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Zusammenfassung

Frihe Studien aus den 80er und 90er Jahren des letzten Jahrhunderts konnten einen deutlichen
Leistungsnachteil sowie Einschrinkungen des physischen Wohlbefindens beim Lesen am Bildschirm im
Vergleich zum Lesen auf Papier nachweisen. Heutige Bildschirme zeichnen sich durch eine deutlich
gesteigerte Bildschirmqualitit aus, so dass sich die Frage stellt, ob die Nachteile des Lesens am Bild-
schirm auch heute noch existieren und welche Leistungsverbesserungen durch die neuesten Weiterent-
wicklungen der Bildschirmqualitit zu erwarten sind. Im ersten Teil der Arbeit wurde in insgesamt vier
Experimenten das Lesen an einem modernen Bildschirm mit dem Lesen auf Papier verglichen. Bei ei-
ner Lesedauer von bis zu einer Stunde zeigten sich keine Unterschiede in der Lesegeschwindigkeit und
der Korrekturleseleistung, die Teilnehmer berichteten jedoch von stirkeren Augenbeschwerden beim
Lesen am Bildschirm und duBlerten eine deutliche Priferenz fiir das Lesen auf Papier. Eine zu starke
Hintergrundhelligkeit des Bildschirms konnte als Ursache fiir die unterschiedlich stark ausgeprigten
Augenbeschwerden ausgeschlossen werden. Durch die Positionierung beider Medien im gleichen Nei-
gungswinkel von 15° konnte dieser Unterschied in den Augenbeschwerden jedoch eliminiert werden.
Eine papierdhnliche Bildschirmpositionierung scheint folglich unbeeintrichtigtes Lesen am Bildschirm
ohne negative physische Auswirkungen zu erméglichen. Ausgehend von der Aquivalenz der Medien
hinsichtlich Lesegeschwindigkeit und Korrekturleseleistung sollte im zweiten Teil der Arbeit mittels
zweier Experimente Giberpriift werden, ob eine Verbesserung der Darstellungsqualitit am Bildschirm
durch die Verwendung einer sehr hohen Bildschirmauflésung zu einer Leistungssteigerung beim Lesen
am Bildschirm fihren kann. Es zeigte sich kein Einfluss der Bildschirmauflosung auf das Lese-
verstindnis, die Lesezeit, die Korrekturlesegeschwindigkeit und die Korrekturleseleistung beim Ver-
gleich eines 132 ppi Bildschirms mit einem 264 ppi Bildschirm. Die subjektiven Einschitzungen zum
physischen Wohlbefinden ergaben jedoch signifikant stirker ausgeprigte Kopfschmerzsymptome und
muskulire Beschwerden in der 132 ppi Bedingung im Vergleich zur 264 ppi Bedingung. Um physische
Beeintrichtigungen zu vermeiden, ist die Verwendung hochauflésender Bildschirme folglich zu emp-

fehlen.
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Abstract

Early studies have shown considerable disadvantages in performance and physical well-being
when reading text from screen as compared to paper. Considering the advanced display quality of
modern screens it is not clear if the reported disadvantages in reading on screen can still be found to-
day or to what extent you can expect improvements in reading performance. In the first part of this
work reading on a modern computer screen was compared with reading on paper in a series of four
experiments. With a reading duration of up to an hour proofreading speed and performance were equal
for a computer screen and a paper display, but participants reported stronger eyestrain symptoms in the
screen condition and a strong preference for reading on paper. It could be excluded that the difference
in eyestrain symptoms was caused by an excessively high luminance of the computer screen. Position-
ing both displays in equal inclination angles of 15° eliminated this difference. A paper-like positioning
of a screen seems to enable unimpaired reading without evidence of physical strain. Given the equiva-
lence of the reading devices with regard to reading speed and proofreading performance, two addi-
tional experiments were conducted to test whether the improvement of display quality by means of
high display resolution has beneficial effects on visual performance. There was no effect of display
resolution on reading comprehension, reading time, proofreading speed and performance between a
132 ppi and a 264 ppi display. However, subjective ratings of physical discomfort revealed significantly
more complaints about headache and musculoskeletal strain in the 132 ppi condition than in the 264
ppi condition. Thus, in order to avoid physical impairments displays with high pixel densities are rec-

ommended.
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1. Lesen am Bildschirm im Vergleich zum Lesen
auf Papier: Gibt es noch einen Unterschied?

Die Arbeit am Computer und die Nutzung verschiedener Bildschirmtechnologien im Alltag ist
fir die meisten Menschen in industrialisierten Gesellschaften allgegenwirtig. Bereits im Jahr 2012 bein-
halteten 86 % aller Arbeitsplitze in Deutschland Titigkeiten am Computer (Statistisches Bundesamt,
2012a) und 81 % aller Haushalte verfigten iiber Computer, Laptops, Notebooks, Netbooks oder Tablet
Computer (Statistisches Bundesamt, 2012b). Die starke Verbreitung von Computerbildschirmen ist vor
allem auf die vielen Vorteile dieser Technologie zurtickzufithren. Dazu zihlen zum Beispiel die schnel-
lere Verfiigbarkeit und Ubermittlung von Informationen, aber auch die digitale Datenspeicherung so-
wie die damit verbundene Platzersparnis. Es ist anzunehmen, dass der Anteil elektronisch verfigbarer
Informationen, die damit einhergehende Nutzung verschiedener Bildschirmtechnologien und die suk-
zessive Verdringung von Informationen auf Papier in den nichsten Jahren weiter zunehmen wird. Da-
bei stellt sich zunichst die Frage, ob ein Computerbildschirm die gleiche Lesbarkeit aufweist wie be-
drucktes Papier und ob eventuelle Unterschiede zwischen diesen Medien Einbuflen in Leistungsmalien
wie Lesegeschwindigkeit und Lesegenauigkeit oder Beeintrichtigungen des subjektiven Wohlbefindens
beim Lesen am Bildschirm nach sich ziehen.

Mit Einfithrung der ersten Computer im Arbeits- und Privatbereich in den 1980er Jahren wurden
zahlreiche Studien durchgefithrt, die genau dieser Frage nachgingen. Es zeigte sich, dass die Lesege-
schwindigkeit am Bildschirm um bis zu 20 - 30 % langsamer war als die Lesegeschwindigkeit beim Le-
sen auf Papier (Creed, Dennis, & Newstead, 1987 [Exp. 2]; Gould, Alfaro, Barnes, et al., 1987; Gould
& Grischkowsky, 1984; Heppner, Anderson, Farstrup, & Weiderman, 1985; Muter, Latremouille, Treu-
rniet, & Beam, 1982; Wilkinson & Robinshaw, 1987; P. Wright & Lickorish, 1983). Dariiber hinaus
konnte in einigen Studien belegt werden, dass auch die Korrekturlesegenauigkeit durch die Arbeit am
Bildschirm beeintrichtigt wird (Creed et al., 1987; Wilkinson & Robinshaw, 1987; P. Wright & Licko-
rish, 1983). Neben diesen Leistungseinbul3en zeigten sich auch nachteilige Effekte des Lesens am Bild-

schirm auf das subjektive Wohlbefinden. Die Hauptsymptome von Computernutzern waren Augenbe-
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schwerden, wie zum Beispiel trockene oder brennende Augen (Cole, Maddocks, & Sharpe, 1996; Kna-
ve, Wibom, Voss, Hedstrom, & Bergqvist, 1985; Laubli, Hinting, & Grandjean, 1981; Ong, Hoong, &
Phoon, 1981; Rey & Meyer, 1980; Sheedy, 1992; Smith, Cohen, Stammerjohn, & Happ, 1981) sowie
Muskelbeschwerden im Nacken- und Schulterbereich und im Riicken (Bergqvist, Wolgast, Nilsson, &
Voss, 1995; Cole et al., 1996; Hunting, Laubli, & Grandjean, 1981; Ong et al., 1981; Sheedy, 1992;
Smith et al., 1981; Starr, 1983). Zudem zeigte sich eine deutliche Nutzerpraferenz fiir das Lesen auf
Papier (z.B. Gould, Alfaro, Finn, Haupt, & Minuto, 1987; Heppner et al., 1985; Oborne & Holton,
1988).

Ruckschlisse auf mogliche Unterschiede zwischen dem Lesen am Bildschirm und dem Lesen auf
Papier in der heutigen Zeit sind auf Grundlage der genannten Untersuchungen jedoch nicht ohne wei-
teres moglich. Zum einen sind sowohl die berichteten Leistungseinbuf3en als auch die Beeintrichtigung
des subjektiven Wohlbefindens beim Lesen am Bildschirm gréftenteils auf die Eigenschaften der ver-
wendeten Bildschirmtechnologien zurickzufihren. Bis um die Jahrtausendwende waren CRT-Bild-
schirme (cathode ray tube) weit verbreitet. Um ein sichtbares Bild zu erzeugen, wird bei einem CRT-
Bildschirm ein gebundelter Elektronenstrahl auf die Innenseite der Bildschirmoberfliche gelenkt und
trifft dort auf eine fluoreszierende Phosphorbeschichtung, die so fiir eine begrenzte Zeit zum Leuchten
gebracht wird. Der Elektronenstrahl aktiviert kontinuierlich Bildpunkt fir Bildpunkt und Zeile fir Zeile
der gesamten Bildschirmoberfliche. Die Zeit, die benotigt wird, um die gesamte Oberfliche zu erleuch-
ten, bestimmt die Bildwiederholfrequenz, die je nach Bildschirmmodell zwischen 60 und 100 Hz liegen
kann. Zu geringe Bildwiederholfrequenzen in Kombination mit der begrenzten Leuchtzeit der verwen-
deten Phosphorbeschichtung koénnen beim Betrachter einem Flimmereindruck hervorrufen. Dieses
Flimmern des Bildschirms kann sich nachteilig auf die Lesegeschwindigkeit (Montegut, Bridgeman, &
Sykes, 1997) sowie das Wohlbefinden des Lesers (Harwood & Foley, 1987; Liubli et al., 1981) auswit-
ken.

Die CRT-Technologie wurde jedoch seit Beginn des 21. Jahrhunderts weitestgehend durch Flis-
sigkristallbildschirme, sogenannte TFT-LCDs (thin-film-transistor liquid-crystal-displays) ersetzt. Bei
TFT-LCDs besteht jeder Bildpunkt aus einer oder mehreren mit Flissigkristallen gefillten Zellen, die

einzeln angesteuert werden konnen. Je nachdem, ob Spannung an einer dieser Zellen angelegt ist, dn-
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dert sich die Ausrichtung der Flissigkristalle, so dass die Lichtdurchlissigkeit jeder einzelnen Zelle di-
rekt gesteuert werden kann. Somit ist bei TFT-LCDs, im Gegensatz zu CRT-Bildschirmen, eine flim-
merfreie Darstellung von Texten am Bildschirm mdéglich. Ein weiterer Nachteil alterer CRT-Bildschir-
me besteht in der vergleichsweise geringen Bildschirmauflésung (Anzahl der Pixel pro Bildschirmhori-
zontale und -vertikale) bzw. Punktdichte (Anzahl der Pixel pro Inch [ppi]), im Bereich zwischen 60 und
90 ppi (z.B. Alt & Noda, 1998; Gould, Alfaro, Finn, et al., 1987; Ziefle, 1998). Eine zu geringe Aufl6-
sung eines CRT-Bildschirms kann zu Leistungseinbul3en fithren wie zum Beispiel einer Verlangsamung
der Lesegeschwindigkeit bei Korrekturleseaufgaben (z.B. Gould, Alfaro, Finn, et al., 1987) sowie bei
Aufgaben zur visuellen Suche (z.B. Ziefle, 1998). Hohere Bildschirmauflésungen werden dartiber hi-
naus gegeniiber geringen bevorzugt (Ziefle, 1998). Gingige TFT-LLCDs verfiigen iiber deutlich héhere
Bildschirmauflosungen ab 120 ppi (Alt & Noda, 1998). Zudem ermdglichen TEFT-LCDs im Vergleich
zu dlteren CRT-Bildschirmen hohere Hintergrundhelligkeiten und, damit einhergehend, héhere maxi-
male Helligkeitskontraste (Menozzi, Lang, Napflin, Zeller, & Krueger, 2001).

Die genannten technischen Einschrinkungen ilterer CRT-Bildschirme wurden in Zusammen-
hang gebracht mit den beschriebenen Leistungseinbu3en sowie der Verschlechterung des subjektiven
Wohlbefindens beim Lesen am Bildschirm im Vergleich zur gewohnten Textdarstellung auf Papier (z.B.
Gould, Alfaro, Finn, et al., 1987; Oborne & Holton, 1988). In direkten Vergleichen von TFT-LCDs
und CRT-Bildschirmen zeigte sich zudem eine verbesserte visuelle Leistung an TFT-LCDs zum Bei-
spiel in Geschwindigkeit, Fehlerrate sowie Augenbewegungsparametern bei der visuellen Suche (Me-
nozzi et al., 2001; Menozzi, Napflin, & Krueger, 1999; Nisanen, Karlsson, & Ojanpid, 2001; Ziefle,
2001) und bei der Buchstabenidentifikation (Shieh & Lin, 2000). Dartiber hinaus wurden TFT-LCDs
gegeniiber CRT-Bildschirmen bevorzugt (Chen & Lin, 2004; Shieh & Lin, 2000; Ziefle, 2001). Diese
Studien beinhalteten jedoch keine Bedingung, in der die Teilnehmer Text auf Papier lesen sollten. Es
wird also deutlich, dass die TFT-LCD-Technologie den CRT-Bildschirmen tberlegen ist; die Frage, ob
es Unterschiede zwischen dem Lesen auf TFT-LCDs und dem Lesen auf Papier gibt, ist jedoch weiter-
hin ungeklrt.

Neben den Verbesserungen der technischen Bildschirmeigenschaften gab es in den vergangenen

Jahren entscheidende Entwicklungen in der Textdarstellung am Bildschirm. Zum einen wurde Text vor
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allem bei dlteren CRT-Bildschirmen vorwiegend negativ polar dargestellt (z.B. weile Schrift auf
schwarzen Hintergrund). Im Vergleich zu der auf Papier tGblichen positiv polaren Darstellung (z.B.
schwarze Schrift auf weillem Hintergrund) fithrt eine negative Textpolaritit jedoch zu einer Verschlech-
terung der Lesbarkeit (z.B. Buchner & Baumgartner, 2007; Buchner, Mayr, & Brandt, 2009; Mayr &
Buchner, 2010; Piepenbrock, Mayr, Mund, & Buchner, 2013). Dementsprechend wird heute die Ver-
wendung positiver Textpolaritit auch bei der Darstellung am Bildschirm empfohlen. Durch die Ein-
schrinkungen fritherer Textverarbeitungsprogramme war dartiber hinaus die Textdarstellung auf Bild-
schirm und Papier hinsichtlich verschiedener Layoutvariablen, wie zum Beispiel Schriftart, Zeilenab-
stand oder Zeilenldnge, in vielen frihen Studien nicht dquivalent (z.B. Gould & Grischkowsky, 1984,
Muter et al., 1982). Heutzutage ermdglichen gingige Textverarbeitungsprogramme eine verbesserte
Textdarstellung am Bildschirm, die der Darstellung auf Papier entspricht, und erhéhen somit die Ver-
gleichbarkeit beider Medien. Moderne Betriebssysteme verfiigen zudem tber verschiedene Schrift-
englattungsalgorithmen zur optischen Verfeinerung des Schriftbildes. Bei diesen Techniken werden die
einzelnen Bildpunkte unterschiedlich eingefirbt, um so unerwiinschte Nebeneffekte einer unzureichen-
den Bildschirmauflésung, wie zum Beispiel Treppeneffekte bei der Darstellung diagonaler Linien in
Buchstaben, zu vermeiden. Die Verwendung von Schriftenglittung durch Graustufen fihrt im Ver-
gleich zu herkémmlicher Textdarstellung zu einer signifikant gesteigerten Lesegeschwindigkeit, geringe-
ren physischen Beschwerden (Sheedy & McCarthy, 1994) sowie hoherer subjektiver Lesbarkeit und Pri-
ferenz (Gould, Alfaro, Finn, et al., 1987). Neben der Verwendung von Graustufen kann bei TFT-LCDs
durch die gezielte Ansteuerung einzelner farbiger Subpixel, dem sogenannten Subpixel-Rendering, die
horizontale Auflésung eines TFT-LCDs um das Dreifache erhoht werden (z.B. Slattery & Rayner,
2010). Dies fuhrt zum Beispiel zu Verbesserungen der Lesegeschwindigkeit (Dillon, Kleinman, Choi, &
Bias, 2000; Slattery & Rayner, 2010), der subjektiven Lesbarkeit (Gugerty, Tyrrell, Aten, & Edmonds,
2004) sowie zu hoherer Priferenz gegeniiber Textdarstellungen ohne Schriftenglittung (Dillon et al.,
20006; Gugerty et al., 2004).

Ein weiterer Faktor ist schlieflich auch die Vertrautheit mit den verschiedenen Medien. Die Teil-
nehmer der genannten Studien waren mit dem Lesen am Computerbildschirm im Vergleich zum Lesen

auf Papier weniger vertraut, als dies heute der Fall ist. Diese Tatsache liefert moglicherweise eine zu-



Seite 10
sitzliche Erklirung fir die genannten Leistungsunterschiede beim Lesen auf Papier im Vergleich zum
Lesen an CRT-Bildschirmen sowie fiir die starke Priferenz fiir das Lesen auf Papier in dieser Zeit.

Die genannten Faktoren verdeutlichen, dass sich die Ergebnisse der frihen Untersuchungen
nicht zwangslaufig auf die heutige Zeit iibertragen lassen. Aktuelle Untersuchungen, die moderne TFT-
LCDs mit Papier vergleichen, sind jedoch selten und die Befunde in Bezug auf mégliche Unterschiede
zwischen den beiden Medien uneinheitlich. Zum Beispiel untersuchten Holzinger et al. (2011) in einer
Feldstudie den Unterschied zwischen dem Lesen auf einem TFT-LCD und dem Lesen auf Papier im
Arbeitskontext einer Klinik. Sie fanden keine Unterschiede hinsichtlich der Lesegeschwindigkeit sowie
dem Leseverstindnis zwischen den beiden Medien. Unter Laborbedingungen konnten ebenfalls keine
Unterschiede zwischen den beiden Medien hinsichtlich Korrekturlesegeschwindigkeit (Gujar, Harrison,
& Fishkin, 1998), Leseverstindnis sowie Fixationsdauer der Augen beim Lesen und der EEG-Aktivitat
(Kretzschmar et al., 2013) nachgewiesen werden. Diese Befunde deuten auf eine moglicherweise er-
reichte Aquivalenz von TFT-LCDs und Papier hin. Es gibt jedoch Untersuchungen, die belegen, dass
auch die verbesserte Bildschirmtechnik und die damit einhergehende Optimierung der Bildqualitit, die
héhere Privalenz von Augenbeschwerden bei Computernutzern nicht eindimmen konnten (Chu, Ro-
senfield, & Portello, 2014; Chu, Rosenfield, Portello, Benzoni, & Collier, 2011). Schlieflich besteht e-
benfalls weiterhin eine starke Priferenz fir das Lesen auf Papier im Vergleich zum Lesen auf moder-
nen TFT-LCDs (Holzinger et al., 2011), Tablet Computern und elektronischen Bichern (Kretzschmar
et al., 2013). Die Generalisierbarkeit dieser neueren Befunde wird zusitzlich dadurch erschwert, dass
wie in den meisten fritheren Untersuchungen zum Medienvergleich (eine Ausnahme ist die Untersu-
chung von Muter et al., 1982) auch in den genannten neueren Untersuchungen ein messwiederholter
Ansatz gewiahlt wurde. Die Problematik bei messwiederholten Studiendesigns besteht darin, dass die
Teilnehmer die beiden aufeinanderfolgenden Bedingungen im Hinblick auf ihre Schwierigkeit mitei-
nander vergleichen koénnen. Infolgedessen wird entweder in der vermeintlich schwereren Bedingung die
Anstrengungsbereitschaft erhoht oder in der leichteren Bedingung weniger investiert, um ein bestimm-
tes Leistungsniveau aufrecht zu erhalten. Diese Anpassung kann eine Verschleierung von tatsidchlich

bestehenden Unterschieden zwischen den zu vergleichenden Bedingungen in Studien mit Messwieder-
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holung verursachen (z.B. Buchner & Baumgartner, 2007). Diese Problematik kann jedoch durch den
Einsatz von Gruppendesigns vermieden werden.

Angesichts der deutlichen Fortschritte in der Bildschirmtechnologie und Textdarstellung, der ges-
tiegenen Nutzerexpertise sowie der begrenzten aktuellen Befundlage erscheint ein erneuter, systemati-
scher Vergleich neuer TFT-LCD-Technologie mit Papier notwendig und sinnvoll, um einen moglichen
Einfluss auf Leistungsmal3e sowie das Wohlbefindens durch die Nutzung von Computerbildschirmen
zu untersuchen und eine Aussage tiber eine mogliche heutige Leistungsiquivalenz der beiden Medien
treffen zu kénnen. Zu diesem Zweck wurden vier Experimente durchgefiihrt, die im Folgenden erldu-

tert werden.

1.1. Experiment 1

In Experiment 1 wurde untersucht, ob sich das Lesen auf modernen TFT-LCDs und auf Papier
im Hinblick auf die Lesegeschwindigkeit und die Leistung beim Korrekturlesen, das subjektive Wohl-
befinden sowie die Nutzerpriferenz unterscheidet. Hierzu wurden die Lesegeschwindigkeit sowie die
Korrekturleseleistung (Anzahl der entdeckten Fehler abziiglich der Anzahl der falschen Alarme) der
Teilnehmer beim Lesen an einem modernen TFT-LCD (15.4%, 1680 X 1050 Pixel, 128 ppi Bildschirm
mit LED-Hintergrundbeleuchtung eines MacBook Pro) mit dem Lesen auf hochwertigem weil3en Pa-
pier verglichen. Beide Bedingungen wurden so realisiert, dass sie moglichst dquivalent zueinander wa-
ren. So wurden fiir die Texte sowohl am Bildschirm als auch auf Papier das gleiche Textlayout, die glei-
che Schriftart und SchriftgréBe, positive Textpolaritit sowie die gleiche Methode der Fehlerriickmel-
dung in der Korrekturleseaufgabe gewihlt. Gleichzeitig sollten aber die Eigenschaften einer typischen
Lesesituation fiir beide Lesemedien beibehalten werden. Dazu wurde in der Bildschirmbedingung die
bestmogliche Bildschirmauflosung verwendet und durch die Einstellung der héchsten Bildschirmhellig-
keit der maximale Helligkeitskontrast gewihrleistet. Zudem wurde Subpixel-Rendering aktiviert, um die
Textdarstellung zusitzlich zu verfeinern. In der Papierbedingung wurde schwarzer Text in hoher Aufl6-
sung auf hochwertiges, weilles Papier gedruckt. Dartiber hinaus wurden beide Bedingungen in einem
Neigungswinkel priasentiert, der threm natiirlichen Neigungswinkel in einer typischen Biroumgebung

gleichkam. Der Computerbildschirm war entsprechend leicht nach hinten geneigt (75° relativ zur Hori-
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zontalen) und das Papier wurde auf einer Buchstitze mit einem Neigungswinkel von 15° prisentiert.
Da der bevorzugte Sehabstand beim Lesen auf Papier iiblicherweise geringer ist als beim Lesen am
Bildschirm (z.B. Gould, Alfaro, Barnes, et al., 1987; Muter & Maurutto, 1991), stand es den Teilneh-
mern frei, eine mdéglichst angenehme Sitzposition zu wihlen, um so einen optimalen Sehabstand zu
gewihrtleisten.

Die Teilnehmer lasen im ersten Durchgang jeweils sieben Kurzgeschichten in randomisierter
Reihenfolge mit einer durchschnittlichen Linge von 870 Wértern pro Text in der ihnen zugeteilten Be-
dingung (Bildschirm oder Papier). Die Texte enthielten jeweils 16 Rechtschreibfehler und 14 Gramma-
tikfehler. Die Aufgabe bestand darin, die Texte so genau und schnell wie méglich zu lesen und dabei
entdeckte Fehler sowie die dazugehorige Zeilennummer laut zu benennen. Nach einem vorgegebenen
Zeitintervall von 3 Minuten pro Text wurden die Teilnehmer aufgefordert, das zuletzt gelesene Wort
und die dazu gehorige Zeilennummer zu benennen, und mit dem Lesen des nachfolgenden Textes
fortzufahren. Unmittelbar nach dem letzten Text wurde der gewihlte Sehabstand der Teilnehmer durch
den Versuchsleiter erfasst. Um neben der objektiven Leistung auch einen Eindruck davon zu erhalten,
wie die Teilnehmer die Lesesituation beurteilten, wurden die Leistungsmalle der Korrekturleseaufgabe
durch subjektive Einschitzungen der Befindlichkeit wihrend der Korrekturleseaufgabe erginzt. Dazu
beantworteten die Teilnehmer zwei Fragebogen zum psychischen und physischen Wohlbefinden im
Anschluss an die Leseaufgabe. Die Erfassung direkter Priferenzurteile erforderte einen unmittelbaren
Vergleich der beiden Medienbedingungen. Aus diesem Grund lasen die Teilnehmer im Anschluss an
den ersten Durchgang weitere sieben Texte in der jeweils anderen Bedingung (Papier oder Bildschirm).
Nach dem letzten Text erfolgte erneut die Messung des Sehabstands sowie die Beantwortung der Fra-
gebbgen zum Wohlbefinden. Zusitzlich beantworteten die Teilnehmer am Ende des Experiments eine
Nachbefragung mit die Fragen zu ihrer Medienpriferenz im Experiment und im Alltag sowie zu ihren
allgemeinen Lesegewohnheiten. Es bestand zudem fiir jeden Teilnehmer die Mdglichkeit, Griinde fiir
die jeweiligen Priferenzen im freien Antwortformat anzugeben. Die Ergebnisse der Leistungsmalle so-
wie der Fragebdgen zum subjektiven Wohlbefinden des zweiten Durchgangs wurden auf Grund der
genannten moglichen Ubertragungsproblematik bei messwiederholten Studiendesigns in der statisti-

schen Auswertung nicht berticksichtigt!. Obwohl es dennoch méglich ist, dass sich die Teilnehmer bei
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Verwendung eines Gruppendesigns in der vermeintlich leichteren Bedingungen weniger anstrengen als
in der schwereren, sind zumindest Ubertragungseffekte ausgeschlossen, die auf direkten Vergleichen
beruhen. Folglich werden sich Unterschiede zwischen den Bedingungen eher in den Leistungsmal3en
widerspiegeln als bei einem Design mit Messwiederholung, Das Gesamtdauer des Experiments betrug
etwa 60 Minuten.

Die Ergebnisse zeigten keine signifikanten Unterschiede in der Lesegeschwindigkeit und der
Korrekturleseleistung zwischen den beiden Bedingungen (Abbildung 1 und Abbildung 2 in Képper,
Mayr & Buchner, 2015a) und stehen somit im Kontrast zu friheren Befunden, die einen Geschwindig-
keitsvorteil von 20-30 % (z.B. Gould & Grischkowsky, 1984) sowie eine bessere Korrekturlesegenauig-
keit beim Lesen auf Papier (z.B. Creed et al., 1987) nachweisen konnten. Diese Aquivalenz ist vermut-
lich auf die verbesserten Bildschirmeigenschaften der modernen TFT-LCDs zuriickzufithren. Zum
Beispiel war die Bildschirmauflésung in Experiment 1 mit 128 ppi deutlich hoher und damit der
Punktdichte auf Papier (600 ppi) dhnlicher als die maximal mogliche Auflésung in den frithen Studien
(z.B. 62 ppi in Gould & Grischkowsky, 1984). Gestirkt wird diese Vermutung zudem durch eine de-
skriptiv bessere Lesegeschwindigkeit und Korrekturleseleistung in der Bildschirmbedingung.

Allerdings berichteten die Teilnehmer nach dem Lesen auf dem Bildschirm signifikant mehr Au-
genbeschwerden (Abbildung 3 in K&pper, Mayr & Buchner, 2015a) und eine stirkere Ermidung als
nach dem Lesen auf Papier. Stirkere Augenbeschwerden in Verbindung mit dem Lesen am Bildschirm
wurden einerseits in einigen Untersuchungen mit CRT-Bildschirmen nachgewiesen (z.B. Knave et al,,
1985), andererseits scheint diese Problematik auch bei neueren Bildschirmen zu bestehen (Chu et al.,
2014; Chu et al., 2011). Dieser Eindruck wird durch die vorliegenden Ergebnisse bestitigt. Eine mogli-
che Erklirung fiir diese Problematik ist die erh6hte visuelle Anstrengung, die mit dem Lesen am Bild-
schirm einhergeht. Zum Beispiel gibt es Belege fiir eine reduzierte Blinzelhdufigkeit wihrend der Arbeit
am Computer im Vergleich zu Ruhebedingungen (Acosta, Gallar, & Belmonte, 1999; Tsubota & Naka-
mori, 1993) oder computerfreien Aktivititen, wie Unterhaltungen (Patel, Henderson, Bradley, Galloway,
& Hunter, 1991; Schlote, Kadner, & Freudenthaler, 2004). Eine geringere Blinzelhdufigkeit fuhrt zu
einer Verschlechterung der Qualitit des Trinenfilms und kann juckende und kratzende Augen verursa-

chen (Patel et al., 1991). Zudem gibt es Hinweise auf eine erh6hte Anzahl unvollstindiger Lidschlige
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beim Lesen am Computer im Vergleich zu einer dquivalenten Papierbedingung, was ebenfalls auf eine
erhohte visuelle Anstrengung in der Bildschirmbedingung hindeutet (Chu et al., 2014). Zusitzlich fithrt
der steilere Neigungswinkel des Bildschirms (75°) zu einer Blickrichtung nahe der Horizontalen, wih-
rend der flachere Neigungswinkel des Papiers (15°) eine stirkere Blickneigung relativ zur Horizontalen
bedingt. Dieser Unterschied in der Blickrichtung resultiert in einem grofleren Anteil der Augenoberfld-
che, die der Luft ausgesetzt ist, sowie einer schnelleren Verdunstung der Trinenflussigkeit in der Bild-
schirmbedingung (Sotoyama, Jonai, Saito, & Villanueva, 1996; Tsubota & Nakamori, 1993). In Verbin-
dung mit einer reduzierten Blinzelhdufigkeit beim Lesen am Bildschirm lassen sich so die stirkeren Au-
genbeschwerden in dieser Bedingung erkliren.

Eine weitere Folge der unterschiedlichen Neigungswinkel ist vermutlich der Unterschied in den
Sehabstinden der Teilnehmer. Konsistent zu fritheren Befunden (Gould, Alfaro, Barnes, et al., 1987;
Muter & Maurutto, 1991) betrug dieser in der Bildschirmbedingung 50 cm und 40 c¢m in der Papierbe-
dingung.

Die Ergebnisse der Nachbefragung zeigten eine starke Priferenz fiir die Papierbedingung: Etwa
80 % aller Teilnehmer bevorzugten das Lesen auf Papier, nur 7 % bevorzugten das Lesen am Bild-
schirm. Dieses Befundmuster bestitigt zum einen die Ergebnisse der frihen Studien mit CRT-Bild-
schirmen (z.B. Gould, Alfaro, Finn, et al., 1987; Heppner et al., 1985; Oborne & Holton, 1988), aber
auch die Ergebnisse der Untersuchungen, die neuere TFT-LCDs verwendeten (Holzinger et al., 2011;
Kretzschmar et al., 2013). Die verbesserten Bildschirmeigenschaften der TFT-LCDs, die hohere Ver-
gleichbarkeit der Textdarstellung auf beiden Medien und die dadurch erreichte Aquivalenz in den erho-
benen Leistungsmallen sowie die héhere Vertrautheit der Teilnehmer mit dem Lesen am Bildschirm

scheinen folglich die generelle Priferenz fir das Lesen auf Papier nicht zu beeinflussen.

1.2. Experiment 2

Die Befunde aus Experiment 1 deuten auf eine Leistungsiquivalenz der Medien in der heutigen
Zeit hin, jedoch ist eine Lesezeit von 21 Minuten, wie sie in Experiment 1 realisiert wurde, im Vergleich
zu einem gewohnlichen Arbeitspensum von acht bis neun Stunden Bildschirmarbeit sehr kurz. Es

bleibt somit unklar, inwiefern die gezeigte Leistungsiaquivalenz auch bei lingerer Lesedauer aufrecht



Seite 15
erhalten werden kann. Auch die Literatur liefert Hinweise darauf, dass die Lesedauer eine entscheiden-
de Rolle bei der Untersuchung von Leistungsunterschieden zwischen den Medien einnimmt. Zum Bei-
spiel war die Lesedauer pro Medium in Untersuchungen, die einen Unterschied in Leistungsmallen
konnten, deutlich linger als die Lesedauer von 21 Minuten in Experiment 1 (z.B. Gould &
Grischkowsky, 1984; Wilkinson & Robinshaw, 1987). In Untersuchungen mit vergleichbar kurzen Lese-
zeiten konnte hingegen kein Medienunterschied gezeigt werden (z.B. Gujar et al., 1998; Oborne &
Holton, 1988). Es ist denkbar, dass Leistungsunterschiede zwischen den Lesemedien tber einen be-
stimmten Zeitraum durch eine Steigerung der Anstrengungsbereitschaft kompensiert werden kénnen.
Diese Annahme wird durch Befunde bestirkt, die darauf hindeuten, dass langes Lesen am Bildschirm
im Vergleich zum Lesen auf Papier zu einer stirkeren Ermiidung fithrt (Cushman, 1986; Wilkinson &
Robinshaw, 1987).

Die Lesezeit wurde daher in Experiment 2 von 21 auf 63 Minuten verdreifacht. Die Teilnehmer
lasen folglich 21 Kurzgeschichten fiir jeweils 3 Minuten in der ihnen zugeteilten Bedingung (Bildschirm
oder Papier) und fiillten jeweils vorher und nachher die Fragebogen zu psychischem und physischem
Wohlbefinden aus. Am Ende des Experiments erfolgte wie in Experiment 1 eine Nachbefragung, die
neben Fragen zum allgemeinen Leseverhalten auch Fragen zur Beurteilung der Lesesituation wihrend
des Experiments beinhaltete. Auf die Erfassung direkter Praferenzurteile wurde in Experiment 2 ver-
zichtet.

Das Befundmuster repliziert weitestgehend die Ergebnisse aus Experiment 1. Es zeigten sich
keine Unterschiede in der Lesegeschwindigkeit und der Korrekturleseleistung zwischen dem Lesen am
Bildschirm und dem Lesen auf Papier (Abbildung 1 und Abbildung 2 in K&pper, Mayr & Buchner,
2015a), jedoch erneut ein stirkerer Anstieg der Augenbeschwerden in der Bildschirmbedingung (Abbil-
dung 3 in Kopper, Mayr & Buchner, 2015a). Zudem wihlten die Teilnehmer in der Papierbedingung

einen 10 cm kiirzeren Sehabstand als die Teilnehmer der Bildschirmbedingung,

Basierend auf den Ergebnissen der Experimente 1 und 2 ldsst sich also feststellen, dass die Leis-
tung beim Lesen am Bildschirm mit der Leistung beim Lesen auf Papier vergleichbar und scheinbar

nicht auf eine kurzzeitige Kompensation feiner Unterschiede durch eine erhéhte Anstrengungsbereit-
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schaft der Teilnehmer zurtickzufithren ist. Dennoch fithrt das Lesen am Bildschirm weiterhin zu stir-
ken Augenbeschwerden. Es ist offensichtlich, dass weder die Verbesserungen der Bildschirmtechnolo-
gie und der Textdarstellung noch die erhohte Vertrautheit der Nutzer dieses Problem beseitigt haben.
Zudem liefert dieser Unterschied eine nachvollziehbare Erklirung fir die starke Praferenz fur das Le-
sen auf Papier. Zwei Aspekte wurden von den Teilnehmern von Experiment 1 als Begriindung fir die-
se Papierpriferenz besonders hiufig genannt: Zum einen beklagten sich die Teilnehmer tber eine zu
hohe Bildschirmhelligkeit, zum anderen beurteilten sie ithre Leseposition in der Bildschirmbedingung
im Vergleich zur Papierbedingung als unangenechmer. Beide Aspekte liefern mogliche Erkldrungsansit-
ze fir die hohere Privalenz von Augenbeschwerden in der Bildschirmbedingung und werden daher im

Folgenden als Grundlage fiir die Experimente 3 und 4 erneut aufgegriffen.

1.3. Experiment 3

Hohe Bildschirmhelligkeiten sind mit stirkerer direkter Blendung assoziiert (Isensee, 1982). Diese
Blendungswahrnehmungen fiihren zu unbewussten Kontraktionen der Augenmuskulatur und begiins-
tigen die Entwicklung von Augenbeschwerden bei Titigkeiten am Bildschirm (Berman, Bullimore, Ja-
cobs, Bailey, & Gandhi, 1994; Thorud et al., 2012). Vor diesem Hintergrund kénnten die hohen Bild-
schirmhelligkeiten verglichen mit der Helligkeit des Papiers in den Experimenten 1 und 2 (Tabelle 1 in
Kopper, Mayr & Buchner, 2015a) einen Erklirungsansatz fur die stirkeren Augenbeschwerden beim
Lesen am Bildschirm darstellen. Um diese Annahme zu testen, wurde in Experiment 3 eine zusitzliche
Bildschirmbedingung implementiert, deren Bildschirmhelligkeit an das geringere Helligkeitsniveau der
Papierbedingung angeglichen wurde. Falls die Bildschirmhelligkeit in den Experimenten 1 und 2 die
Ursache fir die stirkeren Augenbeschwerden in der Bildschirmbedingung war, sollten sich die Be-
schwerden in der neuen Bildschirmbedingung mit reduzierter Bildschirmhelligkeit nicht von den be-
richteten Beschwerden in der Papierbedingung unterscheiden. Die Bildschirmbedingung mit maximaler
Bildschirmhelligkeit wurde beibehalten, um eine Replikation der Befunde aus Experiment 1 und 2 zu
ermoglichen. Aufgabe und Durchfihrung waren analog zu Experiment 2, mit dem Unterschied, dass
die Lesezeit auf 45 Minuten reduziert wurde. Dass heif3t, die Teilnehmer lasen jeweils 14 Texte in der

thnen zugeteilten Bedingung (Bildschirm, Bildschirm mit reduzierter Bildschirmhelligkeit oder Papier).
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Es zeigte sich sowohl in der Bildschirmbedingung mit reduzierter Bildschirmhelligkeit als auch in
der reguliren Bildschirmbedingung ein signifikant stirkerer Anstieg der Augenbeschwerden im Ver-
gleich zur Papierbedingung (Abbildung 3 in Kopper, Mayr & Buchner, 2015a). Die Teilnehmer schitz-
ten zudem sowohl die Helligkeit als auch die Beeintrichtigung durch Blendung in der helligkeitsredu-
zierten Bildschirmbedingung hoher ein als in der Papierbedingung. Angesichts der Tatsache, dass die
absolute Helligkeit der helligkeitsreduzierten Bildschirmbedingung geringfiigig niedriger war (ca. 20 cd/
m?) als in der Papierbedingung, ist dieses Befundmuster erstaunlich. Es erscheint jedoch plausibel, dass
die inhdrenten Lichteigenschaften der beiden Medien die Beurteilungen der Teilnehmer beeintrichtigt
haben: Méglicherweise fihrte die direkte Helligkeit, hervorgerufen durch die Lichtemission des Bild-
schirms zu einem subjektiv hoherem Helligkeitsempfinden als das Licht, das vom Papier in das Auge
der Teilnehmer reflektiert wurde.

Auch wenn folglich Einflisse durch die medienabhingige Lichtemission oder -reflexion nicht
vollstindig ausgeschlossen werden konnen, erscheint ausgehend von diesen Ergebnissen die hohere
Helligkeit des Bildschirms als mogliche Ursache fiir die Entstehung und die stirkere Zunahme von Au-
genbeschwerden beim Lesen am Bildschirm im Vergleich zum Lesen auf Papier unwahrscheinlich. Im
Hinblick auf die Lesegeschwindigkeit und Korrekturleseleistung (Abbildung 1 und Abbildung 2 in
Kopper, Mayr & Buchner, 2015a) sowie den Sehabstand konnte auch in Experiment 3 das Befundmus-

ter der vorangegangenen Experimente repliziert werden.

1.4. Experiment 4

Neben den Beschwerden tiber eine zu hohe Bildschirmhelligkeit ergaben die Auswertungen der
Ursachen fiir die Papierpriferenz in Experiment 1, dass die Teilnehmer die Sitzposition wihrend des
Experiments in der Papierbedingung als angenehmer empfanden als in der Bildschirmbedingung. Ut-
siachlich fir diese unterschiedliche Beurteilung des Sitzkomforts sind méglicherweise die unterschiedli-
chen Neigungswinkel der beiden Medien (75° in der Bildschirmbedingung gegentiber 15° in der Pa-
pierbedingung, relativ zur Horizontalen). Dieser Unterschied liefert zudem eine weitere mogliche Erkla-
rung fir die stirkeren Augenbeschwerden in den Bildschirmbedingungen der Experimente 1, 2 und 3:

Der steilere Neigungswinkel in der Bildschirmbedingung begiinstigt eine Blickrichtung nahe der Hori-
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zontalen. Fin geradeaus gerichteter Blick ist mit einer gréleren der Luft ausgesetzten Augenoberfliche
(Sotoyama et al., 1996), einer entsprechend schnelleren Verdunstung der Trinenflissigkeit und daraus
resultierend, mehr Augenbeschwerden assoziiert (Tsubota & Nakamori, 1993). Im Vergleich dazu ist
bei einem flacheren Neigungswinkel, wie in der Papierbedingung, die Blickrichtung stirker geneigt.
Dementsprechend ist ein geringerer Anteil der Augenoberfliche exponiert, die Trinenflissigkeit ver-
dunstet langsamer und das Auftreten von Augenbeschwerden wird verzégert. Folglich sollte ein flache-
rer Neigungswinkel des Bildschirms zu einer Reduzierung der Augenbeschwerden beitragen und die
Medienunterschiede moglicherweise eliminieren.

Um diese Annahme zu testen, wurde in Experiment 4 der Neigungswinkel des Bildschirms an die
geringere 15°-Neigung des Papiers angepasst. Da gingige Laptopmodelle Gber einen zu geringen Auf-
klappwinkel verfiigen, wurde in der Bildschirmbedingung ein Tablet Computer (Apple iPad 2) verwen-
det, um den flachen Neigungswinkel des Bildschirms zu realisieren. Das Textformat in der Papierbe-
dingung wurde an die geringere Bildschirmgro3e des Tablet Computers angepasst. Jeder Teilnehmer las
entsprechend 20 Texte fur jeweils 2 Minuten bei einer Lesedauer von insgesamt etwa 45 Minuten ent-
weder auf dem Tablet oder auf Papier. Aufgabe und Durchfithrung waren analog zu den Experimenten
2und 3.

Tatsiachlich unterschied sich die Zunahme der Augenbeschwerden nicht zwischen den beiden
Bedingungen (Abbildung 3 in Képper, Mayr & Buchner, 2015a). Dieses Ergebnis steht im Kontrast zu
den Ergebnissen der Experimente 1 - 3 und die Vermutung scheint bestirkt, dass der steilere Nei-
gungswinkel des Bildschirms und die damit einhergehende grof3ere, exponierte Augenoberfliche und
die schnellere Verdunstung der Trinenflussigkeit (Sotoyama et al., 1996; Tsubota & Nakamori, 1993)
entscheidende Faktoren bei der Entstehung von Augenbeschwerden beim Lesen am Computerbild-
schirm sind. Die Auswertung der erhobenen Leistungsmalle ergab dariiber hinaus eine signifikant
schnellere Lesegeschwindigkeit in der Bildschirmbedingung und es zeigte sich ein deskriptiver Trend
hin zu einer besseren Korrekturleseleistung beim Lesen am Bildschirm im Vergleich zum Lesen auf
Papier (Abbildung 1 und Abbildung 2 in Képper, Mayr & Buchner, 20152). Zudem wihlten die Teil-
nehmer in beiden Bedingungen einen Sehabstand von 40 cm. Dies ist hochstwahrscheinlich auf die

identischen Neigungswinkel fur Bildschirm und Papier zuriickzufiihren: Die Teilnehmer passten ihre
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Sitzposition in der Bildschirmbedingung an, so dass sich ein Sehabstand, vergleichbar mit dem Sehab-
stand in der Papierbedingung ergab.

Insgesamt ldsst sich auf Grundlage des vierten Experiments festhalten, dass die Leseleistung an

TFT-LCDs sogar die Leistung auf Papier tibertreffen kann, ohne gleichzeitig stirkere Augenbeschwer-

den zu verursachen. Voraussetzung dafiir ist eine flexible Arbeitsumgebung, die eine papieridhnliche

Positionierung des Bildschirms erméglicht.
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2. Der Einfluss hoher Bildschirmauflosungen auf
Leseverstandnis, Korrekturlesegeschwindigkeit
und -leistung sowie subjektives Wohlbetinden

Im ersten Teil der Arbeit wurden die Unterschiede zwischen dem Lesen auf modernen TFT-
LCDs und dem Lesen auf Papier untersucht. Im Gegensatz zu Studien der 1980er und 1990er Jahre,
die vorwiegend CRT-Bildschirme verwendeten, zeigten sich in keinem der hier berichteten Experimen-
te Geschwindigkeitsnachteile oder Leistungseinbuf3en beim Lesen am TFT-LCD im Vergleich zum Le-
sen auf Papier. Die Ergebnisse des ersten und vierten Experimentes liefern tiberdies Hinweise auf eine
Uberlegenheit des Bildschirms im Hinblick auf die Lesegeschwindigkeit. TFT-LCDs ermoglichen folg-
lich, im Gegensatz zu CRT-Bildschirmen, eine Leseleistung, die der Leistung beim Lesen auf Papier
mindestens entspricht. Diese Aquivalenz ist maBgeblich auf die Weiterentwicklung der technischen
Bildschirmeigenschaften sowie der digitalen Textdarstellung in den letzten Jahren zurtckzufthren, die
zu einer deutlichen Verbesserung der Bildschirmqualitit und Lesbarkeit von Text am Bildschirm beige-
tragen haben. Neben anderen Variablen wie der flimmerfreien Prisentation, einer hohen Hintergrund-
helligkeit, hohem Helligkeitskontrast sowie verbesserten Moglichkeiten zur Textprasentation ist die
Bildschirmauflésung oder Punktdichte ein Faktor, der fiir die verbesserte Bildschirmqualitit moderner
TFT-LCDs verantwortlich ist. Dieser Aspekt und sein moglicher Einfluss auf die objektive Leistungs-
mal3e sowie das subjektive Wohlbefinden stehen im Fokus des zweiten Teils der vorliegenden Arbeit.

In den vergangenen 30 Jahren fand im Bereich der Bildschirmauflésung eine bedeutende Ent-
wicklung statt: Wahrend die ersten CRT-Bildschirme vor 30 Jahren tiber Bildschirmauflésungen zwi-
schen 60 ppi und 90 ppi verfiigten (z.B. Gould, Alfaro, Finn, et al., 1987), besal3en qualitativ hochwerti-
gere CRT-Bildschirme um die Jahrtausendwende bereits Bildschirmauflésungen im Bereich von etwa
100 ppi - 120 ppi (z.B. Alt & Noda, 1998; Ziefle, 1998). Zum heutigen Zeitpunkt sind Bildschirmauflo-
sungen in dieser Hohe der Standard. Die meisten Mobiltelefone und Tabletcomputer sowie einige Lap-
topbildschirme sind dartiber hinaus mit weitaus hoher auflosenden Bildschirmen ausgestattet. Beispiele

sind die in den Jahren 2010 und 2011 vorgestellten Apple iPads der ersten und zweiten Generation mit
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jeweils 132 ppi sowie das iPad 3, das tber ein sogenanntes "Retinadisplay" mit 264 ppi verfugt. Mal3-
gebliches Ziel dieser Weiterentwicklungen war es, den Informationsgehalt des Bildschirms an die In-
formationskapazitit des menschlichen Auges anzupassen und zum Beispiel die Bildschirmauflésung so
zu erhohen, dass sie dem Auflosungsvermogen des menschlichen Auges entspricht oder es sogar tiber-
trifft (Alt & Noda, 1998). Das "normale" menschliche Auge mit einem Visus von 1.0 kann zwei Bild-
punkte mit einem Abstand von 1 Winkelminute (~ 0.017°) unterschieden. Die GréBe eines Bildpunktes
cines iPad 3 (9.7"; 264 ppi) betrigt etwa 96 um. Bei einem Sehabstand von 33 cm entspricht diese Gro-
Be einem Sehwinkel von 1 Winkelminute. Folglich sind in dieser Entfernung zum Bildschirm die Gren-
zen des Auflosungsvermogens des menschlichen Auges erreicht und einzelne Bildpunkte kénnen nicht
mehr voneinander unterschieden werden.

Wihrend die negativen Effekte einer zu geringen Bildschirmauflésung von CRT-Bildschirmen
auf verschiedene Leistungsmalle und auf die Priferenz bekannt sind (z.B. Gould, Alfaro, Finn, et al.,
1987; Ziefle, 1998), gibt es bisher nur wenige Untersuchungen zu den moglichen Vorteilen hochauflo-
sender TFT-LCDs mit Bildschirmauflésungen im Bereich des Auflosungsvermégens des menschlichen
Auges oder dartiber hinaus. Das Befundmuster ist gemischt. Gujar et al. (1998) fanden keine Unter-
schiede in der Korrekturlesegeschwindigkeit und -genauigkeit sowie dem gewahlten Sehabstand der
Teilnehmer beim Lesen an einem hochauflésendem Bildschirm (LCD, 282 ppi), einem Bildschirm mit
geringer Auflésung (CRT, 85 ppi) sowie auf bedrucktem Papier (300 ppi). Dennoch wurde der subjek-
tive Lesekomfort in der Bedingung mit der geringsten Auflésung (CRT, 85 ppi) im Vergleich zu den
anderen Bedingungen am schlechtesten beurteilt. Die Autoren merkten jedoch an, dass Unterschiede in
der in Korrekturlesegeschwindigkeit und -genauigkeit méglicherweise durch die geringe Dauer und
Komplexitit der verwendeten Korrekturleseaufgabe verdeckt wurden. Zudem ldsst sich durch die Ver-
wendung verschiedener Bildschirmtechnologien kein eindeutiger Riickschluss auf den Einfluss der
Bildschirmauflosung ziehen. Huang, Rau und Liu (2009) wiesen eine geringere Lesegeschwindigkeit bei
einer Punktdichte von 125 ppi im Vergleich zu Bildschirmen mit héheren Punktdichten (167 ppi, 200
ppi und 250 ppi) nach, fanden jedoch keinen Einfluss der Punktdichte auf die visuelle Suchleistung.

Obwohl in dieser Untersuchung ausschlieBlich TFT-LCDs verwendet wurden, unterschieden sich die

Bildschirme hinsichtlich ihrer Gro3e und der verwendeten Schriftarten. Fin konfundierender Einfluss



Seite 22
dieser Variablen auf die visuelle Leistung kann folglich nicht ausgeschlossen werden. S. L. Wright, Bai-
ley, Tuan und Wacker (1999) fanden keine Unterschiede in der visuellen Suchleistung, der Lesege-
schwindigkeit sowie dem Leseverstindnis zwischen drei verschiedenen Bildschirmbedingungen (CRT,
102 ppi; TFT-LCD, 83 und 157 ppi). Die Lesbarkeit, operationalisiert durch die Sehschirfe, stieg jedoch
mit zunehmender Punktdichte an. Dartiber hinaus bevorzugten die Teilnehmer das hochauflésende
TFT-LCD gegentiber den anderen Bildschirmbedingungen. Das 83 ppi TFT-LCD wurde im Hinblick
auf Priferenz und allgemeinen visuellen Komfort am schlechtesten bewertet. Die Autoren testeten zu-
dem eine weitere Bedingung, in der sie den Sehabstand zum CRT-Bildschirm so vergroBerten, dass das
retinale Abbild eines einzelnen Bildpunktes exakt die gleiche GréBe hatte wie in der 157 ppi TFT-LCD
Bedingung. Zwischen diesen beiden Bedingungen wurden keine Unterschiede in Priferenz und allge-
meinem visuellen Komfort nachgewiesen, was darauf hindeutet, dass die Grof3e des retinalen Abbildes
cines Bildpunktes und somit auch die Bildschirmaufldsung einen mal3geblichen Einfluss auf die subjek-
tive Beurteilung der Bildschirmqualitit sowie den visuellen Komfort, besitzt.

Auf Grundlage des bisherigen Forschungsstands ldsst sich ein moglicher Einfluss hoher Bild-
schirmauflésungen auf die verschiedenen Leistungsmalle zwar vermuten, jedoch ist eine klare Aussage
auf Grund der Einschrinkungen der genannten Untersuchungen zum jetzigen Zeitpunkt nicht mog-
lich. Aus diesem Grund wurde in den Experimenten 5 und 6 ein TFT-LCD mit einer gingigen Bild-

schirmauflésung (132 ppi) mit einem hochauflosendem TFT-LCD (264 ppi) verglichen.

2.1. Experiment 5

Das einfache und schnelle Verstindnis von digitalem Text ist im Arbeitskontext sowie im Alltag
von hoher Relevanz, zum Beispiel beim Lesen von Nachrichten und E-Mails oder beim E-Learning.
Entsprechend stellt sich die Frage, inwieweit die erhebliche Verbesserung der Bildschirmauflésung und
damit einhergehend die Steigerung der Bild- und Textqualitit durch die Zunahme der Bildschirfe zu
einer Steigerung des Leseverstindnisses fihren kann. Zu diesem Zweck wurde in Experiment 5 die
Leistung beim Lesen an einem TFT-LCD mit einer gingigen Punktdichte von 132 ppi (9.7", 1024 X
768 pixel, Multi-Touch Display mit LED Hintergrundbeleuchtung und IPS- Technologie eines Apple

iPad 2) mit der Leistung an einem hochauflésendem TFT-LCD mit 264 ppi (9.7", 2048 X 15306 pixel,
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Multi-Touch Retina Display mit LED Hintergrundbeleuchtung und IPS-Technologie eines Apple iPad
3) verglichen?. Beide Bedingungen waren mit Ausnahme der Bildschirmauflosung im Hinblick auf ent-
scheidende Bildschirmvariablen, wie Bildschirmgrof3e, Luminanz, Luminanzkontrast und Kantenglat-
tungsalgorithmen, identisch.

Die Teilnehmer lasen ohne Zeitvorgabe jeweils zwolf Kurzgeschichten in randomisierter Abfolge
entweder auf dem 132 ppi oder dem 264 ppi Bildschirm. Im Anschluss an jeden Text folgte ein For-
ced-Choice Verstindnistest mit jeweils finf inhaltsbezogenen Single-Choice oder Multiple-Choice Fra-
gen. Fur jede Frage wurde ein Punktwert berechnet, der in Abhingigkeit von der Anzahl der korrekt
oder filschlich ausgewihlten Antwortmdglichkeiten zwischen 0 und 1 variieren konnte, wobei ein
Punktwert von 1 eine korrekt beantwortete Frage reprisentierte. In die Auswertung gingen jeweils die
Mittelwerte tiber die Punktwerte der fiinf Fragen eines Textes ein.

Auf Grund der sehr hohen Vertrautheit mit dem alltiglichen Lesen auf Papier ist es vorstellbar,
dass die Teilnehmer Leistungseinbul3en in der schwerer lesbaren Bildschirmbedingung, vermutlich in
der Bedingung mit geringerer Bildschirmauflésung, wahrnehmen und im Gegenzug versuchen, ein be-
stimmtes Leistungsniveau tber den Verlauf des Experiments aufrecht zu erhalten. Dieses Verhalten
kann die Ergebnisse auf verschiedene Arten verfilschen: Erstens konnen Verstindnisschwierigkeiten
beim Lesen eines Textes durch eine entsprechend angepasste Lesegeschwindigkeit ausgeglichen werden
(z.B. Cushman, 1986; Dillon, 1992; Mills & Weldon, 1987). Die Interpretation von Unterschieden im
Leseverstindnis allein ist daher problematisch, da sich Effekte der Bildschirmaufldsung auch in unter-
schiedlichen Lesegeschwindigkeiten der Teilnehmer manifestieren konnen. Aus diesem Grund wurde in
Experiment 5 zusitzlich zum reinen Leseverstindnis auch die Lesedauer pro Text erfasst. Zweitens
kann eine schlechtere Lesbarkeit eine erhohte Anstrengungsbereitschaft verursachen, durch die mégli-
che Effekte der Bildschirmauflosung auf Leseverstindnis und Lesedauer verdeckt werden (Buchner &
Baumgartner, 2007; Ziefle, 1998). Wie in den vorangegangenen Experimenten wurden daher die Leis-
tungsmalle durch eine Erfassung zusitzlicher Mal3e des psychologischen und physischen Wohlbefin-
dens vor und nach der Leseaufgabe erginzt. Schlieflich konnen Lesbarkeitsdefizite durch die Variation
des Sehabstandes ausgeglichen werden: Zum einen kann die geringere Punktdichte einen verschwom-

menen Seheindruck verursachen, dem die Teilnehmer instinktiv durch eine Verringerung ihres Sehab-
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standes entgegenwirken. Zum anderen verursacht eine Vergroflerung des Sehabstands ein kleineres re-
tinales Abbild einzelner Bildpunkte und kénnte somit die subjektiv wahrgenommene Bildschirmqualitdt
sowie den visuellen Komfort steigern (S. L. Wright et al., 1999). Aus diesen Griinden wurde die Sitzpo-
sition der Teilnehmer nicht fixiert. Stattdessen wurde der gewihlte Sehabstand als zusitzlicher Indika-
tor fir die wahrgenommene visuelle Qualitit am Ende des Experiments erfasst. Ebenfalls analog zu
den Experimenten 2-4 beantworteten die Teilnehmer abschlieBend die Nachbefragung zu ihren Lese-
gewohnheiten sowie zur Beurteilung der Lesesituation wihrend des Experiments. Die Gesamtdauer des
Experiments variierte in Abhidngigkeit von der individuellen Lesegeschwindigkeit der Teilnehmer zwi-
schen 60 und 90 Minuten.

Es zeigten sich keine Unterschiede hinsichtlich des Leseverstindnisses zwischen den beiden Be-
dingungen. Dariiber hinaus war auch die mittlere Lesedauer pro Text unabhingig von der Bildschirm-
auflésung, so dass eine Anpassung der Lesegeschwindigkeit zur Kompensation eines schlechteren Le-
severstindnisses auszuschlieSen ist (Abbildung 1 in Képper, Mayr & Buchner, 2015b). Wihrend also
Leistungssteigerungen in fritheren Studien bei einer Erhéhung der Punktdichte von CRT-Bildschirmen
von 60 ppi auf 80 - 90 ppi gezeigt werden konnten (Gould, Alfaro, Finn, et al., 1987; Ziefle, 1998), deu-
tet das Ausbleiben signifikanter Unterschiede in Leseverstindnis und Lesedauer in Experiment 5 darauf
hin, dass Punktdichten tber 132 ppi keine weitere Verbesserung der Leistung beim Lesen auf TEFT-
LCDs bewirken. Diese Annahme wurde bereits von Ziefle (1998) geduBert und liefert einen weiteren
moglichen Erklirungsansatz fur die Befundmuster der Untersuchungen von Gujar et al. (1998), Huang
et al. (2009) sowie S. L. Wright et al. (1999). Die Auswertung der Mal3e zum psychischen und physi-
schem Wohlbefinden sowie die Messungen des Sehabstandes ergaben keine signifikanten Unterschiede
zwischen den Bedingungen. Folglich ist eine Alternativerklirung der gefundenen Leistungsiquivalenz
durch ein erhéhtes Anstrengungsniveau der Teilnehmer oder eine kompensatorische Anpassung des

Sehabstands unwahrscheinlich.

2.2. Experiment 6
Die Ergebnisse von Experiment 5 sprechen dafiir, dass die Bildschirmaufldsung von TFT-LCDs

ab einer bestimmten Hohe keinen Einfluss auf die Leseleistung hat. Es ist jedoch auch denkbar, dass
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das Leseverstindnis als Maf3 nicht ausreichend sensitiv ist, um mdgliche Unterschiede in der Lesbarkeit
in Abhingigkeit von der Bildschirmauflosung aufzudecken. Im Vergleich zu Korrekturlesen, visueller
Suche oder visuellen Entdeckungsaufgaben ist das Leseverstindnis unabhingiger von feinen perzeptu-
ellen Details. Ein hoher Punktwert im Leseverstindnis ist dementsprechend nicht nur auf die reine
Textverarbeitung, sondern auch auf Wiedererkennen zurtickzufiihren. Dieser Prozess fihrt zu einer
erhohten Varianz, die mégliche Effekte der Bildschirmqualitit auf das Leseverstindnis verdeckt haben
konnte. Beim Korrekturlesen ist einerseits eine detailliertere Textverarbeitung erforderlich: Einzelne
Worter und Buchstaben mussen identifiziert werden, um orthographische Fehler zu entdecken. Ande-
rerseits ist auch die semantische Verarbeitung des Textes notig, um Grammatikfehler aufzudecken. Zu-
dem erwiesen sich Korrekturleseaufgaben als geeignet, um Unterschiede in der Leseleistung zwischen
Bildschirm und Papier (z.B. Creed et al, 1987; Gould, Alfaro, Barnes, et al, 1987; Gould &
Grischkowsky, 1984; Wilkinson & Robinshaw, 1987) sowie zwischen Bildschirmpolarititen (Buchner &
Baumgartner, 2007; Buchner et al., 2009; Creed et al., 1987; Mayr & Buchner, 2010; Piepenbrock, Mayr,
& Buchner, 2014a, 2014b; Piepenbrock et al., 2013) aufzudecken. Schlief3lich ist Korrekturlesen, ebenso
wie das Lesen auf Verstindnis, eine alltdgliche Aufgabe, die eine hohe 6kologische Validitit garantiert.

Entsprechend war das Ziel von Experiment 6, einen mdéglichen Effekt der Punktdichte auf die
Korrekturlesegeschwindigkeit und -leistung nachzuweisen. Die verwendeten Bildschirme waren iden-
tisch zu Experiment 5, Aufbau und Ablauf des Experiments waren identisch zu Experiment 4. Das
heil3t, die Teilnehmer lasen insgesamt 20 Texte fiir jeweils 2 Minuten entweder auf dem 132 ppi oder
dem 264 ppi Bildschirm. Jeder Text enthielt 20 Fehler (12 Rechtschreibfehler, 8 Grammatikfehler), die
verbal und mit Angabe der dazugehorigen Zeilennummer benannt werden sollten. Erfasst wurde hier-
bei die Lesegeschwindigkeit sowie die Korrekturleseleistung. Nach dem Korrekturlesen wurde der ge-
wihlte Sehabstand der Teilnehmer gemessen. Zudem beantworteten die Teilnehmer vor und nach dem
Korrekturlesen Fragebégen zu ihrem aktuellen Befinden sowie eine Nachbefragung am Ende des Ex-
periments. Die Gesamtdauer des Experiment betrug etwa 60 Minuten.

Die Lesegeschwindigkeit und die Korrekturleseleistung waren fiir beide Bildschirmbedingungen
gleich hoch (Abbildung 2 in Kopper, Mayr & Buchner, 2015b). Dieses Ergebnis stirkt folglich die Be-

funde aus Experiment 5 und legt den Schluss nahe, dass die Bildschirmauflosung nur bis zu einer be-
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stimmten Hohe zu einer Verbesserung der Leseleistung fithrt. Der stirkere Anstieg der Kopfschmerz-
symptome sowie der Muskelbeschwerden in der 132 ppi Bedingung tiber den Verlauf des Experiments
deutet jedoch darauf hin, dass die Teilnehmer sich in der 132 ppi Bedingung stirker anstrengen muss-
ten, um ein bestimmtes Geschwindigkeits- und Leistungsniveau aufrecht zu erhalten (Tabelle 3 in Kop-
pet, Mayr & Buchner, 2015b). Der Sehabstand sowie die Beurteilung des Komforts der Leseposition

unterschieden sich nicht zwischen den Bedingungen.
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3. Allgemeine Diskussion

Seit Einfihrung der ersten Computer am Arbeitsplatz und in Privathaushalten vor tiber 30 Jahren
wurde das Papier als Lesemedium immer mehr von digitalen Medien verdringt. Dabei ist die starke
Nutzung des Computerbildschirms vornehmlich auf die vielen Vorteile der Digitalisierung zurtickzu-
fithren. Diesen Vorteilen standen in den 1980er und 1990er Jahren noch die Nachteile der Computer-
nutzung gegeniiber: Die schlechte Bildschirmqualitit der frithen CRT-Bildschirme fihrte zu Einbuf3en
der Lesegeschwindigkeit von 20-30 % (z.B. Gould & Grischkowsky, 1984), Augenbeschwerden sowie
muskuldren Problemen (z.B. Sheedy, 1992). Die Qualitit der Computerbildschirme konnte in den ver-
gangenen Jahren jedoch deutlich gesteigert werden. Veraltete CRT-Bildschirme wurden weitestgehend
durch modernere TFT-LCDs ersetzt, die sich durch eine flimmerfreie Bilddarstellung, héhere Bild-
schirmauflésungen sowie hohere Hintergrundhelligkeiten und Helligkeitskontraste auszeichnen. Wei-
terentwicklungen der Textdarstellung, wie die Verwendung positiver Polaritit, moderner Textverarbei-
tungsprogramme sowie Kantenglittungsalgorithmen fihrten zudem zu einer Verbesserung der Lesbar-
keit von Text am Bildschirm (z.B. Buchner & Baumgartner, 2007; Sheedy & McCarthy, 1994; Slattery &
Rayner, 2010). Fin positiver Finfluss der stetig wachsenden Vertrautheit mit dem Lesen auf digitalen
Medien auf die Leseleistung und das Wohlbefinden ist ebenfalls denkbar. Aktuelle Untersuchungen, die
diese Neuerungen beriicksichtigen, sind jedoch selten und liefern gemischte Befundmuster (Chu et al.,
2014; Chu et al., 2011; Gujar et al., 1998; Holzinger et al., 2011; Kretzschmar et al., 2013). Gegenstand
des ersten Teils der vorliegenden Arbeit war daher ein erneuter, systematischer Vergleich neuester Bild-
schirmtechnologien mit konventionellen Papiervorlagen.

In Experiment 1 wurden die Lesegeschwindigkeit, die Korrekturlesegenauigkeit, das subjektive
Wohlbefinden sowie die Priferenz beim Lesen auf einem modernen TFT-LCD mit dem Lesen auf Pa-
pier verglichen. Der Fokus lag hierbei auf einer méglichst dquivalenten Textdarstellung auf beiden Me-
dien einerseits und einer dem jeweiligen Medium entsprechenden, natiitlichen Lesesituation anderer-
seits. Im Gegensatz zu friheren Untersuchungen zeigten sich in Experiment 1 keine Unterschiede in

der Korrekturlesegeschwindigkeit und der Korrekturleseleistung zwischen dem Lesen auf einem mo-
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dernen TFT-L.CD und dem Lesen auf Papier. Diese Aquivalenz ist vermutlich auf die verbesserten
Bildschirmeigenschaften von TFT-LCDs zurtckzufihren. In Konsens mit der vorliegenden aktuelleren
Literatur, berichteten die Teilnehmer jedoch nach wie vor stirkere Augenbeschwerden beim Lesen am
Bildschirm (Chu et al., 2014; Chu et al., 2011) und duBlerten dartber hinaus eine starke Priferenz fur
das Lesen auf Papier (Holzinger et al., 2011; Kretzschmar et al., 2013).

Um eine mogliche Kompensation kleinerer Unterschiede in den Leistungsmallen zwischen den
Medien durch eine kurzzeitige Erhéhung der Anstrengungsbereitschaft der Teilnehmer zu vermeiden
und zudem die 6kologische Validitit der Aufgabe zu steigern, wurde in Experiment 2 die Lesedauer auf
insgesamt etwa eine Stunde verdreifacht. Das Befundmuster aus Experiment 1 konnte bestitigt werden.
Es zeigten sich erneut keine Unterschiede in der Korrekturlesegeschwindigkeit und Korrekturleseleis-
tung zwischen TFT-LCD und Papier und die Teilnehmer berichteten stirkere Augenbeschwerden nach
dem Lesen auf Papier.

Ausgehend von den ersten beiden Experimenten kann folglich festgehalten werden, dass das Le-
sen am modernen TFT-LCD keine Einbuflen in Lesegeschwindigkeit und -leistung mehr verursacht,
jedoch im Vergleich zum Lesen auf Papier weiterhin zu stirker empfundenen Augenbeschwerden
fihrt. Um eine Empfehlung fir das Lesen am Bildschirm aussprechen zu kénnen, ist es nétig, die Ut-
sachen fir diese Beschwerden zu finden und zu eliminieren. Die Experimente 3 und 4 dienten diesem
Zweck.

In Experiment 3 wurde unter Hinzunahme einer weiteren, helligkeitsreduzierten Bildschirmbe-
dingung untersucht, ob die fiir TFT-LCDs charakteristische hohe Hintergrundhelligkeit einen negativen
Einfluss auf die Hohe der Augenbeschwerden hat. Zu hohe Bildschirmhelligkeiten fithren zu Blendung
(Isensee, 1982) und als Reaktion darauf zu unbewussten Kontraktionen der Augenmuskulatur, die die
Entstehung von Augenbeschwerden begiinstigen (Berman et al., 1994; Thorud et al., 2012). Es zeigte
sich, dass sowohl das Lesen auf dem dunkleren Bildschirm als auch das Lesen auf dem hellen Bild-
schirm im Vergleich zum Lesen auf Papier zu einer stirkeren Zunahme der Augenbeschwerden fiihrte,
so dass ein Einfluss zu hoher Hintergrundhelligkeiten auf die subjektiv berichteten Augenbeschwerden
in den ersten beiden Experimenten unwahrscheinlich erscheint. Die Aquivalenz der Medien in den

Leistungsmal3en konnte auch in Experiment 3 bestitigt werden.
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Eine weitere mogliche Ursache der Augenbeschwerden leitet sich aus den typischen Positionie-
rungen von Bildschirmen und Papier ab. Wihrend Papier, den Empfehlungen entsprechend, in einem
Winkel von 15° prisentiert wird, betrdgt dieser Winkel bei einem Computerbildschirm typischerweise
75°. Diese Neigungswinkel wurden in den Experimenten 1 - 3 beibehalten, um eine moglichst natiirli-
che Lesesituation zu gewihrtleisten. Allerdings fithrt die nahezu senkrechte Ausrichtung des Bildschirms
im Vergleich zum flacheren Neigungswinkel des Papiers zu einer horizontaleren Blickrichtung. Dadurch
ist ein groflerer Anteil der Augenoberfliche exponiert und es verdunstet mehr Trinenflissigkeit. Diese
Faktoren begiinstigen mal3geblich die Entstehung von Augenbeschwerden (Sotoyama et al., 1996;
Tsubota & Nakamori, 1993). Tatsdchlich zeigte sich in Experiment 4 bei einem Neigungswinkel von
15° fiir beide Medien kein Unterschied in den Augenbeschwerden mehr. Dartiber hinaus lasen die Teil-
nehmer schneller am Bildschirm als auf dem Papier.

Eine Aussage iiber die tatsiachliche Ursache der Augenbeschwerden ist auf Grundlage der hier
vorgestellten Experimente vorlaufig nicht moglich, da die Angleichung der Neigungswinkel der beiden
Medien in Experiment 4 zu weiteren methodischen Verinderungen im Vergleich zu den ersten drei Ex-
perimenten fihrte. So wurde in den Experimenten 1 - 3 der Bildschirm eines MacBook Pro zur Text-
prisentation in der Bildschirmbedingung verwendet, aber ein iPad 2 in Experiment 4. Zwar sind diese
Bildschirme hinsichtlich der wichtigsten Faktoren der Bildschirmtechnologie sowie der Textdarstellung
dquivalent, es gibt jedoch auch Unterschiede, die moglicherweise die Ergebnisse beeinflusst haben
koénnten. Zu nennen ist erstens der Unterschied in der Bildschirmgrof3e, da der Laptopbibdschirm mit
15.4 uber eine groBere Bildschirmdiagonale verfiigt als der Tabletbildschirm mit 9.7¢. Die daraus re-
sultierende hohere Helligkeit (etwa 100 Ix) am Auge der Teilnehmer beim Lesen am Laptopbildschirm
hatte méglicherweise einen Einfluss auf die Hohe der Augenbeschwerden. Vor dem Hintergrund der
Ergebnisse des dritten Experimentes, in dem kein Effekt der Bildschirmhelligkeit auf die Héhe der
Augenbeschwerden gezeigt werden konnte, erscheint ein solcher Einfluss jedoch vernachlissigbar.
Zweitens verfiigte das Tablet, jedoch nicht der Laptop-Bildschirm, iiber IPS (in-plane-switching) Tech-
nologie, die zu einer Reduktion der Blickwinkelabhingigkeit von LCDs beitragt und eine konstantere
Bildqualitit garantiert, wenn der Bildschirm aus unterschiedlichen Blickrichtungen betrachtet wird. FEin

Einfluss dieses Unterschieds auf die Bildqualitit kann nicht vollstindig ausgeschlossen werden, ist je-
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doch unwahrscheinlich, da es den Teilnehmern freistand, ihre Lesehaltung selbst zu wihlen und somit
zu optimieren und die Position der Lesemedien nicht verdndert werden durfte. Drittens verfugte der
Laptop tiber Subpixel-Rendering, wihrend das Tablet ausschlieBlich die Verwendung von Graustufen
ermoglichte. Beide Techniken verbessern die Bildqualitit (z.B. Sheedy & McCarthy, 1994; Slattery &
Rayner, 2010), im direkten Vergleich konnten jedoch keine Leistungsunterschiede nachgewiesen werden
(Sheedy, Tai, Subbaram, Gowrisankaran, & Hayes, 2008). Ein Einfluss unterschiedlicher Kantenglat-
tungsalgorithmen scheint also ebenfalls vernachlissigbar.

Eine weitere methodische Verinderung zwischen den Experimenten 1-3 auf der einen Seite und
Experiment 4 auf der anderen Seite ergab sich durch die Méglichkeit der Teilnehmer, ihren Sehabstand
zum Medium frei zu wahlen. Bei biirodhnlicher Positionierung der Medien, wie in den Experimenten 1-
3, wihlten die Teilnehmer konsistent zu fritheren Befunden einen Sehabstand von 50 cm in der Bild-
schirmbedingung und 40 cm in der Papierbedingung (Gould, Alfaro, Barnes, et al., 1987; Muter & Mau-
rutto, 1991), wihrend ein Sehabstand von 40 cm in beiden Bedingungen von Experiment 4 gemessen
wurde. Dieser Unterschied resultierte in einer geringfugig grofleren retinalen Textgro3e in der Papier-
bedingung (0.29° Sehwinkel) im Vergleich zur Bildschirmbedingung (0.23° Sehwinkel). Unterschiede
der Textgrofe in diesem Bereich haben jedoch keinen messbaren Einfluss auf die Lesegeschwindigkeit
(Legge, 2007), die Beurteilung der Lesbarkeit, Textschirfe und Textschwierigkeit sowie die Priferenz
(Bernard, Chaparro, Mills, & Halcomb, 2003). Angesichts der Effektgrof3en fiir den Medienunterschied
in den Augenbeschwerden (¢ = 0.29 - 0.62; 4 = 0.5 und 4 = 0.8 sind gemil3 Cohen, 1988, als mittlere
und grof3e Effekte definiert) in den Experimenten 1 - 3 und den Priferenzurteilen in Experiment 1 (w
= 0.83; 0 = 0.5 steht fiir einen groBlen Effekt nach Cohen, 1988), ist es folglich unwahrscheinlich, dass
die geringfigigen Unterschiede der retinalen Schriftgroe fur diese Effekte verantwortlich sind. Auch
der umgekehrte Fall, nimlich die gleichen Sehabstinde und somit gleich grof3e retinale Textgréflen in
beiden Medienbedingungen in Experiment 4 als Erklirung fir die Eliminierung der Unterschiede in
den Augenbeschwerden, ist dementsprechend fragwiirdig. Insgesamt ist ein Einfluss des Sehabstands
auf die hier vorgestellten Ergebnisse also unwahrscheinlich.

Zusammengefasst sprechen die Ergebnisse der ersten vier Experimente daftir, dass Lesen an

modernen TFT-LCDs so gut ist wie das Lesen auf Papier. Die Problematik erh6hter Augenbeschwer-
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den beim Lesen am Bildschirm scheint bei einer papierdhnlichen Positionierung des Bildschirms zu
verschwinden. Auch wenn die endgiltige Ursache fur die Augenbeschwerden noch zu kliren ist, ergibt
sich daraus die Empfehlung, eine méglichst variable Positionierung von Bildschirmen zu gewiéhrleisten,
um der Entstehung von Augenbeschwerden vorzubeugen. FEine Moglichkeit dazu bieten zum Beispiel
Tablet-Computer, die einerseits variabel positioniert werden kénnen und andererseits die Vorteile von
Papier, wie zum Beispiel die flexiblere Handhabung, mit den Vorteilen von Bildschirmen verbinden.
Somit sollten einer uneingeschrinkten Nutzung und Verbreitung von Bildschirmtechnologien im Ar-
beitskontext wie im Privaten keine physischen Beeintrichtigungen mehr entgegenstehen. Angesichts
dessen ist eine Weiterentwicklung und Steigerung der Bildschirmqualitit sowie eine Anpassung an die
Nutzerbediirfnisse besonders wichtig, um eine Optimierung der Leistung beim Lesen am Bildschirm zu
erreichen.

Neueste technische Entwicklungen ermdglichen Bildschirmauflosungen, die dem Auflésungs-
vermoégen des menschlichen Auges nahekommen oder es tibertreffen. Die Effekte dieser hochauflo-
senden Bildschirme auf die Leistung sind bisher jedoch nur wenig erforscht (Gujar et al., 1998; Huang
et al., 2009; S. L. Wright et al., 1999). Im zweiten Teil der vorliegenden Arbeit sollte daher untersucht
werden, in wie weit hohe Bildschirmauflésungen (264 ppi) zu einer Leistungssteigerung im Vergleich zu
gingigen Bildschirmauflésungen (132 ppi) beitragen.

In Experiment 5 lag der Fokus zunichst auf der Untersuchung eines méglichen Einflusses der
Bildschirmauflésung auf das Leseverstindnis. Es zeigten sich keine Unterschiede im Leseverstindnis
zwischen der 264 ppi und der 132 ppi Bildschirmbedingung. Dariiber hinaus konnte die mogliche
Kompensation einer Beeintrichtigung des Leseverstindnisses durch eine angepasste Lesegeschwindig-
keit, eine erhéhte Anstrengung sowie die Variation des Sehabstands weitestgehend ausgeschlossen wer-
den. Es ist jedoch denkbar, dass geringe Lesbarkeitsunterschiede beim Leseverstindnis eine unterge-
ordnete Rolle spielen und Aufgaben benotigt werden, die das Erkennen feinerer Textdetails erfordern.

In Experiment 6 wurde daher der Einfluss der Bildschirmauflsung mit einer Korrekturleseauf-
gabe untersucht. Korrekturlesen erfordert neben der semantischen Verarbeitung des Texts auch die I-
dentifikation einzelner Woérter und Buchstaben und hat sich zudem in zahlreichen Studien als Mal} be-

wihrt, um Unterschiede in der Leseleistung aufzudecken (z.B. Buchner & Baumgartner, 2007; Gould &
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Grischkowsky, 1984; Piepenbrock et al., 2013; Wilkinson & Robinshaw, 1987). Es zeigten sich keine
Unterschiede in der Korrekturlesegeschwindigkeit und der Korrektutleseleistung in Abhingigkeit von
der Bildschirmauflésung. Gemeinsam mit Experiment 5 bestitigt dieses Frgebnis die Befundmuster
friherer Untersuchungen (Gujar et al., 1998; Huang et al., 2009; S. L. Wright et al., 1999) und spricht
dafir, dass die Leseleistung mit zunehmender Punktdichte bis zu einer Héhe von 130-150 ppi ansteigt
und dann stagniert. Problematisch ist, dass der Punkt, an dem keine Leistungsverbesserung mehr statt-
findet, nicht klar bestimmt ist. Idealerweise sollte dieser durch eine schrittweise Erhéhung der Punkt-
dichte im Bereich von 50 ppi bis etwa 250 ppi ermittelt werden, jedoch sind Bildschirme mit einer
Punktdichte unter 100 ppi veraltet und daher nicht mehr verfiigbar. Obwohl keine Leistungsunterschie-
de nachgewiesen wurden, aullerten die Teilnehmer ein hoheres Ausmal} an Kopfschmerzsymptomen
und Muskelbeschwerden in der 132 ppi Bedingung im Vergleich zur 264 ppi Bedingung, was auf ein
erh6htes Anstrengungsniveau in der 132 ppi Bedingung hinweist. Obwohl Steigerungen der Bild-
schirmauflosung im Rahmen kiirzerer Leseintervalle von bis zu einer Stunde folglich nicht zu einer
Leistungssteigerung beitragen, sollten hochauflésende Bildschirme (264 ppi und héher) gegentber
Bildschirmen mit gingigen Bildschirmauflésungen (132 ppi und weniger) bevorzugt werden, um physi-

sche Beeintrichtigungen zu vermeiden.

Bei zusammenfassender Betrachtung der vorliegenden Befunde fillt auf, dass sowohl im Ver-
gleich von Bildschirm und Papier als auch im Vergleich der Bildschirmauflosungen (mit Ausnahme der
in Experiment 4 dargestellten Befunde) keine Unterschiede in den erhobenen Leistungsmallen nachge-
wiesen werden konnten. Die Stichprobengrof3en aller hier vorgestellten Experimente waren jedoch aus-
reichend grof3, um mittlere bis gro3e Effekte (¢ = 0.6; 4 = 0.5 und 4 = 0.8 sind definiert als mittlere und
grof3e Effekte in den Konventionen von Cohen, 1988) des Mediums bzw. der Bildschirmauflésung mit
einer Teststirke von mindestens .95 aufzudecken. Somit ist das Ausbleiben signifikanter Unterschiede
in den LeistungsmalBlen hochstwahrscheinlich nicht auf einen Typ II-Fehler zurtickzuftihren, und die
Annahme einer heutigen Leistungsidquivalenz wird bestirkt.

Es bleibt ungeklirt, ob sich Leistungsunterschiede in Abhangigkeit vom Medium bzw. der Bild-

schirmauflosung zeigten, wenn Mal3e verwendet wirden, die den Fokus auf die Identifikation sehr fei-
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ner Textdetails legten. Dies ldsst sich besonders gut am Beispiel des fiinften und sechsten Experiments
verdeutlichen. Unabhingig von der Bildschirmauflésung wihlten die Teilnehmer beider Experimente
einen Sehabstand von 40 cm. In dieser Entfernung betrigt der visuelle Winkel eines Bildpunktes auf
dem 132 ppi Bildschirm etwa 0.028°, auf dem 264 ppi Bildschirm hingegen 0.014°. Bei einem Aufl6-
sungsvermogen eines ,,normalen‘ menschlichen Auges von 0.017° sollten einzelne Bildpunkte auf dem
132 ppi unterscheidbar sein, jedoch nicht auf dem 264 ppi Bildschirm. Obwohl folglich der Aufls-
sungsunterschied zwischen beiden Bedingungen zu Wahrnehmungsunterschieden gefiihrt haben muss,
war dies nicht durch Leseverstindnis, Lesegeschwindigkeit oder Korrekturleseleistung messbar. S. L.
Wright et al. (1999) argumentierten, dass Schriftgrélen nahe der Lesbarkeitsschwelle bendtigt wiirden,
um signifikante Unterschiede mit Hilfe der genannten Mal3e aufzudecken. Allerdings ist es naheliegend,
dass Schriftgrof3en, die Giber der Lesbarkeitsschwelle liegen, eine hohere 6kologische Validitit besitzen
als schwellennahe SchriftgroBen. Dies gilt vor allem angesichts der Tatsache, dass normalerweise die
Schriftgrofie auf Bildschirmen angepasst werden kann.

Zudem ist die Diskrepanz zwischen den Ergebnissen der objektiven und subjektiven Mal3e zu
bemerkenswert. Wihrend nur in Experiment 4 eine signifikant schnellere Lesegeschwindigkeit beim
Lesen am Bildschirm nachgewiesen werden konnte, zeigte sich in den meisten hier vorgestellten Expe-
rimenten ein Unterschied in den Befindlichkeitsmallen (Experimente 1 - 3, Experiment 6). Eine mogli-
che Erklarung fir diese Diskrepanz ist eine Erhchung des Anstrengungsniveaus der Teilnehmer als Re-
aktion auf eine wahrgenommene geringere Darstellungsqualitit, um so einer resultierenden Leistungs-
beeintrichtigung entgegenzuwirken. Wenn diese Vermutung zutrifft, sollten Ermudungserscheinungen
beim Lesen am Bildschirm im Vergleich zum Lesen auf Papier sowie bei gering auflésenden Bildschir-
men im Vergleich zu hochauflosenden Bildschirmen frither auftreten, so dass sich Leistungsunterschie-
de zwischen diesen Bedingungen nach einigen Stunden manifestieren sollten. Auch wenn in Experi-
ment 2 keine Effekte einer verlingerten Lesezeit von einer Stunde gezeigt werden konnten, lautet eine
mogliche Fragestellung, ob die Leistungsiquivalenz auch nach einem reguliren Arbeitstag von acht bis
neun Stunden gezeigt werden kann. Dies gilt es in weiteren Untersuchungen zu tberprifen.

Neben einer Generalisierung der hier beschriebenen Befunde auf typischere Arbeitsbedingungen

sollte zudem eine Ausweitung der Ergebnisse auf andere Aufgaben sowie Populationen angestrebt
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werden. Angesichts des voranschreitenden demographischen Wandels und der sukzessiven Erhéhung
des Ruhestandsalters erscheint die Frage, ob die hier genannten Schlussfolgerungen auch fir dltere
Menschen gelten, besonders relevant.

Zusammengefasst sprechen die vorliegenden Ergebnisse dafir, dass Finschrinkungen der auf
objektive Leistungsmalle sowie des Wohlbefindens beim Lesen an modernen TFT-LCDs nur noch im
geringen Ausmal} zu erwarten sind. Es zeigte sich, dass Lesegeschwindigkeit und Korrekturleseleistung
beim Lesen von modernen TFT-LCDs so gut ist wie beim Lesen von Papier. Die Problematik erhohter
Augenbeschwerden beim Lesen am Bildschirm scheint bei einer papierdhnlichen Positionierung des
Bildschirms zu verschwinden, so dass eine flexiblere Handhabung und Positionierung von Bildschir-
men empfohlen wird. MaBgeblich verantwortlich fiir die Aquivalenz von Bildschirm und Papier sind
verschiedene Bildschirmfaktoren, wie die Bildschirmauflosung, die in den vergangenen Jahren deutlich
verbessert wurden. Bildschirme, die Giber eine Bildschirmauflosungen verfiigen, die das Auflésungs-
vermdégen des menschlichen Auges tibertreffen, scheinen zwar nicht zu einer Leistungssteigerung bei-
zutragen, allerdings verringern sie das Risiko von physischen Beschwerden als Folge der Bildschirmar-

beit und sollten daher gegeniiber Bildschirmen mit herkémmlichen Auflésungen bevorzugt werden.
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Endnoten

! Eine separate Analyse der Daten dieser Unterstichprobe aus Experiment 1 ist im Anhang von Képper, Mayr und Buchner
(2015a) einzusehen.

2 Es wurde zusitzlich eine Papierbedingung getestet. Die Ergebnisse dieser Bedingung sind jedoch fir die hier zu untersu-
chende Fragestellung nicht relevant und werden daher nicht berichtet.
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Abstract

Four experiments were conducted to test whether recent developments in display technology
would suffice to eliminate the well-known disadvantages in reading from screen as compared with
paper. Proofreading speed and performance were equal for a TFT-LCD and a paper display, but
there were more symptoms of eyestrain in the screen condition accompanied by a strong preference
for paper (Experiment 1). These results were replicated using a longer reading duration (Experiment
2). Additional experiments were conducted to test hypotheses about the reasons for the higher
amount of eyestrain associated with reading from screen. Reduced screen luminance did not change
the pattern of results (Experiment 3), but positioning both displays in equal inclination angles
eliminated the differences in eyestrain symptoms and increased proofreading speed in the screen
condition (Experiment 4). A paper-like positioning of TFT-LCDs seems to enable unimpaired read-

ing without evidence of increased physical strain.
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Practitioner Summary
Given the developments in screen technology, a re-assessment of the differences in proofread-
ing speed and performance, well-being, and preference between computer screen and paper was
conducted. State-of-the-art TFT-LCDs enable unimpaired reading, but a book-like positioning of

screens seems necessary to minimise eyestrain symptoms.

Keywords

TFT-LCD, iPad, proofreading, eyestrain, display inclination
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Reading from computer screen versus reading from paper:

Does it still make a difference?

1. Introduction

Reading text presented on computer screens is an ubiquitous task for most people living in
industrialised societies, and it has often replaced reading text printed on paper. Therefore, it seems
important to assess how reading from computer screens compares to reading from paper. Early stud-
ies from the 1980s have unambiguously shown considerable disadvantages of reading text from
screen as compared to paper (Creed, Dennis, & Newstead, 1987; Gould, Alfaro, Barnes, et al.,
1987; Gould & Grischkowsky, 1984; Heppner, Anderson, Farstrup, & Weiderman, 1985; Muter,
Latremouille, Treurniet, & Beam, 1982; Wilkinson & Robinshaw, 1987; Wright & Lickorish, 1983).
For example, Gould and Grischkowsky (1984) found proofreading performance to be 20 - 30%
faster on paper than on screen. In a similar study by Wilkinson and Robinshaw (1987), proofreading
was both faster and more accurate on paper than on screen.

In addition to the well-documented performance disadvantage, reading from screen was also
found to have negative effects on subjective well-being. The main complaints reported by computer
users were eye-related symptoms (Cole, Maddocks, & Sharpe, 1996; Knave, Wibom, Voss, Hed-
strom, & Bergqvist, 1985; Laubli, Hiinting, & Grandjean, 1981; Ong, Hoong, & Phoon, 1981; Rey
& Meyer, 1980; Sheedy, 1992; Smith, Cohen, Stammerjohn, & Happ, 1981) and musculoskeletal
pain (Bergqvist, Wolgast, Nilsson, & Voss, 1995; Cole et al., 1996; Hiinting, Laubli, & Grandjean,

1981; Ong et al., 1981; Smith et al., 1981; Starr, 1983). For example, Sheedy (1992) conducted a
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survey on 1307 optometrists who reported that 14.25% of their patients complained about symp-
toms mainly related to the use of computer screens. The most frequently mentioned symptoms in
this context were eye-related symptoms, such as dry eyes, blurred vision or colour vision changes,
and musculoskeletal symptoms like neck ache and backache.

However, those empirical findings were obtained the 1980s and 1990s and may no longer be
valid for several reasons. First and foremost, all studies mentioned above used cathode ray tube
(CRT) display technology. This technology is obsolete and has been mostly replaced by thin film
transistor liquid crystal displays (TFT-LCD). Apart from the expedient form factor, the most impor-
tant advantages of TFT-LCDs are their higher display resolution, their typically higher background
luminance (and, hence, higher maximum in text-background luminance contrast), and their flicker-
free presentation technique (Menozzi, Lang, Népflin, Zeller, & Krueger, 2001; Ziefle, 2001). It
seems likely that these advancements in screen technology have also lead to improved reading per-
formance and quality (e.g., Gould, Alfaro, Finn, Haupt, & Minuto, 1987). Some recent studies di-
rectly compared reading from TFT-LCDs and reading from CRTs and showed a superiority of TFT-
LCDs with respect to visual performance (Menozzi et al., 2001; Menozzi, Nipflin, & Krueger,
1999; Nisdnen, Karlsson, & Ojanpii, 2001; Shieh & Lin, 2000; Ziefle, 2001) and subjective prefer-
ence (Chen & Lin, 2004; Shieh & Lin, 2000; Ziefle, 2001). Unfortunately, these studies did not in-
clude conditions in which text was read from paper. Therefore, we currently only know that reading
from TFT-LCDs is better than reading from CRT displays, but we do not know whether reading
from TFT-LCDs is already as good as (or perhaps even better than) reading from paper. Second,
very early computers displayed text in negative polarity (i.e., using light letters on a dark back-
ground) which is known to result in worse reading performance than text presented in positive po-
larity (e.g., Buchner & Baumgartner, 2007; e.g., Buchner, Mayr, & Brandt, 2009; e.g., Mayr &
Buchner, 2010; e.g., Piepenbrock, Mayr, Mund, & Buchner, 2013). Third, modern operating sys-

tems use techniques such as anti-aliasing and subpixel rendering which result in text presentation on
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computer screens that more closely approximates printed text. Fourth, familiarity may also play a
role. For instance, typical participants in studies conducted two to three decades ago presumably
had much less experience in reading text from screen as compared to reading text from paper. This
may also partially explain the observed performance differences as well as the strong preference for
reading on paper that were observed at the time (e.g., Gould, Alfaro, Finn, et al., 1987; e.g., Hepp-
ner et al., 1985; e.g., Oborne & Holton, 1988).

Given these significant changes in screen technology and computer user expertise, the com-
parison between reading from screen and paper needs to be re-assessed. However, recent studies
involving modern TFT-LCD technology are very rare and their results do not provide a clear pic-
ture. A field study by Holzinger et al. (2011) found that reading speed and text comprehension were
no longer impaired for texts presented on modern TFT-LCDs. Similarly, Kretzschmar et al. (2013)
found no differences between a modern tablet computer, an electronic book, and paper with regard
to reading comprehension. In addition, fixation durations and EEG activity in the theta range, de-
fined individually with reference to a participant’s individual alpha frequency (IAF) as IAF-6 Hz to
IAF-4 Hz, as online measures of effort in information processing did not differ between the condi-
tions (at least not for younger adults). Nevertheless, there is still a strong preference for reading
from paper as compared with reading from a TFT-LCD (Holzinger et al., 2011), from a modern tab-
let computer or from an electronic book (Kretzschmar et al., 2013). Furthermore, Chu, Rosenfield,
Portello, Benzoni, and Collier (2011) compared symptoms of eyestrain after reading from an LCD
screen and from paper. Both displays were presented with a viewing distance of 50 cm, an overall
luminance of 15 cd/m2, equivalent text layout, and equal inclination of the paper and the screen dis-
play. The authors found a significantly higher symptom score for blurred vision in the screen condi-
tion. Most of the other eye-related symptoms (e.g. irritated or burning eyes, dry eyes, eyestrain)
were also increased in the screen condition, but these differences were not statistically significant.

These findings were confirmed by Chu, Rosenfield, and Portello (2014).
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Given this rather limited set of findings, a systematic investigation of the differences between
reading from present-day computer screens and paper seemed to be needed. The present series of
four experiments pursued exactly this aim. Experiment 1 was designed to test whether there are still
differences between computer screen and paper in terms of proofreading speed and performance,
subjective well-being, and preference. Experiment 2 was designed to test whether the results of Ex-
periment 1 could be replicated when the reading duration is increased from 25 to 60 minutes. To
anticipate, there were no differences in reading performance between screen and paper in both ex-
periments, but symptoms of eyestrain were more pronounced when reading from screen than when
reading from paper, and participants exhibited a clear preference for reading from paper. Experi-
ments 3 and 4 were designed to test assumptions about the reasons for the differences in eyestrain
symptoms. In Experiment 3, screen luminance was reduced in order to eliminate high screen
brightness as a possible cause of the eyestrain symptoms. In Experiment 4, the inclination angles of
screen and paper were matched, allowing participants to adopt the same seating posture and gaze

direction angle which are known to affect eyestrain symptoms in both conditions.

2. Experiment 1

The purpose of Experiment 1 was to test whether reading from screen still lags behind reading
from printed paper or whether modern TFT-LCDs have closed the gap between screen and paper.
Specifically, we measured participants’ proofreading speed and their proofreading performance for
both display conditions. The proofreading task has been frequently used in previous investigations
of performance differences between screen and paper (Creed et al., 1987; Gould, Alfaro, Barnes, et
al., 1987; Gould & Grischkowsky, 1984; Wilkinson & Robinshaw, 1987). Furthermore,
proofreading occurs in many real-life applications and therefore provides measures of high
ecological validity.

The screen and paper condition were implemented in a way that guaranteed a maximum de-
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gree of equivalence between the two conditions while preserving the core characteristics of a typi-
cal reading situation at a modern TFT-LCD and from paper. For both conditions, text layout, font
type and size, display polarity, and the method of error annotation in the proofreading task were
identical. As is typical for present-day TFT-LCDs, screen presentation was optimised with respect
to display resolution, luminance, and luminance contrast. Sub-pixel rendering was activated. This
LCD-specific anti-aliasing technique activates each of the three coloured sub-pixels individually to
increase the horizontal display resolution and, thereby, to improve the image quality (e.g., Slattery
& Rayner, 2010). In the paper condition, black text was printed on white high-quality paper using a
600 dpi laser printer. The inclinations of the display media matched their ‘natural’ display inclina-
tions in a typical office environment. The computer screen was tilted backwards (75° relative to the
horizontal axis) whereas the paper was positioned on a desk stand with a inclination of 15° in order
to enable the most comfortable seating posture (Bridger, 1988; Eastman & Kamon, 1976).

Previous research has shown that participants prefer a larger distance when reading from
screen than from paper. For example, Gould, Alfaro, Barnes et al. (1987) allowed participants to
choose their preferred viewing distance. They found a larger viewing distance for CRT screens (52
cm) than for paper (42 cm). Similarly, Muter and Maurutto (1991) found a very similar difference in
viewing distance between screen (58.6 cm) and paper (48 cm). Thus, participants in the present
study were asked to choose their preferred seating position and viewing distance without restric-
tions (such as chin rests) in order to avoid strain due to an uncomfortable posture. The chosen view-
ing distance was measured by the experimenter at the end of the proofreading task.

Almost all of the studies that compared reading performance between screen and paper used a
within-subjects manipulation of display conditions (but see Muter et al., 1982). The problem with
within-subjects designs is that participants may compare the conditions with regard to difficulty and
either decrease or increase their effort in the seemingly easier or more difficult condition, respec-

tively. As a result, performance differences between the conditions may be obscured in within-
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subjects designs (e.g., Buchner & Baumgartner, 2007). In order to reduce the problem of
performance-effort trade-offs, we used a between-subjects design in which participants experienced
only one display condition. Although it is still possible that participants in a between-subjects de-
sign invest less or more effort in the supposedly easier or more difficult condition, respectively, at
least performance-effort trade-offs based on direct comparisons are impossible. As a consequence,
differences in difficulty between conditions will be reflected in performance data more readily in
between-subjects than in within-subject designs.

In order to get an idea of how participants experienced the reading situation in their assigned
display condition, the performance measurements in the proofreading task were complemented by
subjective well-being ratings. We also wanted to know whether participants still prefer reading from
paper to reading from screen. To obtain preference judgements based on recent experiences with
both media, participants proofread texts from screen and then from paper or vice versa and com-
pleted preference questions afterwards. Because this was not the main focus of the study, we col-
lected only preference data from 30 participants in this way. Note that the sole purpose of this data
was to provide a basis for the subjective preference judgments. Performance on the second of the
two tasks (reading from screen after having read from paper and reading from paper after having
read from screen) is no longer independent, but is contaminated by performance on the first task and
is thus likely to exhibit the performance-effort trade-offs mentioned above. Therefore, the second
reading condition does not provide a usable performance measure which was thus not included in
the overall statistical analyses of Experiment 1 (for completeness a brief description of separate sta-

tistical analyses of the data of the sub-sample with a second reading task in Experiment 1 is pro-

vided in the Appendix).

2.1. Method

2.1.1. Participants
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Participants of Experiment 1 were 138 adults, two of whom chose not to follow the proof-
reading instructions. Thus, the final sample size was 136. The screen condition comprised 70 par-
ticipants, 18 of whom were male; they ranged in age from 18 to 33 years (M = 23). The paper con-
dition comprised 66 participants, 16 of whom were male; they ranged in age from 19 to 40 years (M
= 23). The groups differed neither in reading time per day, ¥2(4) = 6.25, p = .16, nor in their prefer-
ence for reading from screen or paper, x3(4) = 1.78, p = .89.

For all experiments reported here, participants were either paid or received partial course
credit, and the inclusion criteria were: Participants had to be native German speakers with normal or
corrected-to-normal visual acuity and diagnosed dyslexia. All participants except one were students.
Two participants did not fill out any of the questionnaires, one participant did not answer the physi-
cal discomfort questionnaire and for another participant the statements about eyestrain were miss-

ing. The missing values imply varying degrees of freedom for the different analyses reported.

2.1.2. Material and task

The experiment took place in identical sound-insulated testing chambers without exposure
to daylight. The chambers were furnished with a 100 x 100 x 84 cm (width x length x height) table
and a height-adjustable office chair. Screen and paper were positioned in their respective standard
way of use. The inclination angle of the screen was set at 75° by means of a set square relative to
the horizontal axis with the top tilted away from the participant. In the paper condition a desk stand
with an inclination of 15° was used. Participants were not allowed to change these preset angles.

The ambient room lighting consisted of two fluorescent lamps and was mainly indirect.
Ambient illumination at the participants’ approximate eye position (measured with a Gossen Mavo-
lux 5032 B illuminance meter; Gossen Foto- und Lichtmesstechnik GmbH, Niirnberg, Germany;
with Class B accuracy according to DIN 5032-7) was 654 1x in the paper condition and 683 1x in the
screen condition. Luminance values and luminance contrasts in all four experiments (see Table 1)

were determined using a Minolta Colormeter CS-100 (Konica Minolta Co. Ltd, Tokyo, Japan).
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please insert Table 1 about here

The proofreading task comprised 14 short stories by various authors. For each participant the
order of the stories was random. Each participant proofread seven stories in the condition he or she
was assigned to (screen or paper). The remaining seven stories were proofread in the other display
condition (paper or screen); this was necessary to assess subjective preferences (see below).

In the screen condition texts were presented by means of HTML pages (Mac OS X, Ver-
sion 10.6.5; Safari, Version 5.0.3) on the 15.4" (1680 x 1050 pixels, 128 ppi) TFT-LCD widescreen
display with LED-backlight of an Apple MacBook Pro which controlled the experiment. The screen
area on which the texts were presented comprised 1486 x 1050 pixels. This area does not match the
full size of the screen but corresponds to the size of the paper. The remaining screen pixels to the
left and right of the text were set to black (RGB = 0,0,0). Subpixel-rendering was activated. In the
paper condition each HTML page was printed on a 210 x 297 mm sheet of white high-quality paper
(90 g/m2) using a 600 dpi laser printer.

The mean length of each story was 870 words (SD =9). The stories were presented in 12 pt
Helvetica font with an x-height of 2 mm, a cap height of 3 mm, and a line height of 130%. Texts
were presented in horizontal page format in two columns with line numbering on both sides. The
texts were left-aligned without hyphenation. Each text comprised 60 - 66 lines and 30 - 33 lines in
the first and second column, respectively. The maximum line length was 12.6 cm, and the text
height was about 11.7 - 12.8 cm. Page layout was basically identical for screen and text displays.

Each short story contained 16 misspellings (4 duplicate letters, 4 missing letters, 4 pair-
wise letter inversions, 4 incorrect letters) and 14 grammar errors (7 incorrect flexions, 7 incorrect
conjugations). The grammar errors forced participants to read for comprehension rather than to scan
the text for unusual word shapes (Buchner & Baumgartner, 2007; Creed et al., 1987). Errors were
randomly distributed across the text.

Participants were asked to read each text as accurately and fast as possible. Misspellings
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and grammar errors had to be spoken out loudly together with the line number to disambiguate
words that appeared repeatedly in the text. After a reading interval of 3 minutes participants were
asked to name the last word which they had read and its corresponding line number before they
could start reading the subsequent text. Auditory signals informed participants when to start proof-
reading the next text, when half of the proofreading time for the text was over, when the proofread-
ing interval for the text was over, when the last word and the corresponding line number were to be
pronounced, and when the page had to be turned.

The two parallel short forms of the multi-dimensional mood state questionnaire (Steyer,
Schwenkmezger, Notz, & Eid, 1997) were used to measure three bipolar dimensions of psychologi-
cal well-being: pleasant versus unpleasant mood, alertness versus fatigue, and calmness versus agi-
tation. The 24 items (12 in each short form) comprise 24 adjectives (e.g. tired, relaxed) as descrip-
tions of the participants’ current mood state, which participants rated on a 5-point scale from not at
all (1) to very much (5).

Participants rated physical symptoms of strain using a physical discomfort questionnaire
based on the questionnaire developed by Heuer, Hollendiek, Kroger, and Romer (1989). The ques-
tionnaire comprised 14 statements about symptoms of eyestrain (7 items), headache (3 items), and
musculoskeletal strain (4 items). Participants rated whether they experienced the symptoms on a 7-
point scale from not at all (1) to very much (7).

Finally, participants were asked about their preferred medium in the proofreading task (pa-
per, screen, no preference), about the reasons for the preference, about the amount of time they
spent on reading per day (up to 10 minutes, 10 to 30 minutes, 30 to 60 minutes, 1 to 2 hours or
more than 2 hours), and whether they generally preferred reading on paper or on screen (exclusively
or as often as possible on paper, on paper rather than on screen, no preference, on screen rather than
on paper, exclusively or as often as possible on screen; additional free space allowed giving reasons

for the preference). There was also free space for any other comments on the experiment.
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2.1.3. Procedure

Participants were tested individually. Before starting the experiment they were asked to set
the height-adjustable seat to their preferred position. Subsequently, participants were randomly as-
signed to the screen or the paper condition.

The instructions for the proofreading task were presented on the computer screen, followed
by a short practice in which participants proofread a training text for 50 seconds in their assigned
display condition. Then, the participants proofread seven texts for 3 minutes each. They started each
text at their own discretion. The total reading time was about 25 minutes. Immediately after the end
of the last text, participants were asked to keep their current posture until the experimenter had
measured the distance between the participants’ eyes and the computer or paper display with a tape
measure. Next, the participants answered the first parallel short form of the multi-dimensional mood
state questionnaire and the physical discomfort questionnaire. Then the experimenter changed the
display mode (from screen to paper or vice versa) and the participants started proofreading the re-
maining seven short stories. Finally, the second parallel short form of the multi-dimensional mood
state questionnaire, the physical discomfort questionnaire, and the final questionnaire were adminis-

tered. The entire experimental procedure took about 60 minutes.

2.14. Design

Experiment 1 comprised an one-factorial design with display mode (screen vs. paper) as
between-subjects variable. After having finished the proofreading task in the assigned display con-
dition, participants repeated the testing in the other display condition. As mentioned above, this ap-
proach was necessary to enable preference ratings of the two different displays. However, the quan-
titative data of the second testing were not analysed.

The dependent variables were participants’ proofreading speed (number of words read) and
the proofreading performance (number of errors detected — false alarms), the ratings in the three

scales of the multi-dimensional mood state questionnaire (pleasant vs. unpleasant mood, alertness
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vs. fatigue, calmness vs. agitation), the ratings in the three scales of the physical discomfort ques-
tionnaire (eyestrain, headache, musculoskeletal strain), and the chosen viewing distance between
participants’ eyes and the display.

Assuming a medium to large effect size of d = 0.60 for the display mode manipulation (as
defined by Cohen, 1988) and desired levels of o = 3 = .05, an a priori power analysis revealed that
data would have to be collected from N = 122 participants (Faul, Erdfelder, Lang, & Buchner,
2007). We were able to collect data from N = 136 participants so that the power was even larger
than what we had planned for (1 — B = .97). In all experiments reported here, level of alpha was .05

for all statistical decisions, and all #-tests are one-sided.

2.2. Results

2.2.1. Reading speed and proofreading performance

The means of participants’ reading speed and proofreading performance are presented in
Figure 1 and 2, respectively. Independent groups #-tests showed no difference between computer
screen and paper in both reading speed, #(134) = 0.99, p = .16, d = 0.17, and proofreading perform-

ance, #(134) =0.75,p = 23,d =0.13.

please insert Figure 1 about here

please insert Figure 2 about here

2.2.2. Mood state and physical discomfort ratings

The means of participants’ evaluations of their current mood state and the statistical results
for the screen versus paper comparison are presented in Table 2. Participants reported a significantly
stronger degree of fatigue after reading text on the computer screen than after reading text on paper,

the remaining dimensions of the mood state questionnaire were not affected by display mode.
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please insert Table 2 about here

Table 3 shows the means of participants’ physical discomfort ratings and the statistical re-
sults for the screen versus paper comparison. Participants reported stronger symptoms of eyestrain
after reading text on the computer screen than after reading text on paper (Figure 3). At a descrip-
tive level, there were slightly higher ratings of headache symptoms in the screen than in the paper
condition, but this difference just missed the preset level of significance. Participants’ evaluations of

their musculoskeletal strain were not affected by display mode.

please insert Table 3 about here

please insert Figure 3 about here

2.2.3. Viewing distance

The chosen viewing distance was about 10 cm larger in the screen (M = 50 cm, SE=1.0

cm) than in the paper condition (M =40 cm, SE =0.7 cm), 1(134) =7.89,p < .001,d = 1.36.

2.2.4. Preference judgments
Of the 134 participants who were included in the analysis, 16 perceived the computer screen
and paper conditions to be equally pleasant. These ‘no preference’ answers were not included in the
following analysis. 108 participants preferred reading on paper as compared with 10 participants
who preferred reading on screen. This imbalance of preferences was statistically significant, ¥2(1) =
81.39, p < 001, w = 0.83, and independent of testing order (paper first—screen second vs. screen
first—paper second), ¥*(2) = 0.29, p = 95, w = 0.04. Likewise, participants preferred reading on pa-

per to reading on screen in their daily routine, ¥2(1) = 78.03, p < .001, w = 0.211.

2.3. Discussion

In contrast to earlier findings that proofreading on paper may be 20 - 30% faster than proof-
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reading on screen (e.g., Gould & Grischkowsky, 1984), the present Experiment 1 showed no sig-
nificant differences in proofreading speed and proofreading performance between the screen and
paper condition. If anything, there was a non-significant advantage of reading text on a computer
screen as compared with reading text on paper. Most likely, this reflects the improved characteris-
tics of modern TFT-LCD screens. For instance, screen resolution in Experiment 1 (128 ppi) was
considerably higher as compared with the screen resolution in earlier studies (e.g., 62 ppi in Gould
& Grischkowsky, 1984). Furthermore, the TFT-LCD technology provides a flicker-free image, the
texts were displayed in positive polarity, and the letters were anti-aliased using subpixel-rendering.
All of these factors may have contributed to an improved display quality on the computer screen
and therefore have increased proofreading speed and performance in comparison to earlier research.

However, participants’ ratings of their physical discomfort revealed significantly stronger
symptoms of eyestrain after reading on screen. This finding is in line with earlier studies using CRT
technology (Cole et al., 1996; Knave et al., 1985; Liubli et al., 1981; Ong et al., 1981; Rey &
Meyer, 1980; Sheedy, 1992; Smith et al., 1981) but also with the results recently reported by Chu et
al. (2011) and Chu et al. (2014), who found higher eye-related symptom scores in their LCD condi-
tions. A possible explanation for the stronger ratings of eyestrain in the screen condition is be the
increased visual effort associated with reading on screen. For example, there is evidence for a re-
duced blinking rate during computer work as compared with rest periods (Acosta, Gallar, & Bel-
monte, 1999; Tsubota & Nakamori, 1993) or computer-free activities such as conversations (Patel,
Henderson, Bradley, Galloway, & Hunter, 1991; Schlote, Kadner, & Freudenthaler, 2004). Reduced
blinking results in a poorer quality of the tear film and may cause feelings of gritty and itchy eyes
(Patel et al., 1991). No differences in blink rate were found between screen and an equivalent paper
condition (Chu et al., 2014). However, there was a significant greater number of incomplete blinks
in the screen condition which may indicate the increased visual effort invested in this condition.

Additionally, given the different inclination angels of screen and paper in the present study (75° vs.
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15° relative to the horizontal axis, respectively), the gaze direction was more horizontal when read-
ing from screen than when reading from paper which could have resulted in a larger exposed ocular
surface area and an increased rate of tear evaporation in the screen condition (Sotoyama, Jonai,
Saito, & Villanueva, 1996; Tsubota & Nakamori, 1993), causing more symptoms of eyestrain. In
addition to greater symptoms of eyestrain, participants reported more fatigue after reading from
screen than after reading from paper, which is in line with an earlier finding by Cushman (1986)
who showed higher ratings of general fatigue after reading on CRT screens as compared to paper.

Participants overwhelmingly preferred the paper condition (80%) over the screen condition
(7%). This is consistent with the findings of earlier (e.g., Gould, Alfaro, Finn, et al., 1987; Heppner
et al., 1985; Oborne & Holton, 1988) as well as recent studies using modern screen technology
(Holzinger et al., 2011; Kretzschmar et al., 2013). This strong preference for paper is surprising
given that computer screen quality by now improved to the point at which reading speed and per-
formance no longer differs between screen and paper and given that our participants should have
had much more exposure to reading from computer screens. Possible explanations for this will be
addressed in the Discussion section of Experiment 2.

Consistent with earlier findings (Gould, Alfaro, Barnes, et al., 1987; Muter & Maurutto, 1991)
the preferred viewing distance was 10 cm larger for the screen than for the paper condition. With a
2 mm x-height of the text, the chosen viewing distances of 40 cm and 50 cm resulted in a visual an-
gle of the text of about 0.29° in the paper condition and of 0.23° in the screen condition. However,
such a small difference in retinal text size does not seem to have a measurable influence on per-
formance or preference. For example, it is known that reading speed is unaffected within an even
broader range of font sizes (0.2° - 2°: see e.g., Legge, 2007). Furthermore, Bernard, Chaparro, Mills
and Halcomb (2003) found no differences in subjective ratings of text legibility, sharpness, and dif-
ficulty as well as overall preference between a 12 pt Times (~ 0.20°) and a 12 pt Arial (~ 0.25°)

font. Given the substantial effect sizes that were found in Experiment 1 for the display mode differ-
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ence in eyestrain ratings (d = 0.62; d = 0.5 and d = 0.8 are defined as medium and large effects, re-
spectively, in terms of the conventions introduced by Cohen, 1988) and in preference judgments (w
=0.83; w =0.5 is defined as a large effect by Cohen, 1988), it is unlikely that the small differences
in visual angle account for these effects.

In Experiment 1, the reading duration was 21 minutes. Compared to previous studies, which
found reading speed and performance differences between screen and paper, the reading period was
relatively short. For example, in the study by Gould and Grischkowsky (1984) participants read for
six work periods of 50 minutes in each of the two display conditions. Two work periods of 50 min-
utes were scheduled for each display condition in the study by Wilkinson and Robinshaw (1987). In
contrast, in the study by Oborne and Holton (1988) who found no difference in reading speed be-
tween screen and paper, a reading duration of only 12 minutes per display condition was used. One
explanation is that participants were able to compensate for the disadvantages of the screen condi-
tion for such a short interval. This would fit with the finding of Wilkinson and Robinshaw (1987)
who observed a larger decrement of proofreading accuracy over the course of the experiment in
their screen condition and concluded that prolonged reading from screen leads to greater fatigue as
compared with reading from paper. Similarly, Cushman (1986) found significantly larger visual
fatigue after 60 and 80 minutes of reading on a CRT screen as compared to paper, but no differences
after 15, 30, and 45 minutes. Thus, it seems possible that differences in proofreading speed and per-
formance between display conditions take some time to be reflected in observable data because par-
ticipants may be able to compensate the disadvantages of the computer screen for a while by in-
creased effort. In addition, from the perspective of ecological validity one might argue that a read-
ing period of 21 minutes is too short for a reasonable model task of typical computer work.

Therefore, the purpose of Experiment 2 was to test whether disadvantages of reading on
screen would become apparent when the proofreading duration is tripled from 21 to 63 minutes.

Due to the increased reading period and the clear results of the preference ratings in Experiment 1,
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we abstained from testing participants in both display conditions, and, as a consequence, from ad-

ministering direct preference judgments.

3. Experiment 2

3.1. Method

3.1.1. Participants

Participants were 158 adults. The screen condition comprised 79 participants, 17 of whom
were male; they ranged in age from 18 to 39 years (M = 22). The paper condition comprised 79 par-
ticipants, 21 of whom were male; they ranged in age from 18 to 39 years (M = 23). The groups did
not differ in their familiarity with the texts, x2(1) = 0.18, p = .74, their familiarity with the task,
¥2(1) = 0.11, p = .85, their reading time per day, x%(5) = 5.56, p = .35, or their preference for screen
or paper in their daily routine, x*(4) = 1.79,p = .85.

All participants except two were students. None of them had participated in Experiment 1.
Some participants did not answer their questionnaires completely, resulting in four missing values
for the ratings of pleasant versus unpleasant mood and one missing value for the ratings of alertness
versus fatigue, calmness versus agitation, and the musculoskeletal strain ratings. For two partici-

pants the viewing distance measurements were missing.

3.1.2. Material and task
Material and task were identical to those of Experiment 1, with the following exceptions.
Ambient illumination at the participants’ approximate eye position was 569 Ix in the paper condi-
tion and 566 Ix in the screen condition. The proofreading task comprised 21 new short stories by
various authors with a mean length of 881 words (SD = 6). Each participant proofread all 21 short
stories in the condition he or she was assigned to (screen or paper). In the final questionnaire par-

ticipants were asked whether they remembered the texts or the proofreading task from another con-
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text?. Since participants in Experiment 2 read texts in one of the two conditions only, no direct pref-
erence judgements as in Experiment 1 were possible, but participants were asked to assess the read-
ing comfort on a 5-point scale, such as the perceived contrast of the display (too low [1] to too high
[5]), the perceived brightness of the display (too low [1] to too high [5]), the quality of their reading
position (very uncomfortable [1] to very comfortable [5]), the impairment by glare (not at all [1] to

very much [5]), the impairment by reflections (not at all [1] to very much [5].

3.1.3. Procedure

The procedure was identical to that of Experiment 1, with the following exceptions.
Participants answered one version of the multi-dimensional mood state questionnaire and the physi-
cal discomfort questionnaire before starting the proofreading task (pre), and the other version after
proofreading the texts (post). This enabled analyses of the differences between the post- and pre-
ratings which provide information about the amount of impairments in mood and physical discom-
fort as a function of display mode rather than the absolute differences in (post) values in Experi-
ment 1. Every participant read all 21 texts for 3 minutes each. The total reading time, including
auditory signals between the texts, was about 68 minutes. In order to enable a temporal orientation,
participants received feedback on their progress in the experiment before texts 11, 16, 20, and 21.

The entire experimental procedure took about 80 minutes.

3.1.4. Design
The experiment comprised an one-factorial design with display mode (screen vs. paper) as
between-subjects variable. The dependent variables were the same as in Experiment 1.
Assuming a medium to large effect size of d = 0.60 for the display mode manipulation and
desired levels of a = B = .05, an a priori power analysis revealed that data would have to be col-
lected from N = 122 participants. We were able to collect data from N = 158 participants so that the

power was even larger than what we had planned for (1 — 3 = .98).
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3.2. Results

3.2.1. Reading speed and proofreading performance
Display mode had no effect on reading speed, #(156) = 0.09, p = 46, d = 0.01, and on proof-

reading performance, #(156) = 0.03, p = 49,d < 0.01 (Figures 1 and 2, respectively).

3.2.2. Mood state and physical discomfort ratings
Differences between post- and pre-values for all dimensions of the multi-dimensional mood
state questionnaire and the physical discomfort questionnaire were computed. Display mode did not
affect changes in any of the three dimensions of the mood state questionnaire (Table 2).
The analyses of the changes in ratings of physical discomfort revealed a stronger increase of
eyestrain symptoms after reading on screen as compared with reading on paper. Ratings of head-

ache and musculoskeletal strain were not affected by display mode (Table 3).

3.2.3. Viewing Distance
As in Experiment 1, participants chose a larger distance in the screen condition (M = 54 cm,

SE =1 cm) than in the paper condition (M =44 cm, SE =1 cm), #(154) =7.72,p < .001,d = 1.24.

3.24. Evaluations of reading comfort and preference judgement
The means of participants’ evaluations of reading comfort and the statistical results for the
screen versus paper comparison are presented in Table 4. Participants rated contrast, impairment by
glare, and impairments by reflections to be higher in the screen than in the paper condition. The dif-
ference in the ratings of brightness just missed the preset level of significance and there was no dif-
ference in the evaluation of the comfort of the reading position. As in Experiment 1, the majority of

participants preferred reading from paper in their daily routine, ¥2(1) = 51.58, p < .001, w = 0.65.

3.3. Discussion
The purpose of Experiment 2 was to test whether a prolonged reading duration of about 60

minutes would reveal any disadvantages of the screen condition that might have been obscured by
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increased effort in the comparatively short 21 minutes reading period of Experiment 1. The pattern
of results of Experiment 2 is highly comparable to that of Experiment 1. There were no differences
in reading speed and proofreading performance between screen and paper, but a stronger increase in
eyestrain ratings in the screen condition. Also similar to Experiment 1, participants’ viewing dis-
tance was 10 cm shorter in the paper than in the screen condition. The high degree of similarity in
the findings despite a much longer reading period in Experiment 2 than in Experiment 1 suggests
that the equivalence in reading speed and performance between the screen and paper conditions in
Experiment 1 was due to a short-term compensation by increased effort in the screen condition.

Based on the combined pattern of results from Experiments 1 and 2, it seems safe to conclude
that performance when reading text on screen has caught up with performance when reading text on
paper. However, reading from screens still seems to come at the cost of a stronger experience of
eyestrain symptoms. Obviously, neither the improvements in screen technology and software design
nor participants’ increased computer experience have eliminated this problem, and it thus seems
quite reasonable for people still to prefer paper over computer screens for reading.

In order to find possible explanations for the increased eyestrain symptoms in the screen con-
dition and the associated preference for paper, the comments to the preference questions of Experi-
ment 1 were analysed. Unspecific comments such as descriptions of the paper condition as being
‘less exhausting’ (21 responses) and as being associated with ‘less eyestrain’ (37 responses) were
ignored (these comments essentially confirm the results of the mood state and physical discomfort
questionnaires). Two similarly frequent comments were that the display in the screen condition was
‘too bright’ (22 responses) and that the body posture in the paper condition was ‘more comfortable’
(21 responses). We decided to test hypotheses derived from these comments in Experiments 3
(screen brightness) and 4 (body posture).

The high screen luminance of the white background in the screen condition of Experiment 1

(of 270 cd/m? as opposed to 178 cd/m? in the paper condition) might have resulted in more direct
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glare in the screen condition (Isensee, 1982). Sensation of glare is associated with involuntary con-
tractions of muscles around the eyes and the development of eyestrain symptoms during computer
work (Berman, Bullimore, Jacobs, Bailey, & Gandhi, 1994; Thorud et al., 2012). Thus, the higher
ratings of eyestrain and fatigue after reading on screen might be a consequence of a high screen lu-
minance. In order to test the screen brightness assumption, an additional screen condition was im-
plemented in Experiment 3. The luminance of this screen condition was reduced relative to the
standard screen condition in order to match the lower luminance of the paper condition. If display
brightness was the reason why participants reported increased ratings of eyestrain in the screen
condition of Experiment 1, the new screen (luminance reduced) condition should result in ratings of
eyestrain similar to those in the paper condition. The standard (bright) screen condition was also

included in order to enable a replication of the results of Experiments 1 and 2. The proofreading

results did not differ as a function whether the reading times were 21 and 63 minutes in Experi-
ments 1 and 2, respectively. In order to retain the experimental economy we therefore decided to

reduce the reading time to 42 minutes in Experiment 3.

4. Experiment 3

4.1. Method

4.1.1. Participants

Participants were 186 adults. The paper condition comprised 65 participants, 21 of whom
were male; they ranged in age from 18 to 38 years (M = 24). The screen condition comprised 62
participants, 15 of whom were male; they ranged in age from 18 to 40 years (M = 24). The screen
(luminance reduced) condition comprised 59 participants, 22 of whom were male; they ranged in
age from 18 to 40 years (M = 23).

The three groups did not differ with regard to their familiarity with the texts, x2(2) =041,p =
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.81, their familiarity with the task, x¥%(2) = 1.28, p = .57, their reading time per day, %2(10) = 6.37, p
= .82, or their preference for screen or paper in their daily routines, ¥2(8) = 10.93, p = .16.

All participants except nine were students. Two participants did not answer the multi-
dimensional mood state questionnaire and one participant did not answer the physical discomfort
questionnaire. For one participant the ratings for alertness versus fatigue were missing. For seven

participants the viewing distance measurements were missing.

4.1.2. Material and task

Material and task were identical to those of Experiment 2 with the following exceptions.
Ambient illumination at the participants’ approximate eye position was 599 Ix in the paper condi-
tion, 602 Ix in the screen condition, and 582 Ix in the screen (luminance reduced) condition. The
proofreading task comprised the 14 short stories that were used in Experiment 1, but in Experiment

3 all short stories were presented in the same display mode.

4.1.3. Procedure

The procedure was identical to that of Experiment 2, with the following exceptions. Par-
ticipants read 14 texts for 3 minutes each. The total reading time, including auditory signals be-
tween the texts, was about 45 minutes. Auditory feedback on the number of the remaining texts was

given before text 8, 13, and 14. The entire experiment took about 60 minutes.

4.14. Design

Experiment 3 comprised an one-factorial design with display mode (screen vs. screen [lu-
minance reduced] vs. paper) as between-subjects variable. The dependent variables were the same
as in Experiments 1 and 2.

The comparisons between the paper condition and each of the two screen conditions were
central to the hypotheses tested. Assuming desired levels of o = B = .05 and a medium to large ef-

fect size of d = 0.60 for the difference between the paper and screen condition on the one side and
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the paper and screen (luminance reduced) condition on the other side, an a priori power analysis

revealed that data would have to be collected from N = 122 participants for each comparison. We
were able to collect data from N = 127 participants for the comparison between the screen and paper
conditions and N = 124 participants for the comparison between the screen (luminance reduced) and

paper conditions, implying levels of statistical power of .96 and .95, respectively.

4.2. Results

4.2.1. Reading speed and proofreading performance
Display mode (paper vs. screen) had no effect on reading speed, #(125) = 0.61, p =0.27,d =
0.11 (Figure 1). Reading speed was descriptively higher in the paper than in the screen (luminance
reduced) condition but this difference was not significant, #(122) = 1.46, p = .07, d = 0.26. There
was no a difference in proofreading performance between the paper and the screen condition, #(125)
=043, p =0.33, d = 0.08, and between the paper and the screen (luminance reduced) condition,

#(122) =097, p = .17,d = 0.18 (Figure 2).

4.2.2. Mood state and physical discomfort ratings
Display mode did not affect changes in any of the three dimensions of the mood state ques-
tionnaire (Table 2). As in Experiment 1 and 2, the increase of eyestrain symptoms after reading on
screen was stronger than after reading on paper. Likewise, there was a stronger increase of eyestrain
symptoms after reading in the screen (luminance reduced) condition than in the paper condition.

Headache and musculoskeletal strain ratings were not affected by display mode (Table 3).

4.2.3. Viewing distance
Participants chose a larger distance in the screen condition (M = 53 cm, SE = 1 cm) and in the
screen (luminance reduced) condition (M = 52 cm, SE = 1 cm) than in the paper condition (M = 44
cm, SE = 1 cm). The differences between the screen and the paper condition as well as between the

screen (luminance reduced) and the paper condition were statistically significant, #(118) = 5.73, p <
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001,d=1.05and #(117) =5.02,p < .001, d = 0.93, respectively.

4.2 4. Evaluations of reading comfort and preference judgement

Participants rated the display brightness as higher in the screen and the screen (luminance re-
duced) conditions as compared with the paper condition. Similarly, when compared with the paper
condition, the impairment by glare was rated to be higher in the screen and in the screen (luminance
reduced) condition. There were no differences in participants’ evaluations of perceived contrast,
comfort of reading position, and impairment by reflections between the paper and screen nor be-
tween the paper and screen (luminance reduced) conditions (Table 4). As in the previous experi-
ments, participants had a strong preference for reading on paper in their daily routine, *(1) = 81.67,

p<.001,w=0.78.

4.3. Discussion

The purpose of Experiment 3 was to test whether the particularly large eyestrain symptoms
reported after reading on screen in Experiments 1 and 2 were caused by the high screen luminance
of the TFT-LCDs. If this were the case, then the screen (luminance reduced) condition should yield
ratings of eyestrain that equalled those in the paper condition. This was not the case. The results in
the screen (luminance reduced) condition did not differ from those of the standard screen condition.
Thus, screen luminance does not seem to be the crucial factor which causes the particularly strong
symptoms of eyestrain when reading from screen.

Participants rated the screen brightness and glare in the screen (luminance reduced) condition
to be higher than in the paper condition. This is surprising given that the actual luminance of the
luminance-reduced screen was even about 20 cd/m? lower than the luminance of the paper (Table
1). We have no good explanation for this finding. However, knowing that a screen is a light source
whereas paper only reflects light might have biased subjective brightness evaluations.

In the Discussion section of Experiment 2 we reported that participants in Experiment 1 found



Running head: READING FROM SCREEN VERSUS PAPER Page 27

the body posture ‘more comfortable’ in the paper than in the screen condition. It seems possible that
this is due to the different inclination angles of the screen and paper displays (75° vs. 15° relative to
the horizontal axis, respectively). The steeper inclination angle of the computer display presumably
resulted in a more horizontal gaze direction angle (evidenced by the larger viewing distance in the
screen than in the paper conditions), leading to a larger exposed area of ocular surface, an increased
rate of tear evaporation and, hence, more symptoms of eyestrain (Sotoyama et al., 1996; Tsubota &
Nakamori, 1993). Thus, the steeper inclination angle of the screen may have caused more symp-
toms of eyestrain in the screen conditions of Experiment 1, 2, and 3.

The purpose of Experiment 4 was to test whether a screen inclination angle adjusted to that of
the paper display would lead to a decrease of eyestrain symptoms in the screen condition, perhaps
down to the level of those in the paper condition. A paper-like inclination angle of 15° is impossible
for most off-the-shelf laptops due to the limited opening angles of the devices. Therefore, we used a
tablet (an Apple iPad 2) which allowed to match the paper display inclination angle of 15°. The
screen characteristics of the computer screen used in Experiments 1, 2, and 3 and the iPad 2 screen
are highly comparable as both are TFT-LCDs with LED backlight and almost identical display reso-

lutions of 128 and 132 ppi, respectively.

5. Experiment 4

5.1. Method

5.1.1. Participants

Participants were 135 adults, four of whom chose not to follow the proofreading instruc-
tions. The final sample comprised 131 participants. The screen condition comprised 69 participants,
15 of whom were male; they ranged in age from 18 to 38 years (M = 24). The paper condition com-

prised 62 participants, 15 of whom were male; they ranged in age from 19 to 40 years (M = 24).
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The groups did not differ with regard to the participants’ familiarity with the texts, x*(1) =0.17,p =
.82, their familiarity with the task, ¥2(2) = 4.69, p = .09, their reading time per day, x2(5) =3.50,p =
.65, and their preference for screen or paper in their daily routine, ¥%(3) = 7.19, p = .06. Similarly,
there were no differences between the groups regarding the use of an iPad or another tablet, x2(1) <
0.01, p = 1.00, the use of an iPod touch, iPhone or another smartphone, ¥2(1) = 0.06, p = .85, or
their experience with those devices, x*(2) = 3.87, p = .14. All participants except two were students.
None of them had participated in Experiments 1, 2, or 3.

One participant did not answer the second short form of the multi-dimensional mood state
questionnaire and for another participant the statements about eyestrain of the physical discomfort
questionnaire were missing. Five participants did not answer the second page of the final question-
naire and one participant did not answer the final questionnaire at all. For three participants the

viewing distance measurements were missing.

5.1.2. Material and task
Material and task were identical to those of Experiment 2 with the following exceptions.
Ambient illumination at the participants’ approximate eye position was 502 Ix in the screen condi-
tion and 491 Ix in the paper condition. The proofreading task comprised 20 individual short stories
by various authors. On average, these texts were 539 (SD = 24) words long. In 12 pt Helvetica font
the x-height was 2.1 mm and the cap height was 2.8 mm. Each column of text comprised 34 lines.
Line length was 8.4 cm and the text height was about 14.1 cm. The layout was exactly the same for
both display conditions. Each story contained 12 misspellings (3 duplicate letters, 3 missing letters,
3 pair-wise letter inversions, 3 incorrect letters) and 8 grammar errors (4 incorrect flexions, 4 incor-
rect conjugations). The reading interval was set to 2 minutes.
In the screen condition texts were typeset in LaTeX and presented as PDF pages in Apple
iBooks 1 running under 10S 4.3 on the 9.7" (1024 x 768 pixels, 132 ppi) glossy widescreen multi-

touch display with LED backlight and IPS technology of an Apple iPad 2. The texts were anti-
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aliased. In the paper condition each text was printed on a separate 148 x 210 mm sheet of white pa-
per (90 g/m?). Texts in the paper condition were a printed versions of the PDF pages.

The final questionnaire contained one additional question in which participants were asked
whether they used an iPad or another tablet, whether they used an iPod Touch, and iPhone or an-

other smartphone, and how much experience they had with those devices (none, little, much).

5.1.3. Procedure

The procedure was identical to that of Experiment 2, with the following exceptions. The
instructions were presented on a 15.4" MacBook Pro, whereas the proofreading task in the screen
condition was presented on the iPad. Participants read 20 texts for 2 minutes each, so that the total
reading time, including auditory signals between the texts, was about 45 minutes. The entire ex-

perimental procedure took about 60 minutes.

5.14. Design
Experiment 4 comprised an one-factorial design with display mode (screen vs. paper) as
between-subjects variable. The dependent variables were the same as in Experiments 1-3.
Assuming a medium to large effect size of d = 0.60 for the display mode manipulation and
desired levels of a = B = .05, an a priori power analysis revealed that data would have to be col-
lected from N = 122 participants. We were able to collect data from N = 131 participants so that the

power was slightly larger than what we had planned for (1 — 3 = .96).

5.2. Results

5.2.1. Reading speed and proofreading performance
Participants read faster on screen than on paper, #(129) = 2.36, p = .01, d = 0.42 (Figure 1).
There was a descriptive trend towards better proofreading performance in the screen condition, but

this trend was not statistically significant, #(129) = 1.41, p = .08, d = 0.25 (Figure 2).

5.2.2. Mood state and physical discomfort ratings
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Participants’ increase in agitation was higher after reading on screen than after reading on
paper (Table 2). Given that there was no such difference in Experiments 1, 2, and 3, the latter result
seems surprising. A more detailed inspection revealed a significant difference between the screen
and paper condition for the pre-ratings of the ‘calmness versus agitation’ scale, #(129) = 2.68, p =
008 (two-sided), d = 0.47, but not for the post-ratings, #(128) = 0.41, p = .68 (two-sided), d = 0.07.
Thus, the display mode effect in the post-pre differences is probably due to a priori differences be-
tween the groups, but we have no explanation for this difference. The changes in the pleasantness
versus unpleasantness and in the calmness versus agitation dimensions were not affected by display

mode, and the same was true for the three dimensions of physical discomfort (Table 3).

5.2.3. Viewing distance

The viewing distance in the screen condition (M =41 cm, SE = 0.8 cm) did not differ from

that of the paper condition (M =42 cm, SE =0.9 cm), #(126) =0.25, p = .40,d = 0.04.

5.24. Preference judgement

As in Experiments 1,2, and 3, participants expressed a strong preference for reading on

paper in their daily routine, ¥2(1) = 70.40, p < .001, w = 0.80.

5.3. Discussion

The purpose of Experiment 4 was to test whether adjusting the inclination angle of the screen
condition to that of the paper condition would lead to an elimination of the eyestrain problems. In-
deed, there were no longer any differences in eyestrain symptoms between the screen and paper
condition (and proofreading was even better in the screen than in the paper condition). This con-
trasts with the findings of Experiments 1, 2, and 3 which consistently showed a stronger increase of
eyestrain symptoms in the screen condition in which the screen inclination angle was 75°, differing
from the 15° paper display inclination. Thus, the results support the assumption that display inclina-

tion is a crucial factor in the development of eyestrain symptoms, presumably because a gaze direc-
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tion angle of 75° leads to a larger exposed ocular surface area and an increased rate of tear evapora-
tion (Sotoyama et al., 1996; Tsubota & Nakamori, 1993).

The study by Chu et al. (2011) weakens this conjecture to some extent. The authors taped the
text in the paper condition over the screen to ensure equivalent viewing and inclination angles.
There were no significant differences between screen and paper for eye-related symptoms such as
‘irritated or burning eyes’, ‘dry eyes’, ‘eyestrain’, ‘tired eyes’, and ‘discomfort in eyes’ but descrip-
tively these symptoms were increased in the screen condition. However, the symptom score for
‘blurred vision while viewing the text’ was significantly higher in the screen than in the paper con-
dition. One could thus speculate that the monitor that was used may not have had the quality of the
monitors used here. For instance, monitor properties such as the pixel density are not reported, (al-
though the authors note that the text on the monitor ‘appeared to be reasonably clear’, p. 32), and a
low pixel density could explain the higher prevalence of eye-related symptoms in the screen relative
to the paper condition. In addition, Chu et al. argue that because their participants passed both dis-
play conditions, they may have been particularly aware of the screen-paper comparison which may
have biased their questionnaire responses in the direction of preferences that were based on previ-
ous experiences. In the present Experiment 4, we used a between-subjects design which should re-
duce or even eliminate such biases.

There are some limitations in the comparability of Experiments 1-3 and Experiment 4. The
first limitation is that a MacBook Pro was used for text presentation in the screen conditions in Ex-
periments 1-3 but an iPad 2 was used in Experiment 4. The displays of both devices are highly
comparable with regard to the following characteristics: Both are TFT-LCDs with LED backlight
and almost identical display resolutions (128 ppi of the laptop vs. 132 ppi of the tablet screen) and
luminance contrasts (0.96 - 0.98 on the laptop vs. 0.96 on the tablet screen). Further, we presented
single pages of text arranged in two columns in all experiments. Font type and size were also

equivalent. However, an obvious difference between tablet and laptop screen is the screen size of
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9.7” and 15.4”, respectively. The larger of the two monitors resulted in a higher ambient illumina-

tion at the participants’ approximate eye position, and this may have affected the eyestrain symp-
toms. However, Experiment 3 showed no effect of screen brightness on the degree of the perceived
eyestrain symptoms which is why it appears unlikely that the reduced amount of light emitted by
the tablet in Experiment 4 (as opposed to the laptop in Experiment 3) can account for the equiva-
lence of eyestrain symptoms between tablet screen and paper in Experiment 4. Another difference
was that the tablet screen, but not the laptop screen, was equipped with IPS (in-plane-switching)
technology that reduces the viewing angle dependency of LCDs and allows for a more constant im-
age quality when the screen is viewed in different orientations. However, participants in the present
experiments were not allowed to change the orientations of the reading devices and viewed the
screens from optimal positions. Hence, differences in image quality due to IPS technology between
laptop and tablet screen are unlikely (but cannot completely be ruled out). Finally, subpixel-
rendering was activated on the laptop screen but the tablet only supports grey-scaling (i.e. whole
pixels are rendered in shades of grey instead of black or white). Both techniques are known to im-
prove image quality (e.g., Sheedy & McCarthy, 1994; Slattery & Rayner, 2010). Sheedy, Tai, Sub-
baram, Gowrisankaran and Hayes (2008) did not observe any performance differences when par-
ticipants worked at a display with activated grey-scaling as compared with a display with activated
subpixel-rendering, implying that both techniques are equivalent in their effects. Thus, an influence
of the anti-aliasing technique seems to be negligible.

A second limitation is that in Experiments 1-3 the viewing distances were about 40 cm and 50
cm for the paper and the screen conditions, respectively, whereas the preferred viewing distance in
Experiment 4 was about 40 cm in both display conditions. As 40 cm was the chosen viewing dis-
tance in the paper conditions of Experiments 1-3, the equivalence between screen and paper in Ex-
periment 4 presumably is the result of the adjusted inclination of the tablet screen to a more paper-

like inclination of 15°. As a consequence, participants adjusted their seating posture in the screen
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condition resulting in a shorter viewing distance. As mentioned earlier, the difference in viewing
distance and the resulting differences in visual angle of the text is unlikely to account for the higher
amount of eyestrain symptoms reported in Experiments 1-3. However, an influence of this differ-
ence in visual angle of the text cannot be completely ruled out and additional investigations are
necessary, to clarify the underlying reasons for the equivalence in eyestrain in Experiment 4.
Independent of these possible limitations, we may conclude from the results of Experiment 4
that reading speed and proofreading performance with modern TFT-LCD displays may be even bet-
ter than with paper without the costs of a higher amount of eyestrain provided we allow people to
use screens in the same way in which they prefer to use paper. Implications of this finding for appli-

cation and further research will be mentioned in the general discussion.

6. General Discussion

Early studies from the 1980s were highly consistent in showing disadvantages of reading text
from CRT screens as compared with paper. Further, reading from those screens was found to ad-
versely affect subjective well-being, primarily with respect to eye-related symptoms and musculo-
skeletal pain. State-of-the-art TFT-LCDs outperform obsolete CRT displays in terms of image qual-
ity and text presentation capabilities, and reading text from screens should have become much more
familiar for many people. Given the rather limited set of recent findings, the goal of the research
reported here was to re-assess the comparison between reading from computer screen and paper.

Experiments 1 to 4 consistently showed proofreading on screen to be at least as good as
proofreading on paper. It thus seems possible to conclude that reading text on a TFT-LCD screen
has caught up with reading text on paper. Note that the sample sizes in the present experiments were
relatively large, allowing to detect effects of d = 0.6 (d = 0.5 and d = 0.8 are defined as medium to
large effects, respectively, in terms of the conventions introduced by Cohen, 1988) with a statistical

power of at least .95 and up to .98. Consequently, the absence of significant differences in visual



Running head: READING FROM SCREEN VERSUS PAPER Page 34

performance in that order of magnitude is likely not the result of a Type II error. This result stands
in contrast to findings of most of the earlier studies and is highly relevant especially with regard to
the use of computers for work that requires reading text. Reading-related losses in productivity that
were the prize to pay for the many advantages of using computers are unlikely today.

Nevertheless, eyestrain symptoms are more pronounced when reading from screen than when
reading from paper. This was shown in Experiments 1, 2, and 3. Experiment 3 showed that the in-
crease in eyestrain symptoms can still be observed in a screen condition in which luminance is re-
duced relative to that of the paper condition. Thus, the high screen luminance that is typical for
state-of-the-art TFT-LCDs does not seem to be the reason for the increase of eyestrain symptoms. In
Experiment 4 the differences in eyestrain symptoms between the screen and the paper condition
were eliminated by equating the inclination angles of the screen and paper displays. Although addi-
tional influences of reading devices cannot completely be ruled out, it seems likely that a paper-like
positioning of a screen reduces the occurrence of eyestrain.

The reported equivalence of screen and paper displays for proofreading notwithstanding, par-
ticipants clearly preferred paper over screens. Such preferences most likely are important factors
that determine the perceived quality and appropriateness of displays. In order to get an idea of the
perceived advantages of paper in our participants’ daily routine, we analysed their reasons for their
preference ratings stated in each experiment. The most frequently mentioned reasons for a prefer-
ence of paper focussed on the reduced experience of eyestrain and exhaustion as well as the more
comfortable reading position associated with reading on paper, mobility and flexibility of paper, the
possibility to take notes, and the feeling of holding something in one’s hands. All of these require-
ments are met by tablets which may explain their increasing popularity. Thus, in the next years a
preference shift from paper towards reading on tablet screen seems likely.

From an applied point of view, this has implications for present-day computer work environ-

ments. For example, the introduction of tablet screens at work, especially for long lasting reading



Running head: READING FROM SCREEN VERSUS PAPER Page 35

tasks, might prevent negative effects of eyestrain on the one hand and combine the perceived ad-
vantages of paper with the benefits of screens on the other hand. Consequently, it is the next step to
enable a transfer of the present results from the controlled conditions of a laboratory to specific
work environments, tasks, and populations. For instance, although Experiment 2 showed no effects
of a prolonged reading duration of one hour, one possible question would be whether the perform-
ance equivalence extends to many hours of reading in a typical office environment. Another exam-
ple would be to test whether the conclusions reached here also hold for older persons.

In sum, the present findings support the assumption that reading when using modern TFT-
LCD screens is as good as reading when using paper displays. The problem of more complaints
about eyestrain when reading from screen than when reading from paper seems to disappear when

the screen can be positioned like paper.
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7. Footnotes

1 The options “exclusively and as often as possible on paper” and “on paper rather than on
screen” were merged into the classification “preferring paper”. Similarly, the options “exclusively
and as often as possible on screen” and “on screen rather than on paper” were merged into the clas-

sification “preferring screen”.

2 Given that (a) the short stories that we used can be found on the internet and (b) that the
proofreading task is a frequently used experimental task, participants might have felt familiar with
the task or some of the texts. The questions were included to test whether there were any differences

in familiarity between the groups.
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Table 1

Luminance values (cd/m?) and luminance contrasts for the paper and screen conditions of
Experiment 1, 2, 3, and 4. As luminance measurements in the two chambers differed only marginal-

ly—on average, they varied by 5.25% (SD = 3.57)—average values are reported.

Paper Screen Screen (luminance reduced)
Luminance Contrast? Luminance Contrast? Luminance Contrast?
(cd/m?) (cd/m?2) (cd/m?)
black white black white black white

Experiment 1

15 178 0.85 3 270 0.98
Experiment 2

11 157 0.87 4 191 0.96
Experiment 3

12 161 0.86 3 214 0.97 3 140 0.96
Experiment 4

9 149 0.89 8 349 0.96




Running head: READING FROM SCREEN VERSUS PAPER

Table 2

Page 38

Experiment 1: Means, standard errors of the means (lower scores indicate a more negative

rating), test statistics for the #-tests (¢ and p) and effect sizes (d) of the three dimensions of the multi-

dimensional mood state questionnaire for the first testing. Experiments 2, 3, and 4: Mean post-pre

differences, standard errors of the mean differences (negative scores indicate worse mood ratings at

the post-measurement), test statistics for the #-tests (f and p) and effect sizes (d) of the three dimen-

sions of the multi-dimensional mood state questionnaire.

Display M SE df t p d
Experiment 1 (N = 134, npaper = 65, Nscreen = 69)
pleasant versus unpleasant mood paper 16.32 0.33
132 0.92 18 0.16
screen 1591 0.30
alertness versus fatigue paper 13.54 0.40
132 2.65 005 0.46
screen  12.09 0.38
calmness versus agitation paper 1597 0.34
132 0.26 40 0.04
screen  15.86 0.29
Experiment 2 (N = 158, npaper = 79, Nscreen = 79)
pleasant versus unpleasant mood paper -0.29 0.31
152 1.34 09 0.22
screen  -0.82 0.25
alertness versus fatigue paper -2.81 0.40
155 0.33 37 0.05
screen  -2.63 0.35
calmness versus agitation paper -0.41 027
155 0.47 32 0.08
screen  -0.45 0.30
EXperiment 3 (N = 186, npaper = 65, Nscreen = 62, nscreen(h') = 59)
pleasant versus unpleasant mood paper -0.29 0.29
screen  -0.51 0.22 124a 0.592 282 0.112
screen (Ir)  -0.58 0.28 1200 0.71b 24b 0.13b
alertness versus fatigue paper -2.02 045
screen  -2.77 0.37 1254 1.292 102 0.232
screen (Ir)  -2.32 041 1200 0.49b 310 0.09b
calmness versus agitation paper -0.19 0.32
screen  0.07 0.28 12542 0.592 282 0.102
screen (Ir)  -0.47 0.28 1200 0.67° 25b 0.12v
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EXpeI‘iment 4 (N = 131 N npaper = 62, Nscreen = 69)

pleasant versus unpleasant mood paper
tablet
alertness versus fatigue paper
tablet
calmness versus agitation paper
tablet

-0.11
-0.29
-1.15
-2.19
0.75
-0.33

0.28
0.28
0.46
0.35
0.33
0.34

128

128

128

0.45

1.13

2.26

33

13

01
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0.08

0.20

0.40

Note. screen (Ir) = screen (luminance reduced); Significant effects are printed in bold.

apaper versus screen. P paper versus screen (luminance reduced).
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Table 3

Experiment 1: Means, standard errors of the means (larger scores indicate a stronger degree of
physical discomfort), test statistics for the #-tests (¢ and p) and effect sizes (d) of the three dimen-
sions of the physical discomfort questionnaire for the first testing. Experiments 2, 3, and 4: Mean
post-pre differences, standard errors of the mean differences (positive scores indicate an increase of
physical discomfort at the post-measurement), test statistics for the 7-tests (¢ and p) and effect sizes

(d) of the three dimensions of the physical discomfort questionnaire.

Display M SE df t P d

EXperiment 1 (N = 134, npaper = 65, Nscreen = 69)

eyestrain paper 12.14 0.73
130 3.53 001 0.62

screen 16.62 1.02

headache paper  5.15 0.31
131 1.57 06 0.27

screen  6.04 0.45

musculoskeletal strain paper  6.52 048
131 040 34 0.07

screen 6.81 0.52

Experiment 2 (N = 158, npaper = 79, Nscreen = 79)

eyestrain paper 349 0.72
156 1.83 035 0.29

screen  5.38 0.74

headache paper 148 0.39
156 1.14 13 0.18

screen  2.05 0.31

musculoskeletal strain paper  1.85 044
155 0.24 40 0.04

screen  1.71 0.36
Experiment 3 (N = 186, Npaper = 65, Nscreen = 62, Rscreen(Ir) = 59)

eyestrain paper  3.25 0.57
screen  5.37 0.79 1242 2.192 0152 0.392
screen (Ir) 593 0.75 121» 2.88b 003b 0.52b

headache paper 191 0.29
screen  1.98 0.34 1242 0.182 432 0.032
screen (Ir)  2.39 0.39 1210 1.01° 16b 0.18b

musculoskeletal strain paper  1.02 0.24
screen  1.37 0.33 124a 0.872 192 0.162
screen (Ir)  0.61 0.28 1210 1.12b 13b 0.200b
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EXpeI‘iment 4 (N = 131 N npaper = 62, Nscreen = 69)

eyestrain paper
tablet
headache paper
tablet
musculoskeletal strain paper
tablet

3.66
345
1.86
1.26

2.08
1.57

0.80
0.65
043
0.29

0.36
0.38

128

129

129

0.20

1.17

0.98

42

A2

.16
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0.04

0.21

0.17

Note. screen (Ir) = screen (luminance reduced); Significant effects are printed in bold.

apaper versus screen. P paper versus screen (luminance reduced).
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Table 4

Means, standard errors of the means, test statistics for the 7-tests (# and p) and effect sizes (d)

for the evaluations of contrast, brightness, body posture, glare, and reflections for Experiments 2

and 3.

Display M SE df t P d

Experiment 2 (N = 158, npaper = 79, nscreen = 79)

contrast paper  3.03 0.05
153 2.78 006 045

screen  3.27 0.07

brightness paper  3.22 0.06
152 1.96 052 0.32

screen 343 0.09

body posture paper 346 0.08
153 048 63 0.08

screen  3.51 0.09

glare paper  1.65 0.12
152 4.25 <.001 0.69

screen  2.36 0.12

reflections paper  1.19 0.06

150 246 015 040
screen 1.47 0.10

Experiment 3 (N =186, Npaper = 65, Nscreen = 62, Nscreen(Ir) = 59)

contrast paper  3.05 0.06
screen  3.09 0.09 1194 0.33a 142 0.03a
screen (Ir)  3.05 0.08 1170 0.04b 97b 0.05b

brightness paper  3.06 0.08
screen  3.55 0.10 1212 3812 <.0012  0.692
screen (Ir)  3.38 0.09 119v 2.64> 009> 0.48p

body posture paper  3.48 0.10
screen  3.65 0.08 1252 1.302 204 0.23a
screen (Ir)  3.49 0.10 122b 0.10° 92b 0.02v

glare paper  1.77 0.13
screen  2.50 0.14 1222 3912 <.0012  0.702
screen (Ir)  2.37 0.13 119» 3.38> 001> 0.62>

reflections paper  1.27 0.08
screen  1.52 0.11 1172 1.752 082 0.392
screen (Ir)  1.51 0.12 1160 1.65% .10b 0.44b

Note. screen (Ir) = screen (luminance reduced); Significant effects are printed in bold.
apaper versus screen. P paper versus screen (luminance reduced).
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Figure Captions

Figure 1:  Mean reading speed (number of words read) as a function of display mode
for Experiments 1-3 (3 minutes reading time per text) and Experiment 4 (2 minutes reading time per
text). Error bars represent the standard errors of the means.

Figure 2:  Mean proofreading performance (number of errors detected — false alarms) as
a function of display mode for Experiments 1-3 (3 minutes reading time per text) and Experiment 4
(2 minutes reading time per text). Error bars represent the standard errors of the means.

Figure 3:  Experiment 1: Mean for the eyestrain dimension for the first testing. Larger
scores indicate a stronger degree of eyestrain; the highest possible symptom score was 49. The error
bars represent the standard errors of the means. Experiments 2, 3, and 4: Mean post-pre differences
for the eyestrain dimension. Positive scores indicate an increase of eyestrain at the post-
measurement; the highest possible difference in symptom score was 42. The error bars represent the

standard errors of the mean differences.
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Figure 1
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Figure 2
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Figure 3
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Appendix

In order to get preference judgements based on recent experiences, a sub-sample of n = 30
participants of Experiment 1 (in the following referred to as Experiment 1A) proofread texts from
screen and then from paper or vice versa and completed preference questions afterwards. As stated
in the introduction to Experiment 1, the results of the second reading condition were not included in
the overall statistical analyses because performance on the second of the two tasks is no longer in-
dependent, but is contaminated by performance on the first task and is thus likely to exhibit
performance-effort trade-offs mentioned in the Introduction section. Therefore, the second reading
condition does not provide a usable performance measure. In order to illustrate the possible prob-
lems occurring when using within-subjects designs, and the results of the subgroup with two read-
ing tasks in Experiment 1 are briefly presented here.

The means and standard errors of the the means for reading speed, proofreading performance,
the three dimensions of the multi-dimensional mood state questionnaire and the three dimensions of
the physical discomfort questionnaire are presented in Table Al. For each dependent variable, we
conducted a mixed ANOVA (analysis of variance) with display order (screen-paper versus paper-
screen) as within-subject variable and display mode (screen versus paper) as between subjects vari-
able. The main effects of display mode and the display order x display mode interactions are pre-
sented in Table A2.

The analyses revealed significant main effects of display mode on alertness versus fatigue,
eyestrain, and headache (participants reported less fatigue, eyestrain, and headache after reading on
paper). However, these main effects of display mode are accompanied by significant display order x
display interactions. For example, an equal amount of eyestrain after reading on screen and paper
was reported when participants started with reading on screen. In contrast, eyestrain was stronger

after reading on screen, when participants read the texts on paper first. Thus, due to influence of
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display order on the amount of eyestrain symptoms the main effects of display mode on eyestrain

cannot be interpreted properly.
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Table A1

Means and standard errors of the means of reading speed, proofreading performance, the three
dimensions of the multi-dimensional mood state questionnaire (a lower score indicates a more nega-
tive rating) and the three dimensions of the physical discomfort questionnaire (larger scores indicate

a stronger degree of physical discomfort) as a function of display order and display for Experiment

1A.
Display order ]?Illiill:y M SE
reading speed screen-paper paper 541 27
screen 503 28
paper-screen paper 501 29
screen 515 30
proofreading performance screen-paper paper 1227 0.77
screen 11.88 0.73
paper-screen paper 11.67 0.83
screen 11.52 0.86
pleasant versus unpleasant mood screen-paper paper 1533 0.56
screen  15.05 0.71
paper-screen paper 16.58 0.59
screen  15.26 0.74
alertness versus fatigue screen-paper paper 12.14 0.71
screen 12.33 0.72
paper-screen paper 14.05 0.75
screen  10.95 0.75
calmness versus agitation screen-paper paper 15.19 0.67
screen 1552 0.65
paper-screen paper 15.63 0.71
screen 15.11 0.68
eyestrain screen-paper paper 13.62 1.93
screen 1343 1.72
paper-screen paper 14.84 203
screen  20.84 1.81
headache screen-paper paper 591 0.89
screen  5.86 0.96
paper-screen paper 5.84 0.94

screen  8.21 1.01
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musculoskeletal strain screen-paper paper
screen

paper-screen paper

screen

8.38
7.38
6.74
8.74

1.12
0.99
1.18
1.04

Note. Display order: screen - paper versus paper - screen. Display mode: screen versus paper.
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Table A2

Statistical results of the 2 x 2 mixed ANOVA with display mode as within-subject variable

and display order as between-subjects variable for Experiment 1A.

Test F df p n?
reading speed display mode 3.39 137 07 08
display mode x display order 14.35 137 <.001 .28
proofreading performance display mode 1.36 137 25 04
display mode x display order 0.29 1,37 59 01
pleasant versus unpleasant display mode 2.65 1,38 A1 07
mood display mode x display order 110 138 30 03
alertness versus fatigue display mode 9.61 138 004 20
display mode x display order 12.29 1,38 .001 24
calmness versus agitation display mode 0.04 138 85 001
display mode x display order 0.72 1,38 40 02
eyestrain display mode 7.99 138 007 .17
display mode x display order 9.07 1,38 .005 19
headache display mode 9.568 1,38 .004 20
display mode x display order 10.37 1,38 .003 21
musculoskeletal strain display mode 0.89 138 35 02
display mode x display order 8.05 1,38 .007 A8

Note. Display order: screen - paper versus paper - screen. Display mode: screen versus paper. Significant effects are
printed in bold.
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Abstract

Displays with low pixel densities that were common in the 1980s and 1990s were
shown to impair visual performance. Display technology, especially pixel density, has tre-
mendously improved in recent years and new technologies allow densities of 264 ppi and be-
yond. Two experiments were conducted to test whether high-resolution displays have benefi-
cial effects on visual performance and subjective well-being. In Experiment 1, participants
performed a reading comprehension task on a display with high pixel density (264 ppi) or on
a display with moderate pixel density (132 ppi). In Experiment 2, participants’ speed and per-
formance in a proofreading task were compared using the same two displays. There were no
differences in reading comprehension and reading time (Experiment 1), proofreading speed
and performance (Experiment 2) between a 132 ppi and a 264 ppi display. However, subjec-
tive ratings of physical discomfort revealed significantly more complaints about headache and
musculoskeletal strain in the 132 ppi condition than in the 264 ppi condition (Experiment 2).
Although reading comprehension and visual performance is unaffected by pixel densities
above 132 ppi, reading from high resolution screens seems to be less exhausting. Displays
with high pixel densities (264 ppi and above) should be preferred over displays with standard

(132 ppi or lower) pixel densities.
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1. Introduction

Developments in screen technology and display design that have been introduced
over the past years have resulted in improvements of the legibility of text presented on com-
puter screens. This can be concluded from two facts. First, whereas studies from the 1980s
and 1990s revealed clear performance detriments when reading from cathode ray tube (CRT)
screens as compared with reading from paper (for comprehensive reviews of these earlier
studies see e.g., Dillon, 1992; Mills & Weldon, 1987) more recent studies using modern lig-
uid crystal displays (TFT-LCDs) revealed comparable performance for screen and paper
(Gujar, Harrison, & Fishkin, 1998; Holzinger et al., 2011; Kopper, Mayr, & Buchner, 2015;
Kretzschmar et al., 2013; Margolin, Driscoll, Toland, & Kegler, 2013; Meyer & Poon, 1997,
Moore & Zabrucky, 1995). Second, direct comparisons between TFT-LCDs and CRTs have
repeatedly revealed a superiority of TFT-LCDs over CRT screens with regard to measures of
visual performance such as visual search speed, search accuracy, letter identification, and eye
movement parameters (Menozzi, Lang, Népflin, Zeller, & Krueger, 2001; Menozzi, Népflin,
& Krueger, 1999; Nisinen, Karlsson, & Ojanpii, 2001; Shieh & Lin, 2000; Ziefle, 2001).

Among other variables (such as a flicker-free presentation, high background lumi-
nance and luminance contrast, and improved text presentation capabilities), increased pixel
density is one factor that accounts for the improved legibility of text on modern TFT-LCDs.
Pixel density is defined as the number of pixels per length unit (inch) of a display (pixel per
inch; ppi) and is often mistakenly equated with display resolution that refers to the total num-
ber of pixels in each dimension of the display. Note that two displays with different display
resolutions may have similar pixel densities if they have different display sizes and vice versa.
In the following, we use display resolution as a synonym for pixel density only if the display

sizes are equivalent.
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The increase in display sharpness that comes along with increases in pixel density
leads to improved legibility of text presented on CRT screens. For example, in a post-hoc
analysis of several previous experiments Gould, Alfaro, Finn, Haupt, and Minuto (1987)
showed an influence of pixel density on proofreading. Specifically, proofreading speed in-
creased as a function of the number of pixels per inch (within a range from 62 ppi to 92 ppi).
Ziefle (1998, Experiment 2) examined the effects of different pixel densities (62, 69, and 89
ppi) on visual search, eye-movement parameters, and visual fatigue. She showed slower visu-
al search times and longer fixation durations in the 62 ppi condition than in the 89 ppi condi-
tion. There was no significant effect of pixel density on ratings of visual fatigue. In another
experiment of the same study (Ziefle, 1998, Experiment 1), there was no difference in proof-
reading performance between a CRT screen with a pixel density of 60 ppi and one with 120
ppi. However, participants’ ratings indicated a preference for the 120 ppi condition (although
a paper condition with an even higher pixel density of the printed letters [255 ppi] was pre-
ferred by a large majority of the participants). Bridgeman, Lennon, and Jackenthal (2003)
compared reading comprehension on a high-resolution display (17 inch, 1024 x 768 pixels)
and a low resolution display (17 inch, 640 x 480 pixels). The comprehension scores were nu-
merically higher in the higher resolution condition, but the difference missed statistical signif-
icance.

Pixel density has been increased tremendously over the past 30 years: Whereas pixel
densities within a range of 60-90 ppi were common 30 years ago (e.g., Gould et al., 1987),
pixel densities of up to 120 ppi (e.g., Ziefle, 1998) were common in the late 1990ies and at the
beginning of the 21st century. In 2010 and 2011, Apple introduced the first and second gener-
ations of their iPad with a 9.7 inch and 132 ppi (1024 x 768 pixels) display, followed by the

iPad 3 in 2012 with a 9.7 inch display with a pixel density of 264 ppi (2048 x 1536 pixels, so-
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called retina display). By now, pixel densities at this level and higher have become the stand-
ard for most mobile phones and tablet computers as well as for some laptop displays.

The pixel density of 264 ppi of the iPad 3 results in a pixel size of 0.096 mm (~ 96
um). The “normal” human eye can discriminate two pixels separated by a gap of 1 arcminute
(1 arcminute is the size of the gap of a standard Landolt C at a viewing distance of 20 feet or
6 m that equals a visual angle of about 0.017°), although the standard visual acuity of 20/20
(1.0) is often exceeded by young and healthy people or when defective vision is well-
corrected. The visual angle of one pixel presented at the iPad 3 equals 1 arcminute when the
viewing distance is set to approximately 33 cm. At this distance and beyond, single pixels can
no longer be distinguished from another by a “normal” human eye. Thus, the goal of display
research “to match the information output of the display to the information capacity of the
human visual system” (Alt & Noda, 1998, p. 315) seems to have been achieved.

However, whereas the influence of pixel density on legibility has been shown for
CRT screens, the pixel densities in those studies were considerably lower than the number of
pixels per inch that come along with state-of-the-art LCD displays. Studies investigating the
beneficial effects of high resolution displays with pixel densities at or even beyond the limit
of the human eye’s resolution capability are rare. One exception is the study reported by
Gujar et al. (1998) who compared an LCD with high pixel density (282 ppi), a CRT display
(85 ppi), and print on paper (300 ppi). The authors used a short modified proofreading task
that focused on comprehension rather than on scanning the text for misspellings and found no
significant differences in reading speed, error rates, and viewing distance. Gujar et al. pointed
out that existing differences in legibility may have been masked by the short duration and the
low complexity of their task. However, participants rated the ease of reading as highest in the
paper condition as compared with the screen conditions. The 85 ppi CRT screen was rated

significantly worse than the other conditions. Wright, Bailey, Tuan, and Wacker (1999) com-
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pared a 102 ppi CRT display with an 83 ppi and a 157 ppi TFT-LCD. They found no differ-
ences in visual search performance, reading speed, and comprehension among the displays,
but legibility in terms of visual acuity (number of words read in a word chart) increased with
increasing pixel density. Further, participants preferred the 157 ppi TFT-LCD over the other
displays. The 83 ppi TFT-LCD was the least preferred display and the worst in overall visual
comfort. The authors also tested an additional condition in which the CRT display was posi-
tioned at a viewing distance that resulted in the same retinal size of the pixels as the 157 ppi
TFT-LCD condition. Interestingly, there were no differences in preference and subjective rat-
ings of overall visual comfort between these two conditions, indicating that retinal pixel size
and, consequently, pixel density are determining factors in subjective evaluations of display
quality. More recently, Huang, Rau, and Liu (2009) found slower reading speed for a pixel
density of 125 ppi as compared with densities of 167 ppi, 200 ppi, and 250 ppi. Visual search
performance was not affected by pixel density. The authors concluded that higher pixel densi-
ties can provide higher legibility. Note that participants read texts or conducted a visual
search task on different mobile devices with various screen and font sizes. Thus, the manipu-
lation of pixel density was confounded with these variables. For instance, the largest font siz-
es were used in the 125 ppi condition, most probably resulting in longer reading times due to
longer scrolling times.

Although empirically the effects of pixel density on measures of performance, well-
being, and preference seem somewhat inconsistent, a cautious but acceptable conclusion
seems to be that an increase in pixel density form about 60 ppi to about 150 ppi has positive
effects (as shown by Gould et al., 1987; Huang et al., 2009; Wright et al., 1999; Ziefle, 1998).
The purpose of the experiments presented here was to test whether and increase in pixel den-
sity form 132 ppi to 264 ppi would continue to have positive effects on measures of visual

performance and subjective well-being. In Experiment 1, we investigated possible effects of
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pixel density in a reading-for-comprehension task, whereas in Experiment 2 a proofreading

task was used that would require focussing more closely on the perceptual details of the text.

2. Experiment 1

We measured participants’ reading comprehension and reading time using two dis-
plays that differed in pixel density but were basically identical with respect to all crucial
display variables such as display size, luminance, luminance contrast, and anti-aliasing
algorithms. Reading comprehension was chosen as the dependent variable because this task is
often required in the daily routine as well as at work (e.g., reading news online, e-mails, safe-
ty instructions, e-learning etc.) and therefore provides a measure of high ecological validity.

It is conceivable that participants perceive impairments of their performance, relative
to the very familiar reading-from-paper situation, in the more difficult reading-from-screen
condition (which might be the condition with the lower pixel density in the present experi-
ment) and, in turn, try to maintain a certain level of performance over the course of the exper-
iment. First, participants may try to adjust their reading speed in order to maintain a constant
level of comprehension (e.g., Dillon, 1992; Mills & Weldon, 1987). This assumption is sup-
ported by findings of Cushman (1986) who showed a negative correlation between reading
speed and comprehension. Hence, an effect of pixel density on reading comprehension may
be reflected partially, perhaps even completely, in the time taken to read the texts. Therefore,
we measured reading time in addition to text comprehension. Second, participants may at-
tempt to compensate the adverse effects of a lower pixel density on comprehension and read-
ing speed by increased effort (Buchner & Baumgartner, 2007; Ziefle, 1998). Thus, in order to
assess how much participants strained themselves, the performance measurements were com-
plemented by subjective ratings of psychological and physical well-being. Finally, partici-
pants may try to compensate for legibility deficits by increasing or decreasing their viewing

distance. For instance, the lower pixel density might cause a blurred display image that partic-
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ipants might compensate by reducing their viewing distance. Alternatively, an increased
viewing distance causes a smaller retinal image of the pixels and might increase the perceived
image quality (Wright et al., 1999). Such adjustments are possible everyday tasks in which
people are usually free to choose their preferred seating position when reading text from a
screen. Restricting participants’ posture (e.g, by the use of chin rests) would most probably
result in a severe reduction of ecological validity. Therefore, we did not restrict the seating
position of the participants. Instead we measured the chosen viewing distance as an additional

indicator of perceived visual quality at the end of the experiment.

2.1. Method

2.1.1. Participants

Participants were 156 adults. One data set had to be excluded from the analyses be-
cause, by accident, the participant was given a non-corresponding combination of texts and
comprehension questions. Thus, the final sample size was 155. The 132 ppi condition com-
prised 80 participants (14 male) who ranged in age from 18 to 40 years (M = 22). The 264 ppi
condition comprised 75 participants (20 males) who ranged in age from 18 to 32 years (M =
22). The groups did not differ with regard to their familiarity with the texts (Question 1 of the
final questionnaire; for details see below), Xz(l) = 0.01, p = 1.00, their familiarity with the
task (Question 2), %*(1) = 0.21, p = .77, and their reading time per day (Question 8), ¥*(5) =
9.23, p = .08. Similarly, there were no differences between the groups regarding the use of an
iPad or another tablet computer (Question 5), Xz(l) =0.03, p = 1.00, the use of an iPod touch,
iPhone, or another smartphone (Question 6), %*(1) = 0.22, p = .75, or their experience with
those devices (Question 7), ¥*(2) = 1.14, p = .60. All participants except one were students.
They were either paid or received partial course credit for their participation. All participants

were native German speakers, reported normal or corrected-to-normal visual acuity, and had
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not been diagnosed with dyslexia. One participant decided not to fill out any of the question-
naires, one participant did not answer the multi-dimensional mood state questionnaire, one
participant did not answer the physical discomfort questionnaire, and another participant did
not answer the musculoskeletal pain questions of the physical discomfort questionnaire. For
three participants the viewing distance measurements were missing. The missing values imply

varying degrees of freedom for the different analyses reported.

2.1.2. Material and Task

The experiment took place in two identical sound-insulated testing chambers without
any exposure to daylight. Each chamber was furnished with a 100 x 100 x 71.5 cm (width x
length x height) table and a height-adjustable office chair. The displays were positioned on a
desk stand with a 15° inclination angle relative to the horizontal axis in order to enable a com-
fortable reading position (Bridger, 1988; Eastman & Kamon, 1976). The mostly indirect am-
bient room lighting was produced by a fluorescent lamp (4000 K correlated colour tempera-
ture). Ambient illumination at the participants’ approximate eye position (measured with a
Gossen Mavolux 5032 B illuminance meter; Gossen Foto- und Lichtmesstechnik GmbH,
Niirnberg, Germany; with Class B accuracy according to DIN 5032-7) was 620 Ix in the 132
ppi condition and 577 Ix in the 264 ppi condition. Luminance values and luminance contrasts
(see Table 1) were determined using a Minolta Colormeter CS-100 (Konica Minolta Co. Ltd,

Tokyo, Japan).

Table 1
Luminance values (cd/m”) and luminance contrasts of the 132 ppi and the 264 ppi display. As
luminance measurements in the two chambers differed only marginally —on average, they

varied by 7.04 % (SD = 5.68)—average values are reported.
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Display lumi-  Luminance con-

nance (cd/m?) trast®
132 ppi
black 6 0.96
white 342
264 ppi
black 6 0.97
white 383

* Luminance contrast = (L, - L,,;,)/(L,.x + L)

The reading comprehension task comprised 12 individual short stories (travelogues
and economic contents) by various authors. The stories were presented in random order. After
reading a text, participants answered five content-related single-choice and multiple-choice
questions.

Texts were typeset in LaTeX (KOMA script class scrartcl) and presented as PDF
pages in Apple iBooks 2 running under iOS 5.1. In the 132 ppi condition texts were presented
on the 9.7" (1024 x 768 pixel) glossy widescreen Multi-Touch display with LED-backlight
and IPS technology of an Apple iPad 2. In the 264 ppi condition a 9.7" (2048 x 1536 pixel)
glossy widescreen Multi-Touch retina display with LED-backlight and IPS technology of an
Apple iPad 3 was used. All texts were anti-aliased.

The mean length of the texts was 580 words (SD = 22). The texts were presented in
12 pt Helvetica font (x-height = 2.1 mm, cap-height = 2.8 mm), single-spaced. Texts were
presented in horizontal format and consisted of two columns with a height of 14.1 cm. The
columns were typeset in justified format with hyphenation. Each column comprised a total of
34 lines that were 9 cm long. The text layout was exactly the same for both conditions.

The reading comprehension test was presented on an Apple MacBook Pro computer

(154", 1680 x 1050 pixel, 128 ppi, TFT-LCD widescreen display with LED-backlight) that
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also controlled the experiment. The computer was positioned right behind the desk stand on
the table about 80 cm away from the participants. Five content-related questions were created
for each text. Each question comprised five response options. We used both single-choice
items (only one correct option, e.g. “In which city did the reporters land?”) and multiple-
choice items (one or more correct options, e.g. “What is in the one-room cottage?”). Partici-
pants knew at least one answer was correct, but they did not know the exact number of correct
answers for the multiple-choice items. To reach the next item, participants had to choose at
least one option.

For each question, a score was computed. For single-choice questions the score was
1 if the correct option was chosen, and 0 otherwise. For multiple-choice items every correctly
chosen or correctly rejected option + 0.2 was added to the score, and 0.2 was subtracted for
each mistakenly chosen or rejected option. Accordingly, the highest possible score was 1. The
lowest score was 0 (negative scores were treated as 0). The average scores for the final sam-
ple (NV = 155) ranged between 0.35 and 0.89 (M =0.68, SD = 0.13). Cronbach’s a was .86.

A pilot test had revealed that at least 2 minutes were necessary to read the texts for
comprehension. Therefore, reading times faster than 90 seconds were considered unrealisti-
cally short and most probably caused by skimming rather than reading the texts. Thus, only
texts with a reading time longer than 90 seconds were included in the analysis.

The two parallel short forms of the multi-dimensional mood state questionnaire
(Steyer, Schwenkmezger, Notz, & Eid, 1997) were used to measure the participants’ mood
state on three bipolar dimensions of psychological well-being: pleasant versus unpleasant
mood, alertness versus fatigue, and calmness versus agitation. The 24 items (12 in each short
form) comprised 24 simple adjectives (e.g., tired, relaxed) as descriptions of the participants’
current mood state, which the participants rated on a 5-point scale from “not at all” (1) to

“very much” (5).
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In the physical discomfort questionnaire, which was based on the questionnaire de-
veloped by Heuer, Hollendiek, Kroger, and Romer (1989), participants rated several physical
symptoms of strain. The questionnaire comprised 14 statements about symptoms of eyestrain
(7 items), headache (3 items), and musculoskeletal strain (4 items). Participants rated whether
they experienced the symptoms on a 7-point scale from “not at all” (1) to “very much” (7).

A final questionnaire was used to assess the possible influence of several additional
variables. First, the short stories that we used in Experiment 1 and 2 can be found on the in-
ternet and the proofreading task in Experiment 2 is a frequently used experimental task. Par-
ticipants might have felt familiar with the task or some of the texts and therefore were asked
whether they remembered the texts or the task from another context (Questions 1 and 2, re-
spectively). Further, participants were requested to assess reading comfort on a 5-point scale,
such as the perceived contrast of the display (too low [1] to too high [5]; Question 3), the per-
ceived brightness of the display (too low [1] to too high [5]; Question 4), the quality of their
reading position (very uncomfortable [1] to very comfortable [5], Question 5), the impairment
by glare (not at all [1] to very much [5]; Question 6), and the impairment by reflections (not at
all [1] to very much [5]; Question 7). Finally, participants were asked how much time they
spent on reading per day (options were: up to 30 minutes, up to 1 hour, up to 2 hours, up to 4
hours, up to 6 hours, more than 6 hours; Question 8). There was also free space for any other
comments on the experiment. All questionnaires were printed on paper.

Note that an additional paper condition was tested in the original Experiment. There-
fore, questions concerning the comparison of reading on screen and paper (e.g., the preference
for paper or screen in daily routine) were asked. These questions are irrelevant for the com-

parison of the different display resolutions and therefore are not reported.

2.1.3. Procedure
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Participants were tested individually. Before starting the experiment they were asked
to set the height-adjustable seat to their preferred position. Subsequently, participants were
randomly assigned to the 132 or to the 264 ppi condition.

The participants first answered one of the two parallel short forms of the multi-
dimensional mood state questionnaire and the physical discomfort questionnaire. Subsequent-
ly, the main instructions were presented on the laptop screen. The general instructions ex-
plaining the reading task and the comprehension test were followed by a short introduction to
the handling of the iPad. There was also a short practice trial in order to familiarise the partic-
ipants with the procedure of the experiment. At the beginning of each trial, participants started
the measurement of the reading time by clicking on the “start reading” button on the laptop
screen. Subsequently, they were auditorily prompted to open the display cover (Apple iPad
smart cover), to turn over to the first page, and to start reading. Participants were instructed to
read and reread the text until they felt familiar with the content and to stop the reading time by
clicking on the “stop reading” button on the laptop screen as soon as they had finished read-
ing. They were subsequently asked to close the display cover in order to hide the text during
the comprehension test on the laptop. Participants responded to the comprehension questions
at their own pace. Subsequently, they moved on to read the next text on the screen. This pro-
cedure was identical for all 12 texts and their associated comprehension questions. At the end
of the experiment when the participants were familiar with the experimental task and had
found their favourite reading position, they were auditorily cued to stop reading after 10 se-
conds of reading an additional (thirteenth) text, and to keep their current reading position until
the experimenter had measured the distance between the participant’s eye and the display
with a meter stick. Finally, the remaining parallel short form of the multi-dimensional mood

state questionnaire, the physical discomfort questionnaire, and the final questionnaire were
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administered. The entire experimental procedure took about 60 to 90 minutes depending on

the individual reading speed of the participants.

2.14. Design

The experiment comprised a one-factorial design with pixel density (132 vs. 264 ppi)
as between-subjects variable. The dependent variables were participants’ mean comprehen-
sion score, reading time (in seconds), the three mood state scores, the physical discomfort
scores of eyestrain, headache, and musculoskeletal strain, and the viewing distance between
participants’ eyes and the display of the tablet computer.

Assuming a medium to large effect size of d = 0.60 of the pixel density manipulation
(as defined by Cohen, 1988), and desired levels of o = § = .05, an a priori power analysis re-
vealed that data would have to be collected from N = 122 participants (Faul, Erdfelder, Lang,
& Buchner, 2007) We were able to collect data from N = 155 participants so that the power
was even larger than what we had planned for (1 — § = .98). The level of alpha was main-
tained at .05 for all statistical decisions. Corresponding to the directional hypotheses, all re-
ported ¢ tests are one-sided, with the exception of the reading comfort evaluations that are

based on two-tailed £ tests.

2.2. Results

2.2.1. Mean comprehension score and reading time
The mean comprehension score was computed by summing the scores for each text
and averaging over all texts for each participant. When computing the mean reading times,
data from 0.75 % of the texts were dropped due to implausibly short measurements (see Mate-
rials and Task section). Independent groups ¢ tests showed no effect of pixel density on the
mean comprehension score, #(153) = 1.16,p = .12, d = 0.19, and reading time, #(153) =091, p

=.18,d =0.15 (Figure 1).
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Figure 1

Mean comprehension score on the left panel and mean reading time (seconds) on the right as
a function of pixel density for Experiment 1. Error bars represent the standard errors of the

means.

2.2.2. Mood state and physical discomfort ratings
The mean differences between post- and pre-values for all dimensions of the multi-

dimensional mood state questionnaire and the physical discomfort questionnaire are presented
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in Tables 2 and 3, respectively. There was a descriptive trend towards a stronger decrease of
mood (pleasant vs. unpleasant) in the 132 ppi than in the 264 ppi condition, but this trend was
not statistically significant, #(151) = 1.34, p = .09, d = 0.22. Pixel density did not affect

changes in participants’ ratings in the remaining “alertness versus fatigue” and “calmness ver-

sus agitation” dimensions, #s(151) < 0.58, ps > .28, ds < 0.09.

Table 2

Page 17

Mean post-pre differences of the three dimensions of the multi-dimensional mood state ques-

tionnaire and standard errors of the mean differences for Experiment 1 and Experiment 2.

Negative scores indicate worse mood ratings at the post-measurement.

pixel density N M SE

Experiment 1
pleasant versus unpleasant mood 132 ppi 79 -1.18 0.28
264 ppi 74 -0.65 0.28
alertness versus fatigue 132 ppi 79 -2.63 042
264 ppi 74 -2.65 0.36
calmness versus agitation 132 ppi 79 -0.65 0.36
264 ppi 74 -091 0.26

Experiment 2
pleasant versus unpleasant mood 132 ppi 76 -0.20 0.29
264 ppi 78 -0.06 0.24
alertness versus fatigue 132 ppi 76 -1.33 0.28
264 ppi 78 -2.01 0.30
calmness versus agitation 132 ppi 76 -0.53 0.28
264 ppi 78 -0.03 0.30
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Similarly, there was a descriptive trend towards a stronger increase of eyestrain in
the 132 ppi than in the 264 ppi condition, but this trend also just missed the preset level of
significance, #(151) = 1.50, p = .07, d = 0.24. Pixel density did not affect ratings of headache,

t(151) =0.58, p = .29, d = 0.09, or musculoskeletal strain, #(150) = 1.18,p =.12,d =0.19.

Table 3
Mean post-pre differences of the three dimensions of the physical discomfort questionnaire
and standard errors of the mean differences for Experiment 1 and Experiment 2. Positive

scores indicate an increase of physical discomfort at the post-measurement.

pixel density N M SE

Experiment 1
eyestrain 132 ppi 79 422 0.65
264 ppi 74 2.76 0.73
headache 132 ppi 79 1.76 0.32
264 ppi 74 201 0.30
musculoskeletal pain 132 ppi 78 1.56 0.31
264 ppi 74 1.07 0.29

Experiment 2
eyestrain 132 ppi 75 2.87 0.57
264 ppi 77 221 0.51
headache 132 ppi 75 1.91 0.35
264 ppi 78 1.21 0.23
musculoskeletal pain 132 ppi 75 2.31 0.47

264 ppi 78 121 0.34
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2.23. Viewing distance

Participants chose a similar viewing distance in the 132 ppi condition (M = 39.28 cm,
SE =0.69 cm) and in the 264 ppi condition (M =38.41 cm, SE =0.59 cm), #(150) =0.96,p =

17,d=0.16.

2.24. Evaluations of reading comfort and preference judgement
There were no significant differences between the 132 ppi and the 264 ppi condition
in evaluations of perceived contrasts, #(151) = 0.27, p = 40, d = 0.04, brightness, #(152) =
0.28, p = .39, d = 0.05, comfort of reading position, #(152) = 0.42, p = 34, d = 0.07, impair-
ment by glare, #(152) = 1.66, p = .05, d = 0.27, and impairment by reflections #(152) = 1.52,p
= .07, d = 0.25 (Question 3 to 7; Table 4), with the latter two comparisons just missing the

preset level of statistical significance.

Table 4
Mean values and standard errors of the means of the evaluations of contrast, brightness, posi-

tion, glare, and reflections for Experiment 1 and Experiment 2.

pixel density N M SE
Experiment 1
contrast 132 ppi 80 3.16 0.07
264 ppi 73 3.14 0.06
brightness 132 ppi 80 3.46 0.08
264 ppi 74 343 0.07
position

132 ppi 80 349 0.09



Effects of high pixel density

glare

reflections

Experiment 2

contrast

brightness

position

glare

reflections

264 ppi
132 ppi
264 ppi
132 ppi

264 ppi

132 ppi
264 ppi
132 ppi
264 ppi
132 ppi
264 ppi
132 ppi
264 ppi
132 ppi

264 ppi

74

80

74

75

77

76

76

77

78

76

79

77

79

77

77

3.54

2.29

2.00

1.61

1.39

3.11

3.16

344

3.35

299

3.10

2.14

2.08

1.56

143
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0.08

0.13

0.11

0.12

0.08

0.08

0.06

0.07

0.07

0.10

0.10

0.12

0.12

0.12

0.09

3. Discussion

The purpose of Experiment 1 was to test whether an increase in pixel density from

132 ppi to 264 ppi would lead to a measurable improvement in reading comprehension or

reading time. This was clearly not the case. There were also no differences in the chosen

viewing distance and in the measures of subjective well-being. Descriptively, participants’
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mood and eyestrain ratings were somewhat worse in the 132 ppi than in the 264 ppi condi-
tions, but these differences were small and not statistically significant. Note, that the present
sample size allowed to reveal a medium-to-large effect of pixel density with a statistical pow-
er of .95. We thus conclude that any differences between the screens with different pixel den-
sities are probably small and of little practical relevance.

Ziefle (1998) already presumed that CRT pixel densities above a certain level might
not provide further legibility improvements and therefore might not result in improved visual
performance. Similarly, Gujar et al. (1998) showed no proofreading speed or accuracy differ-
ences between conditions with 85 ppi and 282 ppi pixel densities, and Huang et al. (2009)
found no further reading speed improvements above 167 ppi. The results of Experiments 1
seem generally consistent with those findings.

Alternatively, the comprehension measure might not be sensitive enough to reflect
existing differences in legibility due to pixel density. As compared with proofreading, visual
search, or visual detection tasks, reading comprehension may be less dependent on perceptual
details. For instance, a high comprehension score is based not only on text processing, but al-
so on recognition memory of the text content, and the variance added by recognition memory
processes might have masked any differences in visual performance due to differences in the
display quality. Gujar et al. (1998) argued that post-reading comprehension tests may result in
skimming rather than reading a text, resulting in highly variable reading times and error rates
that complicate comparisons between conditions and, therefore, recommended using proof-
reading tasks to assess the effects of display mode and quality on performance. Proofreading
requires both the recognition of perceptual details as word and letter shapes to detect misspell-
ings and comprehension to identify grammar errors. Additionally, the proofreading task has
frequently been shown to be sensitive to reading performance differences between screen and

paper (e.g., Creed, Dennis, & Newstead, 1987; Gould et al., 1987; Gould & Grischkowsky,
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1984; Wilkinson & Robinshaw, 1987) and display polarity (Buchner & Baumgartner, 2007;
Buchner, Mayr, & Brandt, 2009; Mayr & Buchner, 2010; Piepenbrock, Mayr, & Buchner,
2014a, 2014b; Piepenbrock, Mayr, Mund, & Buchner, 2013). Furthermore, proofreading is a
frequent real-life task, providing a high amount of ecological validity. Accordingly, the aim of
Experiment 2 was to test whether proofreading speed and performance would show an ad-

vantage of the high pixel density condition.

4. Experiment 2

4.1. Method

4.1.1. Participants

Participants were 161 adults. Two participants had difficulties to do the task proper-
ly, causing two times slower reading times and eight times more false alarms than the group
average. Two further participants deliberately ignored the instructions (they skipped texts and
named words that did not exist in the texts). For one participant, the sound files could not be
analysed due to unclear pronunciation. Data of these five participants were excluded from the
analyses. The final sample size comprised 156 participants. The 132 ppi condition comprised
77 participants (22 males) who ranged in age from 17 to 37 years (M = 23). The 264 ppi con-
dition comprised 76 participants (19 males) who ranged in age from 18 to 40 years (M = 23).
The groups did not differ with regard to the participants’ familiarity with the texts (Question 1
of the final questionnaire; for details see below), Xz(l) = 0.01, p = 1.00, their familiarity with
the task (Question 2), %*(1) = 2.34, p = .19, and their reading time per day (Question 9), ¥*(5)
= 3.15, p = .70. Similarly, there were no differences between the groups regarding the use of
an iPad or another tablet computer (Question 11), x*(1) = 0.58, p = .59, and the use of an iPod
touch, iPhone, or another smartphone (Question 12), x*(1) = 0.04, p = .87. The groups dif-

fered with regard to their experience with those devices (Question 13), %*(2) = 7.22, p = .028.
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However, there were no significant correlations between user experience and the dependent
variables (all ps > .16) and hence, an influence of the group differences on the present results
seems unlikely.

All participants except four were students. They were either paid or received partial
course credit for their participation. All participants were native German speakers, reported
normal or corrected-to-normal visual acuity, and had not been diagnosed with dyslexia. None
of them had participated in Experiment 1. Two participants did not fill in any of the question-
naires, one participant did not answer the physical discomfort questionnaire, and another par-
ticipant did not respond to the eyestrain questions. For two participants the viewing distance

measurements were missing.

4.1.2. Material and Task

Materials and task were the same as those of Experiment 1 with the following excep-
tions. The proofreading task comprised 20 individual short stories by various authors. Each
participant proofread all short stories in the condition he or she was assigned to (132 ppi or
264 ppi). The texts were presented in random order. As in Experiment 1, the texts were pre-
sented in horizontal format in two columns, but in contrast to Experiment 1, lines were num-
bered on both sides of each column. On average, the texts were about 539 (SD = 24) words
long. Line length was 8.4 cm and the text height was 14.1 cm. The layout was exactly the
same for both conditions.

Each story contained 12 misspellings (3 duplicate letters, 3 missing letters, 3 pair-
wise letter inversions, 3 incorrect letters) and 8 grammar errors (4 incorrect flexions, 4 incor-
rect conjugations). The grammar errors forced participants to read for comprehension rather
than to skim the text for unusual word shapes (Buchner & Baumgartner, 2007; Creed et al.,

1987). Errors were randomly distributed across the texts.
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Participants were asked to read each text as accurately and fast as possible. Misspell-
ings and grammar errors had to be pronounced along with line number in which the error was
identified. Every text was presented for 2 minutes. An auditory signal informed participants
when half of the reading time was over. At the end of the two-minute interval, an auditory
signal informed participants that the reading time was over and required them to pronounce
the word that they had just read and its corresponding line number. Another auditory signal

informed participants to turn the page so that they could read the subsequent text.

4.1.3. Procedure

The procedure was identical to that of Experiment 1, with the following exceptions.
The instructions for the proofreading task informed participants of the different types of errors
and the verbal response mode. They received a short practice trial in which they proofread a
training text for 50 seconds in their assigned display resolution condition. The experimenter
checked whether the participants followed the instructions properly and started the experi-
ment. The participants read 20 texts for 2 minutes each. The total reading time, including au-
ditory signals between the texts, was about 45 minutes. In order to enable a temporal orienta-
tion, participants received feedback on their progress in the experiment before texts 11, 16,
19, and 20. The proofreading task and the responding to the questionnaires (see Experiment 1)

took about 60 minutes.

4.14. Design
The experiment comprised a one-factorial design with pixel density (132 vs. 264 ppi)
as between-subjects variable. The dependent variables were participants’ reading speed
(number of words read) and proofreading performance (number of errors detected — false
alarms), the ratings in the three scales of the multi-dimensional mood state questionnaire

(pleasant vs. unpleasant mood, alertness vs. fatigue, calmness vs. agitation), the ratings in the
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three scales of the physical discomfort questionnaire (eyestrain, headache, musculoskeletal
strain), and the chosen viewing distance between participants’ eyes and the display.

Assuming a medium to large effect size of d = 0.60 for the display mode manipula-
tion and desired levels of a = 3 = .05, an a priori power analysis revealed that data would
have to be collected from N = 122 participants. We were able to collect data from N = 156
participants so that the power was even larger than what we had planned for (1 — 3 = .98). All
reported ¢ tests for the relevant comparisons are one-sided, with the exception of the reading

comfort evaluations that are based on two-tailed 7 tests.

4.2. Results

4.2.1. Proofreading performance
Independent groups ¢ tests showed that there were no effects of pixel density on
treading speed, #(154) = 0.80, p = .21, d = 0.13, and on proofreading performance, #(154) =

0.23,p = 41,d =004 (Figure 2).
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Figure 2
Mean reading speed (words read) on the left panel and mean proofreading performance
(number of errors detected - false alarms) on the right as a function of pixel density for Exper-

iment 2. Error bars represent the standard errors of the means.

4.2.2. Mood state and physical discomfort ratings
There was a descriptive trend towards a stronger increase of tiredness in the 264 ppi
compared to the 132 ppi condition, but the difference did not reach the preset level of signifi-

cance, #(152) = 1.39, p = 08, d = 0.23 (Table 2). Pixel density did not affect changes in the
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“pleasant versus unpleasant mood” and “calmness versus agitation” dimensions, all #s(152) <
1.22,ps> .11,ds <0.20.

Participants in the 132 ppi condition reported a stronger increase of headache, #(151)
= 1.70, p = 046, d = 0.28, and musculoskeletal strain, #(151) = 1.92, p = .03, d = 0.31, during
the course of the experiment as compared to those in the 264 ppi condition (Table 3). Pixel

density did not affect changes in eyestrain, #(150) = 0.86, p = .20,d = 0.14.
4.2.3. Viewing distance

Participants chose a similar viewing distance in the 132 ppi condition (M = 37.93 cm,
SE =0.68 cm) and in the 264 ppi condition (M = 38.96 cm, SE =0.83 cm), #(152) =0.95,p =

17,d=0.15.

4.24. Evaluations of reading comfort
There were no significant differences between the two groups in evaluations of per-
ceived contrast, #(150) = 0.54, p = .59, d = 0.09, brightness, #(153) =0.99, p = 32, d =0.16,
comfort of reading position, #(153) =0.82,p = 41,d =0.13, glare, #(154) =041,p = .69,d =
0.07, and reflections, #152) = 0.90, p = .37, d = 0.14 (Question 3 to 7; see Table 4 for the

mean values and standard errors of the means).

4.3. Discussion

The purpose of Experiment 2 was to test whether reading speed and performance
would differ between displays with standard (132 ppi) and high (264 ppi) pixel densities
based on the assumption that proofreading task could be more sensitive to variations in pixel
densities than the text comprehension task used in Experiment 1. This was not the case.
Proofreading performance and reading speed were equivalent for the standard and high-

density displays, which is in line with the findings of Gujar et al. (1998), Wright et al. (1999),
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and Ziefle (1998, Experiment 1) and supports the assumption that pixel densities beyond a
critical level no longer affect legibility in terms of visual performance.

However, there was a stronger increase in the ratings of headache and musculoskele-
tal strain during the course of the experiment in the 132 ppi than in the 264 ppi condition.
This may indicate that participants invested more effort in the 132 ppi condition in order to
maintain a certain level of proofreading speed and performance. The viewing distance and the

comfort-of-reading position ratings did not differ between conditions.

5. General discussion and Conclusions

Research from the 1980s and 1990s showed that an increase in pixel density of com-
puter displays roughly from about 60 ppi to about 130-150 ppi has positive effects on
measures of visual performance, subjective well-being, and preference (as shown by Gould et
al., 1987; Huang et al., 2009; Wright et al., 1999; Ziefle, 1998). For the effects of higher-
resolution displays that have recently become more and more popular the literature is rather
sketchy. Given this we thought it necessary to conduct a systematic investigation into the ef-
fects high-resolution displays on performance measures and on measures of subjective well-
being. The results are quite clear. Reading comprehension, reading speed, and proofreading
performance did not differ as a function of whether the display resolution was 132 ppi or 264
ppi. The sample sizes in the present experiments were relatively large, allowing for effects of
d = 0.6 of the pixel density variable to be detected with a statistical power of .98 given the
conventional level of a = .05. Thus, we conclude that the absence of significant differences in
visual performance is probably not the result of a Type II error.

In more general terms, then, the present results together with those reported in the
literature seem to indicate that visual performance increases with pixel density roughly up to
about 130-150 ppi, and then reaches an asymptote as pixel density increases further. One

problem with this conclusion is that the area in which the asymptote begins is relatively inde-
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terminate. Ideally, one would vary pixel density in small steps from about 50 ppi to about 250
ppi, Unfortunately, displays with a pixel density below 100 ppi are obsolete and, hence, no
longer available (and of no practical relevance).

Participants consistently chose a viewing distance of about 40 cm, independent of the
pixel density of the display from which they were reading. At this distance, the pixel sizes for
the 132 ppi and 264 ppi displays are about 0.028° (192 um) and 0.014° (96 um), respectively.
Given this, a “normal” human eye with a visual acuity of 20/20 (or 1.0) should be able to dis-
tinguish single pixels on the 132 ppi display, but not on the 264 ppi display. Thus, although
the difference between both conditions must have lead to differences in the percept, this dif-
ference was not measurable in terms of reading comprehension, reading speed, and proofread-
ing performance.

Wright et al. (1999) found differences in visual acuity between a 102 ppi CRT dis-
play, an 83 ppi TFT-LCD, and a 157 ppi TFT-LCD in a word chart that was similar to the let-
ter charts used to measure visual acuity. These authors argued that font sizes near the legibil-
ity threshold are needed to reveal significant differences in reading speed and comprehension.
This was not the case in the present experiments. Thus, one could argue that differences be-
tween standard and high pixel density displays might have been found had we used a much
smaller font size. This may indeed be the case and needs to be investigated in future studies.
However, it seems that using a font size that is clearly above threshold has much more eco-
logical validity than using near-threshold font sizes given that user can normally adjust the
text size on the displays of desktop computers and mobile devices.

In contrast to the reading performance measures, participants’ subjective ratings of
their physical discomfort provided some indication of an advantage of the high pixel density
display over the standard pixel density display. There was a significantly larger increase in

headache and musculoskeletal strain during the course of Experiment 2 in the standard pixel
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density condition as compared with the high pixel density condition. Similar trends were pre-
sent at a descriptive level in Experiment 1, but these were not statistically significant. A pos-
sible explanation for the absence of significant differences in the objective measures of visual
performance on the one hand and the higher subjective physical strain in the standard pixel
density condition on the other hand is that participants tried to maintain a certain level of
reading speed and proofreading performance which represents their “standard” acquired in
many years of reading. Participants in the lower-pixel density condition may have invested
more effort into the task to compensate for the less-than-perfect display, which may have re-
sulted in more physical strain. If this speculation were valid, then fatigue should occur earlier
with standard than with high pixel density displays such that a performance difference be-
tween these display types may occur after several hours of reading. Whether this is the case is
another open question that needs to be investigated in subsequent studies.

In general, subjective measures may be more sensitive to legibility differences than
objective measures of visual performance. For instance, Ziefle (1998) found no differences in
visual performance between 60 ppi and 120 ppi display, but none of her participants preferred
the 60 ppi condition. Likewise, the participants in the study by Gujar et al. (1998) showed
equal proofreading performance with different pixel densities, but they rated the ease of read-
ing from the screen with the lowest number of pixels per inch as significantly worse com-
pared with the other conditions. Finally, Wright et al. (1999) showed stronger preferences for
high than for low pixel densities, but found no differences in reading speed and comprehen-
sion. Based on these finding, it is likely that users have an overall preference for higher dis-
play resolutions. An impact of this preference on perceived display quality and, as a conse-
quence, on visual effort or eyestrain symptoms is conceivable and should be the subject of

future investigations.
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In sum, the present findings support the assumption that reading performance on a
screen with high pixel density (264 ppi) is as good as performance on a screens with a stand-
ard pixel density (132 ppi), at least as long as the text size is clearly above threshold and read-
ing time does not exceed about one hour. However, certain complaints about physical strain
are less likely with higher than with lower pixel densities even with reading times shorter than
one hour. Thus, displays with high pixel densities (264 ppi and above) should be preferred

over displays with standard (132 ppi or lower) pixel densities.
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