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ABSTRACT

We spend more and more time working with compuidiisen we do so our central visual
field lacks three-dimensional (3D) features and tads to reduced binocular control and
may result in eye-related symptoms. When otheofaduch as direct and indirect glare are
added to a computer work situation further stregdaced on the visual system and binocular
control may be even further reduced and our redaigviour may also be influenced.
These factors are likely to contribute to the wisiand eye symptoms referred to collectively
as computer vision syndrome (CVS).

Three areas of clinical study are included in thietext of using a computer screen for
demanding near visual tasks. This research aimexiiore the theoretical relationship
between: (1) the importance of centrally placed@®ures in respect to accommodation and
vergence mechanisms; (2) the influence of degratienlili and/or degraded retinal image on
the quality of binocular vision as an indicatovual fatigue; (3) the influence of degraded
stimuli and/or degraded retinal image on eye movesnehen reading.

Paper | clarified the importance of implementingtcally placed 3D fixation stimuli to
contribute to increase vergence accuracy and dnatiability. Paper Il evaluated the
influence of disability glare on binocular coordina. The results indicated that binocular
coordination increased in instability with the sdyeof glare and there was a more
pronounced effect when lighting condition createdd glare. Paper 1l described the
influence of disability glare on eye movements wireading. It is clear that these eye
movements were negatively affected in the direnttiadirect glare lighting conditions.
Paper IV evaluated the threshold luminance of tgkre using a subjective response
regarding eye symptoms in addition to an evaluatidhe effect on binocular coordination
as a benchmark. Direct glare of 2000 ciias found to decrease the instability of binocular
coordination with an increased level of eye pain.

In conclusion, these findings argue for a more pumced relationship between reduced cues
of centrally placed 3D features when working witmputers with elevated exposure to
disability glare. Direct glare appears to degrdmevisibility of the retinal image to such a
high degree that it can be identified as the mamtqunced inappropriate lighting condition.
Evaluation of the luminance threshold of directglsuggests that it reasonable to
recommend that stray light toward the eyes shoeilsignificantly lower than 2000 cdfm

This research has taken a step in the directiqustifying the importance of following

lighting design recommendations in computer workiremments.

Keywords

Workplace luminance, Lighting conditions, Compuwterk, Vergence control, Fixation
disparity, Reading, Eye movements
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1 INTRODUCTION

The main theme of this thesis is the evaluatiohefinfluence of different, though commonly
present, glare conditions in computer work envirenta on binocular control and reading
behaviour. Although several studies have been ddwotthe effect of induced glare in relation
to disparity errors and reading behaviour in vigagks while using a computer screen, rather
less attention has been paid to the impact of glama inappropriate lighting design, on the
capacity for binocular coordination and eye moveséiWhen the central visual field lacks
three-dimensional (3D) features, which is the e@tie computer work, it will cause reduced
binocular control (Blythe et al., 2012). A reducaslbility, e.g. from inappropriate lighting
design, will further add stress on the visual systéainta et al., 2011; Jaschinski-Kruza, 1994;
Pickwell et al., 1987). These factors are likelgomtribute to the vision- and eye symptoms
referred to collectively as computer vision syndeo{@Vs).

This thesis presents data from three areas otalistudies in the context of using a computer
screen for demanding near visual tasks. This relseasing exploratory analyses, aimed to
explore clinical hypotheses of the theoreticaltreteship between: (1) the importance of
centrally placed three-dimensional (3D) featureespect to the accommodation and vergence
mechanisms; (2) the influence of degraded stimdi@ degraded retinal image on the quality
of binocular vision as an indicator of visual fatgg (3) the influence of degraded stimuli and/or
degraded retinal image on eye movements when iggadin



1.1 AIMS OF THESIS

This thesis comprises four clinical studies in¢batext of undertaking demanding visual tasks
in a two-dimensional (2D) visual environment. Thegose of these investigations is to
emphasize the impact of degradation of visibilitytbe capacity for binocular coordination and
reading behaviour when working with computers.

More specific aims of the four studies were;
Paper |

To investigate the influence of binocular dispadtythe vergence response through
measurements of vergence ability with only two-disienal features in the central field as
compared to when three-dimensional features aitabiea

Paper Il

To evaluate the effect of different glare condifi@m vergence control while performing
computer work through measurements of horizontatifon disparity.

Paper Il

To assess the effect of different glare conditmm&ye movement patterns when reading from a
computer screen through simultaneous objective uneamnts of eye movements.

Paper IV

To determine the threshold luminance value of tligeare while performing computer work
through measurements of horizontal fixation didgasariance in addition to a subjective
evaluation of eye-related symptoms.



2 BACKGROUND

We spend more and more time in front of the commmdeeen. Computer work involves
demanding visual tasks in which the two eyes betkdrio be directed (converged) toward the
same fixation point (since most people use botls syaultaneously). A clear image of the
screen should be projected on the retina of the eleer through the capability the eye to
change focus (a change of the power in the oceitesels, i.e. accommodation) or by the use of
refractive aids (e.g. contact lenses or glassespplter users often perform prolonged tasks
which cause static ocular muscle load in combinatigh static load on the muscles of the neck
and upper extremities. Computer screens only peawvid-dimensional (2D) features in the
central visual field because the screen is flatomputer work environments light from other
light sources than the screen (e.g. ceiling or tlesknaire, or the sun) also may enter the eyes
either directly or through reflections from the qmuter screen or other surrounding surfaces.
Accordingly, this glare will reduce the visibilibf the task and/or the image on the retina.

In 2003 it was estimated that 55% of all employedke USA used computers at work (U.S.
Department of Labor, 2005), a number that is likelfxave increased over the last 12 years.
Similar figures apply also in Sweden. For womeméheas been an increase from 69.6 in 2005
to 81 percent in 2013, the equivalent increasetem was from 68.1 percent to 75 (The Work
Environment, 2013). The incidence rate of muscudtetkl disorders in North America in
clerical workers (private industry, state governtnand local government) was 6.4 in 2013. The
incidence rates represent the number of injuridsilaresses per 10,000 full-time workers.
According to the Swedish Work Environment AuthofBWEA) work-related disorders due to
working in front of monitors in 2012 were to be falin 2.3 (£0.3) percent of the population of
employed women, and 1.3 (£0.2) percent of the @djaul of employed men (Work-related
disorders, 2012).

Using computers may cause work-related visualrs{aicupational asthenopia) due to the fact
that the visual demands of the task exceed thahadilities of the individual (Sheedy & Shaw-
McMinn, 2003). In less demanding visual tasks iitiials are less likely to experience visual
related strain. However, any work-related actiumyolving intense visual concentration might
induce visual strain (Anshel, 2005). The Americgrdinetric Association (AOA, 2015)
describes computer vision syndrome (CVS) as ey vesion-related problems that result from
prolonged computer, tablet, e-reader and/or calhptuse. The symptoms most commonly
associated with CVS are eyestrain, headachesetluision, dry eyes, and neck- and shoulder
pain. Eyestrain is the major eye-related problegfindd as asthenopia. As a prediction for the
future, Rosenfield (2011) concluded in a literatgew that asthenopia due to oculomotor
anomalies and dry eyes would account for a sigmfiproportion of the number of visual
display unit users with CVS presenting for an exan@nation.

Research reports associated with visual strairoik@s commonly have computer users as

their study population. An early investigation (Rigsol et al., 1987) reported that the
prevalence of visual symptoms increased among ctanpsers who spent more than 4 hours
per day in front of the computer screen. The pexvwad of asthenopia among computer users has



been found over the past 20 years to be betwean®57% (Han et al., 2013; Portello et al.,
2012; Bhanderi et al., 2008; Mocci et al., 200In@&z-Roman et al., 1996). Studies on visual
symptoms, i.e. asthenopia, related to computer Wwavie tended to divide the cause of
asthenopia into two categories: €ernal factors, which include refractive anomalies, dry eyes
(including the sensation of burning, irritationutar dryness and tearing); and (@rnal

factors, which include the vergence and/or accommodatieahanism but also include
headache, eye pain, diplopia and blur (Portelld.e2012; Sheedy et al., 2003). Tyrell &
Leibowitz (1990) included both categories of eyast one broader category which they
termedvisual fatigue. Further, a recent study (Robertson et al., 2645)d a significant
relationship between increased number of hoursiwgnkith computers and visual discomfort
including headaches.

There is a wealth of knowledge concerning ageedlahanges in visual functions among older
workers. Disability glare increases with age (Lgpet al., 1991; Le Claire et al., 1982; Allen
& Vos, 1967). A recent paper describes changesual/function among elderly workers in
relation to the need to continue professional carafter retirement (Nylén et al, 2014). The
study suggested that deterioration of visual fumctnight, secondarily, induce strained postures
andmusculoskeletal symptoms, pain and injury. A prasistudy has concluded that older
subjects (age 50-82 years) are more sensitivediaesl visibility than younger subjects (age
15-41 years), probably due to a reduced visuaty¢Ui) induced by increased scatter of the
ocular media with age (Bailey & Bullimore, 1991)okover, Sheedy et al., (2005) found that
older subjects (age 47-63 years) needed longamplete computer task than younger
subjects (age 23-39 years) because of slower ddapta new brightness levels.

In a consensus document of the ICOH Committeerfiatemnal Commission on Occupational
Health) on “Work and Vision” Piccoli (2003) concldithat an integrated body of knowledge is
required for trustworthy assessment of occupatiastiienopia. In the document the author goes
on to specify three essential prerequisites faopgr definition of an “occupational asthenopic
syndrome”: (a) collecting research data relatatieécexposed population; (b) analysis of
symptoms and subjective reports in relation to exp® conditions (task and environment); (c)
adequate ophthalmic information on all the subjeatsived.

One of the primary causes of glare associatedasitimputer work is the use of wide angle
luminaires (fluorescent lighting) which resultseixposure to direct glare. In comparison with
reading printed text, wide angle luminaires mayseadirect glare because of the more
horizontal (19-22° downward) direction of the gdmection when working with a screen.
Direct glare can also be caused by light enteiingugh windows (Anshel, 2005). A recent
study has focused on evaluating discomfort glarenasing computers by comparing elderly
subjects (aged 50 years or more) to younger sshjeet younger than 35 years of age) (Wolska
& Sawicki, 2014). Discomfort glare was evaluateddlation to a subjective assessment of
discomfort glare on a glare rating scale, con@mastglare sensitivity, lighting quality, and
asthenopic symptoms. The results showed that yowsogpgects more frequently suffered from
visual fatigue (i.e. increased asthenopic sympt@nd)assessed lighting as less comfortable.



However, glare sensitivity increased significarmfter the experiments under both glare
conditions in the 50+ group only. Furthermore, Brostudy has studied perceived viewing
distance, productivity (correct responses per rejnaimd font size while adding reflective glare
when visually demanding text-based tasks are uadarton a computer (Ko et al., 2014). They
found that reflective glare on the monitor surféeskto a reduced viewing distance but had no
effect on productivity or accuracy.

Studies have determined an association betweerutogkeletal complaints on upper
extremities, i.e. in the neck- and shoulder regiom an increased level of oculomotor load due
to visual stress in for instance tasks that dendhndgon (Richter et al., 2011a, b; Li & Watten,
1987). Richter et al. (2011a) were the first gromphow a significant relationship between the
load on the ciliary muscle (through indirect measiiri.e. the eye-lens accommodation load,
and static trapezius muscle activity. Furthermareross-sectional study focusing on low vision
patients suffering from age-related macular degeioer (ARMD) concluded that a reduced
visual function is associated with muscular comytain neck- and shoulder area (Zetterlund et
al., 2009).

Further, Schigtz Thorud et al. (2012) found thastsain during visually demanding computer
tasks was related to the orbicularis oculi musol# @n increase in muscle blood flow.
Moreover, recent research indicates a connectitweles close focus and increased muscle
activity in the trapezius during dynamic focusifguoges between near and far sight (Zetterberg
et al., 2015). Other researchers have demonstatadsociation between visual discomfort and
shoulder-neck symptoms when performing computéstédelland et al., 2008; Wiholm et al.,
2007; Aaras et al., 2005; Horgen et al., 2005; \&tairn, et al., 2004; Aaras et al., 2001, 1998;
Sauter et al., 1991). Accordingly there has beéstantial research on computer work-station
design in order to minimize discomfort and fatigRertello et al., 2013; Jaschinski, 2001, 1998;
Turville et al., 1998; Jaschinski-Kruza, 1991; ®aet al., 1991).

2.1 LIGHTING CONDITION AND VISUAL ABILITY IN WORK E NVIRONMENT

In order to understand general concepts includédisrthesis this section provides an
introductory background with descriptions and dabns with regard to illumination
characteristics and visibility.

2.1.1 The structures of the eye

The eyeball’'s outermost layer is the tough andstwhite sclera. Below this is the choroid
which consists of blood vessels and connectivegisghich supplies the retina. The retina
comprises among other cell types, two forms oftligiceptors (rods and cones), see figure 1.
The rods are more numerous, on average 92 milamcdjo et al., 1990), and more sensitive
to light than the cones. However, they are notigado colour and have a low spatial acuity.
The 4 to 5.3 million cones provide the eye’s colsemsitivity (Curcio et al., 1990), are
responsible for high spatial acuity and they aremmore concentrated in the central yellow
spot known as the macula. In the center of thabreig the "fovea centralis”, a 0.3 mm
diameter rod-free area with very thin, densely pdokones, we have the highest spatial



resolution (i.e. highest visual acuity, VA). Rods @resent in the retinal periphery which has
a very good ability to adapt to reduced brightn&se retina (i.e. the rods and cones)
transforms light stimuli via chemical reactionsoimerve impulses which are transmitted
through the optic nerve to the visual cortex. Thbsee layers/coats; sclera, choroid and
retina, form a solid wall of the eyeball. Withirefe coats are the agueous humour, the
vitreous body, and the flexible lens. The aqueawadur is a clear fluid that is contained in
two areas: the anterior chamber between the camneahe iris, and the posterior chamber
between the iris and the lens. The iris contradsdimmeter and size of the pupil (i.e. the eye’s
aperture) and thus the quantity of light reachimgrietina. The lens is suspended to the ciliary
body by the suspensory ligament (Zonule of Zingdmup of fine transparent fibers.
Contraction of the ciliary body changes the tensinrthe Zonula of Zinn which causes the
lens to change shape so that the eye is able tmetacus (i.e. accommodation). The lens is
biconvex and can change its shape by a sphinctéraation that makes the lens steeper. The
vitreous body is a clear jelly that is much larfean the agueous humour present behind the
lens, and the rest is bordered by the sclera, zpaald lens. The human eye is shown in figure
2.
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Figure 1. lllustration of the retina of the eydi¢ture from http: //images.flatwor|dknowl edge.conv
printed with permission).
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Figure 2. lllustration of the structure of the eye. lllusiva: S. Glimne. The figure is based on the
original by http://se.vectorhg.com

2.1.2 Visual ability and target visibility

The visual system includes the eyes, connectingyaats through the brain to the visual
cortex, and associated areas of the brain (figurét8 neural signals initially processed by
the retina travel via the axons of the gangliomsdilrough the optic nerves, dividing and
partially crossing over into the optic chiasm aneit travel via the optic tracts to the lateral
geniculate nucleus (LGN). From the LGN, the sigmalstinue to the primary visual cortex,
where further visual processing takes place. impl#fied manner the scotopic system (i.e.
vision under low light conditions) enables an eba@lspatial summation with an outcome of
high sensitivity but poor spatial resolution. Sgutovision is enabled exclusively through rod
cells which are most sensitive to wavelengthsgiftlaround 498 nm (green-blue) and are
insensitive to wavelengths longer than about 64Qneh). The photopic system (i.e. vision
under light conditions between 10 to® bandela per square meter (c@)/®nables less spatial
summation contributing to poor sensitivity but acalent spatial resolution (Schwartz,
2010). Photopic vision is enabled by the three $ygfecone cell which have maximum
absorption values at wavelengths of about 420 rlue(lonediated by the “blue cones”),

534 nm (bluish-green, mediated by the “green conessp. 564 nm (yellowish-green,
mediated by the “red cones”). However, their sénsjtranges overlap to provide vision
throughout the visible spectrum. The maximum etfycs at a wavelength of 555 nm (green).
As a consequence of this dual system we can sie star at night and yet have a scotopic
VA of 0.1 (Schwartz, 2010) in contrast to the plpatovisual system which reaches VA
between 1.0 to 2.0 and even higher.
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Figure 3. lllustration of the pathways from the retina te thsual cortex. lllustration: S. Glimne. The
figure is based on the original by http://www.skisheedu/~hfoley/images/.

Contrast sensitivity of the eye can be defined @sndrast threshold which denotes the smallest
amount of contrast required to be able to seegattaWhen an increased contrast threshold is
required to see a target, conditions of decreagetiast sensitivity are present and vice versa
(Benjamin, 2006). Contrast threshold varies withliightness of the background. Accordingly,
VA is influenced by luminance and contrast affébtsvisibility of the task. The following
formula may be used to describe the contrast cortynaqplicable in the context of lighting and
conditions where small features are present orga laniform background (Pelli & Bex, 2013):

maximum luminance — minimum luminance

Weber contrast = background luminance

Light and dark adaptation denotes the eye’s altditgdapt to changes in illumination levels
through interactions between a photochemical psoicethe retina, adaptive process in the
nervous system and by adaptation of the pupil di@maA stronger pupillary constriction
generates a reduced exposure of the retina dewgehs risk of glare. Glare is defined by the
llluminating Engineering Society of North Amerid&$NA) as “the sensation produced by
luminances within the visual field that are sufiaily greater than the luminance to which the
eyes are adapted, which causes annoyance, dis¢ponflmss in visual performance and
visibility” (Lighting Research Center, 2015). Gealdy, glare can be categorized as disability
glare (physiological) and discomfort glare (psycigital). Disability glare refers to a reduction
in visibility caused by intense light sources ie fleld of view and discomfort glare refers to
sensation of annoyance or even pain induced bgreedy bright light sources (Rea, 2000).
Further, disability glare is caused by light saatggwithin the eye, causing a haze of veiling
luminance, i.e. a luminance superimposed on theatemage which decreases contrast and
reduces visibility. Where lighting design for wagkvironments is concerned discomfort glare is

12



a well-documented phenomenon (Garzia, 1996). Argyrigetween light, contrast and glare is
needed to maximize visual performance (Pitts & #d&in, 1993).

2.1.3 Photometry - The measurement of light

Light distribution in space is very important fasion and the overall impression of the visual
space. If luminance is inappropriate distributed eauses visual deterioration, unpleasantness
can be experienced due to excessive luminance ivishal field.

Photometry is the science of the measurement loff iigterms of its perceived brightness to
the human eye. In photometry, the radiant poweaah wavelength is weighted by a
luminosity function that models human brightnesssgevity. Photopic vision is characteristic
of the eye’s response at luminance levels over@Tdcotopic vision occurs below 2xF0
cd/nf. Mesopic vision occurs between these limits ambtswell characterized for spectral
response (Bass, 1995).

Many different units are used for photometric measents (e.g. lumens and candelas). The
adjective “bright” can refer to a light source widelivers a high luminous flux (measured in
lumens), or to a light source which concentratesuininous flux into a very narrow beam
(candelas), or to a light source that is seen agaidark background. Because of the ways in
which light is transmitted through three-dimensims@ace — spreading out, becoming
concentrated, reflecting from shiny or matte swefae— and because light consists of many
different wavelengths, the number of fundamentdifferent kinds of light measurement that
can be made is large, and so are the numbers ofigesand units that represent them.
Offices are typically “brightly” illuminated by aarray of many recessed fluorescent lights for
a combined high luminous flux. A laser pointer kiasy low luminous flux (it could not
illuminate a room) but is blindingly bright in olérection (high luminous intensity in that
direction).

Lighting E is the luminous flux/unit area that hits an illumaied surface (figure 4) and is
measured in [lux] = [lumen (Im)/th

1meterradius 7

1 lux
1 Im/m?

(0.0929 Im/ft?)

1 meter?
Spherical
surface area

Figure 4. lllustration of luminous flux. If 1 lumen (Im) fislon a 1 rhsurface area then the illuminarige
is 1 lumen/rf, or 1 lux. lllustration: S. Glimne. The figuretiased on the original by Tunnacliffe (1997).
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In most cases light is emitted or reflected fromiaszes. When light is reflected from surfaces
there is a luminous intensityn each direction from which it is viewed (figusg

<

T >

Figure 5. lllustration of luminous intensitly(Luminancel.) towards a direction from which it is viewed.
lllustration: S. Glimne. The figure is based on ¢hnginal by Tunnacliffe (1997).

Luminancel = 1/(A cos©) cd/ntf is measured in cdfmand is dependent on surface reflection
properties (gloss unit 0-100) and may be calculataxrding to the formuja

Luminancel = reflectance x illuminande

There are recommendations for illuminance in waglenvironments. Visual requirements and
visual stress are likely to increase under conulitihat do not follow these recommendations. A
uniformity of illuminance with a minimum of 0.5 €i. the ratio between minimum illuminance
and average illuminance of a surface) is recomne(@8-EN 12464-1, 2011) for office work.
Lighting is essential in visual demanding actitiéf lighting is not optimal it will commonly
attribute to visual disturbance. Glare, i.e. difftg in seeing in the presence of bright light whic
enters they eyes either directly (direct glareghoough reflection (indirect glare) is a major
source of visual discomfort when working with cortgsscreens. When designing work stations
luminaires should be placed so that direct or eddiglare does not exist in relation to the user’s
gaze angles. There is, however, general awardmssgen-plan offices increases the risk of
glare even though nearby luminaires are placed sdeectly since those located further away
in the room will still be within a user’s field efew either directly or through reflection from
other computer screens or glossy surfaces. Envieatahfactors such as poor lighting design in
a computer work-place contribute to reduced viabdity. Reduced visual ability may be the
cause of asthenopia experienced while working @otinputers, but reduced visual ability may
also contribute to an increase in static musclgigcin the neck- and shoulder region (Richter
et al., 2012). Furthermore, even lower degreeuwfiblg, caused for example by refractive
correction not being adequately adjusted for theking distance, may lead to deterioration of
work performance (Hemphala & Eklund, 2012) anddfae be a source of discomfort during
computer work.
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2.2 THEORETICAL FRAMEWORK

The research work in this thesis includes threasaoé clinical study which evaluate the effect
of disability glare on binocular vision and readimghaviour while performing computer work.
This section is intended to explain the theoreti@akground of this thesis.

2.2.1 Accommodation and vergence mechanism

The process of accommodation involves coordinabetraction and relaxation of the six extra
ocular muscles in the two eyes in order to adjystposition and adjustment of the ciliary
muscle to change the refractive power. For proldrajese work the level of innervation to
obtain single and clear vision has to be maintained

When binocular fixation of an object is required/atying object distances, three distinct
oculomotor activities occur which are intrinsicdilyked. If the object of interest moves closer
to a subject, accommodation increases, the eye®igm(by equal amounts if the object is
equidistant from both eyes) and the pupils cortstfithe object moves away, the opposite
occurs.

The synkinesis of the three systems controllingatoodation, convergence or divergence and
pupil size to produce a focused image of the olgjettterest on the fovea has been termed the
“near triad” (Burian & von Noorden, 1974; Finchal®51). The effect of pupil size in relation

to accommodation and vergence is outside the sufopés thesis.

Accommodation is the adjustment of the power ofety This takes place so that objects of
interest at any distance from the eye can be facoséhe retina. Accommodation has been
described, analogous to the components of vergéiacessed below, as having the following
features (Heath, 1956): (1) Reflex accommodatiosm plart of accommodation response, which
occurs solely in response to changes in the veegehiocident light. (2) Tonic accommodation,
the resting state of accommodation that is asswwhet the eye has no stimulus, e.g. in
complete darkness or in a uniformly bright fieldvegw. This resting state is determined by the
balance of sympathetic and parasympathetic innensa{Gilmartin et al., 2002; Winn et al.,
2002; Culhane & Gilmartin, 1999). (3) Proximal acooodation, the accommodation response
stimulated by the awareness of an object being (®aConvergence accommodation (CA), the
accommodation response that occurs due to chamgesvergence. If a vergence eye
movement is prompted while viewing a stimulus inchhall visual stimuli for accommodation
have been removed, the eyes will show a chandeilevel of accommodation. The visual
stimuli for accommodation can be removed most gasilviewing the target through a pinhole
to ensure a large depth of field. Preventing ttengle in accommodation affecting the clarity of
the retinal image in this way is referred to aséiofooping” the accommodative system.

A noteworthy feature of the accommodation systethasability to adapt to changing
conditions. Following prolonged accommodative dfftar example viewing a near target, the
eyes return much more slowly than normal to thara position when the stimulus is removed
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(see for example Rosenfield & Gilmartin, 1989; Mjl@985). This effect is known as
accommodative adaptation.

Vergence eye movements (the common term for eithr@rergence or divergence) are
prerequisites of normal binocular vision. Vergenma/ements minimize retinal disparity and
place the two retinal images of a single object@mesponding retinal points. Analogous to
accommodation, vergence movements have been iddrds containing the following four
features (Maddox, 1886): (1) Fusional vergenceptreof the vergence movement necessary to
achieve sensory fusion and avoid diplopia and wbgzturs in response to retinal disparity.
Retinal disparity provides information about bottedtion and magnitude for the fusional
vergence movement needed. (2) Tonic vergence,tanaons effort of convergence, which
maintains the eyes in their physiological positdmest. (3) Proximal vergence, the part of the
vergence movement initiated by an awareness chiaafgect. (4) Accommodative vergence
(accommodative convergence, AC), the part of tmgarece reflex that occurs solely due to
changes in accommodation. If one eye is occludedatdhere is no stimulus for vergence
movements and the other eye is presented with@manodative stimulus, then the occluded
eye will make a vergence movement. The processnodving vergence stimuli is referred to as
making the vergence system “open-loop”.

In a similar manner to the accommodation systeeyéngence system exhibits adaptation
(Schor, 1986; Miles, 1985; Henson & North, 1980),

Binocular disparity within Panum’s fusional aredhis slightly different view of an object due to
the horizontal separation of the two eyes. Wheatifij a 3D object without any retinal

disparity (i.e. the two visual lines from the fogeahich are corresponding points, meet exactly
on the same part of the object) all other parth@fobject will not project to corresponding
retinal locations. Due to neural coding of binocwgparity in the two eyes’ 2D images we are
able to perceive the world in 3D (Qian, 1997). Cungr& Parker (1997) and Howard &

Rogers (1995) have further shown that binoculgratisy within Panum’s fusional area is a
signal not only to compute stereoscopic depthalaat provides information to the vergence
system for fine eye alignment. This interactiomimfocular disparity visual input and the
vergence system takes place in order to help tgeemee system not only reduce retinal
disparity, i.e. reduce fixation disparity withinrRam’s fusional area to a minimum, but also to
bring both eyes in register in order to optimizrebscopic perception (see next section for
further description of fixation disparity). In commer work the central visual field, i.e. the visual
field subtended by the computer screen, will omlgtain 2D stimulation and hence the visual
system lacks one source of information for the fiegence control needed to avoid seeing
double (diplopia). This will increase the load be trergence system and may induce symptoms.

2.2.2 Fixation disparity (FD)

Fixation disparity (FD) is the condition in whidhetimages of a binocularly fixated object are
not imaged on exactly corresponding retinal pdmisare still within Panum'’s fusional area
(figure 6). Therefore, a FD may be present wheubgest has binocular single vision. When

16



measuring subjective FD with nonius lines it isuased that the positions of the lines accurately
reflect eye position. The accuracy of the oculascalar system can therefore be assessed
using this measurement (Jainta & Jaschinski, 2002)ptimal and precise binocular vision
images in the two eyes of the fixated target aogepted centrally in the fovea and the visual
axes of both eyes intersect at the fixation p@eg figure 6 and 7. FD is typically determined
using dichoptic nonius lines adjusted for alignm&ihen a vergence error is present a
deviation of the positions of the nonius linesascurrently present (figure 6 and 7).

panum’s Fusional Space C—
" Single

Esophoric \
Fixation Disparity \

(3

X
1

E_)

]

Exophoric
\\ Diplopic

S © Sofia Zetterstrom

Figure 6. lllustration of Panum’s fusional space (area)sttation: S. Zetterstronprinted with
permission).

Figure 7. lllustration of the retinal projection of the naailines in each eye and required physical
position for perceived alignment. Figure A représeccurate vergence; B Exo deviation; and C Eso
deviation. lllustration: S. Glimne. The figure iaded on the original by Jainta & Jaschinski (2002).

Small errors in vergence (a few minutes of are),slight deviations within Panum'’s fusional
area, are to be expected (Howard & Rogers, 19@B)uid’s area is the region of sensory
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fusion where small vergence deviations do not teatie perception of double vision.
Measurement of FD larger than a few minutes ofsaconsidered to be an indicator of
oculomotor stress (Pickwell, 1997; Jaschinski-Krd£293; Pickwell et al., 1987; Yekta et al.,
1987) that provides information about the qualitihe disparity vergence system. As far as the
visual system and binocular control is concernatitd et al. (2011), Jaschinski-Kruza (1994)
and Pickwell et al. (1987) identified degraded stimontrast as reducing the capacity for
binocular coordination, i.e. blur had a strong @ffen fixation disparity. In relation to visually
demanding tasks the presence of FD has been shdvenassociated with visual symptoms and
complaints (Jaschinski-Kruza, 1993).

2.2.3 Reading behaviour

While reading the eyes make short and rapid movengsaccades) that generally move the
eyes forward approximately 6-9 character spactgwagh with a considerable variation. The
duration of saccades (20-50 milliseconds) depepds the length of the movement. Fixations
are between the saccades where the eye remaiiesatgtwith duration of approximately
200-250 milliseconds (Rayner, 1998, 1978). Wheningto the next line return sweeps are
performed that are of similar duration as saccagemovements. lllustrations of eye
movements when reading can be seen in figure 8efDate words regression eye movement
(10-15% of the saccades) are performed directed fight to left. Regressions have a
tendency to be only a few letters long and mayueetd over-long saccades. Regression may
be necessary for efficient perception but thosedal@more than 10 letter spaces result from
text confusion or comprehension problems (Rayr@98]1.

| omraden dar det ar mycket varmt och torrt maste
vaxter och djur anpassa sig till naturen. Manga vaxter

Overlever perioder av torka i form av fron som ar

begravda under jorden iflera ar och slar inte ut innan

Figure 8. lllustration of eye movements when reading. Theenpext illustrates part of an original
IReST-text. The lower text illustrates an overldgye movements when reading the text showed above.
The reader is moving forward in the text readimgrfiieft to right. Figure A represents fixation (e
remains stationary with duration); B saccade (mbeecyes forward); and C return sweep (moving to
the next line). lllustration: S. Glimne.

The considerable variation in saccade length aadifin duration is related to ease or
difficulty involved in processing the target telkgyner, 1998). Reading speed and reading
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performance has been widely studied and it has bexecluded that only a few letters are
recognized on each fixation. Legge et al. (200ggssted that reading speed is limited by the
number of letters recognized in parallel, i.e. gisspan (for reference, see O’Regan, 1991,
1990). Visual span is defined as the area aroumdixhtion point within which characters of a
given size can be detected (O’'Regan, 1991, 199@@dAced contrast in the retinal image or
reduced contrast sensitivity decreases the viqaad.sAccordingly, Legge et al. (2001) have
viewed the reader as recognizing fewer letterdigpation and as a consequence saccades
involve smaller steps with a corresponding dedlmesading speed.

A report by Jainta et al. (2011) has showed thatdemprehension did not change, even though
moderate text degradation increased fixation timiesn reading. Further, they found that
saccade amplitude decreased and the fixation daraitreased blurring the visual task. The
result suggested that reading comprehension wastrobwithstanding changes in binocular
coordination. They concluded that these changes liketly to be linked to the development of
visual fatigue and eye strain. Their observatioigcated impact of blur on the disparity-driven
fine-tuning of the vergence adjustments due tortipairment of the blurred image in terms of
high spatial frequencies. Moreover, due to a deere&dluminance contrast between digital
characters and background on computer screenefixates and fixation duration increased
(Ojanpaa & Nasanen, 2003; Legge et al., 1997). g@ja& Nasanen (2003) suggested that
reduction of reading speed (words per minute, WRREH a result of increased fixation rates
and fixation duration. Furthermore, a study (Joban<t al., 2014) has examined the extent to
which binocularity contributes to reading perforro@aras stimuli contrast decreases compared
to monocular reading. Their results showed thabdukarity provided an advantage with
reduced stimuli contrast, due to the processestatftgfixation duration.

Computational models allow recording eye movemientsder to support, explain, and guide
empirical research on reading behaviours (Nuthm20iy; Rayner, 1998). These computerized
models can enable researchers to inspect and nhateiparious assumptions about cognitive
processes to verify that interactions between telesaents influence the simulated reading
behaviours. Measured reading performance is vaualgredicting visual ability and may
therefore be useful in the assessment of visuahimment (McClure et al., 2000). Measuring
reading performance provides the text presenté&ionat that best support reading (Oquist,
2006). Further, Oquist (2006) concluded that tragkind analysis of eye movements becomes
interesting as the reading process can proceetbangsed as an additional measure of how the
reading process has proceeded”. To evaluate digdding, i.e. computer work, in terms of
different glare conditions reading behaviour cam&sessed to provide information on the
efficiency of reading performance. Standardizetstean be used for repeated measurements to
assess reading performance. Paragraphs are pteferabngle sentences for accurate
measurement (Trauzettel-Klosinski et al., 2012) ewWtetermining reading behaviour it is
necessary to use highly comparable sentencedgsi3tin order to minimize variation in

reading performance due to differences in thesestences (Radner et al., 2002).

19



3 MATERIAL AND METHODS

This section contains detailed descriptions ofpiteeedures that were followed in completing
the four included studies in this thesis. Mategiadl methods are presented from study design.

3.1 MATERIAL/DATA COLLECTION

In Paper | twenty-three subjects (21 women and 12, imge 30.0 years +£7.3@jre recruited

from a list at the University Open Clinic, KarolkasInstitutet, of university students who had
agreed to be contacted for future research studiession criteria for the trial were limited

near point of convergence (NPC) between 5 and 1&rmha fusional vergence which was twice
the near phoria. Participants were excluded if tepprted subjective symptoms that could be
related to accommodation and vergence disordersjisual and ocular discomfort when
performing near visual tasks.

Participants in Paper II-IV were students, randoaggroached on the university campus at
Karolinska Instituteaindinvited to participate. Subjects with refractiveoes and heterophoria
were included as long as the heterophoria did wetnise to any symptoms. The order of test
conditions was determined for each volunteer byeGrd_atin Square design to avoid test order
effects (Euler square: Euler, 1782, cited in K&X)6), and in total sixteens subjects were
included in each paper; Paper II: 16 women (age ¥&ars + 3.56); Paper Ill: 14 women and 2
men (age 24.4 years + 2.8aper 1V: 15 women and 1 man (age 30.5 years 4 re@pectively.
The design involves two sets of n x n elementsglegase and capital letters in each box, so
that all 1f possible pairs appear in the array, and suctirtfestch row (4), and in each column
(4), all the A elements are different, see table 1. Accordirggytings of lighting conditions (A-
D) and reading tasks (a-d) are randomized orthdlydioa each order. To carry out an
experiment with this type of design a populatiosigfeen subjects will be needed, one for each
series (1-16):

Table 1.Graeco-Latin Square Design.

1. AaBc Cd Db 5. Bb Ad Dc Ca 9. Cc DaAbBd 13. Dd Ch Ba Ac
2.Bc Db Aa Cd 6. Ad CaBb Dc 10. Da Bd Cc Ab 14. Cb Ac Dd Ba
3. Cd Aa Db Bc 7.Dc Bb Ca Ad 11. Ab Cc Bd Da 15. Ba Dd Ac Cb
4. Db Cd Bc Aa 8. Ca Dc Ad Bd 12. Bd Ab Da Cc 16. Ac Ba Cb Dd

When evaluating reading behaviour the factor of@néation order has to be taken into account.
Oquist (2006) adopted randomization of presentets tay transposition creating three
additional fourth order squares, i.e. table ofesxirows and four columns (for detailed
information and illustration, see Oquist, 2006)tWhe Graeco-Latin Square design, reading
tasks used and the lighting designs were balamcedable evaluation of the lighting designs
presented. The design included a within-subjecatga-measurement experimental design
limiting the effects of variance on the resultss=iby the subjects’ performance. The study
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design adopted took the fatigue that arises duhiedinal sessions of such prolonged visually
demanding near work into account.

Inclusion criteria for all trials included asymptatit, free of ocular pathology and strabismus,
no history of ocular treatment, no medication viatiown effect on VA and/or binocular vision,
BCVA (best corrected visual acuity) of at least ldth monocularly and binocularly, and stereo
acuity with the TNO (random-dot) stereo test 0660 or better. The age inclusion criterion was
set to 45 to avoid unreliable measurements duartah presbyopia (Benjamin, 2006).

3.2 METHODS

To evaluate the capacity of the vergence contrahaeism in the first study centrally placed
3D features were introduced and compared to attaoggaining only 2D features. Three
repeated measurements of near point of converddiiR€) were performed using a modified
RAF-ruler with 3D- and 2D stimuli. The 2D object sva colour printed image of the 3D object
(figure 9). Participants fixated the same starrdythe test procedure with instructions to keep
the star single for as long as possible and tortggosoon as they perceived the star as double,
i.e. break point of NPC. Initially the target wdaged 50 cm from the subject’s eyes. An
apparent increase in the size of the cube wasipedchby the subject due to decreased distance
when the object was moved closer to the eyes (B3blEhe distance at which the subject
reported double vision of the star was noted. Tderoof the 3D and 2D NPC measurements
was randomized but not counterbalanced, i.e. tpstarted with 2D and 3D alternately when
changing test subject.

Figure 9. lllustration of the stimulus for the 3D conditi¢h5 x 1.5 cm), a metal cube with coloured
flags elevated 0.5 mm from the surface, and tineudtis for the 2D condition.

Table 2.Field size, in degrees, of the visual field covangdhe cube at different distances.

Distance (cm) 10 20 30 40 50

Field size (degrees) 8.53 x 8.53 4.30 x 4.30 2.86 x 2.86 2.15x2.15 2%1.72

21



In Paper II-1V studies were designed as balangeeated measurements experiments
introducing four lighting conditions (Graeco Laguare) to avoid test order errors. The
luminance levels were measured where the eyesphaared during the task and test periods.
The measurements of luminance were carried oug askiagner luminance meter (Model S2)
Hagner AB, Sweden. It is a convenient study delightakes into account light-adaptation (i.e.
the ability of the visual system to adjust to vasdevels of light). Induced glare produced by a
light source endures for a period of time normafhyto 50 seconds (Benjamin, 2006) according
to photo stress recovery time, i.e. the period betwwhen the light is removed and the subject
is able to read on the visual acuity chart justvaltbe initial VA. Based on recommendations
(1ISO 9241-302:2008 standard; U.S. Department obLal995) the topmost line of the
computer screen (I)f'was placed at or slightly below the subject’s leyel, i.e. with the centre
of the computer screen approximately 19-22° belovizbntal eye level.

Paper Il and IV included repeated measurementsrgfdntal FD performed on a 1ZCD
computer screen (Eizo FlexS¢¥nS1721) customized in an in-house display prograittenrin
Matlab (Nilsson et al., 2011, 2008)th the Psychophysics toolbox (Brainard, 199@lli,
1997),for illustration, see figure 10’ he setup used red/green separated nonius lirees as
dichoptic vernier alignment task similar to a Sheddparometer or the instrumentation used
for FD measurements by Ogle & Prangen (1953, 1@6it) the computerized method used by
Jaschinski (1998)'he nonius lines were monocularly separated wheing red/green filters.
The lines subtended approximately 15 min of artiaadly, 1.5 min of arc horizontally and were
separated by 2 min of arc using a horizontal blexek A text in a font with a height of 2 mm
(black on white background) covered the whole caescreenT he text and the black line
were both seen binocularly to help maintaininglstabnd horizontal vertical vergence from
central and peripheral fusiofhe system enables settings of fixation dispariti wcrement
steps of 0.05 min of arc through sub-pixel cal¢atabf the Gaussian luminance profile of the
nonius lines. Accordingly, step size was 20 timesersensitive than normal, so that subjects
had precise control over the nonius position (Mitsst al., 2008)The participant’s task during
measurements was to set the nonius lines to wigictimsidered the perfect horizontal
alignment by moving the green nonius line which s@sn by the left eye (by sliding a
computer mouse forwards and backwards (Paper dljaking on a keyboard (Paper 1V)). The
program automatically recorded the nonius linarggtteach time the space bar was clicked to
signify that alignment had been attained and ramgldmplaced the green nonius line after each
setting to provide repeated measurements. Duringsting periods the positions of the
subjects’ heads were restrained with the helpabfimand forehead rest at a distance of 60 cm
from the screen.
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Figure 10". lllustration of the red and the green noniusdipkaced in the middle of the computer screen.
Test used in study Il and IV.

To investigate the impact of different glare coiadis as induced stress on binocular vision
while performing computer work repeated FD measergmwere used as a measure of
vergence control. During the test procedure fofaalf lighting conditions in Paper I, all
volunteers viewed an LCD-screen uninterruptedlyepkéor periods of 40 seconds (range 30-50
seconds) when the lighting conditions were changadh session with a different lighting
condition lasted until the volunteer had finishled task and the fixation disparity measurements
were completed. The computer tasks included logaén cities on a map and then a reading
task (LIX 39-43; Bjornsson, 1968, figure 12). Thek in each of the lighting condition took
about 15 minutes including the FD measurement pfaagimately 1-2 minutes. In addition to a
non-glare condition (ceiling luminary, placed abd8@0 cd/r), three controlled glare

conditions were used: (1) direct light from a egjliuminary in front facing 80° toward subject
(6100 cd/m; (2) indirect light from an artificial window betnil the screen (1850 cdfnand

(3) a desk luminary to the right (450 cdf)nThe surrounding area had a luminance level 6f 20
cd/nf. To avoid uncontrolled surface reflections the tafald a non-glossy black surface with a
light mouse pad placed in front of the eyes. Hositation, see figure 11.

. Reprinted from Publication Work, 45, S. Glimne, Gvidt Seimyr, J Ygge, P Nylén and RL Brautaset, Meag glare
induced visual fatigue by fixation disparity vaitat, p 433., Copyright (2013), with permission fré@S Press.
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Figure 17 lllustration of the computerized FD test and filgh conditions used in study |I.

In Paper lll, the participants’ eye movements weeorded using a Tobii T120 Eye Tracker

to investigate the effect of glare conditions wigiesforming computer work. Eye movement
recordings were analysed in two steps: (1) fixatimere detected; (2) categorized movements
between the fixations were detected. Fixations wlefamed as periods when the eye was
within 1.5 degrees from a cumulative midpoint foteast 100 milliseconds (i.e. gaze kept
stabilized in the fovea). Movements between fixatiavere categorized by length and
direction. Movements of less than 6.3 degrees (mews within parafovea) were classified

as saccades if the movements went in the readragtdin (forward/down), otherwise as
regressions. Movements longer than 6.3 degreesaagegorized as forward sweep, reverse
sweep, sweep upward or downward sweep.

Subjects read two short readability controlled,tegt IReST, 146 words (Trauzettel-Klosinski

et al., 2012) before and after a longer newspaei(+800 wordsLIX 39-43; Bjornsson,

1968). The near task was performed on'aTFHT computer screen at a distance of 65 cm. All in
all the trial included eight short and four longgxts. For illustration, see figure 12. Reading
speed, fixation rates, fixation duration, saccades and regression rates were analysed. The
recorded data were processed using Visiolyzer softwRepeated measurements of eye
movements were recorded in four controlled lightingditions: (1) no glare (ceiling luminary,
placed above, 800 cdfn (2) direct light from a ceiling luminary in fnd (1250 cd/rf); (3)

indirect light from an artificial window behind tisereen (1850 cd/) and (4) a desk luminary

to the right (450 cd/f). The surrounding area had a luminance level 6fc&iinf. The subjects
were instructed to read silently and questions \asked after every trial to ensure that they read
for comprehension. During the test procedure dioaif lighting conditions, all subjects were

2 Reprinted from Publication Work, 45, S. Glimne, Gvidt Seimyr, J Ygge, P Nylén and RL Brautaset, Meag glare
induced visual fatigue by fixation disparity vaitat, p 433., Copyright (2013), with permission fré@S Press.
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looking at the Tobii screen. There were short migfons ofapproximately 130 seconds when
lighting conditions were changed and subjects arefveomprehension questions. Each session
with different lighting condition lasted until tlseibject had finished the tasks which usually took
about 7-10 minutes (in total 32 £5). As in Papethé table had a non-glossy black surface to
avoid uncontrolled reflection with a light mousedpdaced in front of the eyes. For illustration,
see figure 13.
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Kronprinsessans Brollop

Bréliopet mellan kronprinsessan Victoria och Daniel Westling kommer
att stirka kungahuset under ménga ér framéver, anser historikern
Herman Lindqvist.

Han jimfor med det uppsving monarkin fick nar kungen gifte sig med Silvia.

Niista dr & det 200 &r sedan Marsalk Bernadote, Karl XIV Johan, kom till Sverige. Utan ett
kungligt brosllop i samband med jubiléct hade det, enligt Herman Lindqvist, frmodligen blivit
mycket diskussion om att det dr dags att avveckla monarkin. Men sedan det blev klart att
kronprinsessan Victoria och Danicl Westling intrider i det ikta stindet nista sommar riknar
han i stilllet med att kungahuset fiir ctt uppsving och att monarkin stirks. Nu blir publicitcten
tviirtom positiv. Det finns inget som skapar en sd positiv stimning som stora bedllop. De
kommer att omfamnas av folkets kiirlek och vime. Brollopet kommer bira monarkin framit
minga dr.

Herman Lindqvist drar paralleller till nir kungen gifte sig med Silvia 1976 och monarkins
stslining i landet var svag. Olof Palme sade att vi bara var ett pennstreck frin republiken. Men
nir kungen gifte sig med Silvia, en kvinna av folket, blev det en fullstindig succé foc
kungahuset. Det gav en enomm positiv publicitet. Populariteten har hallit i sig i over 30 &r, s
Silvia har forbingt den svenska monarkin med minst 30 dr.

Brjllopet mellan kronprinsessan Victoria och Daniel Westling blir historiskt. Det dr forsta
gAngen som en kvinnlig tronfoljare i Europa gifter sig med en "man av folket." Det hade inte
alls varit lika folkkit om han hade hetat prins von ndgoating. Sverige, i den tid vi lever i, ¥r
et land med jimlikhet mellan konen. Kvinnor gifter sig med dem de ilskar och inte den som
pappa har valt ut, siger Herman Lindqvist.

Ett par miljooer minniskor vintas vilja vara med och fira det kungliga brollopet dea 19 juni.
SA stort var intresset nir den danske kronprinsen gifte sig i Kopeahamn 2004. Dessutom
bodsms omkring 2000 journalister, varav 700 —800 frin utlindska medier vilja ackreditera
sig for att bevaka brollopet. Forsiljningen av prylar relaterade till beollopet beriknas dra in
2,5 miljarder kronor, ealigt Handelns Utredningsinstitut.

Redan pi nationaldagen den 6 juni tinker Stockholm borja festlighetera for stockholmama

Firgerna hos ett djur eller en vixt finns oftast dir for
ett visst syfte. Formdgan att urskilja olika farger ir vil
utvecklad hos faglar. Hos flera arter bir hannama en
fargrik fjiderdrikt for att kunna behaga honoma
Vixter har ofta firgglada blommor for att locka till
sig insekier. Vissa djur som iir gifliga eller smakar
obchagligt bir ofta starka firger som cn vaming
Getingar kan litt kinnas igen pd sina svarta och gula
rinder och faglar lir sig snabbt att de blir stuckna om
de angriper den sorts insckter som bar liknande
rinder. Alla djur med starka firger ir dock inte
giftiga. Det finns ett antal ofarliga flugor som inte
sticks men som ndi har rinder som paminner om
getingens. Andra djur skyddar sig genom att vara niist
intill osynliga, de anviinder sig av kamouflage for att

sc¢ ut som v och stenar diir de bor.

och alla tillresta. Temat iir kiirlck och det tvil veckor linga arrangemanget gir under namnet
Love Stockholm 2010. Scener byggs upp pé kinda platser som Kungstradgirden, Skeppsbron
och Strdmpartesren.

Figure 12 lllustration of examples of reading tasks usestiry II-1V.
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Figure 13. lllustration of the Tobii Eye Tracker and lighgiconditions used in study III.

In Paper IV repeated measurements of horizontaVEi2 obtained to evaluate the threshold
luminance level of direct glare, i.e. to evaludtevhat level vergence control starts being
affected by glare-our controlled lighting conditions of direct glasere used: (1) no glare
(recessed ceiling luminary placed above with a hamce of 600 cd/ fiy (2) 2000 cd/rfy (3)

4000 cd/m, and (4) 6000 cd/fIn all glare conditions a ceiling luminary in ftowas used at a
distance of 100 cm. In order to induce direct gtheeluminary was turned 80° toward the
subjects’ eyes with a vertical angle of 10°. The@unding area had an average illuminance
level of 450 lux (illuminance uniformity ratio: Q.4nd an average luminance level of 125
cd/nt. During the test procedure for all four lighting ditions, all subjects initially looked at a
computer screen without interruption performingeaied FD measurement in terms of the
lighting condition usedSecondly, subjects were asked to reposition themmsah front of an
additional computer screen to undertake three ashksnuously: initially they read a
standardized text, IReST (Trauzettel-Klosinskilet2912), then a longer newspaper text, and
finally a second IReST text. The subjects then rddyack to the screen to perform repeated FD
tests to finish the session. In total eight shod fmur longer texts were used. The subjects were
instructed to read silently for comprehension.& énd of each trial, subjects answered
comprehension questions and finally survey questmthe impact of glare on computer work
performance using a score between 0-4: (0) NeleBéldom; (2) Sometimes; (3) Often; (4)
Constantly, (tired eyes, headache, difficultieeeimembering the text, double vision, blurred
vision, needing to reread the texithe only interruptiorof the near visual tasks during the test

3 Reprinted from Publication Work, 50, S. Glimne, RiaBtaset and G Oqvist Seimyr, The effect of glareye movements
when reading, p 215., Copyright (2015), with pegiais from IOS Press.
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process for each lighting condition session coredrgeriods of nearly 5 seconds while subjects
moved between the computer scredie reading task was normally finished after
approximately 10 minutes, the FD measurement tbokital-2 minutes, and answering the
questionnaire including change of lighting condittook about 3 minutes (in total 68 +2). The
table had a non-glossy black surface (gloss uptb @void uncontrolled surface reflection. For
illustration, see figure 14.

Figure 14 lllustration of the setup using a luminaire iarft to induce direct glare when performing
reading task in study IV.

3.3 STATISTICS

The Instat™ GraphPad Software Inc. version 3.00€Ph IlI, 1V) and OriginPro 8 (OriginLab
Corporation) (Paper Il) were used for calculatidf. comparison between normally distributed
data a paired two-tailed t-test (Paper I), one-reggated-measures ANOVA with Tukey-
Kramer Multiple Comparisons Test with Post-hoc Tywtests (Paper II-1V) and Mauchly’s Test
of Sphericity (Paper Il) were used. Additional camgons in Paper II-1V were analysed using
paired two-tailed t-test. Throughout the thesisdiigaificance level was set at 0.05 and the
confidence coefficient to 0.95.

3.4 ETHICS

Ethical approval (DNR 2008/552-3wjas granted by the Regional Ethical Review Board in
Stockholm and informed consent was obtained frosudljects before participation. The
studies included adhered to the tenets of the Exia of Helsinki.
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4 RESULTS

41 PAPERI

Based on the average of the three repeated measuseaf break point NPC in 23 subjects a
significant difference (p = 0.0172) was found vittle 3D condition giving the better result
compared to the 2D condition. Comparison of thetmeraote recorded NPC values of the
three repeated measurements under each stimuldgiaomevealed a significant difference
with 3D stimuli giving the better result (p = 0.@&5

4.2 PAPERII

The results from the FD measurements were fountttease toward esophoric (crossed)
vision with increased severity of glare conditidla differences were found between the
lightning conditions when analysing the averageamef the first 15 FD measurements
from the sixteens subjects included but a sigmtichfference could be determined based on
the standard deviations (p < 0.001), i.e. diffeemnia variation. The variation (SD) among
FD measurements evidently increases with incredsgree of glare (figure 15). In the
lighting condition of direct glare (p = 0.002) atté desk luminary condition (p = 0.007)
there was a significant higher FD variation comgddoeno glare. The average amount and
confidence interval of all FD measurements undeidifferent lighting conditions can be
seen in figure 16.

2,04

|
. |
AR

038

FD (arcmin)

T T T T
No glare Desk luminary Indirect glare Direct glare

Figure 15'. Average FD variation (SD) between the conditievisiskers indicates standard error.

4 Reprinted from Publication Work, 45, S. Glimne, Gvidt Seimyr, J Ygge, P Nylén and RL Brautaset, Meag glare
induced visual fatigue by fixation disparity vaitat, p 435., Copyright (2013), with permission fré@S Press.

29



1,4 -

— 1,2 4
L
® 4
£ !
E 08 -
>
E 0:6 T
(1]
g 04
T
S 0.2 - T T
§ 0 T T T 1
02 - J l

-0,4 -

No glare Desk Indirect  Direct glare
luminary glare

Figure 16. Average (mean) of the first 15 FD measuremerttsdsn the conditions with 95%
confidence interval. Negative values represent lesip deviation whereas positive values represent
esophoric deviation.

4.3 PAPERIII

Statistical analysis of reading speed indicatedigoificant difference between lighting
conditions regarding the short standardized téRsST). There were significant differences
for the long texts independent of lighting conditen that no further analysis was undertaken
with regard to the newspaper texts. Comparisonszatidhat all the newspaper texts except 2
and 4 differed significantly from each other (t.8,8 < 0.001).

Pairwise comparisons of the short pre- and postataaty controlled texts revealed a
significant difference in increased reading sp€&fPM) between the texts in relation to the
desk luminary lighting condition (p < 0.05) andsg#do significance in the no glare lighting
condition. There was no significant difference kew the texts in direct and indirect glare
lighting conditions. In addition a significant difence was found in fixation rates per second
with an increased rate for the second IReST textisa desk luminary lighting condition (p <
0.005).The difference ifixation durations were significant concerning saodurations for
the second IReST texts in lighting conditions ofghere (p < 0.01), desk luminary and
indirect glare (p < 0.05)[he saccade rates per second differed significanttyan increased
rate for the second IReST texts in the no glare Q@5) and desk luminary (p < 0.05)
lighting conditions. There were no significant difnces in regression rates per second
between pre and post IReST texts under the difféighriing conditions.

Further analysis of the second IReST text reveslmaer reading speed (WPM) in all glare
conditions but the difference was not signific&kation rates per second decreased
significantly in direct (p < 0.01) -and indirect §0.05) glare condition&ixation duration
was longer in all glare conditions and differechgigantly in the direct glare lighting
condition (p < 0.01). There were lower saccadesrpgz second in all glare conditions with a
significant decrease for direct glare (p < 0.0%) emlirect glare (p < 0.05Regression rates
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per second did not differ significantly under tberflighting conditionsAn illustration of
individual’'s recorded result can be seen in figlifeThe average results and standard
deviation for all tests of measured reading eyeenmnts, including reading speed (WPM),
under the different lighting conditions can be sieetable 3 and 4.

Figure 17. lllustration of an individual result recorded Bgbii T120 Eye Tracker using an IReST
text.

Table 3.Mean and standard deviation of reading eye movesy@rthe first IReST texts.

Eye movements No glare Desk luminary Indirect glare Direct glare

Mean SD Mean SD Mean SD Mean SD

Reading speed

276.58 +77.37 251.01 %7250 257.12 7427 263.67 6.3D
(WPM)

Fixation rates/sec 2.96 +0.43 2.85 +0.38 2.90 +0.41 2.85 +0.35

Fixation durations

299.09 +49.14 312.82 156.26 307.24 +54.84 311.06 8.36!
(msec)

Saccade rates/sec 2.17 +0.24 2.05 +0.22 211 +0.29 2.03 +0.25

Regression rates/sec 0.24 +0.14 0.25 +0.15 0.26 +0.12 0.27 +0.16

° Reprinted from Publication Work, 50, S. Glimne, RiaBtaset and G Oqvist Seimyr, The effect of glareye movements
when reading, p 218., Copyright (2015), with pegiais from IOS Press.
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Table 4.Mean and standard deviation of reading eye movesradrthe second IReST texts.

Eye movements No glare Desk luminary Indirect glare Direct glare

Mean SD Mean SD Mean SD Mean SD

Reading speed

300.28 +97.82 286.84" 192.25 264.85 +86.67 263.29 +67.77
(WPM)

Fixation rates/sec 3.14 +0.43 3.03*  +0.44 2.96¥  +0.35 2.91¥  +0.38

Fixation durations o) oxa 414742 20365 +46.78 291.38° +4545 304.92° +45.88

(msec)
Saccade rates/sec 2.25¢ +0.23  2.16% 024  210° 022  210¢  +0.20
Regression rates/sec 0.28 +0.12 0.29 +0.19 0.31 +0.13 0.26 +0.19

*1 Significant difference between pre and post texts.
*2 Sjgnificant difference between lighting conditions.

4.4 PAPER IV

In accordance with Paper Il the results from thenk&asurements were found to increase
toward esophoric (crossed) vision with increasiengsity of glare. No differences were
found between the lightning conditions when analyshe average (mean) of the first 15 FD
measurements before and after a near visual retakdrom the sixteens subjects included.
However, a significant difference could be deteedibased on the standard deviations (p =
0.0358). Pairwise comparisons between initial messants in the lighting condition of no
glare and measurements performed after reading tashl glare conditions revealed a
significantly higher variation in all three lighgrconditions (2000 cd/mp = 0.0451; 4000
cd/nt, p = 0.0425; 6000 cdfmp = 0.0297). The average results and standaietievfor

all FD measurements under the different lightingdtions can be seen in table 5.

Table 5.The average amount (mean) and standard deviationf¢® all fixation disparity (FD)
measurements under the different lighting condg#ion

No glare No glare 2000 2000 4000 4000 6000 6000
g cd/nt cd/nt cd/nt cd/nt cd/nt cd/nt
First Second First Second First Second First Second
Mean -0.69 -0.68 -0.66 -0.89 -0.51 -0.58 -0.43 -0.25
SD +1.55 +1.87 +2.00 +2.30* +1.67 +2.08* +1.31 +1.78*

* Significant difference between initial measureraéntthe lighting condition of no glare and meameats
performed after reading tasks.

No significant difference was found between liggtaonditions in the responses to the
subjective assessment of the impact of glare orpatenwork performance. However, the
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subjective response regarding pain in the eyew@sdered close to significance (p =
0.0907). Furthermore, pairwise comparisons of 28067 and 6000 cd/flighting
conditions displayed a significant difference (p.86317). The average responses and

standard deviation for the subjective grading efithpact of glare on computer work

performance under the different lighting conditicas be seen in table 6.

Table 6.The average responses (mean) and standard devi@iyrior subjective grading of the
impact of glare on computer work performanceler the different lighting conditions.

No glare 2000 cd/rh 4000 cd/nf 6000 cd/nf

Mean SD Mean SD Mean SD Mean SD
Tired eyes 1.75  +1.24 181  #1.11 200  +1.21 225  +1.18
(Fatigue)
Headache 0.94 +2.74 0.25 +0.45 0.50 +1.15 0.44 +1.09
Difficulties in
text
Double vision 0.19 +0.54 0.06 +0.25 0.19 +0.54 0.19 +0.54
Pain in the eye 0.43 +0.81 0.31 +0.60 0.87 +1.15 1.12* +1.31
Blurred vision 0.37 +0.88 0.50 +0.97 0.50 +0.89 0.37 +0.81
Needing to reread 125  +0.86 125  +0.77 131  #0.70 137  +0.88
the text

Note: The questionnaire use a score between 0-4: (B@MNEY Seldom; (2) Sometimes; (3) Often; (4)

Constantly.

* Significant difference between the 2000 ctddmd 6000 cd/flighting conditions.
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5 DISCUSSION

The overall aim of this research was to investigiiferent glare conditions commonly
present in a computer work environment and in aldib determine the severity of glare
conditions by evaluating the impact on the capdoaityinocular coordination and eye
movements when reading. The theories on whichdbearch in this thesis was based on
were that disability glare itself and in combinatwith the lack of three-dimensional (3D)
features in the central visual field contributegsthenopia. It has been demonstrated that
computer work is a demanding near visual taskdbatributes to an increased
occupational visual work load that gives rise tmpater vision syndrome, CVS (for a
review, see Rosenfield, 2011). It is a common keolge that CVS typically occurs after
prolonged computer-related visual activity. Disapiglare and the lack of 3D features
further increase the work load by reducing stinsoltrast, the contrast of the retinal image
and the stimuli for vergence control

The four studies that this thesis is based on trgaged the effect of 3D as compared to only
two-dimensional (2D) features in the central masaa&l field on vergence control (study I,
Paper 1); evaluated the influence of glare oatfon disparity (FD) while performing
computer work (study Il, Paper Il); evaluated tifea of glare on eye movements when
reading on a computer screen (study Ill, Paperdiy determined the threshold luminance
value for direct disability glare using repeated fABasurements as a benchmark while
performing computer work (study IV, Paper 1V). Tioarth study also included subjective
grading of the impact of glare on computer workiqgrenance.

In the first study (Paper I) a target with cenirgdlaced 3D features was used while
performing near point of convergence (NPC) measargs This demonstrated that
vergence control improved with the presence of 8&dres, a finding that concurs with the
results of Blythe et al. (2012), who found that vieegence system seemed to be more
sensitive and responsive to disparity cues inaked. Their results showed that using
stereoscopic images (3D stimuli) enhances depthegppated vergence response. Using
centrally placed 3D features while measuring NP@vigled a significantly better average
NPC value. Repeated measurements with the 3Datiggttwere found to result in less
remote NPC values. These findings indicated thajerece control is reduced when the
most central element of the visual task only embd @D features. Moreover, Blythe et al.
(2012) found an inefficiently adapted vergence oesp to parafoveal disparity cues. This
supports our proposed explanation that 3D stinailaa a fusional guidance for fixations
leading to an increase in fixation accuracy antista Accordingly, we may expect that
subjects with the most remote NPC under 2D conaitizave a less remote NPC under 3D
conditions.

The visual environment in which work with computeeblets or mobile phones takes place
lacks 3D features in the central part of the visiedd. Our findings in the first study make it
reasonable to believe that the 2D visual envirorirf@rcomputer work contributes to related
visual symptoms, i.e. CVS. Additionally, since #tenuli supporting the vergence control
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are limited and the fact that long periods are sp@nking with different types of screens
vergence control is negatively affected and symptarnse.

In the second study (Paper Il) we found that thieatian within FD measurements increased
with severity of glare condition while working wittomputers. The result showed that the
variation was significantly higher in the direcag lighting condition. Our findings confirm
previous reports identifying degradation of stimadntrast in relation to a reduction of the
capacity for binocular coordination, i.e. blur readtrong effect on FD (Jainta et al., 2011,
Jaschinski-Kruza, 1994; Pickwell et al., 1987) vitnas research has similarly found that
degradation contributed to a reduction of the dyali the disparity vergence system.
Further, since disability glare degraded the Jisybof the work task, there was a reduction
of image and image contrast cues for fine alignmendther words, a disruption of binocular
vision was present. Our findings in this study supghe contention that the accommodation
and vergence mechanism was affected when blueaktinal image and/or the visual task
increased. FD derives from the components of thér@omechanism of disparity vergence
and accommodation (Hung, 1992). These resultsatelibat glare placed higher demands on
the oculomotor system to maintain precise adjustniecreased demands on the oculomotor
system are strongly associated with asthenopias(@995). If we divide asthenopia on the
basis of internal and external symptoms, interpiadgoms are believed to be due to the
vergence or accommodation mechanism and includgrayg headache, eye pain, diplopia
and blur (Portello et al., 2012; Sheedy et al. 300ur findings support the hypothesis that
disability glare had a negative effect on binocwlaion. The results indicated that the
variation within FD measurements would probablyaleetter indicator of visual stress, i.e.
visual fatigue (Tyrell & Leibowitz, 1990), than the&erage value. In this study we used
representative luminance levels (SS-EN 12464-1¢@or the direct glare condition.
Although subjects in this study had normal binoculsion, FD was induced by glare.

In study 1l (Paper Ill) reading speed was foundiéarease with adverse lighting conditions
while performing computer work. The result was rathe outcome of increased fixation
durations. A comparison of pre- and post IReSTstéstiindardized texts) indicated that
reading speed were comparable in direct - andaotglare conditions. Reading speed was
considered to be higher in lighting conditions witbderate glare and no glare. Induced
indirect glare and direct glare resulted in inceelfixation rates, longer fixation durations
and increased saccade rate with shorter lengths rd$ult was derived from analysis of the
second IReST texts. This is in line with an earnggort that determined that saccade
amplitude decreased and fixation duration incre&sétlr the visual task, i.e. the stimulus
was readable but substantially out of focus (Jahtd., 2011). Their findings also indicated
the impact of blur on the disparity-driven fine-tum of the vergence adjustments. Because of
the blurred image there was reduction of theseerexg adjustments in terms of high spatial
frequencies.

Additionally, this study included comprehension sfigns which showed no difference
between lighting conditions. This indicates thaakes more time to read in improper
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lighting condition to attain the same degree oflieg.comprehension, which therefore
corresponds to a reduction in reading speed refatdek severity of lighting condition. In
study Il (Glimne et al., 2013) we found that glhesl an adverse effect on binocular
coordination due to a reduced capacity of the accodation and vergence mechanism.
These findings support the view that environmefatetiors are an indicator of visual stress.
As there were equal differences in the lightingdittons used in this study it is reasonable to
speculate that reduced binocular coordination @ddsed by disability glare results in
reduced reading performance found here. In oneg/ shedauthors proposed that reading
speed is limited by the number of letters recoghineparallel, i.e. visual span (Legge et
al., 2001). Further, they concluded that eccestiiauli (retinal eccentricities) decrease the
visual span. Their explanation of this phenomenan therefore that the reader recognized
fewer letters per fixation and in consequence sleshecome smaller with a
corresponding decline in reading spe@dr findings in this study support the hypothesis
that glare has a negative effect on eye movemdms weading and these demonstrated that
both direct and indirect glare affected eye movemsignificantly. The results suggest that
degradation of stimuli contrast and the contrashefretinal image impairs eye movements
when reading. These findings are consistent withraber of previous reports (Ojanpaa &
Nasanen, 2003; Bowers & Reid, 1997; Legge et @071 The illuminance levels used in

this study were typical for computer workplaces-E8%$12464-1). Although all the subjects
in this study had normal eye movement glare imphicegatively on reading eye
movements.

In the fourth study (Paper V) we aimed to impletremobjective measurement of the
quality of binocular coordination (FD) as a benchma@his study was designed to determine
the luminance threshold of direct glare while perfimg computer work. In addition to the
measurement of FD, a subjective grading of the anpiglare was included. Direct glare
appears to reduce visibility highly. This was olsdrin a study were the subjects’ eyes were
placed approximately 19-22° below horizontal eyellevhile performing computer tasks.
Using FD measurement as a guide to the qualitynaicolar vision i.e. binocular
coordination, has previously (study Il, Glimne et 2013) turned out to be a valuable tool for
evaluating the impact of the visual environmenaocommodation and vergence systems.
Earlier report concluded that disability glare glsstress on binocular vision due to the
decreased visibility of the visual task (Jaintalet2011; Jaschinski-Kruza, 1994; Pickwell et
al., 1987). Induced glare conditions were set ®02&/nf, 4000 cd/rhand 6000 cd/f We
found in this study that direct glare of 2000 ctiaffects the stability of fixation negatively
with an induced pain level in the eyes when periogtasks binocularly. According to the
result in this study it seems reasonable to recamdrttgat stray light toward the eyes (direct
glare) should be significantly lower than 2000 ¢d/m

Decreased visibility causes eye-related problemsety, tiredness and loss of visual
performance. In addition to the sources includetthimthesis the phenomenon can be
furthermore due to frequent changes to adapt terdiit luminance levels and contrast glare.
This has been recorded in the in driver’'s cabaramuter train (for further detailed
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information, see “Supplementary work”). Both disépiglare and discomfort glare with
severe light sensitivity were increasingly presentork conditions where the visual
ergonomic aspects did not follow recommendatiom&dDsunlight and high brightness
contrast caused visual discomfort at work. The ggmp that most often accompany this
condition were eye fatigue, tearing, headache ightidensitivity.

5.1 CLINICAL GUIDANCE

The results, based on the included studies irtlleisis, can be a complementary basis to
further show that there are major advantages tsidenvisual ergonomics related to
computer work environments. Since computer workggally demanding task several
aspects of visual function should be evaluated gneomputer users. Clinical guidance is
therefore included in this thesis.

5.1.1 Computer workplace environment

In order to avoid further instability of binocul@xation and impairment of reading behaviour
neither direct nor indirect glare should be pregetite computer worker’s visual field.

Computer users suffering from binocular problenesliaely to experience visual discomfort
even at low luminance values regarding lightingdittons which induce disability glare.
Therefore, special care must be taken to enabl@atanworkers with binocular problems to
avoid oculomotor imbalance.

5.1.2 Optometric considerations

There are several visually related differences betwperforming near visual tasks using
display devices as compared to reading printed Téwdse include reading distance, gaze
angle and font size. In optometric practice regdiistance is traditionally assumed to be 40
cm and reading performed with a downward gaze anglevhat was considered the natural
way of viewing a newspaper or printed book whilated and holding the text at a
“comfortable” distance with one’s arms and handg0Am viewing distance and downward
gaze is still the golden standard for normal optmiceesting. However, with display units
(i.e. computer screens) a viewing distance of 4&witima downward directed gaze similar to
reading a book/newspaper is not a standard. Comgereens are often placed further away
than 40 cm and the direction of gaze is closetrtoght ahead than downwards.

According to Bhanderi et al. (2008) 10-15% of roateye examinations are due to CVS-
related symptoms. However, standard optometricygeprocedures will identify few of the
CVS subjects as being in need of special correctiarther needs. The distances and gaze
angles tested do not match the way in which thgestgouse their eyes while doing computer
work. Rosenfield (2011) therefore proposed chairgesutine eye examination in order to
detect and help subjects with CVS. His suggesiimriaded recommending the use of near
visual function tests. Tests should consider remuénts of oculomotor assessment in
multiple viewing distances and gaze angles. Furtherpractitioners should consider the
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need to correct small refractive errors if theyassociated with prolonged display-related
work in conjunction with the specific viewing distae of the screen.

5.1.3 Age related considerations

For elderly workers assessment of glare problerdgeatuced contrast should be considered
in addition to common assessment tests of visution. Supplementary test are required
because of ocular changes associated with inciggagi, e.g. natural aging of the lens,
degenerative processes in the retina, decreasgsbsensitivity, reduced night vision,
increased glare sensitivity, as well as changesfraction accommodative capacity and
pupil size (Grosvenor, 2007; Neitz & Neitz, 2000).

5.2 FUTURE RESEARCH

There are several additional topics for furtheeaesh that have been highlighted by the
studies undertaken during this thesis.

The effects of glare on binocular coordination agd movements when reading in subjects
older than 45 years of age and in subjects who halragnosed weakened function of the
vergence system, were outside the scope of thsssttgubjects with a weakened vergence
system are likely to be affected more negativelglaye than the study population evaluated
in this thesis. Further research will thereforelepgoif this assumption is true. In subjects
older than 45 years of age ocular diseases, eflp@ataract, are more common. Cataract
will increase the sensation of glare and furtheeaech will therefore evaluate threshold glare
levels in subjects with cataract. For all computerkers glare is likely to reduce productivity
and efficiency. It would therefore be interestinget/aluate if threshold glare levels can be
defined to optimize productivity and efficiency.
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6 CONCLUSIONS

The theoretical framework presented in this thesmprises computer work as a stationary
demanding near visual task and hence more suslegfatibnvironmental factors such as
incorrect workplace lighting design.

Based on the results of this thesis the followiagatusions were reached:

» The occurrence of three-dimensional (3D) featurdhe most central element of the
visual task provided a significantly better averagkle of near point of convergence.
A two-dimensional (2D) visual environment contriésito deterioration of binocular
coordination due to a weakened vergence. Theref@@rgue for a more pronounced
relationship between reduced cues of centrallygul&D features when working with
computers with elevated exposure to disabilityeglar

» Disability glare impaired the disparity vergencstsyn. The result showed that the
variation within fixation disparity measurementssveggnificantly higher in the direct
glare lighting condition. Glare induced an increbsestability of fixation as a result
of stress on binocular vision, i.e. an increasedamsotor load. Oculomotor load
increased with the severity of the glare conditiddnle performing computer work
and may therefore be a contributory factor to capusion syndrom (CVS). This
fact is an important aspect to take into accoutit vagard to computer workers with
binocular problems since they are more likely tpezience visual discomfort due to
oculomotor imbalance under working conditions @frgleven at levels lower than
those present in these studies.

* Reading speed was found to decrease with advghdaty conditions while
performing computer work. The result was mainlydlecome of increased fixation
durations. Induced indirect glare and direct giaseilted in increased fixation rates,
longer fixation durations and increased saccadewdh shorter lengths. The result
indicated that it takes more time to read in imprdghting condition to attain the
same degree of reading comprehension, which theerewresponds to a reduction in
reading speed related to the severity of lightiogdition.

« Direct glare of 2000 cd/fraffects the stability of fixation negatively wiém induced
pain level in the eyes when performing tasks bitestu The introduction of a
subjective assessment of the impact of glare iftiaddo objective measurement of
the quality of binocular coordination as a benchiomaakes it reasonable to
recommend that stray light toward the eyes shoalsidgnificantly lower than 2000

cd/nt.

The research findings presented in this thesis@tiipe relevance of providing an optimized
visual environment that takes into account lightiegign in computer workplaces.
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9 SUPPLEMENTARY WORK

During a six-month period between May and Septeni#tit4, the author of this thesis
undertook a survey focusing on visual ergonomidbéndriver’s cabs of commuter trains.
The main purpose was to assess the need for wiatledeoptometric correction. The
survey was carried out using a questionnaire, pthdaterviews and by accompanying five
train drivers in the cab. Assessment of the need/éok-related optometric correction was
based on the relevant regulations and guidelires the Swedish Work Environment
Authority (SWEA) in view of vision defects and agadated physiological changes relating
to frequent changes in focusing distance.

The visual ergonomic aspects of the commuter cab described for three different
lighting conditions: daylight, twilight and nightiding. Three of the five drivers described
ocular problems they experienced as work-relatbd. Symptoms that most often
accompany this condition were eye fatigue, teategdache and light sensitivity. All of
the drivers described a work-related increase ssfaihfort glare and disability glare due to
disparity in luminance, i.e. contrast glare, witthe visual field. Contrast glare affected
their ability to see clearly while working in theab (for specific information regarding
luminance- and illuminance levels, see table 7htast glare occurred in both the central
and the peripheral field of vision (for illustrati@f the cab, see figure 18). Experiences of
severe light sensitivity were described by twolhaf tive train drivers. When driving at
night similar glare-related eye problems were eigneed due to high luminance on the
dashboard, signal lights next to the railroad tsaekd from oncoming trains in
environments with otherwise low luminance.

Table 7.Measured values (cdfrand Lux) in driver’s cab of commuter trains.

Measured surface (within visual Luminance (cd/nt) llluminance (Lux)
field) Horizontal
On Left/Right side - In front of Hazy: 5-20 Hazy: 10-20
dashboard Cloudy: 150-650 Cloudy: 1,200-6,000
Sunny: 1,300-1,500 Sunny: 20,000-40,000
In front of dashboard Hazy: 25-50 Hazy: 10-80
Cloudy: 250-400 Cloudy: 3,500-10,500
Sunny: 1,500-2,500 Sunny: 20,000-40,000
Top side of dashboard Hazy: 5-10 Hazy: 5-10
Cloudy: 80-100 Cloudy: 700-1,200
Sunny: 600-900 Sunny: 15,000-30,000
Dashboard with neighbouring Hazy: 0.5-10 Hazy: 2-30
areas Cloudy: 80-100 Cloudy: 80-750
Sunny: 350-700 Sunny: 10,000-25,000
Through the front glass Hazy: 2,000-3,000

(Given luminance is measured Cloudy: 30,000-40,000
against the sky, the mean of the Sunny: -100,000>
three measurements (centrally,

left and right))
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Figure 18. lllustration of a cab of the commuter trains gsd
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10 SVENSK POPULARVETENSKAPLIG
SAMMANFATTNING

Den teoretiska bakgrunden som presenteras i detwaadling bestar av datorarbete
(bildskarmsarbete) som ett stationart visuellt &ride nararbete och darmed ar mer mottaglig
for yttre miljéfaktorer sdsom felaktig ljusdesidrarbetsmiljéer som inkluderar
bildskarmsarbete finns, utdver skarmens, ljuskéitéon t.ex. takarmatur, pendelarmatur,
skrivbordsarmatur och solens inflode fran fondbarssa ljusfléden kan antingen direkt eller
indirekt (reflexer fran skarm eller andra omgivarytter) paverka den visuella kvaliteten pa
synobjektet.

Vi tilloringar mer och mer tid at att arbeta medadar. Bildskarmsarbete innebér kravande
visuella arbetsuppgifter dar bada 6gonen mastasrikionvergera) mot samma
fixationspunkt (eftersom de flesta manniskor anedifdda 6gonen samtidigt).

Nar vi utfor bildskarmsarbete saknar vart centsgiaalt tre-dimensionella (3D) synintryck
pa grund av att skarmen ar platt. Detta ledemiitiskade kontrollfunktioner for det
binokulara seendets (samsynens) koordination ocll&€gor resultera i 6gonrelaterade
symptom. Nar den visuella miljon ar forsamrad sasahalirekt- och indirekt blandning
laggs ytterligare belastning pa det visuella systeirdessa situationer kan den binokulara
kontrollen reduceras ytterligare och darfor &vevepéa vart beteende vid lasning. Dessa
faktorer kommer sannolikt att bidra till synrelatée symptom i samband med
bildskarmsarbete, s.k. Computer Vision Syndrom (LVS

Tre omraden av kliniska studier ingar i avhandlimgeenna forskning syftade till att
utforska det teoretiska sambandet mellan: (1) wikte centralt placerade 3D-funktioner i
synfaltet med avseende pa ackommodations- ochn&rgekanismer; (2) paverkan av en
reducerad synbarhet pa stimuli och/eller en foradrbild pa nathinnan pa kvaliteten pa
binokulara seendet som en indikator pa visuelthadt (3) paverkan av en reducerad
synbarhet pa stimuli och/eller férsamrad bild pthim@ian pa dgonrorelser vid lasning.

Studie | klargjorde for vikten av att det i cendgralynfaltet finns synintryck (stimuli for
fixation) som ar i 3D for att bidra till att 6ka keergensfunktionens noggrannhet och
stabilitet i fixation. Studie Il utvarderade pavankav synforsvarande blandning pa den
binokulara kontrollen. Resultaten visade att dekulara kontrollen 6kade i instabilitet med
svarighetsgraden av blandning i samband med bildsldbete och det fanns en mer uttalad
effekt nar ljusforhallanden skapade direkt blangniBtudie 11l beskrev paverkan av
synforsvarande blandning pa dgonrérelser vid lasiResultaten pavisade att 6gonrorelser
vid lasning pa skarm paverkades negativt i ljusidamden som inducerade direkt- och
indirekt blandning. Studie IV utvarderade troskedlet for luminans vid direkt blandning
genom att anvanda inducerad instabilitet i fixa(iowlikator for visuell trotthet, studie 11)

som ett riktmarke. Utdver att en bedémning gjomieeffekten pa binokulara seendets
kontroll utvarderades aven en subjektiv respongletigaller 6gonsymtom. Direkt blandning
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av 2000 cd/rhkonstaterades att minska instabiliteten i binakietibrdination med en 6kad
grad av 6gonsmarta.

Sammanfattningsvis bidrar bildskarmsarbete tif@@aamring av den binokulara
koordinationen pa grund av en forsvagad kontrok@wergensen. Arbete vid bildskarm ger
i allmanhet en tva-dimensionell (2D) visuell milResultatet fran denna forskning talar for
en mer uttalad relation mellan reducerat synintfgck3D stimuli centralt placerade i
synfaltet med forhojd exponering av synforsvaranidadning i samband med
bildskarmsarbete. Direkt blandning verkar forsakwaliteten pa nathinnans bild i sa hog
grad att det kan identifieras som det mest uttaté@®pliga ljusférhallandet. Utvardering av
troskelvarde for luminans gallande direkt blandrtiyder pa att det ar rimligt att
rekommendera att ljusflode mot 6gonen ska varadbgtyagre an 2000 cd/mDenna
forskning har tagit ett steg i riktning mot att iweta vikten av att félja rekommendationerna
for ljusdesign i arbetsmiljoer som inkluderar bdemsarbete.

Resultaten grundat pa studierna i denna avhankliindigga till grund for att ytterligare visa
pa att det finns stora fordelar med att beaktarggmemi i arbetsmiljon. Da synkraven ar
forhojda vid datorarbete bor den individuella sgiissen utvarderas i storre utstrackning i
samband med optometrisk undersokning.
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