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THE INTERNATIONAL COMMISSION ON ILLUMINATION

The International Commission on lllumination (CIE) is an organisation 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 organisations concerned with matters related to
the science, technology, standardisation 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 reviewed,

reported and plans are made for the future. The CIE is recognised as the authority on all aspects of light and lighting. As

such it occupies an important position among international organisations.

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 matiere relevant de la science, de la technologie et de I'art de
la lumiéere 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 lumiére 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 lumiére 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 lumiére 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 beziiglich 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 internationaler Mittelpunkt fuir Diskussionen aller Fragen auf dem Gebiet der Wissenschaft, Technik und Kunst der
Lichttechnik und fuir den Informationsaustausch auf diesen Gebieten zwischen den einzelnen Landern zu sein.

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

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

4. Normen, Berichte und andere Publikationen zu erstellen und zu veréffentlichen, 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 von der ganzen Welt anerkannt.
Tagungen werden alle vier Jahre abgehalten, in der die Arbeiten der Divisionen Uberprift und berichtet und neue Plane fir
die Zukunft ausgearbeitet werden. Die CIE wird als hochste Autoritét 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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RAPPORT DE COMITE TECHNIQUE DE LA CIL

NOTE PRELIMINAIRE

Ce rapport a été préparé par le Comité Technique CIE 3.1 "Performance
visuelle." 1l a recu |'approbation du Comité, et il est recommandé pour
étude et application. Ce rapport n'est pas une Recommandation officielle
de la CIE approuvée par les Comité Nationaux des Pays Membres. Il doit
étre note que toute recommandation y figurant est donnée a titre de conseil
et non d'obligation.

PRELIMINARY REMARK

This report has been prepared by CIE Technical Committee 3.1 "Visual
Performance." It has been approved by the Committee and is recommended
for study and application. This report is not an Officially Agreed CIE
Recommendation approved by the National Committees of the Member
Countries. It should be noted that any recommendations in this report

are advisory and not mandatory.

VORBEMERKUNG

Dieser Bericht wurde vom Technischen CIE-Komitee 3.1 "Sehleistung'
ausgearbeitet. Er wurde vom Komitee angenommen und wird zum
zukunftigen Studium empfohlen. Er ist kein Offiziell Anerkannte CIE-
Empfehlung, die von den Nationalen Komitees der Mitgliedslander
anerkannt wurde. Es muss daraud hingewiesen werder, dass alle
Empfehlungen dieses Berichts nur als Anleitung dienen und nicht
verbindlich sind.
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FOREWORD

The two volumes of the present CIE Report No. 19/2 represent a complete
replacement for CIE Report No. 19 which was presented to the CIE by the
Committee during the 1971 Congress in Barcelona and subsequently published
by the CIE in 1972. The "unified framework of methods for evaluating visual
performance aspects of lighting" described in Report No. 19 is now to be re-
placed by the fully quantitative "analytic model for describing the influence
of lighting parameters upon visual performance' described in the two volumes
of Report No. 19/2. The considerable expansion of coverage of visual per-
formance aspects of lighting to be found in the present two volumes was made
possible by meetings of the Committee in Berne, Edinburgh, Florence, Amster-
dam, London, Paris, Munich, Karlsruhe, and Paris between 1971 and 1978.

The two volumes of Report No. 19/2 contribute to the work of the CIE by
providing potential bases for (a) determining selective standards of task il-
luminance based upon visual performance criteria for different task conditions
and observer ages, (b) evaluating the extent to which actual lighting instal-
lations meet these criteria, and (c) providing measures of overall performance
of tasks with significant visual components for use in cost-benefit analyses
of lighting.

It is to be emphasized that, although the analytic model described in the
present two volumes of Report No. 19/2 is believed to have potential useful-
ness to the CIE in the areas of lighting applications listed above, the present
two volumes do not describe application procedures for these purposes. It is
anticipated that the development of such procedures will be undertaken in the
future by appropriate agencies of the CIE and reported separately.

The present Volume 1 of CIE Report No. 19/2 presents a description of the
technical foundations of the analytic model insofar as it describes the effects
of lighting parameters upon "visual performance potential," a measure of the
maximum visual performance to be expected under various lighting situations.
Volume II presents a summary description of the analytic model, tabular and
graphical representations of the effects of lighting parameters upon visual
performance potential, and application guidelines including mathematical
mzthods for estimating task performance and overall performance from visual
performance potential. It is suggested that the visual performance specialist
begin with the present Volume I, turning to Volume II if information is desired
with respect to application guidelines or the relationships between task per-
formance and/or overall performance and visual performance potential. (It
is suggested that the applications engineer begin with Volumsa II, turning to
the present Volume I if additional information is desired with respect to the
technical foundations of the model.)
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SUMMARY

The present report provides a description of a comprehensive analytic
model for describing the influence of lighting parameters upon the visual per-
formance potential of observers engaged in tasks with significant visual com-
ponents, and describes the lines of evidence used to develop each phase of
the model. The model has been derived from study and analysis of the exten-
sive published literature relating visual performance potential to various
lighting parameters which included two basic technical approaches, which
may be described as the "empirical " and "analytical" methods for studying
visual performance. Empirical studies involve measuremants of the speed
and accuracy of task performance under real or simulated conditions of visual
work. Analytical studies involve measurements of the operational character-
istics of processes believed to be operative in visual work either taken singly
or in relatively simple combinations, with subsequent synthesizing of the
operational characteristics of the individual processes into a quantitative
model intended to describe visual performance potential under conditions of
visual work. The analytic model described in this report was derived from all
suitable experimental data of which the Committee is aware, obtained in these
two classes of experiments during the last 50 years. In all, more than 2,200
members of the populations of CIE Member Countries ware involved in these
studies either as experimental observers or as unknowing participants in field
observations.

The basic approach of the model is to begin by specifying the level of
visual performance potential to be expected as a function of the level of
actual task luminance or illuminance obtained in an idealized photometric
sphere, considered as providing "reference lighting conditions." The model
is then extended to include actual lighting systems by use of the concepts
of "equivalent reference luminance" and "“equivalent reference illuminance."
The equivalence of actual lighting systems to reference lighting at one or
another intensity level is established by means of quantitative factors repre-
senting the numerical effects of physical attributes of luminous environmszants
upon visual performance potential including the geometry and polarization of
illuminance, and the point-to-point patterns of luminances of the surround of
the visual task relative to the luminance of the task background.

The model expresses the functional relation between visual performance
potential and the level of reference luminance or illuminance in terms of each
of two classes of transfer functions operating in series. The first class of
transfer functions relates '"task visibility level" to reference luminance or
illuminance. The second class of transfer functions relates visual perform-
ance potential to task visibility level. Thus, task visibility level is used as
the "intervening" variable required to relate visual performance potential to
lighting parameters.

The first class of transfer functions is expressed in terms of the 'relative
contrast sensitivity"” or RCS of the human visual system provided by different
levels of reference luminance or illuminance. It is found convenient to use
RCS to describe the effects of reference luminance or illuminance since the
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numerical effects of lighting parameters other than the level of luminance or
illuminance can be conveniently expressed as modifiers of the value of RCS.
The model develops a family of "RCS functions of tuminance, " with parame-
ters which depend upon task detail size, task demand level, and observer
age.

The second class of transfer functions consists of composites of the
operating characteristics of three critical visual processes believed involved
in realistic visual work. There is the critical sensory process involved in
obtaining information concerning task details, and two critical oculomotor
processes, one involved in the maintenance of steady ocular fixation during
pauses in the process of ocular search and scanning, the other involved in
the control of saccadic eye movements.

The analytic model is first described in its simplest form for reference
lighting conditions for a "reference observer, " representing the average of
normal individuals in the 20-30 year age range. The model is then extended
to include modifying factors required to take account of physical differences
between actual lighting systems and the reference lighting condition and
modifying factors required to take account of differences in the visual re-
sponses of different classes of individual observers from those of the refer-
ence observer. Finally, the analytic model is used to provide analytical
functions fitting each of twenty sets of visual performance data obtained
under conditions of real or simulated visual work. Experience with fitting
these functions was instrumental in suggesting simplifications which could
be introduced into the model without significant loss in its ability to fit the
data sets, and in revealing suitable values for some of the model parameters.

ZUSAMMENFASSUNG

Der vorliegende Bericht gibt eine vollstdndige Beschreibung eines
umfassenden analytischen Modells, das den Einfluss von Beleuchtungspara-
metern auf das Sehleistungspotential eines Beobachters erfasst soweit die
Arbeitsaufgabe relevante visuelle Komponenten enthdlt. Der Bericht beschreibt
insbesondere die Grundiage zur Entwicklung der einzelnen Phasen des Modells.
Das Modell stutzt sich auf die umfangreiche Literatur Uber Zusammenhange
zwischen Beleuchtung und visueller Leistung. In diesen Untersuchungen
verfolgt man grundsdtzlich zwei Wege, die man als empirisch oder analytisch
bezeichnen kann. Empirische Untersuchungen erfassen die Geschwindigkeit
und die Genauigkeit der Leistung unter realen oder simulierten Arbeits-
bedingungen. Analytische Untersuchungen stutzen sich auf operationelle
Vorgange beim Sehprozess, die, einzeln oder kombiniert, bei visueller Arbeit
auftreten und sich zu einem quantitativen Modell zusammenfugen lassen. Das
beschriebene analytische Modell basiert auf Daten, die auf beiden Wegen in
den letzten 50 Jahren gewonnen und dem Komitee bekannt geworden sind.
Insgesamt waren dabei mehr als 2200 Test-Personen aus verschiedenen CIE-
Mitgliedslandern beteiligt.

Zunachst spezifiziert das Modell das Sehleistungspotential als Funktion
der Leuchtdichte bzw. der Beleuchtungsstarke der Arbeitsvorlage bei ideal
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diffuser Beleuchtung, die als Referenzsituation fur reale Beleuchtungsanlagen
dient. Reale Beleuchtungsanlagen werden durch die Begriffe dquivalente
Referenzleuchtdichte und aquivalente Referenzbeleuchtungsstarke gekenn-
zeichnet. Die Aquivalenz einer realen Beleuchtungsanlage und der Referenz-
beleuchtung wird bei gegebener Leuchtdichte der Arbeitsvorlage bestimmt mit
Hilfe von Faktoren, die den Einfluss verschiedener Beleuchtungsparameter
wie die Geometrie und Polarisation der Beleuchtung und die Leuchtdichte-
verteilung in der Umgebung der Vorlage auf das Sehleistungspotential
wiedergeben.

Im Modell wird der funktionelle Zusammenhang zwischen Sehleistungs-
potential und Referenzleuchtdichte (oder -beleuchtungs starke) mit Hilfe zweier
Klassen von Ubertragungsfunktionen ausgedruckt. Die erste Klasse stellt den
Zusammenhang zwischen dem "Sichtbarkeitsniveau" der Vorlage und der
Referenzleuchtdichte (oder -beleuchtungsstarke) her. Die zweite Klasse ver-
knupft das Sichtbarkeitsniveau der Vorlage mit dem Sehleistungspotential.
Damit erhalt das Sichtbarkeitsniveau die Rolle eines Verbindungsgliedes.

Die erste Klasse von ﬁbertragungsfunktionen wird durch die relative
Kontrastempfindlichkeit (oder RCS) des visuellen Systems definiert, die mit
verschiedenen Referenzleuchtdichten (oder -beleuchtungsstarken) verknupft
ist. Die Wahl von RCS hat sich als zweckmassig erwiesen, da sich der
Einfluss aller Beleuchtungsparameter als Modifikation des RCS Wertes aus-
drucken lasst. Im Modell wird eine Familie von RCS-Funktionen entwickelt,
die von der Detailgrosse, der Aufgaben-Anforderung und dem Beobachteralter
abhangen.

Die zweite Klasse von L'jbertragungsfunktionen besteht aus einer Linear-
kombination von drei kritischen visuellen Prozessen, die vermutlich bei
visueller Arbeit beteiligt sind. Dies sind einmal der kritische sensorische
Prozess der Informationsaufnahme von Aufgabendetails und zum anderen zwei
kritische okulumotorische Prozesse. Der eine dient zur Aufrechterhaltung der
Blickrichtung in den Pausen eines Such- und Abtrastvorganges und der andere
zur Kontrolle der saccadischen Augenbewegungen.

Das analytische Modell wird zuerst in seiner einfachsten Form beschrie-
ben d.h. fur Referenzbeleuchtungsbedingungen und fur einen Referenzbeo-
bachter, der dem Durchschnitt normalsichtiger Beobachter in der Altersgruppe
zwischen 20 und 30 Jahren entspricht. Das Modell wird dann ausgedehnt mit
Hilfe modifizierender Faktoren, um dem physikalischen Unterschied zwischen
einem realen Beleuchtungssystem und der Referenzbeleuchtung sowie dem
Unterschied zwischen verschiedenen Altersgruppen von Beobachtern Rechnung
zu tragen. Schliesslich wird das Modell benutzt um das Ergebnis von 20
Sehleistungsuntersuchungen unter realen oder simulierten Arbeitsbedingungen
durch analytische Funktionen zu beschreiben. Die Erfahrungen, die hierbei
gemacht wurden, dienten zur Anregung von Vereinfachungen des Modells und
zur Ermittlung geeigneter Werte einiger Modellparameter.
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SOMMAIRE

Le présent rapport fournit une description relativement compléte d'un
modeéle analytique d'ensemble pour définir 1'influence des paramétres de
1'éclairage sur le potentiel en performance visuelle d'observateurs engagés
dans des taches ayant une composante visuelle significative et de décrire la
succession de certitudes utilisées pour développer chaque phase du modéle.
Le modéle est dérivé d'études et d'analyses de la littérature abondante
publiée sur le potentiel de performance visuelle comme fonction de parametres
d'éclairage variés. Ces études ont utilisé deux approches techniques de
base qui peuvent &tre décrites comme méthodes "empiriques" et "analytiques”
pour 1'étude de la performance visuelle. Les études empiriques impliquent
des mesures de la vitesse et de la précision de la performance conduites dans
des conditions réelles ou simulées du travail visuel. Les études analytiques
nécessitent des mesures des caractéristiques opérationnelles des processus
que l'on pense étre en action au cours d'un travail visuel, pris soit seuls,
soit en combinaisons relativement simples. Une synthése postérieure des
caractéristiques de fonctionnement des processus individuels est effectuée
dans un modéle quantitatif, destiné a décrire le potentiel de performance
visuelle dans les conditions de travail visuel. Le modéle analytique, décrit
dans ce rapport, est dérivé de toutes les données expérimentales convenables
obtenues dans ces deux sortes d'expériences pendant les 50 derniéres années,
et dont le Comité est informé. En tout, plus de 2200 membres des populations
appartenant aux Pays Membres de la CIE ont participé a ces études, soit
comme observateurs expérimentés, soit comme participants non avertis a des
observations sur le terrain.

L'approche de base, pour ce modele, est de commencer par une spécifi-
cation du niveau de potentiel de performance visuelle que l'on peut atteindre
en fonction du niveau de luminance réelle de la tache ou de l'éclairement
obtenu dans une sphere photométrique idéale, considérée comme fournissant
des "conditions d'éclairage de référence." Le modéle est alors étendu pour
incorporer des systémes d'éclairage réel en utilisant les concepts de luminance
de référence équivalente et d'éclairement équivalent. L'équivalence des
systémes réels d'éclairage a l'éclairage de référence, a 1'un ou l'autre niveau
d'intensité, est établie au moyen de facteurs quantitatifs représentant les
effets numériques de l'environnement lumineux sur le potentiel de performance
visuelle y compris la géométrie et la polarisation de l'éclairement et le
schéma point par point des luminances dans 1'environnement de la tdche
visuelle par rapport a la luminance de fond de la tache.

Le modele exprime la relation fonctionnelle entre le potentiel de per-
formance visuelle et le niveau de la luminance ou de l'éclairement de réfé-
rence selon deux types de fonctions de transfert utilisées successivement.
Le premier type de fonctions de transfert relie le niveau de visibilité de la
tadche 3 la luminance ou a l'éclairement de référence. Le deuxieme type de
fonctions de transfert relie le potentiel de performance visuelle au niveau
de visibilité de la tdche. Ainsi, le niveau de visibilité de la tache est
utilisé comme une variable intermédiaire nécessaire pour relier le potentiel
de performance visuelle aux parametres de 1'éclairage.
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Le premier type de fonctions de transfert est exprimé en termes de
"sensibilité relative au contraste" (ou RCS) du systéme visuel assuré par
divers niveaux de la luminance ou de l'éclairement de référence. Il a été
trouvé commode d'utiliser le RCS pour décrire les effets de la luminance ou
de 1'éclairement de référence parce que les effets numériques des paramétres
de 1'éclairage autres que le niveau d'éclairement ou de luminance peuvent
étre convenablement exprimés comme facteurs modificatifs de la valeur de
RCS. Le modele développe une famille de "fonctions RCS de la luminance"
avec des parametres qui dépendent de la dimension du détail de la tache,
du niveau d'exigence de la tdche, et de l'age de l'observateur.

Le deuxiéme type de fonctions de transfert consiste en une combinaison
des caractéristiques de fonctionnement de trois processus visuels critiques
que l'on pense intervenir dans un travail visuel réel. Il y a le processus
sensoriel critique par lequel !'information visuelle concernant les détails de
la tdche est obtenue et deux processusoculo-moteurs critiques, 1'un relatif
a la maintenance d'une fixation oculaire stable pendant les pauses dans le
processus de recherche visuelle et de balayage, l'autre intervenant dans le
controle des mouvements saccadés de l'oeil.

Le modele analytique est d'abord décrit dans sa forme la plus simple pour
des conditions d'éclairage de référence et pour un observateur de référence
réprésentant la moyenne des individus normaux dans la tranche d'dge 20-30
ans. Le modele est ensuite étendu pour incorporer les facteurs modificatifs
rtécessaires pour prendre en compte les différences physiques entre les
sgystémes d‘éclairage réel et les conditions d'éclairage de référence ainsi
que des facteurs modificatifs indispensables pour prendre en compte les
différences entre les résponses visuelles des différentes catégories d'observa-
teurs individuels & partir de celles de |'observateur de référence. Finalement,
le modeéle analytique est utilisé pour fournir les fonctions analytiques corres-
pondant & chacun des vingt ensembles de données sur la performance visuelle
obtenues dans des conditions de travail visuel réel ou simulé. L'expérience
dans l'adaptation de ces fonctions a été 1'outil qui a suggéré les simplifica-
tions qui pourront etre introduites dans le modele sans perte significative
dans son aptitude a correspondre aux données expérimentales et en révélant
les valeurs convenables pour certains parametres du modele.
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INTRODUCTION

This report will consist of five principal parts. PartI will describe the
development of the analytic model under the simplest possible conditions, in
which visual performance potential * is related to task luminance and/or il-
luminance under conditions of reference lighting for a reference observer.
Reference lighting is defined by the following conditions: (a) illuminance is
perfectly diffuse and of correlated color temperature equal to 2856 K (CIE
Iltuminant A); {b) the luminance of the visual field of the observer is identical
at all points; and (c) the lighting is produced by unpolarized sources. The
reference observer is a hypothetical individual whose responses to light are
identical to those found for the average of a reference population of observers,
defined as a well-motivated group of visually normal individuals within the
age range from 20-30 years. Part II will extend the analytic model to include
realistic lighting conditions by developing modifying factors to take account
of the effects upon visual performance potential of various physical differ-
ences between actual and reference lighting conditions. Part III will extend
the analytic model to take account of the differences between the visual re-
sponses to light of different classes of individuals and the reference observer.
Part IV will describe the use of the analytic model in providing functions
fitted to the data points obtained in 20 empirical experiments in which visual
performance was studied under conditions of real or simulated visual work.
The success in fitting the 20 data sets has provided a highly significant vali~
dation of the analytic model. In addition, the data-fitting operation has pro-
vided the basis for the introduction of important simplifications into the
original form of the model based upon the results of analytical experiments
alone, and has also provided the basis for selection of appropriate values of
important model parameters.

In addition to the four main parts of the report, there is a fifth part de-
scribing areas of possible future development of the model, and an appendix
describing a family of RCS functions of luminance. These functions represent
a fundamental cornerstone of both volumes of Report No. 19/2, just as the

single RCS reference function of luminance was a fundamental cornerstone of
CIE Report No. 19.1

From time to time it will be convenient to refer to a "technical note,”
rather than to interrupt the exposition to describe a rather abstruse but tech-
nically significant point. These technical notes (TN) will be found at the
close of the report, each TN being numbered for identification.

The Committee considers the analytic model to be open-ended in the
sense that it can be modified by the inclusion of additional quantitative
factors or functions if it is discovered in the future that such are needed.
Furthermore, the accumulation of additional analytical or empirical data may
well suggest modification of the numerical gquantities for factors or functions
included in the present form of the model. However, the Committee considers

* Definitions of all underscored terms are given in the Glossary of this
report.
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that, as here described, the model provides the most complete and accurate

guantitative statement of the effects of lighting parameters upon visual per-

formance potential it has been possible to derive at this point in time. (See
Section D of the Introduction of the companion volume? for a statement of the
current limitations of the analytic model.)

PART I: THE ANALYTIC MODEL UNDER REFERENCE CONDITIONS

This portion of the present report will describe step by step the rela-
tions existing between illuminance and task visibility, and the relations
existing between task visibility and visual performance, which taken together
explain the effects of the quantity of illuminance upon the speed and accu-
racy of performance of tasks involving important visual components. As noted
in the Introduction, throughout this Part of the report reference conditions
will be assumed which include both reference lighting conditions and the
reference observer. The subscript "ref” is used to identify reference condi-
tions whenever ambiguity is likely. It should be emphasized that the assess-
ment of both task visibility and visual performance is basically accomplished
by psychophysical procedures, that is, by measurement methods in which the
stimulus to human vision is systematically varied and the consequences to
human visual information collection determined by recording suitable responses
from the observers. Psychophysical assessment is the criterion method for
studies of visual performance, whatever its limitations in terms of precision
and/or practicality for use in a field of application such as illuminating engi-
neering. Once the psychophysical data are available, it is often, but by no
means always, possible to substitute measurements of physical quantities
for the more cumbersome psychophysical assessments. Equivalence of the
physical and psychophysical measurements must always be verified.

Section A: The Visibility Threshold and the Contrast Metric of Visibility

For more than a century it has been customary to use measurements of
the sensory threshold as a relatively precise means for determining the psy-
chophysical relations between sensory stimuli and the response properties
of sensory systems. The word "threshold" connotes a dividing line between
two sensory states, in this case a dividing line between the presence and
the absence of a given sensory discriminatory capability. In its simplest
sense, the visibility threshold refers to the dividing line between object
visibility and object invisibility, described in terms of some physical charac-
teristic of the object which is capable of changing it from visible to invisible.
The use of the term "visible” is deliberately vague with respect to whether
the process involved in determining visibility is believed to involve "detec-
tion" of presence or "recognition" of some attribute of the object. As we use
the term visibility threshold, then, it means simply the dividing line along
some stimuwus dimension separating operation from nonoperation of one or
another visual discriminatory process.

It has been found highly desirable for our purposes to select a single
dimension to describe the stimulus regardless of the discriminatory process
believed to be involved, namely luminance contrast, C, defined3 as follows:
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C = (1)

L

LD—LI

where Lp equals luminance of the task detail and L equals luminance of the
task background. Use of this equation does not necessarily imply that ob-
jects darker and brighter than their backgrounds having equal contrast are
psychophysically equivalent. Nor is it intended that other definitions of
luminance contrast are to be avoided in connection with other aspects of
visual response to lighting than visual performance.

Evidence abounds in the literature of visual science? which indicates

* that there is not in fact a dividing line between the states of object visibility
~and object invisibility . Rather, there is a region along each stimulus dimen-
- sion designated the "threshold zone, " within which the proportional occur-
‘rence of object visibility ranges between minimum and maximum values,
~usually zero and unity. A typical "psychophysical function" of luminance

contrast is shown in Figure 1, which represents a portion of the experimental
results to be described here as the visual performance reference data.

As reported by the investigators ,5 the observer's task involved correctly
discriminating the spatial location of a gap or break in an annular ring. There
were eight possible locations for the break, at positions corresponding to the
eight major and minor compass points. The ring was constructed so that the
width of the annulus was 4 minutes in angular size when viewed by the ob-
server, and the outer diameter of the ring subtended 20 minutes. This class
of "test object" is internationally known as the Landolt ring, and such test
objects have been frequently used for measurements of visual acuity. The
Landolt ring in this case was largerin physical dimansions than those usually

Visual Performance Reference Data 238 Observers Age 20- 30 Years

Single Ring Visibility Threshold Conditions
On-axis Location .2 second Exposure

pl
Fy
T

C=.0342

1 1 L 1. 1 i
.0l .02 .03 .05 .07 Al 2 .3 .5 T 1.0

Luminance Contrast

-

Figure 1. Sample visibility threshold data of Blackwell
and Blackwell5 obtained at a reference luminance of 100 cd/m=.
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used for acuity measurements, and was of variable luminance contrast rather
than having luminance contrast fixed at unity as defined by Equation (1), as
is customary in most conventional measurements of visual acuity. The 4-
minute Landolt ring was of higher luminance than its background, so that
luminance contrast could be varied from near zero to as large a value as de-
sired. (TN-1) The background luminance was approximately 100 cd/m?. The
psychophysical procedure used to derive the data was a forced-choice proced-
u_lre_,4 which requires that the observer prove that the required discrimination
has been made by correctly identifying the location of the break in each of a
number of rings, the observer being forced to choose one or another of the
possible locations even if he is uncertain as to the correctness of the re-
sponse. Values of p' are used to describe the correctness of the observer's
performance; these represent the raw proportions of correct responses after
adjustment for the proportion of correct responses due to chance guesses.
(TN-2) This procedure may seem somewhat unrealistic, but it has been
shown4 to provide unusually precise and reliable measures of the visibility
threshold.

The S-shaped curve in Figure 1 conforms to a well-known analytical
function which we designate the log ogive. (TN-3) Note the considerable
range of task contrasts within which the proportional occurrence of correct
recognition of a location of the break in the Landolt ring is greater than zero
and less than unity. This range defines the threshold zone for the experiment
being described. Obviously, at luminance contrast values above this zone,
discrimination can be made essentially without error; below this zone, the
discrimination can essentially never be made. It is customary to describe
the sensitivity of the discriminatory process in terms of the "threshold," de-
fined as the value of the stimulus dimension at which the proportional occur-
rence of successful discrimination is midway between the maximum and
minimum values obtained over a large range of the stimulus dimension. The
curve in Figure 1 is designated a visibility threshold curve. Since the values
of the proportion, p', in Figure 1 range from a maximum of unity to @ minimum
of zero, the threshold luminance contrast corresponds to a value of p' = .5,
as indicated by the horizontal arrow in the figure. We take the value of lumi-
nance contrast shown in Figure 1 as .0342 {3.42%) to be the visibility thresh-
old, designated C, for the reference population of 238 observers whose data
are summarized in this figure, for a 4-minute Landolt ring test object and for
task background luminance of 100 cd/m®. The numerical magnitude of the
visibility threshold is known to depend upon the size and configuration of the
task detail, the exposure time, and the location of the detail with respect to
the ocular line of sight. As will be shown subsequently, C also varies with
the task background luminance, L.

The use of the term visibility threshold is usually restricted to situations
having the following characteristics. The observer is given full information
concerning the test object, including precisely where and when it will occur
and what the observing task is. The observer is given all possible assistance
in maintaining accurate ocular focus, and in directing the ocular line of sight
so that the test object falls upon the fixational center, unless other stimulus
locations are specifically under investigation. The observer is given
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sufficient time to achieve stable equilibrium adaptation to the task backgroun:
luminance, unless transient adaptive effects are the subject of study. The
data in Figure 1 represent a case in which the observers were instructed to
look precisely at the (empty) center of a single Landolt ring test object.
Small sharp dots of light surrounding the test object were used to assist the
observer in maintaining the desired ocular fixation and in maintaining correct
ocular focus for the distance at which the test object was presented. The ob-
server was instructed not to attempt to make any eye movements during the
brief exposure of the task.

In addition to the conditions already described, it will be convenient to
specify that in this report, unless otherwise stated, visibility threshold con-
: ditions always involve "on-axis" ocular fixation, with the exposure duration
- of the test object fixed at .2 second. This brief exposure duration is intendec
“to simulate a single "fixational pause" or glimpse such as occurs periodically
-~ during normal sequences of eye movements made during the performance of
~actual visual work. Of course, threshold performance can be improved by
- increasing the exposure duration, thus allowing time for multiple glimpses of
- the task. Thus, the visibility threshold obtained in a single glimpse does
" not represent the best possible level of visibility; it merely represents a re-
peatable and meaningful reference condition for our description of the effects
of luminance upon visual performance. The .2-second exposures are pre-
sented in a "pulse train, " each pulse being separated by about 1 second.

Next define a contrast metric of task visibility, designated the
visibility level, VL, as follows:

VL = C/C | 2)

where C is the luminance contrast of a task, and C is the visibility threshold
of a given observer or a group of observers obtained with the same task at a
given level of task background luminance. By definition, the value of VL
equals 1 at the visibility threshold. VL is of course less than unity over the
portion of the threshold zone below the visibility threshold. The value of VL
is greater than unity over the upper portion of the threshold zone, reaching

a value of about 2 as the proportional occurrence of discrimination, p', ap-
proaches unity. Thus, as VL varies from zero to about 2, the value of p'
increases from a minimum value of zero to a maximum value of unity. When
the value of VL exceeds about 2, the proportional occurrence of correct dis-
crimination no longer increases with VL. (TN-4)

Equation (2) shows VL to be a dimensionless quantity obtained by divid-
ing two values of luminance contrast. Relative values of VL depend entirely
upon the values of a physical quantity, luminance contrast. Absolute values
of VL obviously depend as well upon a psychophysical quantity, the visibility
threshold value of contrast. The argument has been made® that visibility
level as defined by Equation (2) is a fundamental psychophysical quantity
analogous to luminance, relative values being determined by the recognized
physical scale of luminance contrast, absolute values being determined by a
psychophysical quantity having a recognized operational definition in terms
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of the pulse train method for determining the visibility threshold described

above. As in the case of luminance, VL is defined "linearly"” in the sense

that relative values of it depend upon a linear scale of a physical quantity,
in this case luminance contrast. As with luminance, it is not assumed that
there is necessarily any visual correlate of increasing VL which is linearly
related to the value of V.. (Indeed, as we shall see, the visual correlate

of increasing VL is nonlinearly related to VL, just as apparent brightness is
nonlinearly related to luminance.)

Figure 2 presents additional data obtained5 on the reference population
of observers, under conditions closely related to those used in collecting the
visibility threshold data presented in Figure 1. The abscissa values are in
this case values of VL, defined by Equation (2), where C is the luminance
contrast as before, and C is the threshold contrast equal to .0342 derived
from the data shown in Figure 1. There are four curves in the figure, each of
which was obtained by the reference observer population with Landolt ring
test objects, using the forced-choice psychophysical method. The dashed
curve farthest to the left is the curve obtained under visibility threshold con-
ditions, presented already in Figure 1. The other two dashed curves were
obtained under conditions very much like the visibility threshold conditions
as described previously. In fact, the only difference in procedure among the
three experiments producing the dashed curves is the location of the test ob-
jects with respect to the ocular line of sight. As noted above, visibility
threshold conditions involve on-axis location of the test objects, unless

Visual Performance Reference Data 238 Observers Age 20-30 Years

Single Ring .2second Exposure No Search

On -axis -
- ra ,’ ______________________________
9 N / - .
V4 7
8 /7
Oft-axis / Off-axis
7+ 2* I/ q° /.

S Rings 2° Rodius of Separation
Seorch for Complete Information
during 1.0 second Exposure
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>

L 1 L 1 1 il I L L 1 I 1 1
.6 ! 2 3 q 5 6 8 10 15 20 30 40 50

Visibility Level VL

Figure 2. Sample visual performance data of Blackwell
and Blackwell5 obtained at a reference luminance of 100 cd/m?,
together with the visibility threshold data presented in Figure
1 and two sets of "off-axis" visibility threshold data (seetext
for explanation).

° Documents

Document Sharing Hub

Copyright International Commission on lllumination
Provided by IHS under license with CIE Licensee=Hong Kong Polytechnic University/9976803100, User=ertert, rtet

No reproduction or networking permitted without license from IHS Not for Resale, 05/10/2015 03:01:42 MDT
Full document details: CIE 19.2.1-1981


http://www.avadocuments.com/doc/cie-19-2-1-1981
http://www.avadocuments.com/doc/cie-19-2-1-1981

otherwise stated; that is, observers are normally instructed to look directly

at the location of the test object. In the experiments producing the middle two
curves, the observers were instructed to look at a location eccentric to the
location occupied by the test object so that the Landolt rings were presented
at a known location away from the ocular line of sight. Such experiments are
classically used to define the sensitivity of the visual field surrounding the
line of sight. These experiments differ principally from many such experi-
ments in that the off-axis distances are quite small, being 2 and 4 degrees,
respectively, as indicated by the labels on the curves in the figure.

The solid curve which is located farthest to the right in the figure was
obtained under the dynamic conditions considered typical of visual perform-
ance experiments. An array of five Landolt rings was used with one ring in
the center and four at a fixed separation of 2 degrees from the central ring,
one located at each of the four major compass points. The observer was re-
guired to report which of the four peripheral rings, if any, had its break in the
same location as the central ring. Exposure duration was 1 second, and the
observers were instructed to search and scan in the most efficient possible
manner. Each observer was required to have full information concerning the
spatial location of each of the five rings, a highly demanding task when the
exposure duration is as short as 1 second.

Detailed discussion of the principal significance of these results will be
delayed to a later section. However, consider here the following points.
Each of the experiments provides data in the form of an S-shaped curve relating
p' to the value of contrast and hence VL; thus each experiment revealed the
existence of a threshold zone within which p' ranged from zero to @ maximum
value achievable at very large values of VL in that experiment. [ Note that the
maximum value of p' was unity only for the visibility threshold experiment.
For the other experiments the maximum values of p' were less than unity. We
will return to this point later in some detail.] Each of the three experiments
other than the visibility threshold experimant showed that higher values of
task contrast and hence VL were required to achieve given values of p' ob-
tained in the visibility threshold experiment. The data suggest that the extent
to which the contrast of a given task detail must be increased above the visi-
bility threshold contrast, represented by the value of VL, may be used to pro-
vide a physical mzasure of the difficulty of the task conditions. This may be
achieved conveniently by replacing the scale of luminance contrast used in
Figure 1 by the scale of VL used in Figure 2. Each value of VL is a m=2asure
of luminance contrast in units of visibility threshold contrast. Thus, VL = 2
means that the detail contrast is twice the threshold visibility contrast, etc.

The curves in Figure 2 can make the following contributions to our under-
standing of the relations between visibility and visual performance experi-
ments. First, we may note that any value of luminance contrast of the task
detail , as referred to in Figure 1, provides a different value of p' under each
of the conditions we have described for the four experiments. For example,

a luminance contrast of .1 (10%) produces p' equal to nearly unity under the
visibility threshold conditions illustrated by Figure 1. By Equation (2) the
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value of VL corresponding to this luminance contrast equals .1/.0342 = 2.92.
As shown in Figure 2, this level of VL leads to values of p' equal to approxi-
mately .91 when the single ring is viewed 2 degrees off axis, .47 when the
single ring is viewed 4 degrees off axis, and a value less than .26 when five
rings are viewed under conditions of active ocular search during a 1-second
test exposure. Thus, clearly, VL has different consequences under different
experimantal conditions. However, under each experimzntal condition, p' is
a regular S-shaped function of log VL.

It is important to emphasize the following consequence of these facts.
In the ocular search experiment represented by the right-most curve in Figure
2 in which the VL of the rings was 2.92, the observer would probably have
failed to obtain complete information concerning the five rings, p' being only
.26. Nevertheless, the observer would have found that each of the rings was
perfectly visible if the display had been exposed continuously so that he
could have looked from ons2 ring to the next. Thus there is a large and impor-
tant difference between task visibility when time for observation permits each
element of the task to be viewed directly on axis, and task visibility under
the dynamic conditions considered realistic for visual work, in which much of
the information collected by the observer about the task must be obtained
when the ocular line of sight is at least somea distance away from the location
of the task detail.

Introduce at this point a definition of visual performance, VP, as the
speed and accuracy with which a visual task is performed. It should be em-
phasized that visual performance is limited to those cases in which visual
work is required during which the pressure of time and the need for accuracy
demands that the visual worker use strategies of ocular search and scanning
appropriate to the task. These strategies will usually require that task infor-
mation be gathered frequently with task details viewed at least somewhat
away from the ocular line of sight.

The definition of visual performance is intended to exclude experiments
in which ocular search and scanning are not involved, even if the task loca-
tion is off axis as was the case in the two single-ring experiments described
above. These conditions are considered to represent neither visibility thresh-
old nor visual performance conditions. However, as will be pointed out in a
subsequent section, data obtained under what are designated off-axis visi-
bility threshold conditions aid our understanding of certain quantitative
aspects of visual performance data, and it was for this reason that the data
for fixed off-axis viewing were included in Figure 2.

It has been empha sized6 that in establishing values of VL by what we
designated the direct method described by Equation (2), care must be taken in
specifying the conditions under which the measures of the visibility threshold,
C, are made. If values of VL are to be used to interpret the results of visual
performance experiments, as is our intention, values of C should be measured
in @ manner as similar as possible to that used in making the visual perform-
ance measurements. In the example represented in Figure 2, forced-choice
psychophysical methods were used in collecting all sets of measurements,
each requiring that the observer correctly identify the spatial location of the
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breaks in Landolt ring test objects from among eight spatial alternatives. Thus,
in this example the psychophysical methods are considered to be perfectly
matched, and direct comparisons such as we have made in Figure 2 are con-
sidered valid.

Although use of the direct method for defining valtues of VL is of great
value in certain classes of analytical experiments such as those just dis-
cussed, in the general case it will be necessary to define VL in the manner
used in Report No. 19, namely in terms of the indirect method, here described
by the retationship:

VL = aref/aref (3)

where the quantities will be described in some detail in the text which follows.

In this case Cref represents the visibility threshold obtained with specific
task details and conditions designated the visibility reference task. The task
consists of a luminous disc whose diameter subtends 4 minutes of arc at the
observer's eyes, presented in a train of .2-second exposures as already de-
scribed against an extended background of reference luminance. Various con-
siderations led to selection of this task to serve as the visibility reference
task such as ease in standardization and the existence of a considerable data
base, as described in CIE Report No. 19.

The desired visibility threshold values for the 4-minute disc are those
considered to have been obtained by the reference observer. Suitable data
are presented in Figure 3 which represent the average values obtained’ by a

The Visibility Reference Function
1000, 4 minute Disc On-axis Location
.2 second Exposures Adjustment to Visibility Threshoid
300

68 Observers Age: 20-30 Years

b—ref

Reference Threshold Contrast,
T

03

Qi

1 1 1 i 1 1 | i 1 1 1 1 1 | 1 J
.0001 .0003 ,001 .003 0 .03 ol .3 1 3 10 30 100 300 1,000 3,000 (0,000

Reference Luminance (cd/m?)

Figure~3 . The visibility reference function, representing
values of Cref as a function of Lyef. Data of Blackwell and
Blackwell;7 curve fit suggested by Bodmann. 8
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reference population of 68 normal observers, as described earlier in Report
No. 19. Standard errors of the average data points cannot be shown con-
veniently since they are of approximately the magnitude of the x's in Figure
3. The smooth curve fitted through the average data points was derived from
one of the family of analytic functions suggested by Bodmann® which can be
written as follows:

2.5

.4
Cref = .05936[<1—'6—3—9> + 1] 4)
Lref

In this case, Equation (4) describes the visibility reference function, Cref
being the reference threshold contrast meaning threshold contrast measured
under reference lighting. Values of Cref computed from Equation (4) are to be
used in computing values of VL in terms of Equation (3), but only when the
visual display consists of the 4-minute disc visibility reference task. A
general expression for calculating values of Cref for other tasks will be pre-
sented subsequently.

The quantity reference equivalent contrast, aref, is a measure of the
intrinsic visual difficulty of the visual display presented to the observer by
the task, determined by a direct psychophysical comparison between the
visibility of the task visual display and the visibility of a 4-minute disc
under conditions of reference lighting. This comparison involves determining
the luminance contrast of the 4-minute disc which matches it to the task in
visibility, the actual luminance contrast of the 4-minute disc at the match be-
ing used as the value of aref. The information criteria used in determining
equivalent visibility for the two test objects need not be the same. Rather
the visibility of the 4-minute disc is always judged with respect to mere de-
tection of its presence, whereas the visibility of the task visual display may
be judged with respect to any information criterion deemed suitable fg)vr the
task, for example, the recognition of a letter or word. The value of Cyef is
to be determined by means of a contrast-reducing visibility meter such as is
described in CIE Report No. 19, which features reduction of task contrast
without alteration of overall task luminance and the alternate use of a pulse
train of .2-second exposures of the task visual display and the 4-minute
disc. Report No. 19 recommends that visibility equation be accomplished at
visibility threshold, since equation of visibility is more accurately achieved
under these conditions. Thus the data presented in Figure 3 represent suit-
able data in terms of which the performance of visibility meter operators may
be evaluated when making measurements of Gref. (TN-5)

The 4-minute disc task may be said to have two roles: (a) it serves as
the visibility reference task with regard to the definition of Cref in Equation
(4); and (b) it serves as the visibility equivalence task with regard to the de-
termination of Cref.

Strictly speaking, values of &“ref should be obtained at the specific levels
of task background luminance of interest, since the value of E;‘ref will always
depend somewhat upon luminance level, unless the visibility threshold func-
tions of luminance for the task visual display of interest and the 4-minute
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disc are numerically identical except for a multiplicative scaling constant.
One solution to this problem involves using an iterative procedure for meas-
uring Cref. (TN-6)

For reasons which will become apparent as we proceed, it will prove
generally more convenient to substitute an analogous indirect method for cal-
culating values of VL for the method just described. This method involves
use of the concept of relative contrast sensitivity, RCS, introduced in Report
No. 19. Contrast sensitivity, CS, may be defined as the inverse of the
threshold contrast, relative contrast sensitivity implying only that the values
of contrast sensitivity so obtained are multiplied by a scaling constant for
some reason of convenience. Figure 4 presents what is known as the relative
contrast sensitivity or RCS reference function of luminance” which is derived
by inversion directly from the visibility reference function shown in Figure 3.
A scaling constant was chosen to bring the value of RCS to unity at a task
background luminance equal to 100 cd/m2. The RCS reference function is
formally described as follows:

-2.5

.4
RCSref = 1.555[(%) + 1} (5)

where L o5 is the task background reference luminance (cd/m?) and RCSyef is
the reference relative contrast sensitivity.

We may now define the indirect method for calculating values of VL as
follows:

(6)

where .0923 (9.23%) represents the value of the visibility threshold for the
4-minute disc task obtained by the reference observer at a level of task back-
ground luminance equal to 100 cd/m2.

- As indicated above, the RCS reference function of luminance is related
directly to the visibility reference function, so that the establishment of the
fulfiction shown in Figure 4 is supported by the data points for 68 normal ob-
se{fvers presented in Figure 3. As shown in Report No. 19, moreover, the RCS
reference function is given additional support by the data reported somewhat
earlier!! for an additional 35 normal observers. These observers determined
forced-choice thresholds for the 4-minute disc, with single exposure dura-
tions of .2 second. Whereas the visibility thresholds obtained by the two
psychophysical procedures are not the same, the curve shape is. Thus, by

*This function was designated the "standard RCS function of L" in Report
No. 19. The change in nomenclature emphasizes that our observer group is
to be considered a reference rather than a standard population. The present
Equation (5) is to be used in place of the tabular values presented in the
earlier report. However, calculations carried out consistently with one or
the other method give essentially the same results.
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The Relative Contrast Sensitivity (RCS) Reference Function of Luminance
On-axis Viewing Detail Size: 4 minutes Aget 20-30 Years
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Figure 4. The relative contrast sensitivity, RCS, reference
function of luminance, derived from the visibility reference
function by setting RCS to unity at Lref = 100 cd/m?3.

normalizing the data in terms of RCS, it has been possible to average the two
data sets, thus increasing the precision with which the RCS reference function
of luminance could be established. Actually, the additional precision was
passed back to the visibility reference function, since the curve fitted through
the data points in Figure 3 was in fact derived from the smooth curve presented
in Figure 4. Calculations from Equations (4) and (5) may be shown to agree,
making use of the relation:

RCSpef = .0923/Cref (7)

The Appendix contains evidence demonstrating the extent to which the
experimental data from a total of 103 members of the reference population sup-
port the form of the RCS reference function of luminance, when the 4-minute
disc was used (see Figure A-1, which is similar to Figure A-1 of Report No.
19). The Appendix also contains evidence demonstrating that the RCS function
of luminance is equivalent when the 4-minute disc is replaced by the 4-minute
Landolt ring (see Figure A-2).

Report No. 19 contained evidence demonstrating that the precise shape
of the RCS function of luminance depended somewhat upon two variants in the
experimental conditions: (a) task detail size, and (b) observer age. The
Appendix of the present report contains updated evidence on both these points,
demonstrating clearly that both these variables produce sizable and predict-
able changes in the shape of the RCS function of luminance. Let us consider
at this point only the variations due to the size of the task detail, delaying
consideration of the effects of observer age until Part III.
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The evidence for such large and systematic variations in the shape of
the RCS function of luminance has led Blackwelll? to develop a family of
analytical expressions for the RCS function of luminance of the following

general form:
-2.5

S .4
RCS = n[(tLref> + 1] (8)

2.5

- [(1§Ot)'4+ 1] ®)

where Lyof is the task background reference luminance (cd/m2) as before, and
S and t are the RCS parameters. [It is to be noted that the RCS reference func-
tion of luminance as described by Equation (5) has the parameters S = 1.639,
t=1.00, andn = 1.555.]

and

Figure 5 illustrates the manner in which task detail size affects the shape
of the RCS function of luminance. The larger the task detail, the flatter is the
RCS function. This effect is revealed by changes in the RCS parameter S,
without changes in the parameter t. Note that large values of S characterize
steep RCS functions of luminance. (It is to be emphasized that comments
such as the foregoing concerning the "shape” of the RCS functions of lumi-
nance are justified only when these functions are plotted on double logarith-
mic graphs such as were used in preparing Figure 5. Naturally, shape
differences are easiest to judge when functions are plotted relative to each

Effect of Detail Size Upon The RCS Function of Luminance
2.0 On-axis Viewing Age: 20-30 Years
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Relative Contrast Sensitivity, RCS
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Figure 5. Data from Blackwell12 illustrating the effect

of size of task detail upon the shape of the RCS function of
luminance as revealed by values of the parameter S.
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other as has also been done in Figure 5. As noted previously, all RCS func-
tions of luminance are arbitrarily set to unity at a value of reference luminance
equal to 100 cd/m®. This policy causes the curves of differing shape to cross
each other as occurs in Figure 5, rendering it a simple matter to describe one
function as flatter or steeper than another.)

The quantitative allowance for the effect of size of task detail is given
by the following expression12 for RCS parameter S:

log S = .5900 - .6235 logd (10)
(plus or zero)

where d is the size of the task detail in minutes. (Note that for values of d
less than 1 minute, the logarithms of which are negative, the second term of
Equation (10) would be taken equal to zero. This procedure is used since it
has been shown!? that for values of disc diameter equal to 1 minute or less,

S is fixed at 3.890.) Quantitative support for Equation (10) may be found in
the Appendix. There are presented visibility thresholds at various luminances
obtained!l by the forced-choice procedure with 1-, 10-, and 60-minute discs,
using 35 members of the reference population on whom 4-minute disc visibility
thresholds were also available (see Figures A-1, A-3, A-4 and A-5). The
interested reader will find that Blackwell has presented12 data graphs for RCS
functions of luminance covering discs of diameter .5, 1, 2, 4, 10, 20, 40,
and 60 minutes of arc, the four graphs reproduced in the Appendix being con-
sidered typical of the complete set of eight graphs and hence sufficient for
presentation here. The practical consequences of the systematic alteration in
the shape of the RCS function of luminance will be discussed at appropriate
points in the following sections of this report.

The existence of a family of RCS functions of luminance as illustrated by
the curves in Figure 5 requires that we generalize Equation (6) as follows:

RCS
.0923

VL = aref X (68)
3where we have dropped the subscript "ref" from RCS to signify that any of the
family of RCS functions of luminance may be used for calculation of RCS and
hence of VL.

Similarly, we must generalize Equation (4) not only to cover all members
of the family of RCS functions of luminance, but also to cover task details
other than the 4-minute disc for which Equation (4) was written. The general-
ized form is as follows:

2.5

.4
o - 0228 (s YL o
n (Cref /C) tLref

where all quantities have been previously defined except (Gref/c), whic}} may
be described as follows. In the normal psychophysical measurement of Cref,
what is obtained is a unique measure of task detail difficulty which includes
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the effect of the luminance contrast of the details together with the effects of
such other factors as size and configuration which influence their overall in-
trinsic visibility. Use of photometric data on luminance contrast to calculate
the quantity (Cref/C) is an effective way in which to reduce the required num-
ber of psychophysical measurements, substituting physical measurements
which are both more precise and less time-consuming. Once a value of
(Cr@f/C) has been obtained for one value of task detail contrast, other values
of Cref may be calculated by multiplyingi@fref/c) X C. [In the case of the
visibility reference task, by definition (Cref/C) equals unity, as indicated
previously S = 1.639, t = 1.000 and n = 1.555, and Equation (4a) reduces to

Equation (4).]

Values of VL calculated by the direct method involving use of Equations
(3) and (4a) will agree with values calculated by the indirect method involving
Equation (6a), except for variable errors of measurement. However, as Black-
well® has pointed out, values of VL calculated by the direct method from
Equation (3) alone will disagree with values of VL calculated in other ways
unless the psychophysical method used to determine C_3ref in Equation (3) is
equivalent to the pulse train visibility threshold method described above for
determining values of 5ref. For example, Blackwell® has shown that the
forced-choice psychophysical method described earlier yields values of
threshold contrast which are only .400 times those obtained by the pulse
train visibility threshold method. Values of VL calculated from Equation (3)
based upon values of Cref obtained by the forced-choice procedure would be
2 .50 times as large as values calculated from Equation (6a). These higher VL
values are in error, due to the use of "mismatched" psychophysical methods.
This potential source of constant error may be eliminated by the following
broadening of Equation (4a). Define a quantity (E:“eff/c) analogous to the
quantity (@Jref/C) when @eff is the effective equivalent contrast:

(Ceft/C) = (Gret/C) x 2> (1)
Cref

where éﬁef represents the reference threshold contrast determined by any psy-
chophysical method of interest at a level of reference luminance of 100 cd/m?2.
Then, rewrite Equation (4a) as follows:

Cref = . 0923 ( S >'4+ 12.S (4b)
re n (Ceff/C) tLref

Equation (4b) is always to be used together with Equation (3) when values of
VL are to be based upon the direct method. Thus, if a nonstandard psycho-
physical method is of interest, a value of C;ef is to be m=zasured with this
method, a value of (Cref/C) measured with the standard visibility meter
method, and a value of (Ceff/C)calculated from Equation (11) and then intro-
duced into Equation (4b). This complex procedure probably argues well for
the consistent use of Equation (6a) in defining values of VL, since all that is
required in this case is a measurement of c“:}ef using the standard visibility
meter procedure. (TN-7) The fact that the absolute magnitudes of values of
VL depend upon a psychophysical constant which is undoubtedly somewhat
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difficult to define under at least some conditions has led Blackwell® to sug-
gest that values of VL be used whenever possible in such a manner that the
absolute magnitudes tend to cancel. As we continue with this description of
the model, we will have occasion to comment on the extent to which various
uses of VL values meet this criterion.

We may now conclude our discussion of the effects of reference luminance
upon task visibility. Obviously, according to the model the quantity of refer-
ence luminance affects task visibility only through the effect that reference
luminance has upon RCS, the relative contrast sensitivity of the human visual
system. This effect is markedly nonlinear, signifying that increases in the
quantity of reference luminance do not produce proportional increases in task
visibility. The effects of the quantity of reference luminance and the degree
of difficulty of the visual display of a task may be combined in terms of
values of VL, by use of either Equations (3) and (4b), or Equation (6a). So
long as we use the RCS reference function of luminance representing on-axis
viewing by reference observers of a 4-minute disc or a 4-minute Landolt ring,
the outcome will be the family of curves shown in Figure 6, where visibility
level, VL, is plotted as a function of reference luminance, with Gref as a
parameter. Since Figure 6 is plotted on a double logarithmic graph with equal
linear extent per logarithmic unit on ordinate and abscissa, we may evaluate
the slopes of these transfer functions by inspection. Clearly, increases in

On-Axis Viewing 4minute Disc  Age:20-30 Years

25, Difticulty of task visual display

in terms of Cref (300 text)
20

A 0 Nowo

Visibility Level, VL
F-3

w

RCS Parameters

S=1639 t =10

1 1 1 A i 1 1 1 1 1 1 |
I 2 4 10 20 40 100 200 400 1000 2000 4000 10,000
Reference Luminance (cd/m?)

Figure 6. Functional relationships between visibility
level and reference luminance, with Gref as parameter, under
conditions of the visibility threshold for the reference popu-
lation ~f observers for 4-minute discs and 4-minute Landolt
rings.
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luminance fail to produce proportionate increases in VL, the compressive non-
linearity becoming more pronounced the larger the values ofreference luminance.
In contrast, increases in the value of Gref produce proportional increases in
VL. (Actually, of course, the curves exhibited in Figure 6 are all simple
reflections of the RCS reference function of luminance exhibited in Figure 4.
Fach of the curves in Figure 6 is simply the RCS reference function slid along
the scale of VL an amount dependent upon the value of (\jref used as parameter.
Thus, the nonlinearity in visibility improvements produced by increases in
reference luminance is fully revealed in the quantitative properties of the RCS
function of luminance.)

The Committee considers the introduction of the concept of RCS functions
of luminance to be a most important step toward understanding the effects of
lighting upon task visibility and, as we shall see in the next section, upon
visual performance as well. Of course, values of VL versus reference illumi-
nance are directly derivable from Figure 6 by means of the task luminance
factor.

It is obvious that figures analogous to Figure 6 may be calculated for any
of the family of RCS functions of luminance, Figure 6 representing the single
RCS reference function with the parameters S = 1.639andt = 1.0. These
analogous figures can be visualized by reference to Figure 5. Recall that
each of the curves in a figure analogous to Figure 6 is simply the appropriate
RCS functiongf luminance, shifted upward along the VL axis in proportion to
the value of Cref. Thus, a figure analogous to Figure 6 for a different value
of d than 4 minutes will resemble Figure 6 except that each of the curves will
be steeper or flatter than each curve in Figure 6 by the amount shown in Fig-
ure 5, each curve being in effect pivoted about the point on the VL axis
corresponding to a value of reference luminance equal to 100 cd/m?®. In sub-
sequent sections of this report, it will be shown that additional task and
observer variables affect the RCS parameters. These effects will be reflected
in the form of figures analogous to Figure 6 in ways which will be described
at the appropriate points in the report.

Section B: The Visual Performance Reference Data, and the Critical Sensory
Process Considered Involved in Visual Performance

This section will contain a description of the Committee's method for
evaluating the principal effect of VL. upon the visual sensory system as it
operates in visual performance under the conditions of realistic visual work.

As pointed out in Report No. 19, the key to relating visual performance
to task visibility has been found to lie in identifying a visual performance
reference task which lends itself to simulation of various aspects of realistic
work tasks, and also permits convenient variation in the numerical value of
VL. The task consists of arrays of five 4-minute Landolt rings such as those
described previously in Section A. The five-ring arrays consist of one ring in
the center, and four rings placed equidistant from the central ring in the N, S,
E, and W locations at some fixed "radius of separation"” from the center of the
array. The observer uses the forced-choice psychophysical procedure,
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described in Section A which requires the observer to report which, if any, of
the four peripheral rings has its break in the same one of the eight possible
locations as the break in the central ring. The observer makes his report

after termination of the exposure of the rings, so that what may be called
"response time" is not included in the measure of visual performance. The
exXperimenter can verify the correctness of the observer's responses and com-
pute values of p', the proportion of correct identifications after allowance for
correct guesses. (TN-8). The visual performance reference task has been
studied thus far only under what were essentially reference lighting conditions.

The visibility of the task detail can be conveniently altered either by
changing the luminance contrast of the rings, thus altering the value of Gref,
or by changing the level of task background luminance. As noted earlier and
shown in the Appendix (see Figure A-2), the analytical function defined by
Equation (5) adequately describes the RCS function of luminance for the visual
performance reference task as well as for the visibility reference task. This
result is not especially surprising since the circular disc and the square
break in the Landolt ring are of approximately equal size and shape. It does
provide an important simplification of procedures used to analyze the data
obtained with the two tasks.

The difficulty of the conditions under which the five-ring arrays are
viewed can be varied in three ways as follows: (a) the exposure duration of
the arrays can be varied; (b) the separation between the central and peripheral
rings can be varied; and (c) the information required of the observer can be
varied. Taken together, these changes in the task conditions can alter it from
an almost trivial visual performance task which differs little from a visibility
threshold task to a task of extreme difficulty requiring very rapid saccadic
eye movements and the assimilation of visual information presented at posi-
tions in the visual field well away from the ocular line of sight.

As described in Report No. 19, the visual performance reference task in-
volved only a single exposure time (1 second) and a single separation between
central and peripheral rings (1 degree), with the suggestion that different in-
formational demands could be made on the observers. Further experience with
the concept of a visual performance reference task13 led to a considerable ex-
pansion of variations in the task to include the three parameters mentioned
above.

The discussion of Figures 1 and 2 contained in Section A above has sug-
gested the basic approach used in studying the visual performance reference
task and analyzing the data obtained. Values of VL were defined by the direct
method, using a restatement of Equation (2) as follows:

VL = C/Cref (2a)

where values of the reference threshold contrast, Cref, were obtained with a
forced-choice procedure, using a single Landolt ring presented under visibility
threshold conditions at the same level of task background luminance (approxi-
mately 100 cd/m?®) used in measuring visual performance.
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Since visual performance was measured with an analogous forced-choice
procedure, it is considered that the potential problems arising when mis-
matched psychophysical procedures are involved in the definition of VL dis-
cussed in Section A are not involved. The use of laboratory-quality forced-
choice procedures for all measurements is considered highly preferable to
other procedures which might have been used in these analytical experiments
of visual performance due to the greater precision and validity to be expected.

The summary results of measuring the visibility threshold for the single
Landolt ring for a total of 238 reference observers have already been presented
in Figure 1. Blackwell and Blackwe115 report that the separate groups of ref-
erence observers, amounting to about 50 per group, showed no evidence of
differences from each other with respect to this visual function. Accordingly,
all data obtained with the visual performance reference task are described
relative to the average visibility threshold value for the entire population of
observers shown in Figure 1.

Different conditions for the reference task were studied by different
groups of approximately 50 reference observers each, and the investigators
have shown little if any difference in the visual performance data obtained
by the different observer groups; that is, the data obtained by the different
groups seem to fit together as well as data obtained by any one of the observer
groups. Furthermore, the investigators5 have shown that the body of data ob-
tained on the entire reference population of 238 observers shows great simi-
larity to a body of data reported earlier by the same investigators 3 for one
highly trained observer, on whom data were obtained for many more conditions
of the visual performance reference task than were studied by the total refer-
ence population.

S

The principal purpose of study of the visual performance reference task
was to establish relations between and among stimulus and response parame-
ters, and to identify factors involved in realistic visual work requiring further
investigation. These objectives depended primarily upon the relative rather
than the absolute values obtained under any given experimental condition. It
is thus probably not of great significance whether or not the reference popula-
tion upon whom the data were obtained does or does not represent the popula-~
tion of world workers. Furthermore, as will be explained in Part III, the
Committee encourages Member Countries to initiate studies of the effects of
lighting variables on their own populations, using a special battery of tests
for which data have been reported by Blackwell and Blackwell14 for a sample
population of 235 observers of varying age.

The discussion of Figures 1 and 2 in Section A provides the background
for our presentation here of summary data now available® on the visual per-
formance reference task. The data initially take the form of values of p' as
a function of VL under each of a number of levels of task difficulty, varied by
altering the informational requirement, the separation among rings, and the
time available for ocular search and scanning. Figure 7 presents three ex-
amples of the visual performance data obtained, together with the populational
average visibility threshold data already presented in Figures 1 and 2. One of
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Figure 7. Values of corrected proportional discrimination,
p', as a function of VL for four task conditions, arbitrarily
identified by values of & ;. Data of Blackwell and Blackwell.

the three data sets, the third from the left, is the same as the data repre-
sented by the right-most curve in Figure 2. For the moment, disregard the
labels for the curves except as tags to use in calling attention to one or
another of them. The three curves other than the visibility threshold curve
(labeled @) = 0) all represent data obtained under dynamic conditions involv-
ing ocular search and scanning and are considered to represent sets of visual
performance reference data. The three visual performance threshold curvesrepre-
sent three degrees of difficulty of the task brought about by varying the ring
separations, the exposure durations and the information required, with the
conseguence that the curves are ordered along the VL scale on the abscissa
in terms of the "VL demand" each task condition created. Note that as the
curves move to the right, they become flatter and the upper asymptote falls.
(The labeling of Figure 7 as "Process 1" will be discussed subsequently.)

Since our primary interest in these curves is related to the effects of
lighting on visual performance they reveal, we begin by normalizing each
curve in terms of its own maximum value of p', with the results shown in
Figure 8. The normalized curves reveal the effect of lighting more clearly
since they show directly how much visual performance is achievgd by various
levels of VL which can be produced by various combinations of Cyref and levels
of reference luminance, relative to the level of visual performance achievable
at the highest possible VL produced by the highest allowable level of task
luminance in conjunction with a sufficiently large value of ffref. (TN-9)

W2 may now clarify the significance of the labels attached to the curves
in Figures 7 and 8 and the meaning of the ordinate scale in Figure 8. It has
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Figure 8. Values of the process effectiveness measures
of the first process, P, as a function of VL for four task
conditions, identified by values of the visual performance
threshold, expressed by &) (see text for description of task
conditions involved).

been shown® 13,14 that, when normalized as has been done in Figure 8, visual
performance data in analogy with visibility threshold data may be adequately
fitted by analytical functions designated as log ogives. (TN-3) The usual two
parameters of a linear ogive are the mean value and a measure of the slope of
the straight-line portion of the S-shaped curve. The same is true of log ogives,
except that the two parameters are expressed in terms of logarithmic rather
than linear quantities. In order to provide the reader with a constant reminder
that the parameters of the ogives used to describe our visual performance and
visibility threshold data are logarithmic, symbols involving letters of the
classical Greek alphabet have been used. We identify the logarithm of the
visibility level, log VL, by o (alpha), and hence identify the value of log VL
corresponding to the mean of a given log ogive by & (alpha bar). Thus, the
labels of the curves in both Figures 7 and 8 indicate the values on the ab-
scissa scale of log VL corresponding to the midpoint of each ogive. In Figure
8, the &) label of each curve corresponds to the value of log VL at which the
ordinate scale value is .5. The second parameter of each log ogive is the
slope constant. We designate this by vy (gamma).

Note that each normalized curve in Figure 38 is labeled with a quantity
designated VP ax, which in each case can be seen to correspond to the value
of p' in Figure 7 at which the original S-shaped curve reached its upper
asymptote. We define

Pp = p'/VPmax (12)
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where P] is the process effectiveness measure of the critical visual sensory
process designated Process 1 considered involved in the visual performance
reference task, and VPpax is designated the maximum visual performance.
Obviously, Equation (12) provides a quantitative statement of the procedure
followed in proceeding from the original curves of Figure 7 to the normalized
curves of Figure 8.

With reference to both Figures 7 and 8, the notation a] designates the
visual performance threshold under each of the four task conditions, a value
of @) equal to zero being used to describe the visibility threshold condition
in which a visual performance requirement is considered to be absent.

Although we have principal interest in the normalized curves, we perhaps
should not entirely disregard the information provided by the existence and
magnitudes of the values of VPmax.  For consistency, we define g (mu) as the
logarithm of VPmax. Thus, each of the average visual performance curves
shown in Figure 7 is defined by three logarithmic parameters, «, v, and .

Each of the average visual performance curves represents, of course, the
average of data sets obtained on approximately 50 members of the reference
population. The data obtained by all the individual observers form clusters
of data points which spread around each of the average curves, falling gener-
ally within bands approximately parallel to the average curve. These data
provide us with information on the extent of individual differences among mem-
bers of each group of reference observers. The investigator55 have shown
that individual differences can be adequately described by cumulative normal
probability distributions expressed in terms of log VL, that is, in terms of
still another set of log ogives. Since each of these distributions represents
variance about the average visual performance threshold, these log ogives are
described by a single parameter which corresponds to the ogive slope, in this
case designated v (nu).

It has been shown by investigators of the visual performance reference
task®+ 13 that there is considerable order in the form of the data obtained with
this task, which can provide the basis for greatly simplifying use of the data
in development of the analytic model. The order is shown by Figures 9, 10
-and 11, where interrelations are shown between the parameters of the log
ogives fitted to the average data obtained under different conditions. In all
cases, the subscript 1 refers the parameters to Process 1. Figure 9 demon-
_strates that the slope parameter, Y1+ bears a regular relationship to the visual
‘performance threshold parameter, & 1. Figure 10 demonstrates that the upper
‘asymptotic value described by {1 may also be described as a regular function
of &1. These data suggest that we can use the value of @) alone to describe
the quantitative form of the log ogives obtained with the visual performance
reference task by the reference population of observers under different condi-
tions. As will become apparent, this simplification of the average data will
prove very helpful in our use of the data in the analytic model. There are in
addition some important theoretical implications of these results. (TN-10)

Figure 11 demonstrates that the measure of individual data variability,
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Figure 9. Values of the log ogive slope parameter, ¥,

as a function of the mean parameter, &), for average data
under eight task conditions involving the partial informa-
tional criterion. Data of Blackwell and Blackwell.5
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Figure 10. Values of the log ogive upper asymptotic

parameter, ¢y, as a function of the mean parameter, 7y,
for average data under ecight task conditions involving the
partial informational criterion. Data of Blackwell and
Blackwell .®
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Figure 11. Values of the slope parameter, vy, of the log
ogive describing individual variability as a function of the
mean parameter of the log ogive, &), for average data under
eight task conditions involving the partial informational cri-
terion. Data of Blackwell and Blackwell.

V), also bears a regular relationship to &1 . Thus, the simplification which
applied to average data may be extended to cover the data obtained on indi-
vidual observers. (TN-11)

In each case, there were eight task conditions from which data have
been drawn in preparing Figures 9-11. The solid lines in each figure ware
obtained as a final result of an iterative procedure described by the investi-
gators.5 The points shown in the figures are presented only to indicate the
values of the parameters for which data points existed.

The data points used in the iterative procedure just described were ob-
tained by applying a "partial informational" criterion to the visual performance
reference data. Subsequently, the data were subjected to a second analysis
by applying a "full informational" criterion. The distinction between the two
informational criteria may be described as follows. Partial information is con-
sidered to be required when equal weight is given to the correct identification
of each of the five possible states of the array, namely (1) that no one of the
four outer rings was like the center ring, (2) that the "north" ring was like the
central ring, (3) that the "east" ring was like the central ring, (4) that the
"south" ring was like the central ring, or (5) that the "west" ring was like the
central ring. (This use of the visual performance reference task is the one
originally described.) Full information is considered to be required when only
those cases in which none of the four outer rings was like the central ring are
analyzed since this response is only possible, except for chance guessing,
when the observer has information about all five rings. During an experimzntal
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session, all five possible states of the array were presented in equal numbers
and the data for the partial informational criterion were obtained by using all
the data as they came directly from the experiment. Analysis for the full in-
formational criterion involved discarding 80% of the data and reanalyzing

only those 20% of the trials in which the state of the array was such that no
one of the four outer rings had its break in the same orientation as did the
central ring.

As we shall see, this doubling of the information derived from each ex-
perimental session was extremely valuable in the development of the analytic
model. For our present discussion we need only note that the investigators5
have reported that, whereas the establishment of the parameter interrelations
was primarily based upon the average data obtained forthe partial informational
criterion plotted in Figures 9-11, the data obtained for the full informational
criterion provide confirmative secondary evidence which permitted extension
of the solid lines in the figures beyond the data points shown.

The parametric interrelations shown by the solid lines in Figures 9-11
are described quantitatively as follows:

y1 = .145+ .278 (& - .050) (13)
By = -.408(a) - .284) (14)
vy = .110 + .142 (&) - .378) (15)

Equations (13) through (15) signify that we can simplify our description of

the visual performance reference data obtained by individual observers, or ob-
tained as averages by a group of observers, into a one-parameter description
in terms of ¢, the visual performance threshold of Process 1, this quantity
serving alone as a measure of the VL. demand placed on the observers by the
task conditions.

There is an additional feature of the visual performance reference data
which will prove helpful in our use of these data for development of an ana-
lytic model of the influence of lighting parameters upon visual performance.
The investigatorssl 13 showed that log ogives with importantly similar mathe-
matical characteristics were obtained in two quite different experiments. The
first class of experiments has already been described. It involves use of
the visual performance reference task in which the observer is required to
obtain information concerning the individual elements of a five-ring array by
initiating ocular search and scanning during a brief period of exposure to the
task. As we have seen, the resulting data define a family of log ogives such
as those shown in Figure 8. The second class of experiments differed from
the first in only two particulars. The exposure duration was always a brief
.2 second, and the observer was instructed to fixate continuously on the
(empty) center of the central Landolt ring. Observers find this experiment
considerably more difficult to perform than the original experiment. Only
about half eventually learn to perform an operation which could be described
in approximately the following terms: "I must make my attention search from
ring to ring even though my eyes are fixed." After normalization of the raw
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