between groups also in the two following nights analysed: the
artificial condition subjects’ sleep duration were 6:09 h (SD = 0:44) and 6:23 h (SD = 1:07) the
nights preceding day 2 and day 3; daylight condition subjects’ sleep duration was 6:02 h (SD
= 0:57) and 5:52 h (SD = 1:07). Furthermore no significant difference in terms of waking up
time or bed time was registered. Therefore the lighting conditions in the experiment did not
cause an effect on sleep, in opposite direction of previous studies where the amount of light
(Hubalek, 2010) or the spectral composition of light (Figueiro et al., 2010) received in the day
did have an impact on sleep the following night. It is likely that sleep patterns were more
influenced by social factors and uniform work hours.

Nevertheless the daylight room generated more activity, especially in the morning and in the
early afternoon; see figure 3. From informal observations, in the daylight room there was also
a higher level of social interactions compared to the artificial room, where subjects seemed
more focused on personal work. These findings are in line with what was observed in a
previous investigation: in day-lit rooms researchers observed higher levels of sociability, while
in windowless environments children showed better concentration (Killer and Lindsten, 1992).
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Figure 3 Actigraph derived activity levels and illuminance at the wrist, day by day in the Artificial
Lighting Condition (ALC), on the left and the DayLight Condition (DLC), right. The actigraphy data
was reported minute by minute; we summed this one minute epochs into hour measurements, then
averages per each hour per room were produced and analysed. The chart also shows the average
illuminance levels measured by the actigraphs at the wrist; they are an indication of the trend in
temporal distribution of illuminance.

The subjects reported as expected a significant difference between qualitative characteristics
of the lighting condition, see table 1 and 2. Interestingly, the perceived level of light and its
evaluation in the two rooms were similar, despite the fact that average measured illuminance
levels are in a scale of 2.5 up to 3 times higher in the daylight room and that, when evaluation
was performed, the illuminance values were similar on the second day only. Visual adaptation
mechanisms could explain the similarity in observations related to brightness. Another
interesting finding is that, although the subjects did report a difference in colour of light, the
ALC being warmer and the DLC colder, the two conditions were not evaluated differently.

Opposite consideration can be done for the light distribution which according to the subjects
was similarly evaluated but the evaluation of light distribution was significantly different, the
DLC showing better evaluation. The other lighting parameters were very differently
appreciated: the evaluation of shadows, appearance of surface colour and glare were
significantly worse in the artificial room. In this specific study, light level did not seem to be a
critical factor to differentiate the two rooms. Instead shadows, colour of light and glare were
identified as strong differences in the two conditions; distribution, shadows, surface colour
and glare were critical factors in the evaluation of the lighting conditions.

The character of the room, investigated through a series of associations, was very distinct,
the artificial condition being more frequently associated to enclosed environments and the
daylight condition to more open, public spaces.
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Table 1 — Lighting parameters, mean values and standard deviation of the seven parameters. The values
indicate the rating of the seven basic parameters describing light in a room that help to identify the quality of light
and the character of a space. * = p<0.05 ** = p<0.001 effect between conditions.

ALC DLC
Level of light 1=very dark  5=very bright 3.5 +0.73 3.6 £0.87
Light distribution =umiem 5=very dramatic 2.6 £0.77 2.2 +1.01
Shadows ** 1=very vague 5=very marked 2.7 £0.69 2.0 £0.89
Reflections * =RENE 5=very marked 2.9 +1.08 2.4 +1.09
Colour of light ** 1=cool/cold 5=warm 3.5 +0.88 2.8 +1.21
Surface Colour 1=natural 5=deteriorated 2.8 £0.85 2.4 +1.05
Glare ** 1=none 5=intolerable 2.4 +0.88 1.9 £0.92

Table 2 — Lighting parameters evaluation, mean values and standard deviation. The values indicate the
user’s assesment of the seven lighting parameters, from good to poor. Averages for three days observation.
*=p<0.05 ** =p<0.001 effect between conditions.

ALC DLC
Ev. Level of light 1=good 5=poor 2.7 £0.92 2.4 +1.07
Ev. Light distribution **  1=good 5=poor 2.9 £0.82 2.0 £1.05
Ev. Shadows * 1=good 5=poor 3.0 £0.94 2.5+1.15
Ev. Reflections 1=good 5=poor 2.6 £1.09 2.3 £1.08
Ev. Colour of light 1=good 5=poor 2.9 £0.97 2.7 £1.10
Ev. Surface colour * 1=good 5=poor 2.8 £0.80 2.3 £1.04
Ev. Glare * 1=good 5=poor 2.6 +0.97 2.1 £1.05

Subjects entered the experiment each morning with similar evaluations of sleepiness and
energy levels. On day 1 mean sleepiness and energy level were rather stable during the day,
with an increase in sleepiness after lunch in the ALC but not in the DLC. On day 2 a
significant increase in the levels of sleepiness was registered among the subjects in the ALC,
the DLC showing a stable level throughout the day. In the third day, the levels were similar at
the start and the end of the session, with a decrease of sleepiness in the morning in both
rooms and an increase in the afternoon.

Results from the analysis of self-reported mood showed a significant difference between the
two conditions from the beginning of the study. Mean values for mood decreased day by day
in the DLC, i.e. mood seemed to improve in the DLC, although no statistical significance was
registered; mood in the ALC was rather stable after the three days.

3.1 Limitations

The study was based on a limited target group being exposed for a relatively short duration of
time; there is a potential to replicate it in different seasons.

We did not control subjects’ lighting exposure at lunch break; actigraphs measure light levels
at the wrist, therefore we did not trust illuminance measurement from the devices, especially
during breaks when subjects might have worn a jacket. For practical and economical reasons
we did not include lunch in the design of the experiment but this should be better controlled in
a repeat study.
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The study made an attempt to use a combination of subjective and objective methods in order
to evaluate lighting conditions. Measurement of biological markers could have been collected
in order to gauge circadian patterns although previous laboratory studies didn’'t report
significant effects of lighting conditions on cortisol and melatonin is naturally very low during
the day.

4 Conclusions and future thoughts

The results from this experiment indicate that sleepiness was reduced, mood was elevated
and perception of energy levels was higher in daylight conditions compared to an artificial
lighting condition. These states were also associated with elevated activity counts based on
actigraph measures. The results corresponded to subjective evaluations of the lighting
conditions, suggesting that daylight may provide beneficial effects in every day spaces.
Despite earlier literature providing support for the use of daylight in buildings we were not
sure whether we would have found any difference in the current study during winter at
Northern latitudes. We could indeed observe that at this latitude it is possible to reach high
light levels indoor with daylight, even during wintertime, and register an effect of this condition
on subjects. Therefore we would strongly promote use of daylight for future research
alongside artificial dynamic lighting.

The research layout presented several factors that likely could have confounded the results,
therefore it was not possible in the current study to determine whether the differences could
be attributed exclusively to the lighting conditions employed. The complexity of everyday
setting in terms of temporal and spatial elements (intensity, variation, timing, duration,
distribution, colour of light and view) makes it difficult to identify single mechanisms of action.
The experience of the space might be modulated through this complexity, therefore it is a
challenge for further studies to isolate and capture the critical factors among them. Advances
in technology allow for smart characterization of artificial lighting patterns, which could
contribute to create a natural relation between users and the artificially lit environment
(Favero, 2011); research and application would certainly benefit by exploring the behaviour
and the effect of natural light (and dark) patterns on humans in order to build this relation.
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Abstract

A type of light tube, which has a rectangular- section duct is called a “light duct”. Besides the
ducts themselves, daylight duct systems contain a light-collecting unit and light-emitting unit.
In order to identify the effect of the daylight duct system on the visual environment, a
performance measurement, investigation of customer behaviour and a subjective experiment
were carried out in a fast food restaurant with the daylight duct system. The measurement
and calculation showed that the light-emitting unit reduced efficiency. The SPD of daylight
was maintained through the light duct systems due to the materials employed in the
fabrication of the duct system. On a sunny day, the customers prefer the tables illuminated by
the duct system to the tables illuminated only by the electric lighting. The subjects at the
tables illuminated by the duct system feel space more comfortable and preferable.

Keywords: Daylight, Light Tube, Field Measurement, Customer Behaviour, Subjective
Experiment

1 Introduction

Generally light tubes, also called light pipes, are used to transport daylight to another location.
A tube uses highly reflective material or plastic optical fibre to direct the light rays. A type of
light tube, which has a rectangular- section duct lined with highly reflective material is called a
“daylight duct”. Apart from the tubes which function as light-transferring units, light duct
systems also comprise a light-collecting unit and light-emitting unit. For each unit, different
functions are required. Light-collecting unit and light-transmitting unit should collect and
transmit daylight (sunlight and skylight (diffused light)) efficiently. On the other hand, light-
emitting unit should avoid a strange appearance such as an extreme irregular distribution of
luminance or of colour, as well as discomfort glare. There are previous studies which showed
methods to calculate transmission of rectangular-section mirror light pipes (Swift et al. 2008,
Edmonds. 2010) and results of field survey in office buildings and schools equipped with
tubular daylight guidance (Mawaee and Carter. 2006).

Depending on the space usage, it is important to maintain not only the quantity (luminous flux)
of daylight, but also quality (the spectral power distribution (SPD)) of daylight. Recently a new
reflective material, which can reflect light with short wavelength (400 to 500 nm) as well as
middle or long wavelengths, has been developed. A daylight duct system using this material
was installed in a fast food restaurant where the visual environment including colour rendering
is important. In order to identify the effect of the daylight duct system on the luminous
environment and the visual environment in the restaurant, a three-part investigation was
carried out. First, an empirical performance measurement of the daylight duct system was
performed followed by an observation and analysis of customer behaviour in the restaurant.
Finally, an in-situ subjective experiment was carried out in cooperation with the management
of the restaurant.

2 Performance Measurements of the daylight duct system

2.1 Methods

The fast food restaurant with the daylight duct system is located in a residential area of Tokyo.
Performances of light—collecting unit, light-transmitting unit (duct part) and light-emitting unit
were evaluated.
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2.1.1 Outline of the duct system

The daylight duct system has two openings (internal dimensions: 600mm x 840mm) on the
roof of the building, functioning as the passive light-collecting unit. The plane of the opening
is tilted 45 degrees from the horizontal plane to face south. Two vertical ducts, which transmit
daylight, are connected to one horizontal duct (light-emitting unit) which has translucent part
distributing the light into the room. The daylight duct system was combined with LED lighting
installed inside of the light-emitting unit. Usually the LED lighting is turned on at 3 p.m. when
the daylight is insufficient.

Light-collecting 1000
unit
T
Light-transmitting 1000
unit = 600 [
Light-emittingf ' [ [ [ g
unit
7140

Figure 1 — Light-collecting unit Figure 2 — Sectional view of duct

2.1.2 Measurements

In order to evaluate
and light-emitting unit

Table 1 shows evaluated performance and measured values.
performances of light—collecting unit, light-transmitting unit
independently, calculation and measurement were combined.

Table 1 — Evaluated performance and measured values

Evaluated Calculation |Measurement| Measured time Measurement
Performance| parameters position value equipment
Sky factor Light- _ Configuration
Collecting : collecting unit factor
light Possible | ;ht_emitting | Obstruction Nikon D40 X
sunshine . s
duration unit on sun path with fish-eye
Maintaining Ir_mident Light- . llluinance Eyery 2 IIIuminaljce meterT-10
luminous luminous flux |collecting unit [1x] minutes Konicaminolta
flux Luminous flux| light-emitting Luminar;ce Every 30 Nikon D40 X
emitted unit [cd m™] minutes with fish-eye
SPD of Light- llluminance
Maintaining | incident light |collecting unit SPD Every 2 Spectrophotometer
SPD SPD of light |Light-emitting hours CL-500A
emitted unit Konicaminolta
2.2 Results

2.2.1 Collecting Light

In order to measure sky factor, the image taken with fish eye of equisolid angle projection was
converted to an image of orthographic projection as shown Figure 3. The sky factor was 82%.

To calculate sunshine duration, sun path diagram was drawn on equisolid angle projection
image as shown in Figure 4.The ratio of the possible sunshine duration to the theoretical
possible sunshine duration was 60 % on summer solstice and 55% on winter solstice.
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Summer
solstice

B Winter
11121314 solstice

Figure 3 — Orthographic projection image Figure 4 — Sunpath diagram and surronding
calculating sky factor buildings

2.2.2 Maintaining luminous flux

Luminance distribution image of light-emitting surface was taken as shown in Figure 5 to
measure luminous flux. Images taken from different position showed that the surface of the
light emitting area could be considered as Lambertian surface. Luminous flux from the light-
emitting surface is calculated as follows,

1!~1,=JL0nds0 (1)
where

Fo is luminous flux from light emitting surface;
L, is luminance of light-emitting surface;
S, is area of light-emitting surface.

Figure 6 shows luminous flux at the exit of the light-transmitting unit, which is calculated from
outdoor illuminance, by using the method shown in previous studies (Swift et al. 2008, AlJ
2010) and measured luminous flux at the exit of the light-emitting unit. The efficiency of the
light emitting-unit (the ratio of luminous flux at the exit of the light emitting unit to that at the
exit of the light-transmitting unit ) was constantly 0,4. 3. We also found that the light emitting
unit of the daylight duct system reduced luminous flux enough to provide natural luminance
while avoiding discomfort glare.

60000 . - —
= Exit of light-transmitting
=, 50000 unit
X

Windows 2 40000
[%2]
Daylight 3 30000
duct svstem E 20000
=}
— 10000 L# Exit of Light-emittin
0 unit
N T i 11 12 13 14
4 40 400 4000 40000 [cdm™] Time[hour]
Figure 5 —Luminance distribution of Figure 6 —Lumimous flux at exit of light-transmitting
ceiling (13:40) unit and at exit of light-emitting unit

2.2.3 Maintaining SPD

A preliminary experiment using scale model of duct (75mmx75mmx1000mm) was carried out.
Three different mirror materials, aluminium, silver coated reflective aluminium and multilayer
specular film were used. By using parallel light generated by a slide projector and Fresnel
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lens, spectral distributions of the reflectance of the three materials were measured. Figure 7
shows the results. It was shown that the reflectance of the multilayer film was even within the
wavelength of visible range. That means the colour of light from the light-emitting unit is
similar to daylight as show in Figure 8.

1.05 1.6
— 1.4
o 1.0 E 12
o N
IS § 1.0/ Light-collecting unit
O d
%0.95 = Multilayer film Q 0.8 Exit of Light-transmitting unit
= | Alminum ? 96 Exit of Light-emitting unit
Silver coated alminum /
0.9 i i 0.4 -
400 500 600 700 400 500 600 700
Wavelength [nm] Wavelength [nm]

Figure 7— Spectral distribution of reflectance Figure 8— SPD at the exit of light-emitting unit

3 Investigation of customer behaviour

3.1 Methods

Customer behaviour was observed in the fast food restaurant on weekdays between June 27
to July 6 of 2012. Figure 9 shows a plan and a cross section of the eating and drinking area of
the restaurant. Figure 9 shows a measurement point where horizontal illuminance, CCT, air
temperature and relative humidity were measured every 10 minutes. Positions of luminaires
and light—emitting unit of the daylight duct and window are also shown in Figure 9. The outline
of luminaires is show in Table 2. The space was divided into 3 areas; area illuminated only by
the electric lighting (I)(Figure 4), area illuminated by the daylight duct system (ll) and area
near the window (lI1).

Three cases were tested. Two were sunny days, one with the duct system and one without
duct system. In the latter, the light-collecting unit of the system was covered by a blackout
curtain. The third was a cloudy day with the duct system.

Y

isdimacnz
M

Measurement point

)

MOPUIM Bu19e)-y1IoN
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I TI 113

( e @ e e e
d X o/l A Al A AllA)

Figure 9 — Plan, Section and photo
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Customer behaviour (seat choice, stay duration etc.) was observed and recorded every 10
minutes by an observer. In order to visually observe the customer behaviour without drawing
attention to the observer; the observer sat down as a customer.

Table 2 — Kinds of luminaires

Symbol in Figure | Luminaire lamp CCT
a | — Indirect pendant light | LED line unit 26W x1 3000K
b 1 Cornice light LED14Wx1 3000K
[ M— Daylight duct

d A Spotlight LED14Wx1 3000K
e @ Down light LED14Wx1 3000K
f @ Pendant light LED23Wx1 3500K

3.2 Results

The numbers of customers are 106 on the sunny days with the duct system, 111 on the sunny
days without the duct system and 121 on the cloudy days. Figure 10 shows the type of the
customer. This restaurant has more female customers than male customer because it is
located in a residential region in Tokyo.

Figure 11 shows the change in air temperature and relative humidity on a sunny day and on a
cloudy day. Average air temperature was 25 degrees C (standard deviation =2 degrees) while
average relative humidity was 65% (s.d.=10%).

Sunny day temperature E—

100 relative humidity -

o Cloudy day  temperature _—

2 80| relative humidity e
2 60 T 40 80 __
3 g =
« 40 S, ' 0
° o 5
2 20 = N ey 60 €
£ | K Yy o T S 2
S 0 8 ACHE i~ e 5 o
° 223 37 37 87 0§ [ —— |, 3
5V § S8 88 58 [ [ —— S

3 E£% 2% < 20 : : 30
S w § » 9 11 13 15
@ = Time [hour]
Figure 10 — Type of customers Figure 11 — Air temperature and relative humidity

Figures 12 and 13 show the change in illuminance and CCT at measurement point
respectively. At 3 p.m. LED lighting installed inside of the light-emitting unit of the duct system
is turned on. Light from the daylight duct system increased CCT as well as illuminance.

The average number of customers per a table n,,. and the percentage of occupied table
time Py, are defined as follows,

N
_ =1 N
nave - N

(2)
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N
p i=1Li
occu —

N tobserv ( 3)

where

Nawe IS the average number of customers per a table;

n; is the number of customers at each table;
N is the number of tables;

Poccu is the percentage of occupied table time;
t; is the occupied table time at each table;

tobsery 1S Observation time.

1800 5000

1600 |
1400
§i1zoo-
5 1000 F
800 F

600 |
400 | Cloudy day Cloudy day

200 | Sunny day without duct - Sunny day without duct

0 S S — 2000 b—— v .
10 11 12 13 14 15 16 17 18 19 10 11 12 13 14 15 16 17 18 19

Time [hour] Time [hour]

Sunny day - Sunny day

/ 4000

CCT [K]

3000

Illuminanc

Figure 12 — llluminance Figure 13 - CCT

Figures 14 and 15 show the average number of customers per a table n,, and the percentage
of occupied table time, respectively. The area illuminated by the daylight duct system showed
a higher value of the average number of customers per a table, and a higher value of the
percentage of occupied table time, on sunny days with the duct system. The area illuminated
only by the electric lighting shows the highest value of both indices on cloudy days with
daylight duct, while area near the window shows the higher value of both indices on sunny
days without the daylight duct system.

[ illuminated only by the electric lighting (1) [ illuminated only by the electric lighting (1)
[ illuminated by the daylight duct system (Il) [ illuminated by the daylight duct system (ll)

[ near the window (ll1). [ near the window (lll).
10
o H60 —
Ke]
5 ® 8 — X 50 —
e __
© (0]
3.6 | « E 40 - ]
g — o=
=} [ —
€4 - - © 530
& £ ST 20| ] — -
Sc2 T u © 3.0l a
24 3¢
<%0 — ° 0
< = © Y= e 5
> < (6]
T2 T > 3 >0 T O > >
Tz = T e T > T g T
>s-S‘ > © 5 c = > ®© T o =
c - T o 2230 0o T O >335
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n =0 Ozo &@=z3 hEo O3 @:3
Condition Condition
Figure 14 — Number of customer per a table Figure 15 — Percentage of occupied table time
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4 Subjective experiment

4.1 Methods

The experiment was carried out from 9 to 11 a.m. on October 9th, 10th and 11th,
2012.Twenty-four students (5 males and 19 females) participated as subjects. Figure x shows
positions of the evaluation. There are four seat rows (Row (1)to (4)).

Semantic differential 7-point scale was used. As shown in Table 4 rating scales ask to
evaluate the appearance of the food while 8 rating scales ask to evaluate atmosphere of the
space. Four experimental conditions were tested: spotlight with daylight duct, spotlight without
daylight duct, no spotlight with daylight duct, and no spotlight without daylight duct. A subject
conducts the evaluation from all rows. Figure 17 shows subjects evaluating at the Row (2).
Between changing condition, subjects were asked to leave the restaurant and re-enter.

mOW (4)
v

| o o b
easurement point

Measurement point B

11 600 R [ RoW2) [ [

X0 L) DL LI L] [
T @@ Row (1)

|

i

|

|

||

| |

Figure 16 — Positions of subjects Figure 17 — Subjects in Row (2)

Table 3 — Rating scale

va;?:;ted Sf;f)tel?n Semantic Differential Ratings
Q1 Colour looks natural Colour looks unnatural
Appearance of Q2 Attractive Unattractive
food Q3 Warm Cold
Q4 Glossy Not Glossy
Q5 Comfortable Uncomfortable
Q6 Like Dislike
Q7 Bright Dark
Atmosphere of | Q8 Open Closed
space Q9 Cosy Not cosy
Q10 Glaring Not glaring
Q11 Relaxed Not relaxed
Q12 Warm space Cool space
4.2 Results

Table 4 shows average illuminance and CCT during experiment. Average air temperature was
22 degrees C (s.d.=1 degrees) while average relative humidity was 50% (s.d.=5%).
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Table 4 — llluminance and CCT during Experiment

Conditions Point A Point B
llluminance[lx] | CCT[K] |llluminance [Ix] |[CCTIK]
Spot light With daylight duct system 577.8 3110 733.2 3782
turned on Without daylight duct system 536.9 3026 461.8 3395
Spot light With daylight duct system 528.6 2966 778.1 3546
turned off Without daylight duct system 519.1 2946 554.1 3217

Figures18 and 19 show the results of the SD rating (average and standard deviation) at Rows
(1) and (2).When the spotlight was turned on, no significant difference in the ratings was
found between with the daylight duct system and without the daylight duct, either at Row(1) or
at Row(2).

With daylight duct @Without daylight duct *%1% *5%

Colour looks unnatural [Row (1) |[——® | Row (2) Colour looks natural
Unattractive | Attractive
Cold —te —+ Warm
Not glossy ‘ Glossy
Uncomfortable ‘ \;% ! Comfortable
Dislike B | Like
Dark 4 T Bright
Closed ‘ \ﬁ ! Open
Not cosy L Cosy
Not glaring e ! Glaring
Not relaxed ‘ T Relaxed
Cool space “A‘fﬂ Warm space

1 2 3 4 5 6 71 2 3 4 5 6 7
Figure 18— The result of SD ratings (when the spotlight was turned on)

With daylight duct @Without daylight duct *%1% *5%

Colour looks unnatural [Row (1) | —=24— | [Row (2) | —|# 1 Colour looks natural
Unattractive — | —4—— | Attractive
Cold KR —¢"—— | Warm
Not glossy | el —% " Glossy
Uncomfortable ?‘ * %f “— | Comfortable
Dislike — * —'| Like
Dark 4o | (% [ +# — Bright
Closed e f% *% %4\ —| Open
Not cosy 4 e Cosy
Not glaring - ‘ x| Glaring
Not relaxed — ‘ ' | Relaxed
Cool space T ! — 1 | Warm space

1.2 3 4 5 6 71 2 3 4 5 6 7

Figure 19 — The result of SD ratings (when the spotlight was turned off)

At the Row (2), when the spotlight was turned off, significant difference was found in some of
the ratings between with the daylight duct system and without the daylight duct system, as
shown in Figure 19.However at the Rows (1) (3) and (4), no significant difference was found
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between with and without the daylight duct system. The subjects at Row (2), who saw daylight
from the daylight duct system, feel the space more open, brighter, more comfortable and

preferable.

Table 5 shows the result of the factor analysis. Figure 20 shows biplot indicating scores of
Factor 1 and Factor 2. For the subjects at the Row (2), where the subject feel the most
uncomfortable, the space becomes more comfortable and the food becomes glossier when

the space has daylight duct.

Table 5 — The result of Factor Analysis (Rotation:Varimax)

Semantic differential ratings Factor 1 Factor 2 Factor 3
Like - dislike 0.866 0.132 0.141
Cozy- not cozy 0.852 0.017 0.051
Comfortable-uncomfortable 0.827 0.129 0.145
Open - closed 0.710 0.000 0.266
Relaxed — not relaxed 0.700 0.116 -0.236
Warm space — cool space 0.512 0.281 0.184
Colour looks natural — colour looks unnatural 0.448 0.360 0.100
Glossy — not glossy (food) 0.052 0.786 0.069
Warm — cold (food) 0.163 0.728 0.063
Attractive —Unattractive (food) 0.069 0.690 0.174
Bright - dark 0.471 0.058 0.745
Glaring — not glaring -0.023 0.197 0.522
Contribution 32.29% 16.02% 9.00%
Accumulated contribution 32.29% 48.31% 57.31%
Glossy . .
0.5 B Row (1) spotlight-on with duct
/D A Row (1) spotlight-on without duct
T [0 Row (1) spotlight-off with duct
1 A m A Row (1) spotlight-off without duct
A il B Row (2) spotlight-on with duct
A o L A o A Row (2) spotlight-on without duct
% 1o B ol A ST '1 y O Row (2) spotlight-off with duct
T ' ATH T A Row (2) spotlight-off without duct
T [ | @ Row (3) with duct
1 A Row (3) without duct
1 B Row (4) with duct
Not glossy 05 A Row (4) without duct
Uncomfortable Comfortable
Factor 1

Figure 20 — Factor score of each condition

128

CIE x039:2014



Iwata, T. et al. EVALUATION ON VISUAL ENVIRONMENT IN A FAST FOOD RESTAURANT EQUIPPED WITH ...

5 CONCLUSION

In order to identify the effect of the daylight duct system on the visual environment,
performance measurements of the daylight duct system, an investigation of customer
behaviour and an in-situ subjective experiment was carried out in the fast food restaurant with
the daylight duct system. The following conclusions were obtained:

1. The measurement and calculation showed that only 40% of the luminous flux that passes
through the light-collecting and light transfer units is ultimately emitted from the light emitting
unit.

2. Due to the materials employed in the fabrication of the duct system, the spectral power
distribution of daylight was not affected.

3. On a sunny day, customers preferred tables that were illuminated by the daylight duct
system over tables illuminated by electric lighting only.

4. Subjects seated in the row, which is directly opposite the areas illuminated by the daylight
duct system, found the space much more preferable with the electric lighting off and the
daylight duct system in place.
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Abstract

In order to properly evaluate the impact of daylight on human beings, materials, room
appearance and energy conservation, it is required to generate data sets of long term
spatially resolved spectral power distribution measurements of daylight. At the Technical
University of Berlin, different measurement approaches were analysed and used to select a
sky scanner that will be operational on site from summer 2014 onwards. The acquired, long
term, measurements on orientation-depending daylighting conditions will be used to create
data sets for research, lighting design and product development. Additionally to that, the
collected information allows for further develop of equipment to obtain spectral characteristics
of sky patches.

Keywords: Daylight, Orientation, Sky Patches, Spectral Sky Measurements, Sky Scanner

1 Introduction

Information about the spectral distribution of daylight is very relevant in the evaluation of the
impact of daylight on human beings, materials, room appearance and energy conservation, for
example to allow performance assessments of new technologies such as spectral selective
fenestration materials or to determine the resulting non-visual effects of daylight in indoor and
outdoor premises. To date, the typical attributes to describe the colorimetric characteristics of
daylight are correlated colour temperature and spectral power distribution. In 2013, a project
started at Berlin University of Technology to look into long term spectral power distribution
measurements of sky patches, to create data sets with spatially and spectrally resolved
daylight conditions. These data will offer the possibility to consider orientation-depending
daylighting conditions in research, lighting design and product development. This paper
analyses the different approaches to perform spatially and spectrally resolved measurements
and motivates the chosen implementation at Berlin University of Technology.

1.1 Daylight spectral power distributions

In 1964, Judd et al. looked into typical daylight spectral power distributions based on 622
spectral measurements of skylight with and without sunlight conducted in Rochester (US),
Enfield (UK) and Ottawa (CA). They indicated that the chromaticities of daylight lay on a curve
more or less parallel to the Planckian curve in the CIE x,y chromaticity diagram. Judd et al.
proposed a method for reconstruction of daylight spectral power distributions between 300 —
830 nm by means of three functions and two factors based on the chromaticity coordinates of
the daylighting condition, which was adopted by the CIE to represent the spectral
characteristics of outdoor daylighting conditions (CIE 1967, CIE 2004). Research showed that
the linear model of the CIE with three dimensions gives a good estimate, especially between
330 and 700 nm (e.g. in Hernandez-Andrés et al. 1998). To achieve higher accuracy and
include UV or near IR a minimum of seven dimensions is required (e.g. Hernandez-Andrés et
al. 2001).

In 2004, Chain compared measured (1°, spot meter) and calculated spectral power
distributions (380 - 780 nm) of sky patches with correlated colour temperatures in the range of
4 000 and 50 000 K. The results confirmed that the CIE method to construct spectral power
distributions for daylight phases based on chromaticities is reliable for sky patches as well,
and only slightly inaccurate for both ends of the visual spectrum (395 nm and > 650 nm).
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Judd et al. (1964) found a variation in the above mentioned subsets of spectral measurements
within the range of 330 — 400 nm and concluded that the ultraviolet content of daylight is
poorly correlated with correlated colour temperature. By lack of available measurements, the
authors extended the spectral distribution between 300 and 330 nm and beyond 700 nm
based on Moon’s data for spectral absorbance of the earth’s atmosphere. CIE (2004) stated
that variations in the daylight spectral power distribution related to season and geographic
location are found, especially for the ultraviolet spectral region (e.g. by Kok et al. 1978, Kok et
al. 1979, Dixon 1978). As the short wavelength contribution is of specific interest for the non-
visual effects of lighting and the degradation of materials, the reconstitution of spectral power
distribution as adopted by the CIE (1967) needs to be verified and extended. CIE (1994)
recommends to consider to extend spectral measurements with the range between 280 and
380 nm (UV-B and UV-A).

The available daylight spectral power distributions are partly based on measurements
combining diffuse (skylight) and direct light (sunlight) (e.g. the data set of Condit and Grum
(1964) used in Judd et al. (1964) and already discussed in Hernandez-Andres et al. (2004)).
Yet, the correlated colour temperature and the resulting spectral characteristics differ:

e skylight including sunlight: typically between 6 000 and 7 000 K (e.g. CIE 2013, based on
work by Taylor and Kerr; Collins 1965),

e daylight from an overcast (north) sky: between 4 600 and 8 500 K (e.g. Henderson and
Hodgkiss 1963; Nayatani and Wyszecki 1963)

e skylight from a clear (north) sky: between 5 000 and 25 000 K (CIE 2013), 40 000 K
(Henderson and Hodgkiss 1963) up to 100 000 K (Nayatani and Wyszecki 1963)

Hernandez-Andrés et al. (2003) indicated that the sky’s luminance and spectral distribution is
asymmetric and total differences of AE up to 160 can be found. Within the ultraviolet range,
spatial variations in the spectral power distribution are found as well (e.g. Cordero et al. 2013;
Blumthaler et al. 1996).

Resulting, the colorimetric characteristics of a specific region of the sky are of interest, when
considering the wavelength dependent daylight contribution on a tilted plane or in a room.

1.2 Need for spatially and spectrally resolved daylight measurements

To get a better insight into the non-visual effects of daylighting, the degradation of materials
or the functionality of spectral selective fenestration materials it is required to evaluate the
(indoor) daylighting conditions with the appropriate lighting properties, representative for the
prevailing sky conditions. For indoor applications, the indoor daylight illuminants as
formulated in CIE (2009) are inadequate for this purpose, being derived for D50 and D65 only,
with an average angle of incidence, an average thickness of glass and average spectral
transmission factor.

Next to the (integrated) daylight and solar radiation measurements already typically monitored
by daylight measuring stations, such as the International Daylight Measurements Program
(IDMP) stations, orientation depending information is required. In order to consider different
spectral weighting functions for non-visual effects of lighting (Lucas et al. 2014) or spectral
selective transmission functions for fenestration materials, the actual daylight spectral power
distribution is desired to describe the outdoor illuminant more accurately and to address
requests from the lighting community looking into research, design and technology
development.

2 Review of existing approaches

A literature review identified different approaches to conduct spatially and spectrally resolved
measurements. The presented approaches are representative for the bandwidth of available
solutions. The solutions look into characteristics of patches of the sky hemisphere: spectral
power distribution (SPD), sky radiance (L.) or the contribution of specified wavelengths. All
reviewed solutions can conduct a complete measurement series within 10 minutes. In some
cases the spectral approach can be separated from the spatial approach and could be cross-
linked with others. Spatially resolved solutions optimized for a specific weighting function are
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not included in the review. Global and orientation dependent measurements as addressed in
the introduction of this paper are also not included.

2.1 Sky radiance L¢,200-1100 nm

As a measuring instrument for solar radiation dependent applications, such as daylight control
and harvesting systems, the University of Paderborn developed a ‘Solar Igel’ (solar
hedgehog) to monitor sky radiance, L., distribution (Bendfeld et al. 2000). The measuring
instrument has 135 fixed sensors with an aperture angle of 14,5°, which allows a high
coverage of the sky, with some overlap in sky patches (see Ineichen 2007). Irradiance, as
well as global and diffuse irradiance on the horizontal plane, is measured every second, and
one-minute average values are saved. Irradiance is measured within 200 and 1100 nm. The
advantage of this solution is the scan time as well as the robustness of having no moving
parts. On the other hand, a large number of sensors is needed and calibration is time
consuming, as each sensor has to be calibrated individually. The installation needs to be
monitored on pollution. At this stage, only integral measurements are conducted, and spectral
measurements would require a large number of more expensive sensors.

2.2 SPD2g¢-550nm and specified wavelengths

Spatially resolved sky radiance measurements within the short wavelength range have been
performed by a number of researchers. Two recent examples can be found in Cordero et al.
(2013) and Sandmann and Stick (2014). In both cases, a double monochromator
spectroradiometer was used, placed in a temperature controlled box, with a fiber optic and a
(collimator) tube realizing an opening angle of 4,5° (4,84 x 10°° sr) and 5° (5,98 x 10.3 sr)
respectively. In both cases the input optic was automatically pointed to the positions to be
measured, using a scanner or a two axis positioner.

Cordero et al. (2013) measured 79 points (including at the zenith) in a single-wavelength scan
(e.g. 320 and 400 nm). A complete single-wavelength scan of the sky hemisphere took
approximately 4 minutes. In the second type of scan, in which the spectral irradiance was
measured within a bandwidth of 290 — 550 nm at 1 nm intervals for two points on horizon
height (land and sea) and at the zenith. A spectral irradiance scan took approximately 5
minutes.

Sandmann and Stick (2014) included 107 predetermined positions on the sky hemisphere, as
well as the actual position of the sun in the measurements. Each measurement took
approximately 5 seconds, resulting in a total of 9 minutes per sky scan. Radiance was
measured at 307, 350 and 550 nm, spatial radiance distributions of the sky hemisphere were
derived by inverse distance weighted (IDW) interpolation method.

(Double) monochromator measurements are highly accurate, but time-consuming when scans
of the complete sky hemisphere are required.

2.3 Reconstruction of SPD3g9-780nm

Research by Hernandez-Andres et al. (2004), based on work by Min and Harrison (1998) has
shown that the input of three specified Gaussian sensors is sufficient to reconstruct daylight
and skylight spectral power distributions within a spectral range of 380 — 780 nm. This is used
by the authors to develop a trichromatic CCD camera with a fish-eye lens (e.g. Lépez-Alvarez
et al. 2008), allowing a sky scan within a time frame smaller than 1 second. A comparison of
measurements with a spectroradiometer in many different situations and those obtained with
the CCD camera show that the CCD measurements are, according to the author, reliable
enough to obtain normalized spectral power distributions, but cannot be used for absolute
radiometric information.

Tohsing et al. (2014) also used a compact camera with a fish eye lens (field of view 183°) and
three channels, red, green and blue, with a maximum response at 602, 527 and 441 nm
respectively, to reconstruct spectral power distribution and to derive spectral sky radiance.
The results were compared with measurements of 113 sky patches collected with a CCD
array spectroradiometer system. A deviation of less than 20% was found for the spectral sky
radiance and (reconstructed) spectral power distributions between 380 and 760 nm under all
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sky conditions. The authors conclude that the RGB system provides reasonable accurate and
reliable information.

Cameras have a short scan time and high robustness due to the fixed position of the system,
without moving parts. The accuracy of reconstructed spectral power distributions is not
acceptable for all applications.

2.4 Specified wavelengths

Spectral and spatial radiance measurements within the visible spectral range were already
proposed and performed by Dehne in 1971. In his research, Dehne used a sky scanner
equipped with a light-beam oscilloscope using a flexible optical conductor with an aperture
angle of 2 x 4,9° to obtain radiance measurements for 409, 561 and 620 nm. Model
measurements were conducted, but no long term monitoring has been published in literature.

2.5 Reconstruction of SPD3gp.780nm With sky luminance

Chain (2004) conducted a large number of manual measurements with a spectroradiometer
with an aperture angle of 1° in 77 measuring points at the sky hemisphere. Cloud coverage
was determined through pictures made before and after the series of measurements, the sky
luminance in 145 sky patches according to Tregenza (1987) was derived at the nearby IDMP
station. To that, Chain included one year measurements for an aperture angle of 20° in 4
orientations and pointed to the zenith, each 10 minutes.

From these measurements, Chain proposed a novel approach for implementation of spectral
and directional characteristics of daylight in lighting design (described in Chain et al. 2003,
Chain 2004). In this approach a LCF factor (luminance to correlated colour temperature) was
introduced, depending on sun height (linear), and sky type, brightness and clearness
according to Perez (logarithmic). The resulting correlated colour temperature is used to
reconstruct the spectral power distribution (Chain et al. 1999). This approach was validated
within the research of Chain (2004). The author concludes that it provides reasonable
accurate information, and spectral characteristics could be derived from sky luminance
measurements.

Luminance sky scanners are already in place in daylight measuring stations, and researchers
as well as the community working with high-end daylighting simulations tools are experienced
in using acquired luminance data sets. The approach to reconstruct spectral power
distributions from these luminance data, combined with information on sky type and clearness
is not implemented in daylighting simulation tools up till now. Further validation of this
approach seems to be necessary.

2.6 SPD250 and 874 nm

Kémar et al. (2013) constructed a portable sky scanner to obtain measurements that are used
to determine relative indicatrix functions and relative gradation of sky luminances to compute
diffuse irradiance on arbitrary inclined surfaces. The sky scanner, with an aperture angle of
11°, is equipped with an array spectroradiometer with a spectral range of 250 to 874 nm,
realized by using neutral density filters. A complete scan of 145 sky patches of the
hemisphere takes about 5 minutes. The authors estimate a maximum measurement
uncertainty of 11%, due to measurement uncertainties in the spectroradiometer’s calibration
and the determination of the filters’ transmittance and stray light, as well as the effect of using
the entire measuring system on a tripod. Detailed spectral information is not available for the
public up till now.

A similar set up was used by Leers et al. (2011); a sky scanner with a spectrometer to obtain
spectral measurements within an aperture angle of 5° in 61 positions distributed over the sky
hemisphere.

The sky scanners use an array spectroradiometer, allowing fast sky scans with an appropriate
accuracy in the visible spectral range. A scan scanner has moveable parts and can be
expected to be less robust.
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2.7 Summary

In principle, different levels of spatially and spectrally resolved solutions can be found in the
literature. One can distinguish by the used

e mechanics: a moving construction (sky scanner, two axis positioner) or a fixed
construction (CCD camera, Solar Igel), and

e measuring equipment: RGB sensors, a (double) monochromator or an array spectro-
radiometer.

Typically, the spectral power distribution between 380 and 780 nm is determined by actual
measurements of the complete range or through reconstruction. Spatially resolved
measurements in the short wavelength range are typically focusing on a few wavelengths.

3 Spatially and spectrally resolved daylight measurements at TUB daylighting
measuring station

From summer 2014 onwards, spatially and spectrally resolved data for daylight will be
collected at the lighting measuring station at the Berlin University of Technology (TUB). The
collected data will be used for the following projects:

1) Characterization of spatially and spectrally resolved daylight conditions to create data
sets that can be used in simulations tools, to

2) support healthy lighting design and development of spectral selective products.

3) Further development of measuring equipment to assess the required spatially and
spectrally resolved characteristics of daylight.

The following requirements were drawn up for the measuring equipment to be installed at the
daylighting measuring station at the TUB.

Spatially resolved — In line with recommended practice for luminance measurements (CIE
1994), bidirectional measurements of complex fenestration systems (e.g. Boer 2006; Aydinli
and Kaase 1999) and the use of sky models in software tools such as Radiance (e.g. Ward et
al. 2011; Mardaljevic 2000), a subdivision of the sky hemisphere in 145 sky patches according
to Tregenza (1987; CIE 1994) is adopted for this purpose. CIE (1994) suggests a field of view
of 11°, and indicates that smaller aperture angles can be used as differences in mean values
are expected to be very small.

Spectrally resolved — The majority of projects at the TUB require a spectral range of 320 —
830 nm, essential to determine indoor daylighting conditions, the non-visual response to light
as well as the performance of spectral selective products. As stated before, the CIE (1994)
recommends to include measurements up to 280 nm. This project will consider the actual
daylight spectral power distribution within the range of 280 — 830 nm to describe the outdoor
illuminant more accurately.

As stated before, Hernandez-Andres et al. (2004) found that the input of three specified
(optimum spectral position and bandwidth) Gaussian sensors is sufficient to reconstruct
daylight and skylight spectral power distributions within a spectral range of 380 — 780 nm with
a linear recovery algorithm.

With respect to the short wavelength spectral range, a number of approaches can be found.
Min and Harrison (1998) looked into reconstruction of spectral power distributions from a
multifilter narrowband, addressing accuracy and uncertainty due to measurement and
calibration errors. Davis et al. (2005) and Wang et al. (2006) report of reconstruction of the
UV spectral power distributions based on irradiance measurements for seven specific
wavelengths (300, 305, 311, 317, 325, 332,and 368 nm) with a Multiple Filter Rotating
Shadow band Radiometer (UV MFRSR). With an advanced neural network-based model,
Feister et al. (2005) derived solar spectral irradiance from five narrowband irradiance
measurements collected with a UV spectroradiometer on a filter model basis (UV-
SPRAFIMO).
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Resulting, three different approaches could be applied to determine the spectral distribution of
daylight within 280 and 830 nm, using:

1) spectral irradiance or radiance measurements over the complete bandwidth,

2) daylight chromaticities or measurements with three specified sensors to reconstitute
the spectral power distribution between 380 — 780 nm, combined with high precision
spectral measurements within a bandwidth of 280 and 380 nm.

3) a total of up to 10 specified measurements for the reconstruction of both ranges; three
for the visible spectral range combined with five to seven narrow band measurements

To allow for radiometric, photometric, and colorimetric evaluation, spectral irradiance or
radiance measurements are preferred at this moment over the reconstitution of daylight
spectral power distribution. The spectral irradiance, Eg; 11-, is to be measured within a
maximum solid angle of 0,0289 steradian (11° aperture angle), for a bandwidth of at least 320
— 830 nm, with a possible extension to 280 nm, which will provide the spectral radiance L, of
145 pre-defined sky patches.

For the daylighting measuring station at the TUB, the following of the above mentioned
approaches were considered:

e the Solar Igel mechanics, because of its robustness. Increasing the number of sensors up
to 145 and reducing the aperture angle, results in an appropriate spatial resolution of
measurements. Requiring 145 measuring units to assess the spatially and spectrally
resolved power distribution, a cost effective sensor or a combination of cost effective
sensors to reconstruct spectral power distributions needs to be looked into.

e the reconstruction of spectral power distributions from sky luminance measurements as
proposed by Chain. A luminance sky scanner is already in place at the measuring station
of the TUB.

e the sky scanner as already used extensively for sky luminance measurements, and
adopted for spectral measurements by Kémar et al.. Only one single sensor or sensor
head is required, which can be more costly, to achieve high quality or to use a sensor
tailor made to the specifications of the project. Depending on the used measuring
equipment, fast sky scans can be performed.

The first two solutions need further validation or development, and seem to be suitable for
spectral analysis within the visual spectral range only. Therefore, the sky scanner solution is
preferred at the moment. Detailed measurements acquired with this measuring equipment will
give further insight into the development of the Solar Igel approach as well as the Chain
reconstruction based on luminance measurements. This will allow the development of more
robust and / or faster measuring equipment.

The sky scanner solution, which will collect data for 145 sky patches, will be provided with
measuring equipment fulfilling the specifications within the project. Typically, spectral
measurements including the short wavelength spectral range are conducted with a (double)
monochromator to achieve high precision, with a considerable measuring time. Alternatives
are broadband instruments, multi-channel filter instruments and array spectroradiometers.
Broadband instruments do not provide spectrally resolved measurements, and multi-channel
filter instruments require the reconstruction of spectral power distributions as discussed
before. Array spectroradiometers allow fast measurements and have therefore been
discussed in recent literature as an alternative for the monochromator solution. Array
spectroradiometers suffer from stray light from the longer wavelength regions which especially
affects the measurements in the short wavelength range (typically < 300 nm according to
Seckmeyer et al. 2010). Blumthaler et al. (2013) give guidelines relevant for the application of
array spectroradiometers for this purpose, including measurements that should be repeated
on a regular basis, such as measurements for stray light over the whole spectral range and
the spectral structure of the dark signal.

To allow the possibility to combine measurements of a luminance sky scanner available at the
measuring site of TUB, the recommended time frame for Iuminance distribution
measurements according to CIE (1994) was adopted. Spectral measurements should be
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made (at least) every 30 minutes centred at 15 and 45 minutes after the hour. The duration of
the complete sky scan should be as short as possible, for luminance measurements CIE
recommends an upper limit of 2,5 minutes. Within this time frame, a sky scan of 145 patches
for a spectral range from 320 — 830 nm with wavelength intervals from 2 nm to 5 nm is not
feasible with a (double) monochromator. Therefore it was decided to use a single array
spectroradiometer in the set up.

3.1 Description of the spectral sky scanner

The spectral measurements will be performed with an array spectroradiometer (Zeiss Multi-
Channel-Spectrometer MCS CCD with a Hamamatsu back-thinned CCD) using a maximum
step size of 5 nm between 280 and 980 nm. The input optic has an aperture angle of 10°
(0.0239 steradian). The spectroradiometer measures the spectral irradiance, Eg) 10-, Which will
provide the spectral radiance L.;,. To operate the device under stable temperature conditions,
it is placed in a temperature-controlled box.

A sky scanner based on a two axis goniometer was chosen for this project. The sky scanner
(by Czibula & Grundmann) is functionally identical to the PRC Krochmann sky scanner for
luminance measurements already available at the daylighting measuring station (see Figure
1). This is allows for comparison between measurements. The axial range of rotation is 180°
vertically and + 90° horizontally, realized through vertical rotation of the optic housing and
horizontal movements of the spectroradiometer. 145 sky patches according to Tregenza are
covered within one scan across the sky hemisphere, which takes about one minute, with a
longer duration for twilight. Sky patches in the vicinity of the sun will not be taken into
consideration to prevent inaccuracy due to scattered light within the instrument, as well as to
protect the photocell.

Figure 1 — sky scanner at the daylighting measuring station, Berlin University of Technology
4 Discussion and Outlook

The chosen measuring equipment has also drawbacks. At this stage, the majority of projects
at the TUB require a spectral range of 320 — 780 nm, but an extension of the spectral to 280 —
830 nm is considered to describe the outdoor illuminant more accurately. As stated before,
array spectroradiometer can be inaccurate in the short wavelengths range. Given guidelines
for the use of array spectroradiometers (e.g. Blumthaler et al. 2013) will be taken into
consideration. In order to validate these measurements, a monochromator equipped with a
fiber optic and a tube with apertures realizing an opening angle of 10° will be used to measure
the spectral irradiance, Eq; 10-. The monochromator will be fixed and pointed to a pre-defined
sky patch in the upper part of the sky hemisphere, as the radiance at the zenith tends to be
higher than at the horizon for shorter wavelengths (Cordero et al. 2013). The measurement
sequences of the monochromator, the spectral sky scanner as well as the luminance sky
scanner will be aligned in time, to ensure data sets that can be combined and compared.

In comparison to the monochromator and luminance sky scanner, the array spectrometer has

a higher detection threshold. This needs to be taken into consideration for measurements
during twilight. Threshold irradiance values to obtain accurate measurements will be
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determined in a laboratory setting. Integral irradiance measurements derived with the existing
luminance sky scanner will be used to get insight in these threshold values, their frequency,
and the impact as well as relevance for running and future projects at TUB.

The measurements obtained from summer 2014 onwards will be used to provide data sets for
research, lighting design and product development. Next to that, the measurements will
provide information for further development of measuring equipment to assess the required
spatially and spectrally resolved characteristics of daylight. Firstly, equipment with reduced
complexity will be looked at. In this, the previously mentioned luminance approach of Chain,
the Solar Igel of the University of Paderborn, as well as the possibilities of using a simplified
sensor head that allows reconstruction of a wide spectral range with a total of up to 10
specified measurements, will be considered. The latter could be considered for the second
approach in development of measuring equipment for this purpose, focusing on a broader
spectral range, an increased accuracy and a higher sensitivity to also address twilight
conditions. In the near future, this project will provide reliable and detailed data sets for a
large variety of applications, to evaluate the orientation-depending impact of daylight on
human beings, materials, room appearance and energy conservation.
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Abstract

We discuss the impact of a light source’s spectral power distribution (SPD) on the rendering
of white objects containing fluorescent whitening agents. We put forth a formula to quantify
the whiteness of an object under sources of arbitrary correlated colour temperature (CCT). We
show that standard white LEDs don’t render enhanced whiteness, but that violet-pumped
white LEDs can. Finally, we argue for the necessity of a source whiteness metric and discuss
some of the aspects of such a metric.

Keywords: Whiteness rendering, Optical Brightening Agents, Fluorescent Whitening agents,
Colour fidelity, Light-emitting Diodes, Quality of light.

1 Whiteness enhancement and fluorescent whitening agents

The strive to obtain ever-purer white materials is centuries-old. The first step to obtain a bright
white colour is to remove any absorption in the material, for instance by a bleaching process.
However, it was realized early on that slight chromatic shifts could further enhance the
perception of whiteness: an object with a slight bluish tint usually appears whiter to an
observer than a material with a similar reflectance but no tint. For this reason, small amounts
of yellow-absorbing dyes have been added to some white materials.

The ability to manufacture white materials leapfrogged in the middle of the last century, when
Fluorescent Whitening Agents (FWAs, also called Optical Brightening Agents) were
discovered [KRAIS29]. FWAs are fluorescent particles which absorb short-wavelength
radiation (SWR) in the ultra-violet and violet range (A<430nm), and emit blue light around 440-
480nm. A white object containing OBAs can thus absorb the short-wavelength radiation
emitted by natural sources and undergo a chromatic shift towards the blue (together with a
slight luminance increase) which results in a pronounced perception of whiteness. Fig. 1
qualitatively illustrates this effect, which we will call “enhanced whiteness”.

FWA luminescence

100%  F---o e N

FWA absorption

Reflectivity

\ 4

400 500 600 700
A (nm)

Figure 1 — Sketch of reflectance for a non-fluorescent white material (dotted line) and of
total radiance factor for a FWA-containing white material (solid line).
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Because enhanced whiteness produces such a strong visual effect, there has been a vigorous
effort from various manufacturing industries to integrate and optimize FWAs in white objects.
They are now common in papers, plastics, fabrics, laundry detergents...

To quantify enhanced whiteness, manufacturers were in need of a metric. A research effort in
the past century led to the derivation of various formulas [GANZ79, GRIESSER94]. Perhaps
the best-known metric today is the CIE Whiteness formula [CIEO04]:

Wi =Y, +800(X, 1 — Xi0) +1700(Y, 10 — ¥10) (1)

Where:

W10 is the whiteness;

Y10 is the Y-tristimulus value of the object under standard illuminant D65;
X-Yn 10 are the chromaticity coordinates of D65;

X-Y10 are the chromaticity of the object under consideration illuminated by D65.

The subscript 10 indicates that all quantities are computed with the 1964 10° colour-matching
functions (CMFs). The use of D65 as the light source is in part due to the fact that many
whiteness perception experiments were undertaken in daylight settings. Intuitively, this
formula measures a chromaticity shift away from D65 and towards the blue direction; larger
shifts correspond to higher whiteness.

The amount of FWA incorporated in white materials is used to modulate the perceived
whiteness — from FWA-free objects with a somewhat ‘cream’ white to heavily FWA-loaded
objects with a very strong enhanced whiteness; in fact, an excessive amount of FWA leads to
a perceived blue tint, thus limiting how far enhanced whiteness can be harnessed. For
instance, FWA-free papers can reach W,,~90 while FWA-loaded papers can reach W,~140-
150.

2 Impact of the source spectrum on whiteness

FWAs are activated by SWR. Therefore, for a given FWA loading, the whiteness enhancement
is governed by the amount of SWR)in the source’s SPD. As discussed in [ZWINKELS11,
DAVID13], and as we will show below, this is an important effect: sources with no SWR are
unable to render whiteness enhancement.

2.1 D65 and similar sources

The original CIE Whiteness metric was developed for outdoor daylight (approximated by
standard illuminant D65). However, it was soon realized that D65 was poorly representative of
indoor conditions. The amount of SWR indoors is lower, for instance due to absorption by
glazing. Therefore, a second Whiteness metric (Indoors Whiteness) was developed using
standard illuminant C instead of D65 [CIE10]. Because the chromaticities of both illuminants
are similar, the coefficients of the whiteness equation were unchanged — in other words, the
same chromatic shift is relevant for both illuminants.

More generally, one may consider a series of sources metameric with D65. For these, it is
natural to expect that the amount of short-wavelength radiation modulates the whiteness
enhancement, and use of the CIE whiteness formula (using the new SPD instead of D65) is
intuitively straightforward.

2.2 Whiteness at other CCTs

For sources at a different CCT however, the CIE whiteness formula can’t be trivially applied
and requires some adaptation. In [DAVID13] we proposed such an approach which we briefly
summarize below.

First, we recall that CIE Whiteness has an underlying geometric interpretation [GRIESSER94]:
the formula follows the general form:

W =Y —w-cos(n7 + @)/ cos(p) - (X — X,) — @ -sin(n + @) [ cos(p) - (Y — ¥,) (2)
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Where:
w is the whiteness;
Y is the Y-tristimulus value of the object under the source;

w, ¢ are coefficients chosen to fit experimental data;

n is the direction of whiteness enhancement (e.g. toward 470nm on the spectrum locus);

X-yo are the chromaticity coordinates of the source;

x-y  are the chromaticity of the object under consideration illuminated by the source.
In essence, the formula measures a chromatic shift toward the blue and rewards it with proper
coefficients. Thus, pending some assumptions (namely that w and ¢ are CCT-independent), it
is possible to repeat this geometric construction at other CCTs and produce new coefficients
for the whiteness formula. Fig. 2 illustrates this ‘geometric translation’ of the whiteness
formula. This adapted formula is expected to predict the whiteness perception of an object
under a light source of arbitrary CCT (and SPD).

0.8
0.7

0.6

Direction of whiteness

05 enhancement

0.4

0.3

0.2

0.1

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Figure 2 — lllustration of the geometric nature of the CIE Whiteness formula, and of its
generalization to other CCTs.

We note that Eq. (2) makes no prescription regarding which CMFs should be used. However,
as will be discussed further, additional work points toward the use of 10° CMFs for good
agreement with experimental data [HOUSER14].

As an illustration of the formula, we consider a specific white object: a whiteness standard
manufactured by Avian Technologies having W,,=140. We characterize this object by
bispectral reflectance [ZWINKELSO08], so that we can compute its luminance under any source
[DAVID13]. Using our formula, we can then compute the whiteness of this object under
blackbody (BB) radiators of various CCTs. The result is shown on Fig. 3.

We see that for low CCT<2000K, the whiteness saturates at a value of about 90 - this is
simply the Y-tristimulus value of the object in the absence of fluorescence, since low-CCT
BBs contain very little SWR and cannot excite FWAs substantially. At higher CCT however,
the amount of SWR increases and fluorescence is induced, thus increasing whiteness. At
5000K whiteness reaches 150 (this is higher than the CIE whiteness of the object, because a
5000K BB has more UV radiation than D65). (Incidentally, we note that the predictions of Fig.
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3 are not fully accurate for the highest CCTs since our bispectral reflectance characterization
stops at 360nm, whereas high-CCT BBs have radiation at shorter wavelength).

160

140

120

Whiteness

100 |

80 1 1 1 1 1 1
2000 3000 4000 5000

Source CCT (K)

Figure 3 — Predicted whiteness of a whiteness standard (W;,=140) under blackbody
radiators of various CCTs

2.3 The issue of white LEDs

Therefore, as a general trend, natural sources of higher CCT induce more enhanced
whiteness. This effect is already sizeable for warm-white sources of CCT 2700-3000K, as
seen on Fig. 3. In other words, standard incandescent and halogen lamps are expected to
induce a noticeable whiteness enhancement.

However, the same is not necessarily true for other light sources of similar SPD. Specifically,
let us consider a typical blue-pumped white LED (BLED) made of a blue-emitting die and two
down-converting phosphors. The SPD of such a source is shown on Fig. 4: it hardly contains
any SWR below 430nm, and therefore can’t excite FWAs. This is in contrast to a BB of the
same CCT. This issue was first described in [ZWINKELS11], and discussed in detail in
[DAVID13]. We argue that this issue is substantial: the science and engineering of FWAs has
been refined for decades to obtain white objects with preferred rendering which are ubiquitous
in our everyday life; it is clearly problematic to introduce light sources which significantly
distort this rendering. As shown in [DAVID13], the corresponding colour error is indeed
substantial: up to 8Du’v’ points between a halogen lamp and a BLED at 3000K!
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Figure 4 — SPDs of 3000K sources, all scaled for equal lumens. Dashed: blackbody.
Dotted: BLED. Solid: VLED.
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Fig. 4 also shows our proposed solution to this issue: the use of violet-pumped white LEDs
(VLEDs) with a redesigned SPD whose violet emission (A~415nm) can excite FWAs.

We can use our proposed whiteness formula (Eq. (2)) to check that VLEDs can be designed to
render enhanced whiteness. To do so, we once again consider the whiteness standard of
Section 2.2 and compute its perceived whiteness for various VLEDs where the violet content
is varied. We define the violet emission as the fraction of the SPD in the range 400-430nm. As
shown on Fig. 5-a), the chromaticity of the whiteness standard is shifted towards the blue
direction as violet emission increases. The corresponding whiteness is shown on Fig. 5-b): as
expected, whiteness increases with violet emission. For about 8% violet emission, the
whiteness of a 3000K BB is approximately matched.

a) 0415 b) 135
1% 125
,‘y. BLED q\,}go
/0 .
0.405 w B o e e e== —
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(]
4% . y ) - 4 /
> // £ 105
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o~ BB// ; //
0.395 95
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8%@ 7 L _‘f._' ____________
7/
s BLED
10%g 85
Z
2
0.385 75 : : : : ‘
0.42 0.43 0.44 0.45 0% 2% a% 6% 8% 10%
X Violet content

Figure 5 — a) Chromaticity of the whiteness standard under various 3000K sources. Ref:
chromaticity of a 3000K blackbody. BB: chromaticity of the standard under BB
illumination. BLED: chromaticity of the standard under BLED illumination. x%:

chromaticity of the standard under illumination by a VLED with x% violet emission. b)
Corresponding whiteness according to Eq. (2). For VLEDs, whiteness increases with
violet emission.

Therefore, we see that a proper design of the SPD of an LED source enables rendering of
enhanced whiteness, and even a rendering similar to a standard halogen lamp.

3 Whiteness perception — experimental results

The above discussion is based on theoretical arguments. To assess their validity, a
psychophysical experiment was performed in the Lighting Laboratory of the Department of
Architectural Engineering at Penn State University. The results are presented in details in
[HOUSER14]; we offer a partial summary here.

3.1 Experimental protocol

Thirty-nine participants within the range 19-25 years and normal colour vision were recruited
for the experiment: 20 Caucasians, 17 Asians, and 2 Hispanics; 21 males and 18 females.
Most of them were university students but none of them were studying lighting.

Two identical booths with dimension of 0.53m x 0.53m x 0.78m were built adjacent to each
other for the three tasks included in the experiment: forced choice, selection, and sorting.
Here, we only discuss the sorting task — the other experiments can be found in [HOUSER14].

In this task, five lamp types with a nominal CCT of 3000K were used to provide five light

settings: a filtered halogen lamp, a typical BLED, and three VLEDs with 2.5%, 5% and 6.5%
violet emission. Due to the use of a diffuser to homogenize luminance distribution in the
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booths, the UV radiation of the halogen lamp was reduced, thus decreasing its ability to excite
FWAs by a factor 2-3 (hence the label 'filtered' halogen).

The independent variable was the spectrum of the light setting, which had five levels with one
for each lamp type. Six whiteness standards were placed in random order in one booth under
a light setting (Fig. 6). These are analogous to the standard previously discussed, but they
have various levels of CIE whiteness. We label them as W82, W102, W108, W115, W128 and
W141 according to their CIE Whiteness.

Figure 6 — Picture of a booth with six whiteness standards, illuminated by the 6.5%VLED

Each participant was asked to arrange these six targets based on their whiteness appearance
under each of the five lamp types with a horizontal illuminance at 300 lux. Under each light
setting, the participant was required to observe these targets for 30 seconds before making
arrangement, so that they were chromatically adapted to the illumination. There was a three-
minute washout period between two light settings, during which the participant sat outside the
experiment room and the experimenter recorded the arrangements made by the participant
under the previous light setting, rearranged them in random order, and changed the light
setting to the next. In order to counter a possible positional bias associated with the side-by-
side booths, 20 participants finished the sorting task under five light settings in the left booth;
the other 19 finished that in the right booth. The dependent variable was the rank of each
standard arranged by participants.

3.2 Results

The order of the six targets arranged by each participant under each light setting was
recorded from 1 to 6, with 6 as the whitest. The summary of the average ranks of the targets
arranged under each setting in each booth is provided in Fig. 7. No significant difference
existed between the results obtained in the two booths, as tested by Wilcoxon Signed Rank
test.

Under illumination by the filtered halogen lamp, the sorting agrees with the CIE whiteness
rating of the samples: enough fluorescence is induced to render the whiteness in the expected
order. The sorting is identical under the 5% and 6.5%-VLEDs: here again, the violet emission
is sufficient to induce significant fluorescence. Under the 2.5%-VLED, the sorting order is
mostly the same except for an inversion of samples W115 and W128: the difference in FWA
content is moderate between the two samples, and the slight difference in tint between the
samples is enough to override it. Finally, under the BLED the order is not respected at all.
Interestingly however, the ranking is highly consistent between participants. Indeed, in the
absence of fluorescence, the only difference between samples is a slight change in reflectivity
and therefore in perceived tint. Participants rank the samples according to this residual tint,
regardless of the FWA content.
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Figure 7 — Results of the sorting experiment. The mis-ordered samples are indicated as
red bars. Ordering is accurate under the halogen lamp and the 5% and 6.5%-VLEDs,
while it is completely inaccurate under the BLED.

These results are in good qualitative agreement with the expectations from our previous
discussion: the BLED is unable to excite FWAs and to increase whiteness; for the other
sources whiteness increases with the amount of SWR, enabling a sorting of the whiteness
standards according to their FWA content.

Further experiments described in [HOUSER14] show that this agreement is also quantitative.
When the whiteness formula of Eq. (2) is adapted to employ the recent colour-matching
functions proposed by TC1-36 [CIE13, CVRL13], its predictions are in full agreement with
participants’ observations, both in the forced-choice and selection tasks.

4 Towards a Source Whiteness metric

4.1 Source whiteness: a fidelity metric

It is apparent that the ability of a light source to render enhanced whites is strongly dependent
on the short-wavelength content of its SPD. Although our previous discussion has been
focused on LEDs, one may wonder how other lighting technologies fare in this respect. As
discussed in [WEI14] there is a very large variability in whiteness rendering across different
sources, even for a given CCT. Unsurprisingly, LEDs have very little to no rendering; metal
halides have very high whiteness rendering (usually more than a reference illuminant at the
same CCT); fluorescents have some whiteness rendering, with a lot of variation.

This large variability and the lack of general awareness about it are quite surprising. In part,
this may be due to the lack of a metric to describe the whiteness rendering of a source — in
contrast, other aspects of colour quality which are described by well-known metrics (such as
CCT and CRI) are usually well understood. Therefore, we suggest that a source whiteness
rendering metric should be developed to quantify this issue and help its understanding.

One must be mindful of the distinction between existing object whiteness metrics (such as CIE
Whiteness) and a potential source whiteness metric; the former describe the perceived
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whiteness of objects under a reference illuminant, whereas the latter would describe the
(average) ability of a light source at inducing enhanced whiteness.

Without going as far as proposing such a metric, we discuss here some of its possible aspects
and some questions it raises; we focus our thoughts in indoor light sources.

We argue that the question of whiteness rendering is essentially a matter of colour fidelity,
applied to FWA-containing materials. For standard reflecting objects, fidelity answers the
following questions: does the test source render the colour of the object like a reference
source? In colour fidelity metrics, the reference source is usually a blackbody illuminant or a
phase of sunlight (depending on the CCT). The fidelity score decreases as the colour error
between the test and source increases.

Likewise, a whiteness metric should indicate how a source renders the (near-white) colour of
FWA-containing white objects. For a given CCT, it is reasonable to consider a standard
illuminant as a baseline for whiteness rendering and compare it to the whiteness rendering of
the test source (however the metric should differentiate between less and more whiteness
than the reference illuminant, as discussed below).

For the sake of illustration, Fig. 8 depicts a simplified workflow of such a source whiteness
metric.

Determine CCT and reference
illuminant

! !

Compute test chromaticity of
white samples
(+chromatic adaptation)

N/

Compute colour errors,
average

!

Source whiteness

Input: test source SPD >

Compute reference
chromaticity of white samples

Figure 8 — Computation flow of a source whiteness fidelity metric.

4.2 Open questions

Several points need to be considered when developing a source whiteness metric. We
mention some key questions below and, without providing complete answers, we offer some
thoughts:

e Which test white samples (TWS) should be used? The choice of test samples has been,
and still is, the object of debate for colour fidelity metrics [DAVIS10, SMET13,DAVID14]. It
appears to us that the choice should be more straightforward for a whiteness metric: a few
FWAs are used in the vast majority of practical applications [PUEBLA14]. Therefore, a set
of objects containing these FWAs would constitute a natural choice of test samples. Like
for colour fidelity, an average of the white samples’ individual scores could be performed,
while individual scores would still be of value for applications where a particular test
sample is most relevant to the lighting application. These TWS would still need to be
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thoroughly characterized by bispectral reflectance, but once this is performed their
chromaticities under any light source can be accurately predicted from computations (as
illustrated in [DAVID13]).

e What standard illuminants should be used? For the CRI, the illuminants switch from
blackbody to daylight at 5000K. This has minimal effect on the CRI because a 5000K
Blackbody and D50 render colours quite similarly. However this is not true for whiteness,
since their SWR content is markedly different. More generally, the proper reference
illuminant for indoor sources of arbitrary CCT is a rather open question (both blackbody
sources and Dxx phases of daylight contain more SWR than natural daylight filtered by
glazing, as illustrated by the use of illuminant C for the indoor Whiteness formula [CIE10]).
Fortunately, for warm-white sources at least, the use of blackbody references appears
non-controversial.

¢ How should colour difference be evaluated? First, a modern colour error formula should
be used. Second, and more importantly, “positive” and “negative” errors should be
differentiated. Standard colour fidelity metrics have a maximum value (e.g. 100) when the
test and reference colours are exactly identical: any colour difference lowers fidelity,
whether it comes from a decrease or increase in chroma/hue. However in the case of
whiteness, various sources induce more whiteness than standard illuminants (for instance,
this is the case of warm-white metal halides as shown in [WEI14b]), and this is not
necessarily a bad thing (in some applications a lot of whiteness may be desired, for
instance in retail). Therefore, a good whiteness metric should differentiate between low
whiteness (score <100 and as low as 0) and high whiteness (score >100), with a value of
100 being a match to the reference illuminant.

e What colour space is suitable? Our proposed formula uses the CIE 1931 (xy) colour
space. However, one may consider operating in a more modern space (such as CIELAB or
CIECAM), where chromatic adaptation is intrinsically incorporated. Besides, colour-
appearance spaces taking into account background and surround colours (such as
CIECAM) may be especially relevant since enhanced whiteness relies on a differential
chromaticity effect.

e What CMFs should be used? As we showed in [HOUSER14], good agreement between
chromaticity calculations and experimental data is contingent upon the selection of proper
CMFs. We concluded that the 10° CMFs tentatively proposed by TC1-36 gave the best
results, but further data would be helpful. For instance, the 1964 10° CMFs are very
similar to the TC1-36 CMFs, and it is unclear if one yields better results than the other.

e What wavelength range should be used? Some FWAs have absorption deep in the ultra-
violet (including in the UV-B). Likewise, some high-CCT illuminants emit a lot of UV
radiation. Realistically, in indoor settings, only UV-A will be present and in moderate
amount. Still data will be needed below the usual range (380nm for colour fidelity).
Besides, the extrapolation scheme for missing short-wavelength data may have a strong
impact and should be considered with care, as shown in [ZWINKELS11].

5 Conclusions

The use of fluorescent whitening agents in white materials produces a strong effect of
enhanced whiteness, which is commonly observed in our environment. We discussed the
impact of the light source’s spectral power distribution (SPD) on this effect. We proposed a
formula for predicting whiteness enhancement for sources of arbitrary CCT. We showed that,
although whiteness enhancement is significant under conventional sources such as halogen
lamps, it is non-existent for standard white LEDs — a significant problem in terms of colour
fidelity for these white materials. We illustrated how violet-pumped white LEDs could be
designed to accurately render whiteness, and confirmed these predictions with
psychophysical experiments on whiteness perception. Finally, we argued that a metric is
needed to describe the ability of a light source at rendering enhanced whiteness, and we
discussed some of the key points which should be addressed to derive such a metric.
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Abstract

Measures of whiteness for six calibrated whiteness standards containing varying amount of
fluorescent whitening agents (FWAs) were computed under 406 illuminants using the formula
proposed by David et al (2013) and adapted by Houser et al (2014). The computational
results indicate that typical blue-pumped LED sources are deficient at rendering the whiteness
of these standards. The lack of violet or UV optical radiation makes them fail to excite the
FWAs contained in the calibrated standards. Thus, the blue-shift and whiteness enhancement
associated with FWAs does not occur. Appropriate spectral engineering that provides proper
violet emission is necessary for LED sources to render whiteness with the desired effect.

Keywords: Whiteness, Spectral Power Distribution (SPD), Light-emitting Diode (LED), Blue-
pumped, Violet-emission

1 Introduction

Fluorescent whitening agents (FWAs), which were initially discovered in 1929 (Krais, 1929),
are contained in many manmade objects that are engineered to appear white. FWAs absorb
ultraviolet (UV) and violet optical radiation and re-emit blue light, creating a blue tint and
increasing lightness (Choudury, 2006; Katayama and Fairchild, 2010). In order to create a
desired degree of whiteness, manufacturers modulate the amount of FWAs. FWAs are also
found in some natural materials, such as human teeth (Hartles and Leaver, 1953; Hall et al,
1970).

Formulae characterizing perceived whiteness were first proposed in the 1930s (Judd, 1935;
MacAdam, 1934); various modifications have been proposed over the years (Ganz, 1979;
Griesser, 1994; Griesser, 1996). The CIE whiteness formula, which was recommended by CIE
in 1986, characterizes whiteness under CIE Illluminant D65. The general geometry is
illustrated in Figure 1 (ISO, 2004). The formula works well to characterize whiteness
perception under a reference illuminant (Jordan and O’Neill, 1991), but it is not suitable for
other light sources (ISO, 2004; ISO, 2010). A whiteness formula, characterizing whiteness
perception under light sources with arbitrary colour temperatures (CCTs), proposed by David
et al (2013a) and adapted by Houser et al (2014) agreed well with results of psychophysical
experiments (David et al, 2013b; Houser et al, 2014).

In this paper, we compare computed measures of whiteness for six calibrated whiteness
standards under 406 SPDs that represent various illuminants, including light-emitting diode
(LED), fluorescent, high-intensity discharge (HID), blackbody radiation, CIE D-illuminants, and
theoretical models. The measures of whiteness were computed using the formula proposed by
David et al (2013) and adapted by Houser et al (2014). The computed measures reveal the
failure of blue-pumped LEDs to render whiteness for the calibrated whiteness standards, a
result that is expected to generalize to other white materials that contain FWAs.
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Figure 1 — Graphical representation of the CIE whiteness formula, illustrated in CIE 1964 10°
chromaticity diagram (CIE, 2004a). The black dot locates the chromaticity coordinates of the
reference illuminant—CIE llluminant D65. The main direction for CIE whiteness is along the
dotted line connecting the chromaticity of the reference illuminant and the spectrum locus at a
dominant wavelength at 470 nm. Shifts parallel to this direction, but with a small angle,
correspond to changes in whiteness; shifts perpendicular to this direction correspond to
changes in tint (1ISO, 2004).

2 Methods

2.1 Whiteness Standards

Six calibrated whiteness standards were purchased from Avian Technologies. These
standards are representative of commercial papers with varying amounts of FWAs, resulting
in different CIE whiteness values between 80 and 140 as measured by the manufacturer. We
label these as Wxx, where the subscript represents the CIE whiteness value. One whiteness
standard, Wyg,, did not contain any FWAs; the other five samples—W 192, W0s, W16, W2g,
and W 4—contain greater amount of FWAs with increasing whiteness values.

The optical properties of a whiteness standard are a combination of spectral reflectance and
bispectral luminescence properties. When a whiteness standard is illuminated by a
monochromatic light at certain wavelength A with a unit power, the spectral radiance of the
light reflected by the standard can be written as:

E(AA)=R(A) + LA A) (1
where:

E@, 2’) is the spectral radiance of the light reflected by the standard measured at the
wavelength of A', when illuminated by a monochromatic light at the wavelength of A;
R(7) is the spectral reflectance of the standard at the wavelength of A;

L(A, A’) is the luminance of the standard due to FWAs at the wavelength of A’, when illuminated
by a monochromatic light at the wavelength of A.

If E(A, N’) is measured with a variety of A, the optical properties of a standard can be
characterized by a two-dimensional matrix M (the Donaldson matrix), whose diagonal is the
reflectance of the standard. The double-monochromator method as described in CIE (2007)
and Zwinkels (2008) were employed to measure E at various A.
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Figure 2 — Spectral emission of six whiteness standards containing different amounts of
fluorescent whitening agents (FWAs) under a monochromatic illumination of 390 nm. The
curves are scaled to the highest emission intensity among the six curves. The standards with
greater amount of FWAs have higher values of whiteness, W. The whiteness standard labelled
as W = 82, which exhibits almost no emission, does not contain FWAs (Houser et al, 2014).

2.2 SPDs

Table 1 summarizes the 406 SPDs employed in this study, comprised of 401 SPDs from an
existing dataset (Houser et al, 2013) and 5 SPDs from a recent study (Houser et al, 2014). All
computations performed here were based on SPDs from 380 — 780 nm with an interval of 5
nm.

Table 1 — Summary of the SPDs included in this study

Counts and Abbreviations

Type of llluminant Real llluminants Theoretical Models

Counts Abbr. Counts Abbr.

LED LED Phosphor 134 LP-R 29 LP-T

LED Mixed 17 LM-R 51 LM-T
Fluorescent Broadband 30 FB-R

FL 45 FL-T®
Fluorescent Narrowband 31 FN-R
High-Intensity Discharge 31 HI-R

Tungsten Filament 18 TF-R -

Blackbody Radiation - 8 BB-T

D-Series llluminants - 6 DS-T

Other” - 6 OT-T

2 Fluorescent models include broadband and narrowband
® e.g., Equal-Energy, Clipped Incandescent, Ideal Prime Color

2.3 Numerical Computation

The spectrum of the light reflected from a whiteness standard under an illuminant can be
computed as the product of the matrix M characterizing the optical properties of the standard
and SPD of the illuminant. The accuracy of this computational method was validated by
comparing the spectra computed to those measured directly from the standard under various
real light sources; Figure 3 shows an example of the comparison for a typical blue-pumped
LED.
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Figure 3 — The SPD of a violet-pumped LED, and the reflected spectrum from a whiteness
standard, W4, derived from numerical computation and real measurement.

The whiteness of these standards under each illuminant was computed using the adapted
whiteness formula (Houser et al, 2014), employing the 10° colour matching functions (CMFs)
that have been tentatively recommended by CIE TC1-36 (CIE, 2013).

Because our data starts at 380 nm the computations are not fully accurate for illuminants that
contain a great deal of UV radiation. This is not the case for most illuminants, especially LEDs,
but the accuracy of the calculation is limited for some higher-CCT illuminants, as we will
discuss.

3 Results

3.1 Chromaticity Shift

Manufacturers modulate the amount of FWAs to provide the desired degree of whiteness
rendering. White objects containing more FWAs are expected to have larger chromaticity shift
in the direction of increased whiteness (i.e., toward Ay = 470 nm, as illustrated in Figure
1).Figure 4 illustrates the chromaticity shifts of the six standards under six illuminants. It can
be observed that four of the illuminants plotted create a chromaticity shift, while others do not.

0.42
® A 3000 K
Fluorescent Lamp
o A 3000 K Metal
0.41 | Halide ,
e
A Blackbody K14
Radiation at 3000 K k‘,’
0.40 { » A 3000 K Color-
Mixed LED ,‘/
* A 3000 K Blue- -7
>~039 | PumpedLED y."
* A 3000 K Violet- iL®
Pumped LED
e
0.38
o®
’,‘
AS
0.37
0.36

0.41 0.42 0.43 0.44 0.45 0.46

Figure 4 — The chromaticity coordinates of the six standards under six illuminants with similar
CCT using the TC 1-36 10° CMFs.
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The magnitude of the chromaticity shift from the standard without FWAs, Wyg,, to each
standard containing FWAs under each illuminant in CIE u’v’ diagram was computed (i.e., five
D, differences were computed: D (s2-102), Duwv(s2-108), Duvi(s2-116), Duv(s2-128), @nd Dy (s2-140))-
Large variation of these five values of D, differences would indicate the effectiveness of the
illuminant at eliciting different degrees of whiteness for standards containing different amount
of FWAs. The standard deviation of these five D, differences, o(D,.), is employed to
characterize the variation for each illuminant, allowing comparison of the ability to excite
FWAs between illuminants. As summarized in Figures 5 and 6, most LED products have a
small chromaticity shift difference between whiteness standards.

60

mBB-T mDS-T ®TF-R FB-R
50 4 FN-R ©FL-T ®HI-R ®LP-R
gLM-R @LP-T @LM-T ®mOT-T

40 A

o(Dy)
(x 10)

20 A

10 A

SPD

Figure 5 — The standard deviation, o(D '), of the five D (i.e., Dyv(s2-102), Duv(s2-108), Duv(g2-116)s
D yv(s2-128), and D+ (g2.140) ) under each illuminant. These five D values characterize the
chromaticity shift from the standard without FWAs, Wy,, to each standard containing FWAs
under each illuminant in CIE u’v’ digram.
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Figure 6 — The mean of o(D,) as summarized in Figure 5 for each illuminant type.
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3.2 Whiteness Value

The whiteness value of these six whiteness standards was computed for each of the 406
illuminants using our adapted whiteness formula (Houser et al, 2014), as shown in Figure 7.

180.0
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®mHI-R  ®LP-R OLM-R
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N
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o
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=} =}
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IS
o
S}
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0.0

llluminant |
Type Pl ! & g

Figure 7 — The whiteness value of each whiteness standards using the proposed formula by
Houser et al (2014) under each illuminant.

In order to numerically compare how whiteness rendition of these six whiteness standards is
different under each illuminant, two statistical measures are employed: 1) The difference
between the highest and the lowest whiteness value of the six standards, AW. The larger AW,
the more effective the illuminant is at activating FWAs. 2) The standard deviation of the
whiteness values of the six standards, o(W). The larger o(W), the more effective the illuminant
is at eliciting differences between whiteness standards containing different amount of FWAs.

60.0
® Mean of AW

= Mean of (W)

50.0

40.0

Value

20.0 1

10.0
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BB-T DS-T TF-R FB-R FN-R FL-T HI-R LP-R  LM-R  LP-T LM-T  OT-T
llluminant Type

Figure 8 — The mean of AW and o(W) of the six standards under each illuminant for each
illuminant type.

Figure 8 summarizes the mean of AW (labelled as AW) and o(W) (labelled as a(W)) for each

illuminant type. The two quantities are fairly well correlated, suggesting that they measure
FWAs excitation in a similar way. Figures 7 and 8 illustrate that most LED illuminants, whether
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phosphor-converted or colour-mixed, fail to render the whiteness differences intrinsic to these
calibrated whiteness standards.

3.3 Violet-emission Level

The amount of UV and violet optical radiation emitted by an illuminant governs FWAs
excitation and whiteness rendering. UV radiation is generally undesirable in sources for
general illumination because it is damaging to objects (CIE, 2004); it is more prudent to
engineer the violet region of the spectrum. Violet emission, defined here as the percentage of
optical radiation between 380 and 430 nm to that between 380 to 780 nm, is employed to
characterize the relative amount of violet optical radiation contained in an illuminant. As
shown in Figure 9, there is modest correlation between violet emission and AW, and between
violet emission and o(W).
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Figure 9 — The violet emission of each illuminant versus AW and o(W) of the six whiteness
standards under each illuminant.

Most LED illuminants have a violet emission of less than 5% and typically 1-2%, which is
lower than other illuminants. Most phosphor-converted LEDs considered here employ a blue
LED with a blue-pumped phosphor, which is a dominant technique to produce white light using
LEDs (Wei and Houser, 2012). Blue-pumped LEDs have very low violet emission, resulting in
poor performance to render whiteness of the white objects containing FWAs.
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4 Discussion

It might be rational to postulate that an illuminant with higher CCT will yield better whiteness
rendering, since an illuminant with higher violet radiation tends to have higher CCT. This is
certainly true for standard illuminants (i.e., blackbody radiations and daylight illuminants).
Figure 10, however, illustrates that there is not a strong correlation between CCT and either
AW or o(W) for artificial sources. These computations suggest that higher CCT is not a
guarantee to achieve FWAs excitation and appropriate whiteness rendering; this is because,
despite their high CCT, many artificial light sources have very little violet emission. llluminants
with any CCT can render white objects with FWAs, but only by purposeful engineering of the
source’s spectrum.
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Figure 10 — CCT of each illuminant versus AW and o(W) of the whiteness standards under each
illuminant.

We stress again that the present computation may somewhat underestimate the whiteness
rendering under the illuminants with high CCT because UV radiation is not accounted for, and
illuminants with high CCT usually have some UV radiation. On the other hand, LEDs are
accurately characterized here as they typically do not have UV emission.

Nevertheless, illuminants with excessively high violet emission may not render whiteness in a
desired way. Figure 11 summarizes the whiteness values of the standards under six
phosphor-converted LED real illuminants having various violet emission level with similar CCT
(2900 + 100 K), and whiteness values under a 3000 K blackbody radiator. All these
iluminants are violet-pumped LEDs. Although the illuminant with 11.2% violet emission can
activate FWAs, it achieves a very high degree of whiteness which may be undesirable or
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unnatural. A source with 6-8% violet emission is expected to induce whiteness rendering
comparable to a 3000K blackbody radiator (David et al, 2013b). Thus, the mere presence of
violet optical radiation is not sufficient and desirable; rendering of white objects containing
FWAs can only be achieved by appropriate engineering of the source’s spectrum.
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Figure 11 — (a) The SPD of six illuminants with similar CCT but various violet emission; (b) The
whiteness value of the six whiteness standards under each of the six illuminants versus those
under a 3000 K blackbody radiator.

5 Conclusions

The whiteness value of six calibrated whiteness standards containing varying amount of
fluorescent whitening agents (FWAs) was computed under 406 illuminants using an adapted
whiteness formula. We conclude that blue-pumped LED sources fail to render whiteness due
to the lack of UV and violet emission. Most conventional sources are able to excite FWAs to
some extent, although there is great variation even for a given CCT due to the lack of control
of the short-wavelength radiation. Violet emission is found to be well correlated with
whiteness rendition. Appropriate engineering of the spectral content of LED sources,
providing proper violet emission, is necessary to control the degree of whiteness rendition for
FWA-containing materials.
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Abstract

The present study investigates the colour difference discrimination for light source colours
with six colour centres along the blackbody locus. The experiment was carried out on a
display to simulate light sources. Each centre includes 20 pairs, which were assessed by 20
observers using the ratio method. The results were used to test various models including xy,
u'v’ chromaticity diagrams, CIELUV, CIELAB and CAMO02-UCS uniform colour spaces and
CIEDE2000 colour difference formula. The results showed that those models developed
fromthe aperture mode colours such as u’v’ and CIELUV predicted the results much more
accurately than those developed from the surface mode colours such as CIEDE2000 and
CAMO02-UCS.

The present results strongly indicate that the current ANSI standard for the specification for
the chromaticity of SSL products, based on u’v’ chromaticity diagram, is reliable.

Keywords: Aperture mode colours, surface mode colours, MacAdam ellipses, uniform colour
space, chromaticity diagram, xy, u’v’, CIELUV, CIELAB, CIEDE2000, CAM02-UCS.

1 Introduction

In the lighting industry, the white sources are specified in terms of chromaticity coordinates.
American standards, ANSI C78.376(ANSI, 2001) and C78.377(ANSI, 2008) were published for
the specification of chromaticity of fluorescent lamps and Solid State Lighting Products for
indoor lightings, respectively. The former specifies the colour tolerance of white at 6
correlated colour temperature (CCT): 2700K, 3000K (Warm white), 3500K (White), 4100K
(Cool white), 5000K and 6500K (Daylight). The latter adds 2 nominal CCTs (4500K and 5700K)
plus flexible CCTs ranged from 2700K to 6500K at 100K intervals. The tolerance were
specified in terms of 0.006 Au'v' (CIE 13.3, 2004) units corresponding to the just noticeable
difference (JND), defined as 7 units of the MacAdam ellipses [4]. In the Annex of C78.377-
2011, it also gives the specification of tolerance, defined as 4 corners of a quadrangle. Its
shape makes no gap between the standard sources and its size corresponds to the 7 units of
the MacAdam ellipses. Figure 1 shows the specifications for the 8 ANSI white sources in
terms of quadrangles in CIE 1931 xy chromaticity diagram. The MacAdam ellipses are also
plotted in Figure 1 (those in red colours).
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Figure 1 — The quadrangles, MacAdam ellipses and CAMO02-UCS ellipses corresponding to the
eight ANSI C78.377-2011 whites plotted in CIE 1931 xy chromaticity diagram. The ellipses are
plotted in solid and dashed contours respectively.

More recently, new colour difference equations and uniform colour spaces have been developed such
as CIEDE2000 (Luo et al, 2001; CIE, 2013) and CAM02-UCS (Luo et al, 2006) respectively, to fit the
colour discrimination data based on surface colours (Luo et al, 2001). Although the spaces are for the
surface colours, they can still be used to evaluate white lights by illuminating them on a white paper.
The chromaticity ellipses corresponding to CAM02-UCS are also plotted in Figure 1 (see blue
ellipses). Note that if xy chromaticity diagram is a uniform colour space, all ellipses should be equal
sized circles and all quadrangles should be equal sized squares. The results in Figure 1 show that this
is not the case. However, it can be seen that large discrepancy between two sets of ellipses. This is
particularly marked for those whites in lower CCTs, i.e. all ellipses are long and thin, but blue ellipses
are much smaller and have a lower angle. The reason for this could be due to the mode of colours
[iluminant (aperture) vs. surface (object)], i.e. the MacAdam data were generated based on aperture
colours produced by a visual colorimeter by only a single observer. This study is designed to provide
fresh experimental results on perceived colour differences in different whites defined by CCTs using
aperture colours.

2 Experimental

Six colour centres were selected in the experiment corresponding to white lights at 2700K,
3000K, 3500K, 4000K, 5000K and 6500K. The experiment was carried out on a wide gamut
Eizo CG220 22 inch display with a resolution of 1920 by 1200 pixels, to simulate the light
stimuli presented in aperture mode.

Figure 2 — The sample arrangements in the experiment
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Two pairs of lights were presented at one time in a dark room. The sample and reference
pairs are shown in the top and bottom in Figure 2. Each colour had a visual field of 40
subtended to observer’s eyes. The reference pair green colour had a fixed Au'v'[6] colour
difference of 0.007 units. Twenty-two normal colour vision observers participated in the
experiment using the ratio method, i.e. each observer judged the colour difference of a
sample pair against the reference pair having a visual difference of 1.0. If the sample pair
having a larger colour difference than that of the reference pair, the result will be larger than
one. Otherwise, it will be less than one. Twenty testing pairs were generated from the u'v’
chromaticity diagram to have Au'v' of 0.007 in a circle from 0 to 3600 at 180 intervals. The
sequence of the stimuli presented was random for each observer and the locations of the
samples in the sample and reference pairs were interchanged. Each observer made two
repeated judgments. Overall, the results of 5280 assessments were accumulated, i.e.
20x6x22x2.

3 Results and Discussions

3.1 Observer uncertainty

The results were first analyzed to determine observer uncertainty, which typically includes
inter- and intra- observer repeatability. The STRESS factor (Garcia, 2007) was used to
express its performance ranged from 0 the best to 100 the worst. These were 15 and 9
STRESS units for the inter- and intra- observer variability, respectively. It was also found that
similar STRESS values across all white sources. This means that there is no difference of
observer uncertainty between the colour centres studied.

3.2 Testing Colour Models’ Performance

Finally, the mean results for each pair were used to test various uniform colour spaces and
colour difference formulae such as CIELAB (CIE, 2004), CIELUV (CIE, 2004), CIEDE2000,
CAMO02-UCS and chromaticity diagrams such as xy and u'v' together with the MacAdam
ellipses formula. Their performances are summarized in Table 1 in terms of STRESS unit.

Table 1 —Performance of different colour models in STRESS unit

Center Xy u'v’ CIELAB | CIELUV | CIEDE2000 |[CAM02-UCS| MacAdam
STRESS| 29.3 10.7 32.4 10.3 28.7 27.4 19.0

Table 1 results showed that u’v’ diagram and CIELUV space performed the best (about 11
STRESS units). These two models were mainly developed to fit the aperture mode colours
(coloured lights). They will then be followed by the MacAdam ellipses (19 units), and then
CAMO02-UCS (27 units) and CIEDE2000 (29 units) and finally CIELAB performed the worst (32
units). All the formulae developed based on the surface colours do not perform well, CAM02-
UCS, CIEDE2000 and CIELAB.

Figure 3 shows the experimental ellipses in red, u’v’ circles in blue and ANSI quadrangles
corresponding to the eight centers plotted in CIE 1964 u’v’ chromaticity diagram. It can be
seen that the u’v’ constant sized circles fit well to the experimental ellipses. This concludes
that the ANSI standard adopting Au'v' measure is reliable to quantify the colour tolerance of
light sources.
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Figure 3 — The experimental ellipses, u’v’ circles and ANSI quadrangles corresponding to the
eight centers plotted in CIE 1964 u’v’ chromaticity diagram. The former two are plotted in red
and blue colours respectively.

4 Conclusion

An experiment was carried out to investigate the colour difference discrimination for 6 white
sources along the blackbody locus. The results showed that the u’v’ and CIELUV based
metrics outperformed CIELAB ones. This confirms that the current ANSI standards for
defining the colour tolerance of chromaticity are reliable.

It also implies that the condition for viewing the light directly from the source differs from that
for viewing illuminated paper from the source. This could mean that there is a need for a
colour space for coloured sources such as LED. New experiments have been carried out to
perform visual assessments for the majority of the MacAdam data.
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Abstract

Eye tracking was carried out at daytime and after-dark in an outdoor setting, using a dual-task
to identify pedestrians’ critical visual fixations. The results suggest that fixations determined
using the dual task provide a good estimate of the important fixations by helping to ignore the
less-critical fixations. Critical fixations also appear to be robust against their frequency of
occurrence in a natural setting. It was concluded that the near path (<4 m) and distant people
(>4 m) are critical visual fixations for pedestrians.

Keywords: Eye tracking, road lighting, pedestrians, visual tasks

1 Introduction

Recommended illuminance levels for road lighting in the UK are given in BS EN13201-2:2003
[BSI, 2003]. The target average illuminance levels for subsidiary roads (which includes
residential roads) range between 2 lux and 15 lux in six classes, chosen according to
environmental zone and traffic flow [BSI, 2012]. However, these illuminance levels appear to
be based on inappropriate empirical and are in need of review [Fotios and Goodman, 2012].
One approach to identifying optimum illuminances is to investigate how changes in
illuminance affects those tasks considered to be important for pedestrians.

There is a tendency to assume that when lighting for pedestrians the critical visual tasks are
perceived safety, obstacle detection, recognition of the intent and/or identity of other road
users, and these with lighting of an acceptable appearance, following the work of Caminada &
van Bommel [1980]. What is not yet known is whether these tasks are indeed appropriate for
setting the design characteristics of lighting, whether there are other essential visual tasks
that need to be considered, and the relative importance of each task. This article presents the
conclusions drawn from a study of pedestrians’ visual fixations using eye-tracking carried out
to explore the critical visual tasks.

2 Eye tracking

The eye-tracking system used in this experiment was the iView X HED made by SensoMotoric
Instruments (Figure 1). Two cameras are mounted on a cycle helmet worn by the participant.
One camera records the scene facing the participant, the other camera captures an image of
the right eye. A calibration procedure was used to create a reliable track of the participants’
gaze position. The eye-tracking helmet was connected to a laptop carried in a rucksack by the
participant. The eye-tracking system provides a video output showing the gaze position as a
cursor overlay on the video of the scene facing the participant. In addition a data file is
created with details of the eye-tracking samples recorded by the system, including
coordinates of the gaze position. This can be used to detect fixations, saccades and blinks
using software provided with the system. Gaze position accuracy is reported by the
manufacturer to be typically between 0.5° - 1.0°.

Participants were asked to walk a short route circumnavigating the University of Sheffield
campus whilst wearing the eye-tracking equipment and carrying out a dual task by pressing
response button after frequent but random auditory stimuli (see section 3). The route was
approximately 900m in length and was split into four sections (Figures 2 and 3), with each
section chosen to provide different characteristics, such as road crossings or uneven terrain:
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A Pedestrianised area on University campus. Generally busy with a high number of
people. Flat, uniform pathway surface, few obstacles and bright road lighting.

B Mainly side streets close to University hub, mixed levels of traffic volumes. Irregular
pathway surface, high number of obstacles. Includes steps and a road crossing.
Generally high number of people, road lighting of medium brightness.

C Short section with uniform pathway surface. Adjacent to busy road. Generally some
other people present but not high volumes. Bright road lighting.

D Residential estate that participants were generally unfamiliar with (as confirmed in
debrief interviews). Residential roads with low traffic volumes. Pathway surface
generally good but included changing gradients. Low numbers of other people. Some
areas without road lighting, other areas with dim road lighting.

Figure 1 — SMI iView X HED mobile eye tracking system (left) and screenshot from recorded
video (right). The red cursor shows current gaze location (amplified for this image).

On attending the first trial participants completed a Landolt ring acuity test and an Ishihara
colour perception test under normal office lighting conditions. They were then set up with the
eye-tracking equipment, taken outside to complete the eye-tracking calibration procedure, and
then taken to the start of the route. At the beginning of each route section participants were
given a description of where to walk for that section and were shown a schematic map of the
route. A researcher followed the participant a short distance behind (approximately 5 m) as
they walked each section. The same procedure (but without the initial vision tests) was
carried out for the second session. The order of the light condition (daylight or after dark) and
route direction (clockwise or anti-clockwise) was counterbalanced.

Forty participants took part in the experiment (53% male; 58% in the 18-29 age group, 35% in
the 30-49 age group and 7% in the 50+ age group). Participants were screened for having
normal or corrected-to-normal vision using a Landolt ring acuity test and the Ishihara colour
perception test. 40% of participants wore glasses or contact lenses for viewing short- or long-
distance objects. All participants reported having normal or good hearing. Each participant
carried out the walk twice, once during hours of daylight and once during hours of darkness.
Trials during hours of daylight occurred between 08:00 and 16:00, whilst after-dark trials
occurred between 17:00 and 20:00.

The aim of this experiment was to identify the items fixated by participants and for this eight
categories of fixation attention were created, chosen in part following the categories used in
past work (Table 1). A ninth ‘unknown’ category was also used to collate instances when the
critical fixation could not be determined due to poor eye-tracking quality or if the gaze location
was off screen.
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Figure 2 — Photographs of the four route sections. Clockwise from top-left: route section A, B,

C and D.
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Figure 3 — Map of route followed by test participants. Start and end of clockwise route shown:
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these were reversed for anti-clockwise route.
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Table 1 — Description of groups used to categorise fixation targets

Object Description Object Description
category category
Person Other pedestrians Vehicle Stationary or moving
vehicle, or moving bicycle
Path Pathway in direction of Trip hazard Small object or pathway
travel irregularity that could
cause pedestrian to trip
Latent threat  Hazards not visible until Large objects  Larger object in pathway
last moment or that not that pedestrian has to
materialised yet navigate around, e.g. street
furniture or lamp post
Goal Target destination or General Areas of environment not
waypoint towards environment fitting into other categories
destination

Frame-by-frame coding of visual fixations is a demanding task, which is perhaps one reason
why past studies [e.g. Foulsham et al, 2011] have examined only discrete sections of their
video records. Hence, this first analysis of all-fixations used data from only ten (25%) of the
forty test participants and 120 s segments from three of the four route sections (A, B and D).
These ten test participants were those having high eye-tracking validity (few missing fixation
data) and were balanced across trial order (daytime or after dark being the first trial) and
route direction. Of the ten participants selected, six were male; five were aged under 30, three
were aged 30-49, and two were aged over 50 years old. Three participants wore their normal
corrective lenses.

Figure 4 shows the proportions of fixations on the different categories of object for the
daytime and after dark trials. Person, path and goal are the most frequently fixated objects, in
both daytime and after dark trials. The differences between daytime and after-dark appear to

be small other than for the path category where there appears to be a large increase in
fixations after-dark than during daytime.

40% -
O Daytime trials

30% m After-dark trials

20% -

Median proportion

10% -

i

Person Path Latent Goal Vehicle Trip Object General
threat

Figure 4 — Proportions of fixations upon the eight fixation categories. These data were
determined from trials carried out by 10 test participants and for 120 seconds each from three
route sections. Error bars show interquartile range.
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These results are compared with those from past studies carried out in real outdoor
environments in Table 2. Foulsham et al [2011] recorded visual fixations during a 5-10 minute
walk to a café and found that 21% of fixation time was directed towards people, 37% towards
the path, and 37% towards other objects. A second study carried out in a real environment is
that of Davoudian and Raynham [2012] who found that 41-51% of fixations were directed
towards the path but only 3% towards other people. There is a relatively low proportion of
fixations on people, suggesting that fixation on people is not a critical task. The large
differences in proportion of fixations on people in the Davoudian and Raynham study (3%)
and the Foulsham et al study (21%) may arise because only few people were encountered in
the Davoudian and Raynham study: these data may not be generalizable to other situations.

Table 2 — Comparison of proportions of fixations on person, path and objects/environment
categories between current study, Foulsham et al [2011] and Davoudian and Raynham [2012]

Category of object Current Foulsham et al Davoudian & Raynham
Results (N=10) (2011) (2012)
Day g;t:akr Day Day After dark
Near 3% 4% 7% o o
Person ko 16% 8% 14% 3% 3%
Near 16% 26% 29%
Path Far 10% 8% 8% 1% 41%
Objects / o o o o o
environment 55% 55% 37% 46% 56%

NOTE: Path for the current study includes both Path and Trip hazard categories from earlier analyses.
Mean rather than median proportions for current study are shown for comparability with other
two studies. Near and far distance distinction is shown for comparison with Foulsham et al (see
Section 4 for further details), Davoudian and Raynham did not use near and far distinction;
Foulsham et al did not use after dark condition.

Counting the proportion of time for which different categories of object are fixated (all-
fixations), a common approach to interpretation of eye-tracking data, suffers two limitations
when searching to identify the critical tasks. First, apparent fixation on an object does not
imply that fixation on the object is critical to safe walking, and similarly, it does not imply that
cognitive attention was being devoted to that obstacle — the observer may have been
daydreaming. Walking along a street is not a cognitively taxing task and it is unlikely that all
of a pedestrian’s fixations relate to this task. Second, it does not account for the frequency by
which an object was encountered during the trial, this likely to be random in outdoor trials in
natural settings. For example, if only one person was encountered during a trial the proportion
of fixations on other people would necessarily be low, but this would be a function of the
number of other people encountered.

3 Dual task

An attempt to better identify critical fixations was made using a dual task, a secondary
cognitive task running concurrently with the task of walking, requiring that test participants
responded quickly to an acoustic signal by pressing a button: delayed response to this task
was used to isolate moments where cognitive attention was distracted toward a critical visual
task (critical-fixations). Task instructions have been shown to focus attention allocation in a
dual task setting [Kelly et al, 2010], and participants were instructed to respond to the
acoustic signal as quickly as possible, so that instances of mind-wandering were reduced.

An Arduino microcontroller connected with a mini-speaker and response button was used to
provide the concurrent dual task. The speaker was attached to the underside of the eye-
tracking helmet, close to the left ear. The speaker emitted an audible beep at random
intervals between 1 s and 3 s. The timing of each beep and each press on the response
button was recorded. During trials test participants were instructed to press the button in
response to every beep as quickly as possible, and were given an opportunity to practice this
response prior to the start.
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A delayed response to the dual task was defined as being two standard deviations greater
than the participant’s mean reaction time for that session. Failure to respond to an auditory
stimulus was also classed as a critical time. At an instant suggested to be critical the
experimenter inspected the video record to establish the object of visual fixation at that
instant. This judgement was made by observing a two-second period of the eye-tracking video
starting 1 s before the critical time, and the categorisation was based on what the researcher
judged to be the most significant thing being observed at the time.

Figure 5 shows the proportions of fixations on the different categories of object as determined
using the critical-fixations and all-fixations methods for the daytime and after-dark trials
respectively, and these are for the same 10 test participants as Figure 4. In daytime and after-
dark trials, critical-fixations indicate a higher proportion of fixations on people and vehicles
than do all-fixations.

A conclusion drawn from the all-fixations data (Figure 4) is that “path” is the most important
category of object as it has the highest proportion of fixations: observing other people
appears less important. The critical-fixations approach reveals higher proportions of fixations
on people and vehicles than did all-fixations, although these differences did not reach
statistical significance. This increase in apparent importance reflects the increase in visual
attention expected for objects of whose behaviours are less predictable than typically static
items such as path, objects and goals. Jovancevic-Misic and Hayhoe [2009] found that
pedestrians walking in an unpredictable way were more likely to be fixated, and fixated for a
longer duration, than pedestrians who were predictable in their movements. Other research
has shown an unpredictable feature of an environment produces greater fixation durations
[Cinelli, Patla and Allard, 2009], and more frequent fixations [Droll and Hayhoe, 2007] than a
predictable feature. Thus we suggest that the dual task provides an improved approach to
identifying the critical fixations from amongst the complete set of fixations. A more complete
analysis of critical fixations was therefore carried out using the larger sample size.

Of the 40 test participants recruited for this study, some had relatively high numbers of critical
observations in the unknown category due to poor eye-tracking quality. Therefore participants
were only included in the analysis if they had a total of at least five critical observations in
categories other than unknown in both the daytime trial and after-dark trials. This criterion
resulted in 12 participants being excluded. Figure 6 shows the proportion of critical
observations in each category during the day and after-dark trials for the remaining 28
participants.

Figure 6 suggests that person and path are the most frequent critical fixation categories, with
path more frequently fixated after-dark and people during daytime. Possible differences
between day and after-dark are suggested and a series of Wilcoxon signed-rank tests were
used to test the significance of these apparent differences. For the person and path
categories, the Wilcoxon test suggested day and after-dark differences to be significant at
levels of p=0.034 and p=0.067 respectively, hinting at a difference, a greater proportion of
path fixations and a smaller proportion of person fixations after dark than during daytime. This
may reflect behaviour to fixate less frequently on people after dark, but it may also reflect that
fewer people were present after dark. For the other six categories the differences were not
close to significance (p values of 0.143 to 0.849), suggesting a clear difference between the
path and person groups and the other groups.
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Figure 5 — Median proportions of all-fixations and critical-fixations per category during daytime
(top) and after-dark (bottom) test sessions with 10 test participants. Error bars represent
interquartile range.

4 Frequency of occurrence: fixation on pedestrians

A limitation of studying fixations when walking in an uncontrolled outdoor setting is that each
test participant has a different experience, encountering different samples of pedestrians,
vehicles and other discrete items. Hence one possible reason why Davoudian and Raynham
report a smaller fixation on people (3%) than did Foulsham et al (21%) is that fewer people
were encountered during their trials. An alternative approach to interpretations of eye-tracking
data is to examine the probability that a pedestrian appearing in the field of view is fixated at
least once. A greater probability of fixation may reflect greater importance as it increasingly
demonstrates that visual information about that object is required.

170 CIE x039:2014



Fotios, S. et al. LIGHTING FOR PEDESTRIANS: WHAT ARE THE CRITICAL VISUAL TASKS?

40% -
0O Day @ After-dark

2
o
®
g 30% -
2
[<]
g
5 20% - [
° —
c
(<]
g
&
g 10% f
s
T
(7]
=

O(y(] T T

Path Person Goal Gen. Vehlcle Latent Trip Large
Environ. threat hazard object

Figure 6 — Median proportion of critical observations in each category by day and after-dark
conditions. Error bars show interquartile range. Median value = 0% for Large object day and
after-dark conditions. Note: data from 28 test participants

Thus a third procedure was used to interpret the eye-tracking data: probability was
determined by counting the number of pedestrians appearing in the field of view, and from
these the number who were fixated at least once. One limitation of a probability approach is
that only certain types of objects may be meaningfully analysed, i.e. discrete events such as
people and vehicles, but not items such as pavements which are likely to be continually
present in the field of view. Averaged across the ten test participants (as analysed for the all-
fixations approach above) median fixation probability was 0.87 in daytime, 0.86 after dark,
and 0.86 overall. These data are of a similar order to that reported by Foulsham et al [2011]
(0.83).

Figure 7 shows regression of pedestrian fixation (determined using all-fixations, critical-
fixations, or probability of fixation approaches) against the number of pedestrians
encountered. These data show the day and after-dark trials for the ten test participants.
Fixation proportion, fixation probability and number of pedestrians encountered are different
kinds of measures and one way to compare these is to transform the data to z-scores [Rubin,
2013; Konar et al, 2010]. Analysis of the z-score distributions suggested that they are drawn
from normally distributed populations except for the all-fixations data.

With the all-fixations data, the fixation proportion increases as the number of pedestrians
encountered increases, confirming expectation that this approach suffers from stimulus bias.
Spearman’s test suggests this correlation to be significant (r=0.58, p<0.01). With the
probability approach there is a negative relationship, in that there is a decrease in the
probability of fixation as the number of people encountered increases, and the degree of
correlation here is close to significant (r=-0.40, p=0.08) according to Pearson’s test. This may
be because with larger numbers of people it is not possible to fixate on all of them or
alternatively deemed not necessary to fixate on all others. The horizontal line for critical-
fixations shown in Figure 7 indicates that this approach does not have a relationship with the
number of people encountered, and the Pearson’s test does not suggest correlation to be
significant (r=-0.04, p=0.87).

Thus the critical fixations established using the dual task leads to a more robust measure of

the importance of fixating on other people as it is less affected by the number of other people
encountered during trials in a natural setting.
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Figure 7 — Regression of measures of pedestrian fixation against the number of pedestrians
encountered. This shows data for daytime and after-dark trials

The Path and Person categories have the highest proportions of critical observations (Figure
6). This suggests people and the path are important things for pedestrians to look at. Further
analysis was carried out on these categories, examining whether critical observations were
performed at a near or far distance, as has been done in past work [Foulsham et al, 2011].
Near items were those judged to be fixated within 4 m of the participant. Accurate physical
measurements were not possible however, and the coder was instructed to make their own
judgement, following the approach taken in previous research [Foulsham et al, 2011]. For this
analysis the Trip hazard category has been included in the Path category, since trip hazards
were located on the path. As with the previous analyses, the 12 participants who had less
than 5 critical observations in categories other than Unknown, in either trial, were excluded.
The remaining 28 participants were included.

A higher proportion of observations appear to be made at the near path compared with the far
path and there is a tendency to look at other pedestrians when far away than when they are
near. A Wilcoxon signed-rank test suggested the proportion of observations made at the near
path was significantly higher than at the far path, when day and after-dark trials were
combined (near median = 19.5%, far median = 6.3%, T = 8, p <0.001). The proportion of
observations at far people was also significantly higher than at near people (far median =
12.1%, near median = 6.6%, T = 14.1, p = .04).

5 Conclusion

The aim of this article is to use the results of an eye-tracking study to identify those objects of
visual fixation that are critical to pedestrians. A dual task (response to an audio stimulus) was
used concurrently with the eye-tracking. We conclude that this provides a better indication of
which of the fixations are critical, and is less affected by the frequency of occurrence during
trials in a natural setting. The data suggest that the path and people are the most important
objects of visual fixation as they were more frequently fixated at critical moments than other
categories of object. Further interpretation of the data suggest that these may be refined as
the near path (<4m) and distant people (>4m). Further details of this work are available
elsewhere [Fotios et al, in press a,b].
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Abstract

In order to secure a comfort level equal to that of ordinary road lighting, the longitudinal
uniformity of road surface luminance (U,) of tunnel interior lighting needs to be determined
according to S/H: ratio of spacing(S) to mounting height of luminaire (H). When S/H is in the
range of 1,0 to 4,0, the lower limit of U, is 0,7 to 0,9. However, the apparent driving speed and
road surface luminance have no significant influence on the lower limit of U,. Also, S/H should
be less than 2,0 based on the measurement result of U, in the tunnels in Japan where
opposite luminaire arrangement is adopted, and the lower limit described above. On the other
hand, because staggered luminaire arrangement cannot easily exceed the lower limit of U, for
comfort, staggered luminaire arrangement should be avoided for tunnel interior lighting.

Keywords: Uniformity, Tunnel interior lighting, Opposite arrangement, Staggered arrangement

1 Introduction

CIE recommends a minimum longitudinal uniformity of road surface luminance U, (the ratio of
the minimum luminance to the maximum luminance on the center line) of 0,6 in order to
reduce discomfort caused by poor uniformity of luminance on the road surface. A same
minimum U, is defined for designing tunnel interior lighting in Japan. However, regarding the
minimum U, there have been researches on road lighting based on various properties, but
no research has been found on the relationship between U, and comfort of the on tunnel
interior lighting, which has shorter spacing, lower mounting height of luminaire than road
lighting, and different characteristics of luminous intensity distribution. It is assumed that
differences between road lighting and tunnel interior lighting are due to the difference in the
luminance slope even with the same U, and it causes a difference in discomfort level due to
uniformity of luminance on the road surface, resulting in a difference in the minimum U,
between them.

Therefore, experiments were conducted in a dark room by changing tunnel interior lighting
properties to determine the lower limit of U, with a view to reducing discomfort due to poor
uniformity of road surface luminance. Then, the relationship between the actual U, in the
tunnel and the lower limit determined by the experiments were discussed.

2 Observation

2.1 Experimental installation

Figure 1 shows the overview of the experimental apparatus installation: in a dark room, the
state of the visual field of a driver who is driving in a tunnel can be simulated by using
computer graphics (CG) image. As Figure 2 shows, CG image simulate perspective image of
the inner tunnel viewed from the center of the driving lane (left-side) in a perspective way.
Three projectors projected the CG images on three 100-inch screens that were laterally
aligned. The luminance on the road surfaces, walls and ceiling were adjusted by the process
computer. The distance between an observer and the screen was 2,5 m. The visual angle of
the screens from observation position had the ranges of 18 degrees in the vertical direction
and 34 degrees in the horizontal direction of the screen. The luminance of the areas around
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the screen was almost zero. Assuming the front view of a driver can be partially blocked by
the hood of a car, a shield plate was placed between the screens and the observer.

Figure 1 — Experimental apparatus installation Figure 2 — Example of CG image
2.2 Experiment method

A “constant method” was used for the experiment in which images with specified factors being
changed were randomly shown to each observer, and the observer was asked to compare and
decide which image looked more comfortable. By identifying the test image (i.e., values of
specified factors) with which 50 % of observers answered that it looked more comfortable
than the reference image, the conditions of the test image, which has the same comfort level
as the reference image, were able to be known. As for the reference image, illumination
properties shown in Table 1 recommended by CIE based on the previous researches were
used. S/H refers to ratio of spacing (S) to mounting height of luminaire (H).Figure 3 shows the
CG image of reference image used for the experiment.

Table 1 — Conditions of the reference image

Average road surface luminance 1,0 cd/m?
U, 0,7
Spacing 35m
Mounting height of luminaire 10m
S/H 3,5

Apparent driving speed 100 km/h

Figure 3 — CG image of the reference image

2.3 Experiment conditions

Three levels of apparent driving speed, 60 km/h, 80 km/h and 100 km/h, were used for the
test images. Considering the required road surface luminance according to the design speed
in Japan, we used three levels of road surface luminance, 2,3 cd/m?, 4,5 cd/m? and 9,0 cd/m?,
for the test images. However, in the conditions where the road surface luminance of a test
image with 4,5 cd/m” or more, it looked about 2 to 9 times as bright as that of the reference
image (1,0 cd/m?), and this would cause variation in the adaptation levels of the observers,
and as a result, the evaluation would be affected. Therefore, experiments with three different
combinations of test images and reference images as shown in Table 2 were conducted so
that the road surface luminance of a test image became less than 2 times as bright as that of
a reference image.
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Table 2 — Conditions of the reference image

I Lighting Roadn surface
mage type luminance U
Y (cd/m?)
Reference Road 1,0 0.7
Experiment 1 lighting ' (Recommended by CIE )
Test 2,3
Lower limit determined
Experiment 2 Reference _Tunqel 23 by Experiment 1
interior
Test lightin 4.5
E ) {3 Reference ghting 45 Lower limit determined
Xperimen ' by Experiment 2
Test 9,0

Considering the examples in Japan, four levels of S/H, 1,0, 2,0, 3,0 and 4,0, were set. And
considering the preliminary experiment results, five levels of U, of test images, 0,70, 0,80,
0,85, 0,90 and 0,95, were set for S/H of 1,0 and 2,0, and five levels of U, of the test images of
0,60, 0,65, 0,70, 0,75 and 0,80 were set for S/H of 3,0 and 4,0. For the three types of
experiments above, conditions shown in Table 3 were used for the reference images. In
addition, the CG image that reproduced the visual environment with a white light source was
used, because the influence of light colour on the relation between U, and comfort level has
not been specifically indicated in previous researches on ordinary road lighting.

The observers consist of 15 people (males and females) aged from 24 to 62.

Table 3 — Reference image conditions

Experiment 1 Experiment 2 | Experiment 3

Lighting type Road lighting Tunnel interior lighting

Road surface luminance (cd/m?) 1,0 2,3 | 4,5
U 0,7 0,8
Spacing (m) 35 15
Mounting height of luminaire 10 m 5m
S/H 3,5 3,0

Apparent driving speed 100 km/h

*1 Based on the road lighting recommended by CIE
*2 U, of Experiment 2 is based on the result of Experiment 1, U, of Experiment 3 is
based on the result of Experiment 2.

3 Measuring lighting characteristic

3.1 Lighting installation

Measurements were taken in 20 tunnels(S/H ranging 0,48 to 2,6) in Japan in order to obtain
the actual U, of tunnel interior lighting. Table 4 shows the attributes of those tunnels.

Table 4 — Attributes of tunnels where measurements were taken

Luminaire Light source Lighting system The number
arrangemen