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Abstract

Presbyopia is the age-related decrease in the eye’s capability to focus close objects. Ev-
eryone is affected by this process, with most people experiencing their first problems
with blurry near vision in their forties. Presbyopes often wear glasses with Progressive
Addition Lenses (PALs) that enable clear vision at multiple distances through a gradual
change of optical power throughout the lens. This gradient in power inevitably leads to
optical aberrations: geometric distortions impact visual perception by unevenly mag-
nifying and curving the wearer’s image of the environment. Especially during dynamic
situations, distortions cause unnatural and uncomfortable perception of the environ-
ment. This so-called “swim effect” is not well understood. To improve new spectacle
lenses for reduced discomfort, it is necessary to study the relationship between percep-
tion and the shape or strength of distortions. This thesis investigates approaches for
objectively quantifying the perceptual effects of distortions during natural behavior. A
key focus lies in employing a distortion simulation for psychophysical experiments and
mathematical modeling.

In the first study, I present results demonstrating that the visual system can adapt to
distortions, even when these geometric distortions vary across the visual field, as seen
with PALs. However, the perceived distortion pattern of spectacle lenses is not fixed,
since eye movements constantly change the part of the lens through which the gaze
is directed. The second study tested how perception changes with different viewing
directions. We used a model for heading estimation from optic flow (the motion vector
field perceived during self-motion), to estimate the influence of distortions and gaze
direction. The model estimation was validated in a psychophysical experiment using
a virtual simulation of PAL distortions.

To extend the analysis to a broader spectrum of perceptual effects, the thesis con-
cludes with a virtual reality experiment testing distortion perception during free be-
havior in a natural environment. Using a triplet paradigm with ordinal embedding we
derived psychophysical scaling functions, which objectively quantify the relationship
between perception and tested distortions.

The investigated methods introduce a new, perception-oriented, approach for im-
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proving distortions of optical imaging systems. Simulating optical aberrations for ap-

plying psychophysical paradigms is a key concept for future research and development,

with potential applications beyond spectacle lenses.
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Zusammenfassung

Als Teil des natiirlichen Alterungsprozesses des Auges wird das Fokussieren naher Ob-
jekte mit zunehmendem Alter schwieriger. Jeder ist von dieser Alterssichtigkeit (Pres-
byopie) betroffen, wobei die ersten Probleme von unscharfer Sicht in der Nahe in un-
seren Vierzigern auftreten. Viele alterssichtige Menschen tragen Gleitsichtbrillen, die
scharfes Sehen in unterschiedlichen Entfernungen ermoglichen. Dies wird durch eine
allméhliche Zunahme der optischen Brechkraft zum unteren Teil der Linse erreicht.
Eine solche Anderung der Brechkraft fiihrt jedoch zu optischen Aberrationen: Geo-
metrische Verzeichnungen beeintrachtigen die visuelle Wahrnehmung des Brillentra-
gers durch ungleichmaflige Vergrof3erung und Kriimmung des Bildes. Besonders wih-
rend dynamischer Situationen fiihrt dies zu einem unnatiirlichen und unangenehmen
Seheindruck. Dieser sogenannte “Swim Effect” ist nicht ausreichend verstanden. Die
Optimierung neuer Brillenglaser hin zu einem weniger unangenehmen Seheindruck
erfordert es, den Zusammenhang zwischen Wahrnehmung und dem Verlauf der Ver-
zeichnungen im Brillenglas zu untersuchen. Diese Thesis befasst sich mit Ansitzen der
objektiven Quantifizierung der durch Verzeichnungen hervorgerufenen perzeptuellen
Effekte wéahrend natiirlichen Verhaltens. Ein Fokus liegt dabei auf der Anwendung ei-
ner Verzeichnungssimulation, sowohl fiir psychophysische Experimente als auch fiir
mathematische Modellierung.

In der ersten Studie présentiere ich Ergebnisse, die die Fahigkeit unseres visuellen
Systems zur Adaptation an Verzeichnungen zeigen, selbst wenn diese, wie bei Gleit-
sichtbrillen, raumlich variieren. Brillentrager nehmen jedoch nicht ein konstantes Ver-
zeichnungsmuster wahr, da Augenbewegungen die Verzeichnungen stindig innerhalb
des visuellen Feldes verschieben. Die zweite Studie untersuchte, wie sich diese Un-
terschiede in der Blickrichtung auf die Wahrnehmung von Eigenbewegung ausiiben.
Durch ein Modell, das die wahrgenommene Bewegungsrichtung anhand des optischen
Flusses schétzt, simulierten wir zunichst den Einfluss von Verzeichnungen und Blick-
richtung. Anschliel3end wurde die Modellschitzung in einem psychophysische Experi-
ment mit einer Verzeichnungssimulation in Virtual Reality validiert.

Um die Untersuchung auf ein breiteres Spektrum moglicher perzeptueller Effekte zu
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erweitern, erlaubte die dritte Studie den Versuchsteilnehmern freies Verhalten in ei-
ner realistischen virtuellen Umgebung. Die Verwendung eines Triplet-Paradigmas und
Anwendung von ordinaler Einbettung erlaubte die Schatzung einer psychophysischen
Skalierungsfunktion, die die relative wahrgenommene Verzeichnung in Relation zu
den getesteten Verzeichnungsstimuli quantifiziert.

Die untersuchten Methoden ermoglichen einen neuen, auf die Wahrnehmung ausge-
richteten Ansatz der Optimierung optischer Abbildungssysteme. Dabei ist die virtuelle
Simulation optischer Aberrationen zur Anwendung psychophysischer Methoden ein
zentrales Konzept fiir zukiinftige Forschung und Entwicklung, mit moglichen Anwen-
dungen auch auflerhalb von Brillenglasern.
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FoV
HMD
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1. Introduction

1.1. Progressive addition lenses

1.1.1. Optical correction of presbyopia

A fundamental part of our visual perception is to naturally adjust focus when look-
ing at objects at different distances. This process requires an optical system that can
dynamically change its optical power. The human eye achieves this process, called
accommodation, by changing the shape of the crystalline lens [1, 2].

Unfortunately, this physiological functionality declines with age. While children can
focus on objects closer than 10 cm, starting in early adulthood, the accommodative ca-
pabilities continuously decrease, until it is not sufficient to focus comfortably on close
objects [3]. Most adults experience blurry near vision for the first time in their early to
mid-forties, when the accommodative functionality becomes too low for typical read-
ing distance [4]. This condition is called Presbyopia, which translates to “old eye”. The
aging of society in combination with increased life expectancy will lead to a growth of
the number of presbyopes in the next decades, with more than two billion expected
worldwide by the year 2030 [5].

The exact functionality of the accommodative system and the reason for its strong
decline have been a matter of research for centuries. Thomas Young was able to show
that the eye’s focusing mechanism was not based on changes in the cornea curvature
or length of the eye, but on the changes in the shape of the lens [6]. To focus on close
objects, the ciliary muscle, which is located around the lens, contracts. This allows the
lens to assume a more curved shape, which refracts incoming light more and focuses
the image on the retina [7, 4, 2]. Two different contributions have been considered
for influencing the functional regression leading to presbyopia: stiffening of the lens,
and decline of the ciliary muscle. Current research suggests that mainly lens stiffening
is responsible for the loss of accommodation [8, 2, 9], which leads to a mismatch
between the lens curvature and object distance causing blurry close vision.

For the treatment of presbyopia, near vision can be corrected by helping the eye
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with additional optical power. A spectacle lens with a convex shape refracts the light
before it reaches the eye and helps to focus the image on the retina. First versions of
such reading glasses existed as early as the 13th century [10] and are still widely used
today but only work for close distances. Many presbyopes need two different spectacle
lenses, correcting either far or near vision, which requires constant switching between
glasses. Efforts to solve this problem started in the 19th century.

Benjamin Franklin is often credited with inventing bifocals, spectacles that com-
bine two lenses with different optical powers in a single frame for both near and far
correction [11]. Franklin’s approach was to cut the different lenses for far and near
correction in half and place them into one frame, as illustrated in Fig. 1.1A.

Glasses with a similar principle are still used today. However, the near area is not
a half-lens anymore, but a dedicated region in the far correcting lens that is carved to
achieve an increased surface curvature (Fig. 1.1B). The main disadvantage remains: a
visible edge between the two lens areas causes a discontinuity in vision which can be
distracting for the wearer and is considered by many as unesthetic.

In 1907, Owen Awes patented the concept of building one lens that gradually
changes its correcting power [12]. Those so-called progressive addition lenses (PALSs)
still follow the idea of far correction in the upper and near correction in the lower part
of the lens. In between, as illustrated in Fig. 1.1C, the lens has a gradual increase of
surface curvature towards the bottom of the lens, where the light has to be refracted
more for focusing close objects [13, 14]. The progression in power removes the dis-
turbing edge known from bifocals and allows better vision at intermediate distances
when looking through the middle area of the lens. Consequently, presbyopes usu-
ally prefer PALs in a direct comparison [15]. In Germany, PALs have largely replaced
bifocals as the standard multifocal spectacle lens [16].

1.1.2. Minkwitz theorem

In 1963, Minkwitz proved that a change in the surface curvature of a lens, which is
necessary for the progressive increase in optical power, leads to an increase of astig-
matic aberrations in the lateral areas of the lens [17]. This mathematical property
limits the optical performance of a progressive lens, independent of all possible ad-
vances in optical designs and manufacturing techniques. An increase in optical power
will always lead to aberrations, which are responsible for blurry regions in the pe-
riphery of the lens. A graphical illustration of the Minkwitz theorem is shown in Fig.
1.2.



1.1. Progressive addition lenses

A Franklin glasses B Bifokals C Progressive addition lenses

distance distance distance
intermediate
near near ,’ '

Figure 1.1.: Progress of the design of multifocal spectacle lenses

A The Franklin glasses are an early example of bifocals, where two different lenses
with different curvature are cut in half and put together in one frame.

B For bifocals still often worn today, near vision is possible through a small area of
increased curvature, that is carved directly into the lens for far correction. Around
the near area, there is a visible edge that distracts the wearer and causes an aes-
thetic flaw.

C Progressive addition lenses have a gradual change in curvature which allows
correction also for intermediate distances without a hard transition between ar-
eas for different viewing. The disadvantage of progressive lenses is unavoidable
optical aberrations, causing blur in the periphery (illustrated as gray areas) and

geometric distortions.

Advances in the manufacturing process, like freeform technology [18], allow for im-
proved designs of the lens’ surface profile, which are advertised for different use cases
or preferences [19, 20, 21]. This does not overturn the fact that optical aberrations
can only be redistributed in the lens, and can never be fully removed. It is mainly the
aberration-free size of the far or near area, and the length or width of the progression
area, which changes between designs and manufacturers [22, 19]. Presbyopes can
choose designs that prioritize either far, intermediate, or near viewing. Research has
shown that presbyopes exhibit different behaviors in their coordination of head and
eye movements, which lead to the design of more individualized or specialized lenses
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near power
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Vertical curvature fits the horizontal slices
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\wp
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Figure 1.2.: Graphical illustration of the Minkwitz theorem
In this illustration of an idealized progressive addition lens, the horizontal slices
of varying color show how the curvature of the lens would need to change from
the upper to the lower part. For correcting near vision, more refractive power is
necessary, requiring a higher surface curvature in the lower part of the lens. For
points along the central vertical surface line shown in the figure, the local cur-
vature can be symmetric, i.e. the same in the horizontal and vertical directions.
However, when moving away from this line, the local curvature has to be asym-
metric to connect the slices (illustrated by the second vertical line), which is the
cause of optical aberrations. This property was formally proven by Minkwitz, who

described the lateral astigmatism depending on the change of power.

for reducing blur in areas relevant to the specific use case [23, 21].

Apart from blurry vision, the optical aberrations of PALs additionally cause geo-
metric distortions: an uneven magnification and deformation of the perceived image.
Compared to the perceptual influence of blur, much less is known about the impact of

distortions on visual comfort.

1.1.3. Geometric distortions and the swim effect

The complex optical properties of PALs cause a complex distortion pattern that stretches
and curves parts of the wearer’s visual field. Other optical devices, including single-
vision lenses for correcting only far vision, can cause distortions as well [24]. However,
for PALs, the progressive change of surface curvature causes a much higher degree of
distortions and other aberrations that cause discomfort for many wearers. The general
shape of distortions is determined by the optical power for far and near correction.
Distortions for two different example lenses with different optical powers are shown
in Fig. 1.3. Different design parameters, such as the placement of far and near areas or



1.1. Progressive addition lenses

the strength of power progression, can influence the spatial variations in the distortion
pattern [25, 24]. The unnatural perception caused by distortions is considered one of
the drawbacks of PALs. To improve future PALs for reduced distortions we need to
understand the perceptual effects caused by them and how they relate to the optical
design of the lenses.

The negative impact of PAL distortions is usually referred to as the swim effect, a
vaguely described perceptual effect that causes an unnatural perception of the envi-
ronment [13], even causing nausea for some PAL wearers [26]. Especially dynamic
situations, either head or eye movements or a combination of both, seem to lead to
unnatural percepts that cause discomfort and instability. A considerable number of
presbyopes have problems with tripping while wearing PALs [27, 28]. Especially for
the older population, falling has a high threat of injury and mortality [29]. Decreased
stability during walking caused by the swim effect increases the likeliness of falling
[30]. Some wearers cannot adapt to the distorted perception and reject PALs entirely
[31]. Results from questionnaire-based studies of PAL wearer satisfaction can be taken
as indications of possible effects: wearers perceive “distorted images during motion”
or “feelings of sway” [32]. Another study reported “experience of distorted movement
of objects while driving” [33]. Apart from those reports, a scientifically accurate de-
scription of the effect is missing, making it hard to predict or quantify the influence
on perception when developing a new spectacle lens. First, an objective description of
the perceptual impact of distortions is necessary.

Optical aberrations, including geometric distortions, can be simulated during the
optical design process using ray tracing methods [34]. The influence of many aberra-
tions (e.g. astigmatic and spherical aberrations) is reduced by varying the lens’ surface
in an optimization procedure targeting a reduced weighted sum of local aberrations
[35]. Optics designers can define the relative importance of clear vision in different
parts of the lens by adjusting the local weights of aberrations, leading to PAL designs
for different preferences and behaviors. For distortion, however, the lack of our under-
standing of the perceptual influence prevents the definition of an objective function
for minimization. The global shape of distortions rather than local magnification or
deformation might be important for the perception of motion and structure of the
environment. Understanding and quantifying the perceptual effects would allow the
lens designers to extend the design optimization process for finding lenses that are less
prone to cause the swim effect.
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Figure 1.3.: Overview of PAL distortions
The general shape of PAL distortions is determined by the far correction power.
For negative power (A) the image is minimized with a decrease of image size to-
wards the periphery (barrel distortion). Positive power (C) leads to radially more
increasing magnification (pincushion distortion). The increase in optical power
breaks the symmetry of the lens. Distortions show an increase in magnification
towards the lower part. Apart from changes in static features (e.g. curved lines
as shown in A and C) distortions also influence motion perception. A horizon-
tal head movement used as an illustration here causes mainly horizontal optic
flow. Distortions influence the speed and direction of perceived motion, leading
to curved trajectories and uneven speed distribution. The shape of curved lines
as well as curved trajectories strongly depends on the power of the lens. For the
negative lens, optic flow speed is slower (B), and for the positive lens the speed

6 is higher (D)
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1.2. Perceptual effects of geometric distortions

Geometric distortions change multiple visual features simultaneously. Shape, distance,
size, as well as motion perception is influenced. Magnification influences perceived
size and distance [36]. Skew distortions, a stretching of the image along a diago-
nal, influences the orientation of objects, surface slant, and motion direction [37, 38,
39]. Distortions in optical devices are usually not one spatially invariant projective
transformation of the visual image, but a more complex spatially varying and gaze
direction-dependent transformation, i.e. a change of magnification and skew through-
out the visual field. This gradual change in the image transformation can then be
perceived as bent lines and curved surfaces [40, 41]. For the perception of motion,
trajectories appear curved [42]. Especially during self-motion, when the whole envi-
ronment moves relative to the observer, these curved trajectories may interfere with
the visual system’s ability to accurately extract motion parameters and environmental
structure, potentially leading to the perception of instability of the surroundings.

Combined, many perceptual influences of distortions are known. Nevertheless,
there is a big step from describing individual perceptual effects measured in controlled
environments to understanding the actual perception in a natural environment under
natural behavior. How different effects contribute to an unnatural percept and, im-
portantly, how perception depends on the type and amount of distortions, is not well
studied.

1.2.1. Adaptation to distortions

It is important to highlight that the majority of PAL wearers adapt to the new visual
perception within a few days. This means that the experience of discomfort and swim
effect symptoms decreases over time [43, 26]. The human visual system is able to
adjust its processing as a response to changes in the environment. Neural plasticity
allows changes in the processing of sensory input [44, 45, 46]. Alterations in visual
statistics lead to adaptation to optimize visual processing. This process occurs contin-
uously and is known for many aspects of perception. For instance, changes in light
levels cause a change of luminance sensitivity [47, 48], exposure to a specific color
influences the perception of subsequently presented colors [49, 50], and observing a
motion pattern in one direction causes the perception of opposite movement when re-
moving the motion stimulus (motion aftereffect) [51]. When observing a curved line
for an extended period, a subsequently presented straight line appears to be curved in



1. Introduction

the opposite direction [52].

In the context of optical distortions, as multiple visual features are influenced, dif-
ferent forms of adaptation can occur that might be relevant for compensating for the
perceptual changes introduced by PAL distortions.

Adaptation to spectacle lenses has been studied from various viewpoints already:.
The most prominent visual change for normal glasses is magnification, which influ-
ences motion [53] and depth perception [54]. Movements of the eyes, head, and
body have to adapt to the changed relations between the perceived position and the
actual position, for example during a grasping motion [55, 56]. Eye movements adapt
very fast to a change of magnification [57]. Also directly on the visual level, adapta-
tion has been shown for magnification and minimization [58, 59]. This means that
both visuomotor and visual adaptation processes reduce the influence of magnification
over time. Also for prismatic distortions, a uniform displacement of the whole retinal
image, adaptation is known to occur in a brief timeframe [60, 61].

For PALs, adaptation is more complicated than for other spectacle lenses. Distor-
tions are stronger and the magnification varies throughout the lens. Eye movements
constantly modulate the perceived distortions. It has been hypothesized that so-called
spatiotopic adaptation processes are involved, for which adaptation aftereffects are not
bound to specific retinal locations, but occur relative to the environment or the head
(craniocentric) [62]. This type of adaptation is known to occur for form and positional
motion aftereffects [63, 64, 65]. For PAL distortions, spatiotopic adaptation would al-
low for a compensation of distortion changes with gaze, but such gaze-dependent dis-
tortion adaptation has not been shown yet. On the other hand, behavioral changes also
can reduce the influence of spatially varying distortions [66], indicating that changes
in the coordination of head and eye movements mitigate the influence of PAL distor-
tions.

Combined, we know that PAL wearers usually adapt to their glasses [26, 67], but
the exact mechanism and why some have more difficulties than others remains un-
known. Optical distortions have an important effect on spectacle acceptance [68].
For many presbyopes, it takes multiple attempts to find a lens design that fulfills their
needs and some wearers never adapt to the distortions and reject PALs [15, 31, 68].
As a consequence, it would be helpful to improve the PAL design considering the dis-
comforting effects of distortions. However, we lack an exact understanding of the
distortion effects, especially how perceptual effects depend on different lens parame-
ters. This thesis aims to study the perceptual impact of distortions, including the role
of adaptation, and to evaluate methods that could quantify these effects for a potential
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application in lens design.

1.2.2. Modelling depth and motion perception

A promising approach to quantifying distortion-related perceptual effects is to model
spatial perception, including motion and depth, using simulated distortions. A vali-
dated model could then predict the perceptual impact during the lens design process.

The human visual system can decode the depth and structure of the environment
from the retinal disparity between the images of the two eyes [69, 70]. Optical dis-
tortions spatially transform the images, modifying the information of depth that the
visual system can decode from the retinal disparity distribution. Some aspects of the
unnatural perception of the environment we know from descriptions of the swim ef-
fect could be caused by the influence of distortions on depth perception. Considering
the recurring change of distortions with eye movements, changes in depth information
might cause the perception of an unstable environment. For modeling depth percep-
tion with distortions, we can calculate retinal disparity for defined world points by
projecting 3D points for two horizontally separated simulated eyes [71]. With distor-
tions, a spatial transformation is applied to the individual image points. Subsequently,
stereo vision algorithms can be used to analyze the information of scene depth that
can be retrieved from the two eyes’ images [72]. This method has previously been
used to model how other imaging systems influence depth perception [73]. For appli-
cation to spectacle lenses, however, this approach needs to be extended to account for
the gaze-dependency of distortions. This extension can then be used to quantify the
impact of different lens designs and gaze behaviors on depth perception.

A possible approach to quantify the influence of distortions on motion perception
could be based on the analysis of optic flow. Optic flow is the motion pattern of the
retinal image caused by motion relative to the environment. This vector field contains
information about the amplitude and direction of motion relative to the surroundings
and about the appearance of the scene [74]. The human visual system is able to
extract information from optic flow for the control of self-movement [75, 76, 77], the
perception of the environmental structure and objects [78], the prevention of collision
[79], and the estimation of traveled distance [80]

For a pure translational motion, optic flow consists of a radial pattern expanding
from a single point in the direction of the translation, the focus of expansion (FoE).
However, during natural behavior, we fixate points in the environment to check for
obstacles and find adequate locations for foot placement [81, 82, 83, 84, 85], or to



1. Introduction

adjust our gaze towards a new destination when changes on the planned path occur
[86]. To stabilize the gaze on a moving fixation target, eye rotations compensate the
target movement via smooth pursuit [87] or reflexive eye movements [88, 89, 90, 85].
Due to the rotation of the eye, the resulting flow structure on the retina is no longer a
radial pattern but resembles a spiral with the center near the fovea [91, 92, 76]. Such
patterns, while lacking retinal motion at the visual field’s center, contain a large variety
of motion directions at low speed in parafoveal area. The peripheral visual field, in
contrast, features much higher speeds in more radially distributed directions [93]. The
visual system can recover heading from such retinal flow [91, 76, 94]. PAL distortions,
however, introduce alterations to the pattern that might modify the information the
visual system could extract from optic flow.

So far, no one tried to predict or quantify the effect of optical distortions on optic
flow perception. Some studies tried to measure the influence of only magnification
on perception during self-motion by wearing magnifying glasses [53, 95]. No other
distortion components have been considered. Additionally, this approach makes it
challenging to study the dependence on the amount of distortions. Existing methods
from computer vision for extraction of motion components, and the structure of the
environment from optic flow, could be applied to predict the influence of distortions on
the perception, which would result in an objective quantification distortion perception.

To model the processing of optic flow, the two-dimensional vector field can be sim-
ulated for a specific motion in a 3D environment by projecting the 3D motion relative
to the observer to a 2D image plane. Different models have been used in computer
vision for extracting the self-motion parameters from this vector field [96]. One model
by Heeger and Jepson [97], referred to as the subspace algorithm, can compute the
motion parameters in a mathematically optimum way. This is achieved by express-
ing the optic flow vector field as a product of two matrices, where one only contains
translation information and the other the unknown rotation and depth components.
The translation can be recovered first with a least squares estimate that is based on
calculating residuals between the simulated optic flow and some candidate transla-
tions. The high-dimensional computational problem is reduced in complexity by first
estimating the translation in a low-dimensional subspace. Subsequently, rotation and
depth are estimated based on the translation flow field.

Lappe and Rauschecker suggested that this mechanism can model also human head-
ing perception, by using the algorithm to compute a heading likelihood distribution
over a simulated neuron population [98]. The method has been used successfully to
test the influence of scene structure, flow vector density, and heading eccentricity on
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perception in the presence of noise [96, 99] or independently moving objects [100].

The second study presented in this thesis focuses on the application of the subspace
algorithm for modeling the influence of distortions on self-motion perception. We
analyze the motion information in distorted optic flow for different gaze directions,
giving an estimate of how perception changes for PAL wearers. Distorted optic flow
fields can be simulated by transforming the position as well as the velocity of flow field
vectors based on the spatial transformation given by a specific distortion. Details of
the implementation are presented in Appendix B.

The application of the subspace algorithm focuses on recovering motion parame-
ters and does not directly quantify how unnatural optic flow might appear regarding
consistency or stability of the environment. As our analysis in chapter 3.2 will show,
there are inconsistencies in the optic flow field: different parts of the visual field fit
better to different physical motion parameters. This might be perceived by the visual
system as an unstable, non-rigid environment. For improving lens design, it is neces-
sary to quantify how the perception of an unnatural or unstable environment, possibly
resulting from a combination of multiple perceptual effects, depends on the physical
distortion parameters.

1.3. Measuring distortion appearance with machine

learning algorithms

We established that optical distortions influence multiple visual features, which can
cause different perceptual effects likely depending on the situation and environment.
Modeling aspects of visual perception can try to explain and quantify certain visual
effects of distortions. However, natural behavior and visual environments introduce
many different situations in which the individual effects are combined and can depend
on different optical lens parameters. How the effects in a natural environment lead
to a combined sensation, and importantly, how this sensation depends on the shape
and strength of lens distortions, is not clear. Additional complexity arises from the
high dimensionality of distortions. The shape of PAL distortions is not only scaled by
a single parameter, but the complex lens design can influence multiple independent
components of the spatial transformation. Since we expect the influence of distor-
tions on different aspects or features, also our perception might distinguish between
different aspects, manifesting in different dimensions of a representation of the per-
ceptual space. Studying complex perceptual phenomena that might include a multi-
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dimensional perceptual space has recently made progress by using machine learning
approaches.

There are different approaches trying to incorporate machine learning methods to
predict the quality of optical imaging systems [101, 102] or directly suggest design
starting points or variations [103, 104]. It seems promising to apply similar ap-
proaches also for spectacle lens design, but all the approaches so far do not try to
predict human visual perception.

On the other hand, in psychophysics machine learning methods help with the effi-
cient modeling of human visual perception. PAL distortions are a compelling area for
this approach, since many different perceptual effects combined cause a perception of
distortions that scales in an unknown way with the lens parameters. To map complex
(multidimensional) physical stimuli to a perceptual space, a (possibly multidimen-
sional) psychophysical scaling function is used [105, 106, 107]. As a mathematical
function, a scaling function for PAL distortions could describe the dependence of per-
ceptual effects on physical lens parameters, which would directly help in designing
lenses with less perceived distortions, i.e. a distortion pattern that is closer to undis-
torted in the measured perceptual space.

Previous studies tried to find a relationship between different distortions and the
resulting perceptual effects [108, 109]. The number of different distortions tested in
those studies was always limited, making it impossible to derive a perceptual scaling
function. More importantly, those studies used scoring methods in which participants
provided a direct subjective rating for each distortion. Using this method can result
in variable outcomes and is susceptible to response biases, such as central tendency
and range biases [110, 111]. Other, indirect methods for deriving psychophysical scal-
ing functions have been more successful in many areas of perceptual research. The
method of triads is an approach that presents a triplet of stimuli to the participant for
comparison [112, 113]. Answering the perceived similarity provides ordinal data of
the relative distance of the stimuli in a perceptual space. Different approaches exist
for obtaining a scaling function from ordinal data. Especially for higher dimensions,
ordinal embedding methods from machine learning lead to better results than previ-
ous methods [113, 114]. Applying the method to distortions, covering a large range
of possible PALs, requires many individual stimuli, leading to a large space of stim-
ulus combinations. Ordinal embedding methods have been very successful in fitting
an embedding with only a fraction of the complete space of stimulus combinations.
Additionally, the method can be used to test for different dimensionality of perception
[115]. The last study of this thesis tested how this scaling method can be applied to
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the perception of distortions. Previous studies that tried to relate subjective percep-
tion depending on PAL design were not performed in a natural environment with free
behavior. Either the stimulus showed distortions only as a grid while allowing motion
[108], or natural stimuli in the form of real-world scenes were used [116], but no
(self-)motion or stereo vision was included. Applying psychophysical scaling methods
to rate distortions for natural behavior requires a complex experimental setup with a
naturalistic environment, natural self-motion, and the presentation of a multidimen-
sional distortion space. Next, I introduce the possibilities of simulating PAL distortions
to meet the described requirements of a psychophysical experiment.

1.4. Simulation of optical distortions

Studying the perceptual influence of PALs is complicated by many factors. Each pres-
byope requires individual correction, with individual dioptric power for far and near
vision. Frame and face shape will influence the fitting parameters, defining the place-
ment of reference points inside the lens [13]. This results in an individual lens with an
individual distortion pattern. Apart from distortions, other optical aberrations (mainly
astigmatism and spherical error) lead to blurry parts in the lens and influence the
perception and the visual comfort of the wearer. When comparing visual comfort for
different PAL designs in a survey, the perception of the wearers is influenced by all
aberrations, making it hard to distinguish the influence of distortions.

Furthermore, gaze and motion behavior will influence how distortions impact visual
perception. Individual coordination of head, eye, and body movements determines
which part of the lens the gaze is directed through and which motion pattern is per-
ceived. Behavior can differ between different tasks or environments. Those individual
differences complicate the evaluation of perception depending on the individual PAL
design. A controlled experimental environment is necessary for creating reproducible
distortion stimuli.

Apart from these participant-related factors, there are experimental limitations and
disadvantages when measuring perception with optical lenses: psychophysical proce-
dures for studying the dependence of perception require a change of stimulus param-
eter, which for optical distortions would imply changing the lenses during the experi-
ment. This is a requirement that is hard to implement, especially with a large number
of distortions. More importantly, spectacle lenses are always bound to a specific per-
son. It’s not possible to present the same distortion stimulus to all participants without
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introducing individual differences in other aberrations.

To overcome the described problems, the approach I followed in the research for
this thesis was to simulate optical distortions based on precalculated aberrations of
real PALs.

1.4.1. Ray tracing calculations of optical distortions

Ray tracing is the simulation of the path of light rays as they interact with an optical
medium [117]. For ophthalmic lenses, the ray path is calculated for passing through
the spectacle lens and the eye [34]. When the ray intersects with the lens surface,
the change of path direction is calculated based on the local orientation of the surface
and the refraction index of the lens material, following the formula known as Snell’s
law [118]. The final ray direction determines under which position an object point is
perceived. The deviations of this perceived direction from the actual object location
are the optical distortions of the lens. The influence of gaze direction on perceived
distortions can be calculated with different eye orientations by considering the position
of the center of rotation of the eye relative to the spectacle lens. Other aberrations of
the lens can be calculated using a bundle of rays originating from the same point,
simulating not only the displacement of an object point but also the spread of rays,
describing the blur of an image point.

The distortion data used for this thesis are based on ray tracing data of PAL designs
provided by the manufacturer Carl Zeiss Vision. The simulations described in the next
section are based on this data. I performed a comprehensive analysis of the distortions
of different PALS, which is presented in Appendix C.

1.4.2. Virtual distortion simulation

A substantial part of vision research is performed with screen-based experiments,
which has led to a better understanding of visual processing of distortions (e.g., [37,
62, 108]). However, a screen-based presentation of distortion stimuli lacks the com-
plexity of a natural visual environment. Especially natural motion behavior has to be
considered when studying the perception of PAL distortions. Symptoms of dizziness
and nausea, which are known for the swim effect, can be caused by a sensory con-
flict between the visual system and the motor action or vestibular information [119].
Self-motion leads to characteristic motion patterns, which under the influence of dis-
tortions might cause a conflict with vestibular information or motor action. Therefore,
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it is important to allow free and natural behavior during experiments in a naturalistic
environment. Only when including those aspects instead of presenting pre-defined
motion stimuli, the perception during the experiment can indicate the perception of
distortions in everyday life.

Furthermore, stereo vision needs to be considered for studying distortion percep-
tion. Spatially varying magnification influences the binocular disparity throughout the
visual field, which affects the perception of depth and surface curvature [120, 121].
Additionally, distortion can differ between both eyes, requiring a simulation with inde-
pendent distortions for both eyes. Even if both eyes need the same corrective power,
distortions differ slightly between both eyes. The near area is shifted nasally in the
lens, which means that the distortions for both eyes are horizontally mirrored. For
strong corrective power differences between the eyes (>1dpt), magnification differs
between both eyes. This condition is called aniseikonia, and symptoms of headaches,
dizziness, or eye strain are well known [122, 123]. By adjusting the thickness of one
lens, magnification can be approximately equalized for both eyes and symptoms can
be reduced. However, lens design could be improved further by optimizing not only
magnification but also other distortion components to reduce influence on binocular
vision. This requires to study the perceptual influences of spatially varying distortions
while considering possible differences between the eyes.

Technological and computational advances in recent years made it possible for vir-
tual reality (VR) to meet all those requirements. Participants can explore a realistic 3D
environment, changing the position and perspective of the scene based on their move-
ments [124]. Each eye is presented with an independently rendered image, allowing
realistic stereo perception. The individual eye position of the wearer is considered for
the rendering [125]. Tracking systems with short delay allow natural motion in the vir-
tual environment [126]. Computational power allows a live simulation of distortions
and the presentation of individual distortions to each eye. The same defined distortion
stimuli can be presented to all participants, overcoming the problem of psychophysical
experiments with individual spectacle lenses.

Additionally, VR allows the recording of behavioral measures, especially head and
eye movements using headset tracking and eye tracking [127]. Perception can be
studied in relationship to behavior, which is relevant when trying to understand how
differences in head-eye coordination or motion behavior might influence individual
discomfort or severity distortion perception. Other advantages of VR include a larger
field of view compared to typical screen setups. For an optical simulation, this allows
the presentation of distortions to a realistic extent covering the area of typical spectacle
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lenses.

In summary, VR combines multiple relevant advantages that are promising for study-
ing the swim effect with PALs. Natural behavior and stimuli in VR minimize the lab-
to-reality gap, which increases ecological validity [128, 129]. By recreating lens dis-
tortions in realistic virtual environments in which participants can move freely, the
experimental results can be generalized better to the real-world context in everyday
life. VR simulations offer the necessary naturalistic viewing conditions that allow the
use of objective psychophysical procedures to quantify and better understand the per-
ceptual effects related to the physical description of distortions.

For simulating optical distortions, we use a bijective mapping function as a math-
ematical description of how each point of the undistorted image is displaced by PAL
distortions. This approach is similar to the description of camera lens distortion cor-
rection [130, 131] or the correction of VR distortions [132]. Based on distortion
data at discrete points, retrieved from measurements or ray-tracing simulations, the
transformation function can be approximated by fitting or interpolation to achieve a
continuous representation of distortions. For the work in this thesis, the distortion
function builds the basis for modeling perceived distortions, simulating distorted mo-
tion, and implementing a simulation with live rendering of distorted image frames
for virtual reality. Optics simulations in VR could become an important aspect of the
development of vision correction and other optical devices in the future. A method to
predict perceptual effects purely based on distortion data would enable improvements
to spectacle lenses by optimizing distortions during the design process.
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To summarize the state of research on PAL distortions at the start of this thesis: aber-
rations, including geometric distortions, can be calculated during the optical design
process. It is well known that distortions induce various perceptual effects. However,
a complete understanding of the swim effect and its relation to optical design is still
lacking.

Improving PAL distortions during the design process requires investigating methods
to quantify their perceptual impact. The objective of this thesis is to explore different
approaches for understanding and modeling distortion perception. The focus is on dy-
namic, motion-related situations, with the goal of objectively quantifying the percep-
tual effects underlying the swim effect. This research aims to contribute to improved
optical designs that offer better visual comfort and easier adaptation for wearers.

In the first study, adaptation to spatially varying distortions is tested. In contrast
to simple linear geometric transformations of an adaptation stimulus, already inves-
tigated before, PAL distortions are spatially varying. The shape and strength of dis-
tortions vary throughout the lens. In this study, I assessed if the visual system can
adapt individually at different retinal locations. When artificially distorting an adapta-
tion stimulus of dynamic natural content, motion perception adapts to changes in the
statistics of motion direction and speed of the stimulus. Adaptation aftereffects can be
measured with a motion direction identification task. We can test the presence of par-
allel adaptation to spatially varying distortions by presenting two oppositely distorted
stimuli simultaneously at different retinal locations.

From the motion statistics of a stimulus, i.e. the distribution of direction and speed,
the visual system can extract important information. Especially during self-motion, the
motion pattern in the retinal image (optic flow) is an important visual feature for nav-
igating and estimating the structure and relative motion of the surroundings. For PAL
wearers, distortions induce alterations to this motion pattern, which might describe
the perceptual effects experienced during the swim effect. Simulating the influence
of distortions and applying existing algorithms to analyze the changes in information
content could be used as an objective quantification for perceptual distortion effects.
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The goal of the second study was to develop an optic flow-based model estimation of
self-motion perception. To validate the model, self-motion perception with distortions
was tested in a psychophysical experiment by simulating PAL distortions in VR.

Apart from changes in the perceived direction or speed of self-motion from optic
flow, we expect that an unnatural or unstable perception is an important contribution
to the discomfort of PAL wearers. Individual descriptions of the swim effect, as well as
previously examined perceptual influences of distortions, suggest that the combination
of multiple effects of motion and depth perception leads to the unnatural perception
reported by many PAL wearers. Potential sensory conflicts, e.g. between perceived
and self-executed movement, may cause discomfort. It is unclear how the unnatural
impression (the amount of perceived distortions) scales with the physical distortion pa-
rameters. In the third study, we investigated the quantification of distortion perception
as a psychophysical scaling function. Using ordinal embedding for a triplet paradigm
with simulated distortions in a naturalistic VR environment, we derived a quantifica-
tion for perceived distortions depending on the lens parameters. The experiment was
designed to include natural 3D content with dynamic vision and natural self-motion.
Assessment of behavior during the experiment can be used to relate individual percep-
tion to specific behavior.

Combined, the three studies follow the approach of simulating optical distortions to
study perceptual effects with psychophysical procedures. Based on the results, I will
discuss the relevance for lens design and identify the necessary next steps for applying
the tested methods.
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3.1. Parallel adaptation to spatially varying

distortions

This section summarizes the results published in

Sauer, Y., Wahl, S., Rifai, K. (2020). Parallel adaptation to spatially distinct
distortions. Frontiers in Psychology, 11, 544867.

Motivation

The human visual system copes with changes in the visual perception by adaptation.
The processing of visual information changes in response to alterations in the statistics
of visual input.

Considering that swim effect symptoms decrease for most PAL wearers over time
[43, 26], existing research suggests that our visual system is able to cope with the
influences of spectacle lens distortions through adaptation [133]. Complexity arises
from the spatially varying nature of optical distortions. Many optical devices have
radial distortions in which magnification increases towards the periphery. PALs have
an asymmetry between the upper and lower visual field, especially with strong skew
distortions in the lower periphery, causing motion in those areas to be altered in differ-
ent ways. Previous research has shown that adaptation aftereffects are transferred to
non-adapted retinal locations, i.e. locations where no adaptation stimulus was shown
[37]. To reduce the influence of distortions on motion perception, the visual system
would need to show different aftereffects, with opposing directions at different loca-
tions. The first study aimed to test this possibility by presenting simultaneously two
adaptation stimuli, distorted in opposite directions.

Optically induced distortions simultaneously modify the statistics of multiple fea-
tures, with alterations to the orientation and size of objects (static features) and mo-
tion direction and speed (motion features). Adaptation processes are well studied for
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both changes of static features as well as dynamic features [37]. Interactions also
exist between static and motion features, which means that a distorted static image
can cause motion aftereffects [134]. Vice versa, changes in the statistics of pure mo-
tion stimuli can cause changes in the perceived orientation of static images [135]. In
this study, a video of the natural environment was chosen for the stimuli, presenting
changes in static as well as motion features. Adaptation aftereffects were tested with
a motion direction identification task at both retinal locations.

Methods and results

To study the parallel adaptation to spatially distinct distortions, two oppositely dis-
torted stimuli were presented on a screen while participants fixated in the center. For
the adaptation stimulus, natural image sequences from an open-source movie were
skew-distorted in opposite directions (Fig. 3.1A). For the same distortion stimulus,
both motion and form aftereffects are known to occur [37, 136]. This study tested
motion aftereffects in a motion direction identification task. A group of random dots
moved coherently for 0.3 s diagonally upwards or downwards, randomly to the left or
right (Fig. 3.1B). The angle relative to the horizontal was randomly sampled from a
predefined list. Participants answered if their perceived motion direction was diago-
nally upwards or downwards.

The experiment comprised three phases. In the pre-adaptation phase, baseline per-
ception was assessed. In repeated trials, the random dot test was performed con-
secutively at both stimulus locations, as illustrated in Fig. 3.1C. After 64 trials, the
experiment continued with the adaptation phase, in which the two oppositely skew-
distorted image sequences were shown simultaneously on the screen. In the last phase,
adaptation aftereffects were tested, following the same procedure as the first phase.
To maintain aftereffects throughout the test phase, at the beginning of each test trial,
the two adaptation stimuli were presented again as so-called “top-up” adaptation for
4. In the baseline phase, undistorted stimuli were used for this presentation.

Participants used a chin and forehead rest to maintain a stable position. Eye tracking
was used to control for correct fixation on the target to guarantee stimulation only of
the defined retinal locations.

For analysis, the participants’ answers for each experiment phase and location were
fitted with a psychometric function to determine the point of subjective equality (PSE),
i.e. the point where 50% of answers are in either direction. This stimulus angle can be
taken as the direction perceived as horizontal. The shift of this angle between the first
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A Adaptation stimulus B Motion test stimulus C Experiment procedure
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Figure 3.1.: Procedure of the adaptation experiment

A The adaptation stimulus was a skew-distorted video with natural content. Two
stimuli, distorted in opposite directions, were presented simultaneously at two
locations in the visual field.

B Motion direction perception was tested with a cloud of coherently moving ran-
dom dots. Motion was to the left or right, with a randomly sampled angle 6
relative to the horizontal.

C The experiment trials for testing baseline and post-adaptation perception in-
cluded a short phase of “top-up” adaptation, followed by the consecutive motion
direction test at both locations. The test order for both locations as well as stimu-
lus angle # were randomized between trials. For fixation, a target was presented

during the entire experiment in the center of the screen.

and last phase shows the influence of adaptation. Fits for one example participant and
all shifts APSE are shown in Fig. 3.2. The results show a significant shift APSE at both
locations (p < 0.01), which is oppositely oriented between both locations. The change
of motion direction perception was opposing the skew direction of the corresponding
adaptation stimulus. This implies that participants perceived less distorted motion
at both locations. The visual system can at least partially compensate for spatially
varying distortions by altering the perceived motion direction depending on the retinal

location.

Discussion

This experiment tested the parallel presence of motion aftereffects at two different
locations in the visual field stimulated with two oppositely distorted stimuli. The
results show opposing shifts of PSE at the two locations, corresponding to a change
of perception away from the distortion direction. Perception at both locations can be
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Figure 3.2.: Results of the adaptation experiment

A Example data for one participant fitted with psychometric functions for both
stimulus locations before and after adaptation. The 50 % point of the fit is differ-
ent between baseline and post-adaptation measurements. This shift of PSE is in
opposite directions at the two stimulus locations.

B For all participants combined, there is a significant amount of motion after-
effect at both stimulus locations, measured by the shift APSE. On average, the
perceived motion direction shifted away from the distortion direction.

described as less distorted. This proves that the human visual system is able to adapt
to multiple different distortions simultaneously. The participants’ perception changed
locally in the visual field depending on the distortion present at the test locations.
Therefore, distortion adaptation can not only mitigate the influence of a homogeneous
distortion of the whole visual field but also mitigate spatially varying distortions.

Adaptation aftereffects result from response changes of neurons tuned to attributes
changed by the adaptation stimulus [46]. Adaptation to features processed in lower
levels, like tilt [137] or contrast [138], shows purely retinotopic aftereffects, meaning
the changes in perception are only present at the locations exposed to the adapting
stimulus but not transferred to non-adapted locations. Neurons in higher cortical ar-
eas have larger receptive field sizes [139, 140], therefore aftereffects are at least par-
tially transferred to non-adapted retinal locations, as has been shown for adaptation
to complex facial features [141]. For this face aftereffect, it has also been shown that
the effect size decreases during the simultaneous presentation of conflicting stimuli
[142]. For distortion adaptation with natural stimuli, higher cortical levels with large
receptive field sizes are also involved, since it has been shown that distortion adapta-
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tion aftereffects are transferred to non-adapted retinal locations [37]. The presence
of multiple opposing aftereffects in our experiment again suggests the involvement of
lower cortical areas, where different neuron populations are able to adapt differently
for different retinal locations.

For the relevance of adaptation to spectacle lenses, future research should consider
that adaptation to spatially varying distortions could also be part of a 3D surface cur-
vature adaptation. It has been shown that the perceived curvature of a frontal plane
can change due to adaptation [143, 144]. This curvature distortion leads to local
skew distortions. Therefore, the adaptation to the local skew distortions in the context
of progressive lenses could be driven by a 3D adaptation process, not necessarily by
independent localized adaptation effects.

To summarize, this study shows that neural adaptation mechanisms exist that can
reduce the influence of complex spatially varying distortions on perception. Still, some
presbyopes never fully adapt to their PALs and sometimes reject them. The following
studies of this thesis concentrated on understanding better the perceptual influence
of distortions without adaptation and how those effects could be quantified for an
application in distortion optimization.
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3.2. Self-motion illusions from distorted optic flow

This section summarizes the research published in the article

Sauer, Y., Scherff, M., Lappe, M., Rifai, K., Stein, N., Wahl, S. (2022). Self-motion
illusions from distorted optic flow in multifocal glasses. Iscience, 25(1).

and additional results presented as a conference poster

Sauer, Y., Scherff, M., Stein, N., Habtegiorgis, S. W., Lappe, M., Wahl, S. (2022).
Inconsistent self-motion perception between hemifields from optic flow distorted
by progressive addition lenses. VSS, St. Pete Beach (Florida, USA).

Motivation

Descriptions of the swim effect focus on the perception of unnatural or unstable mo-
tion, especially during self-motion. The two-dimensional retinal motion pattern we
perceive during self-motion is called optic flow. The translational and rotational move-
ments of the body, head, and eyes in combination with the natural scene statistics
determine the flow field, which follows a typical characteristic. When moving for-
ward while fixating a point, for example, the perceived motion is an expanding spiral
pattern around the fixation target [91, 92, 76].

Optical distortions alter the speed and direction of the flow field vectors and conse-
quently, the information that the visual system can extract from optic flow. We won-
dered how the motion-related problems described by PAL wearers might be related to
the distorted optic flow perceived during motion. The goal of this study was to simu-
late distorted optic flow as a PAL wearer would perceive it during natural self-motion
situations. This allows for studying the effect distortions have on optic flow percep-
tion. By using an algorithm for motion direction extraction, we analyze the changes
in motion information based on calculated distorted optic flow.

When PAL-wearers move their eyes, distortions are not fixed in the visual field but
change with gaze direction. During central view through the far vision area of the
lens, distortions are visible mainly in the visual field’s periphery. Alternatively, gaze
direction through the lower left or right area of the lens leads to substantial distortions
in the visual field center.

During walking, many gaze changes occur. Depending on the complexity of the
terrain and the speed of walking, fixation is usually switched between different points
a few meters ahead to control for foot placement and scan for obstacles [81, 82, 83, 84,
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85]. Various combinations of head and eye movements are possible for the fixation.
One possible way is to keep the head orientation straight in the walking direction and
direct the eye downward to fixate on the ground. Alternatively, one might tilt the
head downward while keeping the orientation of the eye straight with respect to the
head. While these two behaviors result in the same structure of optic flow for eyes
without glasses, they lead to different distortions for PAL wearers. When the eye is
directed downwards but the head remains level, the gaze is through the peripheral,
more distorted part of the lens. In contrast, when the head is oriented downwards, the
gaze is directed through the less distorted central area of the PAL and the distortions
occur mainly in the visual periphery. If distortions influence self-motion perception,
then this misperception regarding one’s own movement should be influenced by the
gaze direction relative to the lens.

Our study aimed to investigate the influence of PAL distortions on heading percep-
tion, and additionally determine differences in perception between the central and
peripheral views in a typical self-motion scenario. First, to assess the general influence
of distortions on optic flow, we simulated distorted optic flow based on ray-traced PAL
distortion data. Next, we used an established model of heading perception in humans
to estimate the expected effects of PAL distortions on heading. Following this, we
tested heading estimation in human participants in a psychophysical experiment with
simulated PAL distortions in VR. We concentrated on motion parameters that provided
the strongest predicted misperception in the model simulations. The implementation
of the distortion simulation in VR builds a basis for multiple experiments and is dis-
cussed in more detail in Appendix A.

Methods and results
Simulation of distorted optic flow

We simulated the optic flow vector field for an observer moving across a ground plane
while fixating on a point on the floor. We considered two distortion conditions corre-
sponding to central view and peripheral view through the PAL. Optic flow fields were
calculated for the motion scenario with and without distortions. A pinhole camera
model is used for projecting the relative motion of the environment on an image plane
for calculating the (undistorted) optic flow field. To transform the flow field based
on ray-tracing simulated PAL distortion data, we interpolate a transformation function
that maps undistorted to distorted points. Distorted optic flow is based on the deriva-
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tive of the transformation function. More details about the simulation of distorted
optic flow are described in Appendix B.

Fig. 3.3A shows an example of the distorted optic flow (red arrows) of a transla-
tional motion compared to the undistorted (green arrows) retinal flow field. In this
specific simulation, the direction of self-motion (heading) was to the left. The over-
all pattern appears very similar in both cases and exhibits the typical spiral flow field
structure for the fixation of a target on the ground. Fig. 3.3B shows how the periph-
eral view distortion changes direction (angle) and speed (ratio) across the visual field
and reveals that there are large areas of systematic differences between the distorted
and the undistorted flow. The parafoveal area exhibits directional changes of the flow,
clockwise on one side and anti-clockwise on the other side of the fovea, as well as
increases and decreases of speed in the upper and lower parafoveal field. Due to the
typically low flow speeds in this area, even small changes may already impact the spiral
structure emerging from the center and impact heading perception. Fig. 3.3C shows
the differences in direction and speed in the central view condition. They exhibit
a different retinal distribution than in the peripheral view condition and are overall
smaller. This analysis shows that the distortions impose a systematic and continuous
pattern of changes to the optic flow field. These differences in flow, though small in
value, might lead to misestimations or increased variability in heading estimates. Due
to the complexity of the flow field, however, it is not directly clear which alterations of
self-motion perception may be expected. We therefore used computational modeling
to better understand the potential implications of distorted optic flow.

Model simulations for heading estimation

To estimate the influence of distorted optic flow on self-motion perception, we used
the subspace algorithm for heading estimation [97] that computes a 2D distribution
of likelihood for potential heading directions in retinal coordinates. The likelihood for
each candidate heading direction quantifies how well the specific optic flow field is ex-
plained by the candidate direction. This algorithm has been used before in models for
the heading perception of humans [98, 76, 145]. For undistorted optic flow, the likeli-
hood distribution has a clear and defined peak at the true heading direction. Distorted
optic flow seems to blur the distribution. Different sub-parts of the visual field also
show different distributions of likelihood. To model the integration of the visual sys-
tem, our simulation selects patches of optic flow, similar to receptive fields of neurons
in the visual motion pathway [146]. Individual likelihood distributions are summed
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Figure 3.3.: Influence of distortions on optic flow

A Example flow field used in the simulation for a translation parallel to the ground
to the left of the fixation point. Green arrows show the undistorted flow, red
arrows show the distorted flow in the peripheral view condition.

B Influence of peripheral view distortions on angle and speed of flow vectors.
The top panel shows the angle between undistorted and distorted flow vectors
calculated across the visual field. The bottom panel shows the ratio of the speed
of the distorted vector to the speed of the undistorted vector. Values greater than 1
indicate an increase in the speed of the distorted optic flow at the specific location.
C Directional and speed changes with central view distortions. In the central area,
undistorted optic flow is almost vanishing. Therefore, the interpretability of the
angle and speed ratio close to the center is limited.

up for a combined distribution, in which the most likely heading candidate is taken
as model estimation. More details of the simulation are described in Appendix B. The
resulting likelihood distribution of our model simulation suggests an uncertainty in
the vertical component of heading, with a stronger deviation from the actual heading

direction for the peripheral view condition.

Psychophysical experiment

To test the model prediction in a psychophysical experiment, we recreated the sim-
ulated motion scenario in VR. The experiment is based on my simulation of optical
distortions described in more detail in Appendix A. The virtual image was distorted to
simulate PAL distortions for either central view or peripheral view. In a third condi-
tion, we measured baseline perception with an undistorted stimulus. The self-motion
scenario simulated movement across a ground plane while fixating a point on the floor.
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Figure 3.4.: Results of the heading experiment in VR experiment

A Percentage of upward responses and psychometric fits for one example sub-
ject. The green data points were obtained in the undistorted trials. The blue
and orange data points show the answers in the two distortion conditions for the
simulated central view and simulated peripheral view, respectively. All three data
sets were fitted with a psychometric function. The 50 % point of the fit function is
taken as the point of subjective equality (PSE) (vertical lines).

B Difference of the PSEs between the distortion conditions and the undistorted
condition for all tested subjects. The rightmost bars are the mean value of APSE
with standard deviation as error bars.

Based on the model estimation, we concentrated on the vertical component in the
experiment. The virtual self-motion was either parallel to the ground or contained a
small upward or downward component. Participants reported their perceived direc-
tion of self-motion by indicating their perception of either sinking in or lifting off in
each trial. The three distortion conditions were measured in one session in random-
ized trial order.

For each participant and each distortion condition, the vertical translation angle
perceived as a motion parallel to the floor, i.e. the point of subjective equality (PSE),
was determined by fitting a psychometric function to the participants’ responses de-
pending on the vertical translation angle. Then, the difference in PSE between the
distorted condition and the undistorted condition was calculated. This relative shift
APSE provided a measure for the influence of simulated distortions in the two view
conditions.

Fig. 3.4A shows the answers and psychometric fits for all three conditions for one
example subject. There is a clear shift of the psychometric function in the case of
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simulated gaze through the periphery of the PAL compared to the undistorted condi-
tion. This subject perceived the translational movements more upward than in the
undistorted condition. In the central view condition, the PSE is similar to the undis-
torted condition. Fig. 3.4B shows the change of PSE in the two distortion conditions
relative to the undistorted condition across all participants. In the peripheral view
condition, there is a significant deviation of the PSE from the undistorted condition
(t-test, p < 0.01). On average, the angle perceived as a straight movement was 0.43°
smaller than in the undistorted condition, i.e. the APSE was negative. Thus, in the
peripheral gaze condition, participants reported a perception of self-motion that ap-
peared as if they were slightly lifting up from the ground, when in fact the motion was
parallel to the ground. For the simulated gaze through the center of the PAL, there is
no significant difference between the distorted and undistorted cases.

Follow-up simulations

The results of the VR experiment showed that PAL distortions of the optic flow in-
deed produced a misperception of self-motion along the vertical dimension. To test if
our model simulations can quantify the perception of subjects, we recreated the same
experiment with the simulated observer model. Distorted optic flow fields were cal-
culated for all sampled vertical stimulus angles of the experiment. To recreate the
psychophysical procedure, model heading estimates were converted from a direction
into upward and downward answers, depending on the sign of the vertical component.
Then, for each distortion condition, the vertical heading angle perceived as a motion
parallel to the floor was determined by fitting a psychometric function to the answers
using the same fitting procedure as for the experimental analysis. As the model in
the undistorted condition always produced a PSE of 0, i.e. it recovered the correct
heading, the shift in APSE corresponds directly to the extracted PSE for the distortion
conditions.

For the model simulations, the maximum field of view (FoV) was set to be circular
with a radius of 55°. This matched the specifications of the VR headset we used for
the experiment. However, the effective FoV when wearing an HMD is often smaller
because parts of the screen are not visible due to individual adjustments in fitting
the HMD on the head [147]. Therefore, we also performed the simulation procedure
with slightly reduced sizes of the FoV. The heading estimation changes when reducing
the FoV sizes. For FoVs smaller than 45°, the PSE in the peripheral view condition
even becomes positive. On the one hand, this FoV dependency can explain individual
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differences between subjects. On the other hand, it shows that the PAL distorted optic
flow is inconsistent in its heading information. The central optic flow alone results in a
positive estimation of PSE, but the combined optic flow results in a negative estimation
of PSE.

To summarize, the optic flow simulations can give a qualitative estimation of the
influence of distortions on heading perception. The possibility for exact quantitative
modeling of perceived heading seems limited, as in case of inconsistent optic flow
the simulations are sensitive to FoV size and subjects showed individual variations in
their perceived shift. Those variations in the model estimation, as well as individual
perception, strengthen the hypothesis that distorted optic flow leads to inconsistent or
ambiguous information that might be perceived as unnatural motion or an unstable
environment.

The following section summarizes our additional study that tested this hypothesis
and was presented as a conference poster [148].

Inconsistent perception from distorted optic flow

We performed a follow-up experiment that tested the inconsistency in distorted optic
flow. Based on pre-simulations, in which heading direction was estimated individually
for different halves of the visual field, we expected opposite heading information be-
tween the upper and lower visual field. We tested two different lenses with positive
and negative distance correction (see Fig. 1.3) leading to radially increasing magni-
fication or minification, respectively. The simulations suggested opposite changes in
heading direction between the two lenses. For experimental validation, we followed
the same approach as the previous study with additional conditions for optic flow
presentation in only one hemifield. The participants’ answers were fitted again, inde-
pendently for each lens and each visual field condition. The results show a significant
difference in perceived heading direction between the upper and lower half of the vi-
sual field for both lenses. For the positive lens, heading is perceived more upwards
in the upper part of the visual field compared to the lower. For the negative lens, the
effect is in the opposite direction, heading is perceived more downward in the upper
visual field. The different distortions lead to changes in the optic flow pattern that
cause inconsistent heading information between different parts of the visual field. The
optical power, determining the general shape of distortions, is an important factor to
consider.
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Discussion

Simulations and psychophysical experiments showed an influence of optical distor-
tions on self-motion perception from optic flow. Previous research has shown that
manipulation of the flow field, for example by adding noise [96, 149], increases head-
ing estimation error. Even though the influence of PAL distortions on optic flow seems
subtle, the distortions cause estimation errors as well. The errors are more systematic
in the form of bias to a certain direction. Our modeling approach of summing local
heading estimates with a weighting motivated by cortical magnification can qualita-
tively predict the bias in perceived heading. Distortions cause a continuous change in
the speed and direction of flow field vectors. During self-motion, the typical flow field
structure is a spiral, with more radially oriented vectors in the periphery and rotational
flow in the central area. Therefore, the induced change of heading information always
depends on the combination of local flow and local distortions. The peripheral gaze,
bringing more distortions in the center of the visual field, causes stronger changes in
the central spiral pattern leading to higher heading misestimation. PAL wearers who
look more through the central area while walking might perceive less heading mises-
timation. This would lead to increased head movements for PAL wearers compared to
other people, a change in behavior that was already found in a natural scenario [150,
151, 152].

Heading illusions as shown in this study would put visual perception in conflict with
other self-motion perceptions and might be one aspect of the swim effect, possibly
causing discomfort or nausea. An illusory, gaze-dependent perception of motion dur-
ing self-motion is an often reported side effect for PAL wearers [153, 26], although the
exact mechanism is not well described in the literature. In everyday life, we constantly
change gaze direction, which modulates for PAL wearers the perceived distortions.
This can produce motion perception characterized by recurring changes in perceived
motion direction. In complicated walking scenarios, e.g. climbing stairs, mispercep-
tion of heading changing during every eye movement can lead to complications with
foot placement and tripping [27], especially considering decreased capabilities of el-
derly people for heading control from optic flow [154]. Evaluating distorted optic flow
for quantifying motion illusions is a first step for an objective characterization of the
swim effect. The optic flow modeling approach could be one part of a quantification
method for the improvement of lens designs.

The experimental results showed some individual differences in the effect size be-
tween participants, with two showing a different sign in the vertical heading direction,

32



3.2. Self-motion illusions from distorted optic flow

which does not match the model simulations. Based on simulations with varying FoV
sizes, the experimental variations could be explained by differences in effective FoV
in the HMD. In another study, we could prove that perceived FoV in VR depends on
individual factors, like physiological face properties and headset tightness [147]. This
indicates that also for real PALs, where the FoV covered by distortions is determined
by the spectacle frame size, perception for the same lens might change depending
on frame size. Additionally, the frame creates a discontinuity between distorted optic
flow inside and undistorted optic flow outside of the lens. This discontinuity might
contribute to discomfort. In the next study, we considered this by selecting a VR head-
set that can present a FoV larger than a typical spectacle frame.

Regarding the everyday problems of PAL wearers, not only heading illusions but
also other aspects of the optic flow field have to be considered. Distorted vision results
in unnatural flow fields, which becomes clear from the heading likelihood maps: the
distribution of likely headings is wide with no clear best-fitting direction. This is also
indicated by flatter slopes in the fitted psychophysical functions. It is not clear to what
extent the widened distribution of heading directions contributes to the discomfort
of PAL wearers. In the follow-up experiment, which tested the heading perception
for isolated parts of the distorted optic flow, we showed that different parts of the
visual field give different heading information. The optic flow pattern is inconsistent
in itself, which might be perceived as unnatural or cause additional illusory perception
of rotation or instability.

The results of the follow-up experiment and modeling suggest a strong dependency
of perceptual effects on the correction power of the PAL. Differences in the shape and
strength of distortions between positive and negative power lenses lead to different
effects in the optic flow field (see also Fig. 1.3 for comparison). Positive lenses cause
a magnification of the image with radially increasing distortions (pincushion distor-
tions). Negative lenses minify the image with radial distortions more similar to barrel
distortions. The speed and angle changes in the optic flow vector field caused opposite
perceptual effects in our experiment. For a quantification of distortion perception, it’s
important to consider the differences in the shape of PAL distortions and to study how
perceptual effects scale with lens parameters. The next study investigated this further.
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3.3. Psychophysical scaling for distortions in a

natural environment

This section is a summary of the work described in the publication

Sauer, Y., Kiinstle, D. E., Wichmann, F., Wahl, S. (2024). An objective measure-
ment approach to quantify the perceived distortions of spectacle lenses. Scientific
Reports, 14(1), 3967.

Motivation

We have seen that distortions induce alterations in perceived motion direction as well
as inconsistency of optic flow during self-motion. The application of the heading esti-
mation model is a first step towards quantifying the swim effect. However, the previous
study had certain limitations.

We simulated a defined motion scenario, which did not correspond to the actual self-
motion of the participants. To guarantee the presentation of the same defined optic
flow to all participants, position and orientation tracking of the VR headset was turned
off. This is well justified by the objective to measure the perception based on optic flow
alone. However, since the participants did not perform the simulated movement by
themselves, there is a sensory mismatch between visual information and vestibular or
motor action information [119, 155]. We expect that distortions alone cause a sensory
mismatch and that this conflict is a relevant part of distortion-related discomfort and
the swim effect. To study this influence, in the next study we allowed free behavior to
participants. The perceived motion was only caused by the participants themselves.

The previous study only simulated translational movements (e.g. walking while
keeping the head stable). When simulating the distorted optic flow of head movements
while fixating on a static point in the scene, perceived distortions change continuously,
leading to unnaturally curved trajectories of points. Those simulations indicate the
necessity to include head movements in the analysis of the swim effect.

We also have shown that perception of motion differs between different lenses. Pos-
itive and negative power lenses cause different distortions of the perceived image,
causing opposite alterations in the optic flow field. It is not clear how perceptual
effects scale with the shape and strength of distortions (mainly determined by the
refractive power of the lens). Relating the lens parameters to perceived distortions
would build a foundation for understanding the relationship between the perceptual
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effects and the design parameters.

In this study, we tested the application of a psychophysical scale (a mathematical
relation of the level of sensation of a corresponding physical stimulus) to quantify
the relative change of perceived distortions with changing lens power. Again, we
used the VR simulation for PAL distortions. Participants could move freely in a more
natural indoor environment, inducing distorted motion perception under natural self-
motion. In each trial, participants had to judge the perceived similarity of triplets
of different distortions, with varying far and near correction. This ordinal data can
be used to fit the participants’ perceptual distortion scale with ordinal embedding
methods [113]. The advantage of using a comparison-based approach with embedding
methods is that they provide an objective estimate of the scaling function. Scoring
methods, used in previous studies about lens distortions [108], can lead to variable
results and are susceptible to response bias (e.g. central tendency and range biases
[110]). An indirect measurement method, like the triplet paradigm, is applied in
many areas of perceptual research [156, 157, 158]. Applying this method in a VR
distortion simulation is a first test of how those methods can be used for complex
perceptual scenarios in a natural environment (compared to typical lab experiments).

The free behavior of participants in this experiment, and the relatively open task,
should include multiple perceptual distortion effects. This also causes the problem that
participants might use different strategies or concentrate on different effects, leading
to differences in perceptual scaling. To explore this possibility, VR offers easy tracking
of head movements and gaze. After the experiment, we can compare behavior and
individual scaling.

Methods and results

The psychophysical experiment used again our VR simulation of optical distortions,
presented to the participants in a virtual indoor environment. Based on the findings in
the previous study indicating a possible influence of FoV on distortion perception, we
decided to use a high FoV VR headset that would cover the complete size of a typical
spectacle frame. Based on typical frame dimensions, we calculated the size of a mask
that was used to simulate the edges of the frame. Only the image inside this defined
region was distorted.

The experiment used a triplet paradigm, presenting three distortions in each trial
(corresponding to three different lenses). The distortions were chosen randomly from
a set of ten PALs: five different values for the far correction (spherical power Sph)
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between —5dpt and 5 dpt, each with two different values for the near correction (ad-
dition power Add) at 1dpt and 3dpt were tested. One additional possible stimulus
was undistorted. After each trial, participants answered if the first or last distortion
stimulus (referred to as choice 1 and choice 2) was more similar to the one presented
in the middle (anchor). The answers give ordinal information about the perceived
similarity of distortions, which can be used to estimate a perceptual scaling function.

Participants could move and look around freely. To induce the swim effect, the
study volunteers were encouraged to move their head. This was done by tracking
head movements during the initial training phase and only continuing the trials when
participants moved their head.

Psychophysical scaling function models perception of PAL distortions

The participants’ perceived distortion was estimated from their trial responses (choice
1 or 2 is more similar to the anchor) using Soft Ordinal Embedding (SOE) [159]. This
method assigns coordinates to each stimulus so that their distances agree with the par-
ticipant’s similarity judgments. Each participant was evaluated individually resulting
in an individual scale.

Although physical descriptions of PAL distortions require many parameters, the per-
ception of lenses can deviate from this parametrization. In our experiment, we use
PALs of different Sph and Add, which influence the physical distortions differently:
Sph influences more the overall shape and strength of distortions, while Add introduces
more asymmetry in the distortion pattern. Multidimensional perception of these mul-
tidimensional distortions seems plausible. To test for the dimensionality of perception,
we chose the lowest dimensional scale that still is a good predictor of unseen triplet
responses. This predictive accuracy is approximated with a cross-validation procedure
[115].

All participants’ scales are one-dimensional (Figure 3.5) and show a comparable
influence of Sph interacting with Add. Additional dimensions do not increase the
predictive accuracy. This may be regarded as surprising, given the two varied lens
parameters Sph and Add and their non-linear spatial effect on distortions. A single
dimension can quantify the perception of complex PAL distortions in our experiment.

The results do not describe a measure of absolute value or individual sensitivity, but
how the perception scales for the participant. Therefore, arbitrary shifts and scales
of the perceptual functions are possible. To compare individual participants, the in-
dividual scales were aligned using general Procrustes analysis [160]. This method
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minimizes the Euclidean distance between scales by iterative similarity transforma-
tions (translation, scaling, and flipping in our case) towards the mean scale. After
alignment, we shifted all scales such that the origin—on average—corresponds to the
undistorted lens (Sph 0 and Add 0). Accordingly, the average scaling value of the
distorted lens Sph 5 Add 3 has a distance of 1 to the origin.
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Figure 3.5.: Psychophysical scaling functions of “perceived distortion”
The lines in the left and middle plots show individual participants “perceived
distortion” depending on the Sph and Add power of the simulated PALs. The
right plot shows the mean and standard error of the scaling functions along an
exponential function fit.

The amount of perceived distortion increases monotonically with both Sph and Add.
For negative Sph values, an increase in Add leads to less perceived distortions (closer
to undistorted), implying a compensation of perceived distortions; for positive Sph, an
increase in Add only increases perceived distortions further. All in all, if Sph is strong
compared to Add, the shape of distortions is primarily influenced by the sign of Sph,
resulting in either pincushion or barrel distortions. This is also reflected in perception,
as shown by the change in the sign of the perceived distortions (with undistorted
defined as reference point 0).

The relation between perceived distortions and Sph can be modeled with an expo-
nential function a + b - ¢>*" for each value of Add, shown in Fig. 3.5 (right), illustrating
a higher rate of increase for positive Sph compared to negative Sph. Fits between Add
1 and Add 3 mainly differ in the offset a and slope b, but barely in the base c. Close to
Sph 0, the exponential fits show a similar rate of increase for Sph and Add. With higher
correction values for Sph, the relative influence of Add decreases, indicating that for
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high-power lenses, Sph dominates distortions. The individual deviations from this
exponential model do not have to be due to perceptual differences or measurement
accuracy alone but can also be explained by behavior. If the distortion is perceived
locally, it makes a difference where the participant looks through the lens and how
they move.

Behavior analysis with head and gaze tracking

From tracking data of headset position and gaze direction, the individual behavior
during the experiment was analyzed. The tracked headset orientation during the ex-
periment was transformed into yaw, pitch, and roll angles (Tait-Bryan angles with
order y-x-z) as illustrated in Fig. 3.6A. The movement velocity was computed inde-
pendently for each rotation component. We calculated the mean velocity for each
participant over each trial to illustrate changes in motion behavior over time.

Considering the reports about the swim effect, we expected that especially dynamic
behavior might lead to a heightened perception of distortions and thus help partici-
pants in discriminating the stimuli. We introduced participants to this idea by explain-
ing the possibility of distortions becoming apparent more clearly during self-motion.
Furthermore, during the training phase of the experiment, head movement was ac-
tively enforced by our experimental design. However, results of the head tracking
show that participants used two different strategies: one group performed continu-
ous head movements, usually a nodding movement (pitch oscillation like in Fig. 3.6B
and C), some also yaw movements, while the other group did not move their head or
stopped after a few trials.

Since participants usually followed the same movement type throughout the exper-
iment, we calculated the mean velocity over the whole experiment, as shown in Fig.
3.6D. Based on this mean head movement velocity, we grouped participants into static
and dynamic observers. The static observers had to rely only on static distortion fea-
tures in the scene for their comparison judgment. During the training phase, head
movements were enforced. Consequently, dropping this strategy during the main ex-
periment either indicates that the movement does not convey relevant cues for the ob-
servers or that the non-moving observers were less motivated to perform well. To test
this, we compared the consistency of dynamic and static observers regarding embed-
ding accuracy and catch-trial performance. There is a significantly better embedding
accuracy (p < 0.05) as well as performance in the catch trials (p < 0.01) for the static
observers using the Mann-Whitney U rank test. Consequently, it is unlikely that static
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Figure 3.6.: Head movement behavior
A Headset tracking data is recalculated in yaw, pitch, and roll angles of the par-
ticipants’ head orientation.
B Example data for one trial. This participant performed a continuous pitch move-
ment (head nodding), while the roll and yaw angles stayed relatively stable.
C The mean rotational velocities for each head rotation component were calcu-
lated across individual trials. The data shown is from one example participant
who consistently followed the same head movement pattern.
D The overview of mean angular velocities for all participants shows different
head movement strategies: some observers did not move their head, while others
performed mainly a nodding (pitch) or mainly a horizontal movement (yaw).

observers were less motivated. Instead, for those participants, dynamic features con-
tributed less to the perception of distortions. This result contrasts with the expectation
that especially dynamic behavior, associated with the swim effect, would give a clear
cue for distinguishing distortions and more reliable results from dynamic observers.
We compared gaze behavior between participants by the area covered in the visual
field. First, a heatmap of individual gaze distribution was calculated from gaze samples
over the whole experiment. The distribution of gaze in the FoV for the individual
participants is shown in Fig. 3.7. The gaze was mainly oriented along the center
vertical axis, with variations in the latitude between individual observers. The solid
angle of the 5% percentile, meaning the area in the heatmap which includes 95% of
the distribution’s mass, can be used for comparing the gaze area covered by different
participants. Some participants showed a high spread in gaze direction, while others
stayed in a more defined area of the FoV. This finding suggests that some participants
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3.3. Psychophysical scaling for distortions in a natural environment

continuously fixated on the same part of PAL distortions, while others looked more at
different parts of the distortion pattern. Next, we tested if the described differences in

behavior also influence the scaling of perceived distortions.
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Figure 3.7.: Gaze behavior
Individual gaze distribution of all observers with Gaussian kernel smoothing.
Binocular gaze samples of the whole experiment were combined to calculate the
gaze distribution in the observers’ FoV. The grey ellipse represents the virtual
frame size, which was visible as a black border during the experiment. The white
contour encompasses 95% of the gaze distribution mass. The area enclosed by
this contour for individual participants is shown in the bar diagram as a percent-

age of the half-sphere area.

Testing the relationship between perception and behavior

Our behavior during the perception of distortions can influence which visual features
we perceive. For example, head movements introduce perceived distorted motion,
while in other scenarios without movement, only static features are visible. If the
various aspects of distortion perception (static and dynamic features) scale differently
with the PAL distortion components, then this should be revealed by differences in the
scaling function between participants of different behavior. Especially the difference
between static and dynamic observers should show how the swim effect, associated
with dynamic situations, contributed to distortion perception. Additionally, different
gaze strategies might cause differences in perceived distortion and thus in the recov-
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ered perceptual scales. The results of the eye tracking revealed differences in the
spread of gaze. A wider area of gaze implies that participants see a higher variability
in distortions.

To test the possible influence of behavior on the scaling function, a linear model was
used with Sph, Add, head movement behavior group, as well as the visual area covered
by gaze. The model shows a significant increase of perceived distortion, both with
Sph and Add (p < 0.001), but no significant influence of behavior differences, which
indicates that perceptual effects of both static and dynamic features scale similarly
with the amount of PAL distortions.

For application in lens design, this is a useful result. It implies that the general
scaling of distortion perception is similar for all observers, independent of their specific
and often idiosyncratic head and eye movements. Different behavior does not lead
to differently perceived distortions, which in turn allows a general quantification of
perceived distortions for a specific PAL.

Prediction of perception of PAL distortions

To improve lens design based on our perception quantification method, it is important
to test how well we can predict perceived distortions for unmeasured observers. Indi-
vidual perception quantification would require individual lens design changes. Only if
we can predict the perception of unmeasured participants, perception models can be
used for general improvements of lens design.

We assessed the predictive ability of three differently complex regression models
in a leave-one-subject-out procedure: the models are trained on all but one subject’s
scaling functions and subsequently tested on the omitted subject. The assessed models
include the exponential fit from Fig. 3.5 along with baseline and ceiling performance
models to provide a reference. The baseline model was a linear regression, and the
ceiling model was a random forest regressor [161], known for excellent out-of-the-box
performance in non-linear problems. We found that the perception of most partici-
pants follows the same regularities, well captured by an exponential model. For most
participants, the exponential and random forest models substantially increase predic-
tion over the linear model, again underlining the non-linear influence of Sph and Add.
The exponential model and random forest regressor are similar in their prediction

performance.
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Discussion

We performed a VR study to determine a psychophysical scale of perceived distortions.
In the explorative study, observers could move their heads and eyes freely to induce
the perception of unnatural motion associated with the swim effect. For the first time,
a considerable amount of different lenses were tested, with varying Sph power (far
correction) and Add power (near correction).

The scaling functions retrieved by fitting the ordinal data of the triplet paradigm
show a similar trend for all observers: perceived distortions increase with spherical
power. For positive Sph, increasing the Add power results in stronger distortions. In
contrast, the positive Add power in combination with negative Sph power reduces
the perceived distortions (closer to undistorted), suggesting an advantage for short-
sighted PAL wearers. For very high or very low Sph, the relative influence of Add on
perceived distortions seems less relevant; close to Sph 0, Add and Sph seem to have a
similar influence on perceived distortions. This relationship is very well modeled by a
simple exponential function.

Behavior measurements of head and eye movements show that observers followed
different strategies in the experiment. Some participants moved their heads continu-
ously (nodding or shaking motion) while others kept their heads stable, despite being
instructed in the training of the experiment to perform head movements. This indi-
cates that some observers might be less sensitive to perceive distortions from optic
flow. This also agrees with the experience of PAL wearers: some individuals are more
sensitive to the swim effect than others [26]. A speculative explanation would be that
participants who relied on head movements perceived the influence of distortions on
optic flow more clearly and might suffer more from the swim effect.

However, no influence of behavior was found on the psychophysical scaling func-
tion. We conclude that the global distortion pattern, not only the local distortions at
specific points in the visual field, influences the perception of distortions with static
and dynamic features. For the specific virtual scene and the specific lenses, distortions
perceived from static or dynamic features scale similarly. Additionally, the scales gen-
eralize well to new observers, confirming that our psychophysical scale can be used
as an objective quantification method for PAL distortions. The remaining differences
between individual scaling functions (for example, differences in the relative influence
of Add power) could result from individual differences in perception or behavior and
should be investigated in controlled follow-up experiments.

This study introduced a new method for measuring a psychophysical scale of optical
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distortions. Results show a high agreement between participants, allowing predic-
tions of PAL distortion perception in general. The results confirm that it is possible
to apply experimental paradigms like the triplet method with natural experimental
conditions of free behavior and naturalistic scene content. This shows the potential
of using psychophysical methods for understanding complex perceptual phenomena,
like the swim effect, that include a combination of different perceptual effects and
environmental influences.

The retrieved psychophysical scaling could help to improve future optical designs of
PALs. Choosing a design with a lower amount of perceived distortions can contribute
to reducing distortion-related discomfort for PAL wearers and increase satisfaction. To
quantify different designs for their perceived distortion, it is required to repeat our
experiment to measure perception not only depending on the correction power (Sph
and Add) but directly on parameters describing the possible differences in PAL designs
for a given correction. With a model based on the results of this suggested experiment,
an arbitrary PAL design could be quantified for perceived distortions purely based on
ray-traced distortion data without testing it in an additional experiment. I will outline
the necessary further research in the next chapter when discussing the outcomes of all
studies combined.
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4. Outlook and conclusion

4.1. General discussion

I investigated the influence of geometric distortions on visual perception in three dif-
ferent research projects. PAL distortions cause a complex transformation of the retinal
image, that influences multiple visual features. Especially during dynamic situations,
when moving relative to the environment, PAL wearers seem to experience an unnat-
ural and often discomforting perception. Therefore, one focus of all studies was the
interplay between motion features and distortions. The first study investigated motion
effects after skew distortion adaptation. In the second study, the influence of distor-
tions on heading perception during self-motion was analyzed. For the last study, we
concentrated more on head movements, to test the perceptual scaling of perceived
distortions in a natural environment with free behavior. At the same time, multiple
perceptual effects and possible interactions were considered by including naturalistic
3D content and free motion behavior. For the research performed with the VR sim-
ulation, depth perception was also included as an additional aspect possibly relevant
for the swim effect. All studies combined give important insights into the different
perceptual effects caused by optical distortions and how they might relate to the typ-
ical problems experienced by PAL wearers. The presented methods build the basis for
developing a lens design approach for optimizing PALs for less distortion-related per-
ceptual effects. I will now discuss the important outcomes of the thesis and suggest
further steps for the ongoing goal of reducing the swim effect.

What is the swim effect?

In chapter 1, I introduced the swim effect as a vaguely described effect of unnatural,
often discomforting, perception caused by optical distortions of spectacle lenses. So
far, the exact mechanisms of the effect have not been clear. The research presented
in this thesis helps explain how different perceptual effects could contribute to the
swim effect. Simulations, theoretical analysis of distortions, and experimental results
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show that multiple perceptual effects can be attributed to an unnatural perception.
When interpreting the results of the different studies combined, we realize that apart
from obvious changes in the size or shape of the stimulus, distortions have a strong
influence on motion perception. We showed that distortions cause illusions in head-
ing perception, which can create a sensory conflict and contribute to dizziness. The
follow-up simulations and experiment [148, 162] additionally indicate influences for
rotational components of the motion and the perception of curved or uneven surfaces
from optic flow.

Especially during head movements, when our eyes perform compensatory rotational
movements, the coordination between head and eye movement is changed by distor-
tions [163, 164]. This is supported also by other research showing that even magnifi-
cation alone can cause discomfort during head movements [95]. Nonetheless, not all
participants seem to be sensitive to the motion-related (dynamic) effects. The influ-
ence on distance perception and surface curvature from binocular disparity [40, 41]
has to also be considered as a contributing factor for unnatural perception.

How those effects combine to the swim effect depends on the stimulus features in
the specific situation but also on individual sensitivity. For some of our experiment
participants, motion-related effects were a clear feature of distortions. For others, the
static effects (depth perception or change in the shape of objects) seemed to be more
relevant than dynamic effects. A necessary follow-up experiment should test different
conditions to isolate certain effects: stereo vision, static effects, and motion perception
during different dynamic situations.

In an experiment already planned during the time of writing, we implemented a
paradigm that removes the static features of the scaling experiment by presenting ran-
dom dot stereograms, similar to the stimuli used for studying stereopsis [69]. Without
movement, the monocular stimulus is indistinguishable between different distortions.
Only movement and binocular disparity can give information about distortions. By
projecting the random dot stereograms onto a 3D scene, the distribution of depth and
optic flow still follows a natural stimulus. As a next step, VR offers the possibility to
isolate the motion and stereo vision effects. When removing binocular disparity by
presenting the same image to both eyes, we can study only the motion effects. The
other way around, by restricting head movements, we can study only depth percep-
tion. As a result, scaling functions for individual conditions help in understanding the
contribution of individual effects to the combined distortion perception during more
natural behavior.

This approach can reveal if the different effects scale differently with the distortion
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parameters. This would imply that lens designs could be optimized for different as-
pects of the distortions, which could be recommended to different types of wearers.
The presented results did not show differences in the perceptual scaling for different
categories of observers. This is also due to the fact that all distortion components are
correlated in the selected lenses, which I will discuss below. Therefore, it is important
to measure perception with different distortion components individually to better test
for the influence of behavior.

Apart from individual perceptual sensitivity, also behavioral differences can deter-
mine the experience with PAL distortions: the results of the optic flow study show per-
ceptual changes dependent on gaze direction, which suggests that a careful gaze strat-
egy, reducing the changes in perceived distortion pattern, can reduce misestimations.
It is possible that the changes in the behavior of PAL wearers in their coordination of
head and eye movements also contribute to reducing the initial distortion-related prob-
lems. Both neural adaptation in the visual processing, as well as behavioral changes,
can mitigate the swim effect.

4.2. Outlook

4.2.1. Distortion components

For manufacturers of optical devices, the question of how to apply the methods sug-
gested in this thesis has to concentrate on the degrees of freedom given by the lens
design. For the research presented in this thesis, I used distortions for PALs of vary-
ing correction power since those parameters mainly determine the distortion pattern.
This is an important first step to study perception across the whole range of possible
PALs. However, to be able to predict possible design influences, perception has to be
quantified based on independent distortion components instead of optical parameters.
For a model that predicts perceived distortions for a general lens, we need a math-
ematical decomposition that is well suited for covering possible design differences,
while at the same time reducing the number of distortion parameters to a size that
can be covered experimentally. In Appendix C I give a preliminary description of a
possible decomposition. Using the developed paradigms in combination with defined
distortion parameters, lens manufacturers could quantify the perceptual influence of
the given degrees of freedom. The different components might cause different effects
(e.g. magnification alone does not cause curvature illusions), but experiments should
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still consider combinations of the components to cover the interaction between effects
and to quantify how the combination of effects in a natural environment with natural
behavior leads to a percept of distortions.

The described optic flow simulations can be tested with different distortion compo-
nents and should be extended to simulations of depth perception from binocular dis-
parity. Direct quantification of altered information of structure, motion, and stability
of the environment from optic flow and binocular disparity depending on distortion
components can reveal which components cause which perceptual effects and how
they combine during natural behavior.

A perceptual scaling function can reveal the relative influence of the components
and possible interactions. The different components in combination determine the po-
tential of a specific lens for causing the swim effect. The approach chosen in the last
study is promising for measuring this scaling function for independent components. A
generalized observer model, using machine learning methods based on such an exper-
iment with a higher number of participants, could be used as a quantification method
during the development of new optical designs. From the results of the last study,
we can already confirm that magnification (mainly influenced by Sph) and radial dis-
tortion (strongly influenced by Add) individually cannot explain the scaling function.
Multiple components and multiple effects contribute to the combined sensation. The
shape of the scaling function suggests interaction between the components.

4.2.2. Influence of adaptation

A limitation to consider before relating the results of our perceptual studies directly to
the experience of PAL wearers is the possible influence of distortion adaptation. Most
PAL wearers adapt to their spectacle lenses over a couple of weeks, even if they ini-
tially experience a strong influence of the swim effect [43, 26, 67]. Our experiments
were designed to represent the perception of a novel PAL wearer. Especially for pres-
byopes who have difficulties with adapting to distortions, improved lens design could
reduce the symptoms of the swim effect. Others can still benefit from reduced initial
discomfort before they have fully adapted.

Nonetheless, it is important to consider how adaptation would influence the results
of the individual experiments. Especially for the suggested approach, studying per-
ception depending on different components of distortions, it might be fruitful to test
if adaptation also differs between distortion components. Existing research suggests
that adaptation to prismatic displacement and pure magnification takes place in a rel-
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atively short time frame (a few hours) [164, 57]. In this case, the adaptation of motor
actions, i.e. how body and eye movements are performed depending on the visually
perceived position, can compensate for the perceptual changes. More complex distor-
tions require adaptation of form or motion features as shown in the study presented in
chapter 3.1. Radial distortions introduce a spatial variation of distortions that changes
with eye movements, complicating visual adaptation. Combined, different adaptation
processes with different time frames can be involved in adaptation to optical distor-
tions. Studying adaptation to different distortion components can help in evaluating
the relative difficulty of adapting to various optical designs.

4.2.3. Other optical aberrations

Apart from geometric distortions, PALs have other optical aberrations which negatively
impact vision. Spherical, astigmatic, and higher-order aberrations lead to blurry vision
for some parts of the lens. The relative importance of distortions and blur on wearer
satisfaction remains unclear. To achieve a comprehensive perceptual approach to lens
design optimization, we need to consider blur, distortions, and their possible inter-
actions. The experimental approaches introduced in this thesis can be extended by
including other aberrations in our VR simulation [147]. The influence of blur is ex-
pected to change the behavior to gaze through the clear areas of the lens [151, 152].
This is evident through increased “head-mover” behavior in PAL wearers [66]. At the
same time, the head and eye coordination will influence the perception of distortions
and motion. Therefore, for an evaluation of the swim effect, it is necessary to consider
the behavior of PAL wearers under the influence of blur.

As T will discuss in the next section, there are technical limitations for simulating
realistic blur in VR. Consequently, it is important to study the behavior of presby-
opes in different far- and near-viewing scenarios wearing actual PALs using eye- and
head-tracking technology. Based on the tracking data, different static and dynamic dis-
tortion effects can be modeled for the natural behavior of PAL wearers and compared

with the previous experimental results.

4.2.4. Use of VR in vision science

This thesis demonstrates the potential of using VR in vision science and psychophysics.
The possibility to present stimuli with natural self-motion and binocular vision with
a large FoV is a major improvement for psychophysical experiments studying natu-
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ral vision. VR provides a controlled and reproducible experimental environment that
simultaneously elicits more natural behavior than traditional psychophysical experi-
ments [165, 166, 167]. Despite constant technical improvements, some limiting fac-
tors prevent VR simulations from recreating a fully naturalistic environment for vision
science.

The virtual image is rendered for a fixed eye position. Gaze changes rotate the
eye, for which a precise simulation would require updating the origin of the rendered
camera [125]. Furthermore, the FoV of VR headsets is limited, usually to a size smaller
than typical spectacle frames [147]. These factors can contribute to an unnatural
perception [168, 169], additionally to influences of the simulated PAL distortions.

Another concern regarding VR is the vergence-accommodation conflict [170]: con-
sidering that the optical image distance is fixed (fixed focal length of the optics) and
accommodation is coupled to vergence eye movements [171], the eyes often do not fo-
cus correctly. The additional defocus can blur the image whenever there is a mismatch
between vergence distance and image distance. Furthermore, there is no natural depth
of field blur in VR [172]. All objects are presented at the same focus distance, limit-
ing natural blur perception. Therefore, simulating blur in virtual reality to study the
influence of other optical aberrations requires more advances in the development of
natural focusing conditions in VR [173].

Moreover, VR headsets rely on optics that introduce additional optical aberrations
[174, 175, 41] which might influence the aspects of visual perception we want to
study. Lenses in VR headsets have radial distortions by themselves, which can be cor-
rected by presenting an oppositely distorted image on the screen [176]. However, this
digital correction fully compensates for the distortions only for a defined eye position
and orientation. Deviations from this ideal eye and gaze position can lead to a small
amount of perceived distortions [177]. This influence has to be considered when in-
terpreting results about distortion perception in VR. Other confounding factors are
simulator sickness caused by tracking delay [178] or the vergence-accommodation
conflict, causing eye strain and blurry images [179]. Modern VR headsets improved
the projection and tracking quality, which reduced the problem of simulator sickness
[180]. Nonetheless, it has to be considered that not all study participants might be
able to perform a VR experiment.

There is still potential for improvement in the distortion simulation itself. To study
the change of distortions with eye movements, eye tracking with low latency for gaze-
contingent distortion rendering is necessary. Currently, latency is too high to update
the simulated distortions fast enough after a saccade [181], but technical improve-
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ments could also solve this problem. Alternatively, experiments could include a fixa-
tion target. Then the gaze direction is always known implicitly and gaze-contingent
distortion simulation is possible without delay. This allows only restricted experimen-
tal paradigms but still might help study certain situations, like the change of perceived
positions during pursuit eye movements or after a saccade with defined gaze targets.
To increase the level of realism, the current developments in video-see-through AR
devices can be a helpful tool. Instead of distorting a virtual 3D environment, we could
apply the distortion simulation directly to the camera images to present a distorted
view of the natural environment. Studying the perception with this approach allows
more natural interaction and behavior. Video signal latency can again pose a limita-
tion [182], affecting perception in addition to the simulated distortions. If latency can
be kept below the perceptual threshold, researchers should focus on developing stud-
ies that allow participants to behave freely in their actual environment. This would
allow us to study complicated scenarios like walking stairs, a scenario that is typically
problematic for PAL wearers, but very difficult to recreate in a virtual environment.

4.2.5. Application for other optical devices

The methods and results presented in this thesis can be applied not only to spectacle
lenses but also to other optical devices. For example, for binoculars there is a per-
ceptual effect that suggests that for a high magnification, a certain amount of radial
distortions is perceived as more natural [183, 184]: during panning of the binoculars,
the moving image is perceived as undistorted only if additional radial distortions are
included in the optical design. This phenomenon shows that the approach of aim-
ing for a distortion-free lens design is not justified. Manufacturers are aware of this
so-called globe effect and try to reduce it by aiming for a distortion profile that subjec-
tively reduces the effect. However, an objective evaluation of the best distortion profile
does not exist. The techniques suggested in this thesis could be applied to binoculars’
distortions, to give an objective recommendation of radial distortion profile for specific
magnification. It can be worthwhile to evaluate differences in individual perceptions
of individual designs.

For digital devices with wearable optics (AR/VR), distortions can be corrected by
oppositely distorting the rendered image. However, as described before, changes in
eye position can diminish the distortion correction. Therefore, VR and AR devices can
also profit from an optimized lens design with (gaze-dependent) distortions shaped
for less perceptual impact.
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4.3. Conclusion

In this thesis, I presented different approaches for simulating, measuring, and quanti-
fying the influence of optical distortions on perception. The individual studies helped
form a better understanding of the perceptual effects of optical distortions and under-
score applications of virtual simulation for lens design. I have shown that the swim
effect can not be described by one perceptual effect, but rather is formed by different
phenomena, potentially depending on different distortion components. As a next step,
relating physical simulations of the different effects (similar to our optic flow-based
approach) with the perceptual sensation (as measured by our psychophysical scaling
approach) would be fruitful for both understanding which effects play an important
role in perception and how lens design can be improved.

The results show the potential of combining simulation techniques, enabled by tech-
nical advancements, with psychophysical procedures and modeling for a better under-
standing and prediction of distortion-related perceptual effects. I suggest considering
this approach as a new perspective on optical design.

A key concept of this approach is the use of virtual reality technology for the simula-
tion of optical aberrations, which allows the application of psychophysical paradigms
necessary for an objective quantification of perceptual effects. Researchers and en-
gineers working on the improvement of optical systems can profit from this new ap-
proach.
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Appendices

A. Shader-based simulation of optical distortions

Original rendered frame Distorted frame

(xd’yd) = f(:L‘,y)
(z,y) = F (4, ya)

Figure Al.: Illustration of the VR distortion simulation

The rendering procedure for VR creates two independent textures for the left and
right eye, illustrated here as two individual image planes in the 3D scene. Each
rendered frame is transformed to represent a distorted image. The image trans-
formation to distort the rendered texture is implemented as inverse mapping. For
each location (x4, y4) in the output texture, the corresponding input position (z, y)
can be mapped with the inverse distortion function F .

The psychophysical studies presented in this thesis used our newly developed VR
simulation of optical distortions. The simulation is based on transforming the VR-
rendered image, as a final post-processing step, based on precomputed distortion data.

69



References

In general, arbitrary distortion transformations are possible, allowing not only the
simulation of real lens designs but also the presentation of artificial distortions for
more control over the experimental stimulus.

As illustrated in Fig. Al, the image transformation (image warping) is applied inde-
pendently to the left and right eye, which is necessary to account for possible differ-
ences in the distortion pattern between the two spectacle lenses. Each transformation
individually follows the same procedure, described in the following.

We use a mathematical description of the distortions to model and simulate the
transformation of visual input. For a point (z,y) in the visual field, the perceived
distorted position when wearing PALs (x4, y4) can be described as a geometric trans-
formation function (bijective mapping):

(zd,ya) = F(x,y) (1)

Based on a measurement or simulation (ray tracing) of the optical displacement
at discrete points, the transformation function can be approximated by subsequent
fitting or interpolation for a continuous representation of distortions. For the work in
this thesis, the distortion function builds the basis for modeling perceived distortions,
simulating distorted optic flow, as well as implementing the VR simulation of optical
distortions.

The distortion simulation was implemented in the game engine Unity (Unity Tech-
nologies, CA, USA) as a post-processing shader (a program part manipulating the
rendered image), which acts as a final transformation of the rendered image. In the
shader, for a point (z4,y,) in the output texture, we need the corresponding posi-
tion (x,y) in the (undistorted) rendered image. This inverse mapping procedure is
a fast way of applying image transformations [185], allowing to distort each frame
of the simulation during runtime without compromising on resolution or frame rate.
For this approach, it is necessary to determine the inverse distortion function F*
which maps the output (distorted) position (x4, y4) to the input (undistorted) position
(z,y) = F '(x4,y4). Based on this idea, the distortion simulation procedure can be
divided into three steps:

e Precalculation of the inverse mapping function F !
* Adjusting the transformation for rendering parameters and saving as texture

* During runtime, loading the transformation function and performing inverse

mapping in the post-processing shader
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A. Shader-based simulation of optical distortions

Precalculation of inverse mapping The transformation function F as well as its
inverse ' can be interpolated from defined pairs of undistorted points (x,y) and
distorted position (x4,y4). For a grid of points (z,y), the corresponding distorted
points (z4,y4) are calculated by ray tracing (as described in [186]). Arbitrary points
in between can then be interpolated. This means both components of F or F ' are
interpolated independently. As a result of the ray tracing, the point pairs do not lay on
a perfect grid. I used Delaunay triangulation for the interpolation of scattered sample
points [187].

Adjusting for rendering parameters Each VR headset has defined rendering pa-
rameters that determine the projection properties, including the rendered FoV. During
runtime, in the post-processing shader, the render texture is accessed with relative co-
ordinates (u,v) (in the range 0 to 1). Each relative location in the texture corresponds
to point (x,y) in the visual field. By extracting the FoV extent of the rendered texture
from the projection matrix in Unity, we can precalculate the mapping function F '
directly for relative coordinates (u,v). In general, the center of the rendered texture
does not correspond to the center of the visual field for a straight gaze, for example, if
the temporal FoV in VR is larger than the nasal. Therefore, we need four values [, r, b
and ¢ to describe the FoV extent of the rendered texture in the left, right, bottom, and
top direction relative to the coordinate origin located in the center of the visual field.
The inverse function F ' is transformed in advance for the specific VR headset (with
specific rendering parameters /, r, b and t):

r=u(r—1)+1
y=v(t—0)+b (2)
(Uiny, Viny) = F F (u(r — 1)+ Lo (t —b) +b)

The two components of the mapping function are sampled for a high-resolution
grid (u,v), and saved in independent color channels of a texture. The red value at a
certain pixel in this texture describes horizontal inverse position u;,,, and the green
value the vertical inverse position vy,, displacement at the corresponding location in
the render texture. Saving the data as a texture has the advantage of easy loading in
the shader because it is stored in the memory of the GPU and the shader automatically
interpolates the mapping for arbitrary pixel locations.
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Post processing shader for inverse mapping The pixel transformation is imple-
mented as a fragment shader. For the location (u,v) the inverse transformed point is
accessed from the red and green channels of the distortion texture. By performing the
main calculations all beforehand, the complexity of the distortion simulation during
runtime reduces to a simple texture sampling. First, the inverse distorted positions are

read from the red and green color channels of the distortion texture.
uv_inverse = tex2D(_DistortionTex,i.uv).rg

Then the shader returns the main texture (undistorted input) sampled at the inverse
distorted positions.

return tex2D(_MainTex,uv_inverse) ;

The use of eye tracking would also allow the simulation of gaze-contingent distor-
tions. There can be small differences in the distortion pattern calculated for different
gaze directions. This effect should also be considered as a possible contribution to the
discomfort of PAL wearers since it describes how objects change perceived position be-
tween saccades or how the environment seems unstable during a smooth pursuit eye
movement. Therefore, the implementation of a gaze-contingent distortion simulation
can be a valuable tool for further research. To do so, distortion textures are precal-
culated for multiple gaze directions in a defined gaze location grid. During runtime,
the current gaze direction is used to interpolate the current distortion pattern from
precomputed distortion patterns. First, the four gaze-grid points around the current
gaze location are determined. Then the inverse mapping function for the current gaze
direction is calculated from those four distortion textures using bilinear interpolation.
Currently the delay in eye tracking in VR in possible gaze tracking noise [188] limits
the realism of this stimulation.
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B. Simulation of distorted optic flow

B. Simulation of distorted optic flow

For simulating the optic flow of a moving observer, a perspective projection is usually
used, representing a simple pinhole camera model [189, 97, 92]. I will derive how this
optic flow vector field is altered for a defined transformation function , to represent
the influence of distortions. Subsequently, distorted optic flow can be compared to the
undistorted, and the influence on the information content of translation, rotation, and
depth can be analyzed.

The perspective projection of a 3D point (XY, 7) in coordinates relative to the
observer onto an image plane with coordinates (z,y) is

()-2 ()

where we chose the image plane distance f = 1 for simplification. The relative
motion of a point (X,Y, Z) for an observer moving with translation T' = (7}, 7,,T%)
and rotation 2 = (£2,,,,€,) is

X X
Y| i=-|T+Qx|Y|]|. 4
A A

From eq. 3 and eq. 4 we can derive the optic flow (z,7):

T 1 (-1 0 = vy —(14+2?) y
= — T Q S
(y) Z ( 0 -1 y) " <1 + y? —zy —:c) &)

When simulating an observer fixating a point at distance d, we can account for
the eye rotation that keeps the image centered at the fixation target (vestibulo-ocular
reflex) by defining €2 in a way that keeps the motion of the center point (0, 0) at zero:

T (6)

With this approach, we can simulate optic flow for arbitrary motion scenarios in
arbitrary environments. Usually, the three-dimensional points describing the environ-
ment (e.g. the ground plane used in 3.2) are calculated by back-projecting defined
two-dimensional points in the visual field into the 3D scene. Using this method, we
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can analyze the optic flow vector field at predefined points in the visual field, allow-
ing the comparison of flow vectors between different distortions, motion scenarios, or
environments.

Optical distortions do not only change the perceived position but also the velocity
of points in the visual field. To simulate the influence of distortions on optic flow, we
take the derivative of the distorted position with respect to time.

1.'d _ i JT:(: (:U7 y) _ 88; 8371__11 :E . (7)
Yd dt \ F, (x,y) e oy y

This is the distorted optic flow perceived at location (x4, y4) in the visual field. To
compare undistorted and flow fields at the same retinal locations, we need to calculate
the distorted optic flow originating from a different point in 3D space. By applying the
inverse distortion function to a location (x, y) before projecting back into 3D space, we
get the distorted optic flow perceived at location F (F~'(z,y)) = (z,y).

To summarize, we compare distorted and undistorted optic flow fields, by first defin-
ing locations in the visual field for which we want to evaluate optic flow. Then we
calculate the corresponding points in 3D, individually for undistorted and distorted
perception. Using eq. 5 we calculate undistorted optic flow fields, individually for
both sets of 3D points. For the distorted optic flow, we have to additionally multiply
the flow field vectors with the Jacobian of the transformation function as derived in
eq. 7.

A more refined version of the simulation could account for the adjustment of eye
movements for the new magnification, by modifying the rotational component (2.

In our implementation, the transformation function F and the derivatives are inter-
polated from ray-traced distortion grid points.

Estimation of heading and rotation

For the estimation of heading and rotation from distorted optic flow, we followed the
subspace algorithm [97] as implemented in the population heading map model [92,
146]. This algorithm computes least-squares residuals over a defined set of heading
candidates. The lower the residual value, the better the heading candidate describes
the given flow field. The minimum in the residual surface is taken as an estimation
of the heading. To calculate the residual values, we split the flow field into smaller,
locally restricted patches that are evaluated separately. The estimation then takes the
minimum of the sum of the individual residual surfaces to increase the robustness of
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B. Simulation of distorted optic flow

the estimation. Optic flow is calculated inside randomly placed patches. For the simu-
lations presented in chapter 3.2, we used 50 random patches with 50 total simulation
runs. The residual surfaces are calculated per patch. To account for cortical magnifi-
cation we scale the size of patches with eccentricity e. Based on findings in the visual
system of primates [190, 93, 83] we chose to scale the patch area with

A = (1.04° 4 0.61¢)” (8)

After the estimation of the heading, the remaining difference between the distorted
and estimated flow fields can be used to extract rotational motion components and the
depth of the scene [191, 97].
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C. Analysis of PAL distortions

As described in chapter 1, PAL distortions can never be fully removed, only variations
in the shape are possible. The given individual far and near correction determines the
overall shape of distortions. A positive spherical power, correcting vision for hyperopia,
causes a magnification of the image which increases towards the periphery. This type
of distortion is called pincushion distortion. Straight lines are bowed inwards.

For a negative lens (concave) the image is scaled down and gets smaller towards
the periphery, causing straight lines to bend outwards (barell distortion). For many
optical devices distortions are radially symmetric. For PALs, the increase of power
towards the lower part introduces an asymmetry in the distortion pattern. Increasing
power in the lower part of the lens leads to increasing magnification. For positive
lenses this increases the overall radial distortions. In case of negative lenses though,
the increase in power can partly compensate the distortion in the lower visual field.
The pattern in the lower part looks closer to undistorted, but at the same time the
overall image is more asymmetrically distorted.

The transformation function F, interpolated from ray-traced distortion data, can be
analyzed through different decompositions. The local derivative (Jacobian matrix),
which we used before in the simulation of distorted optic flow, locally describes an
affine transformation. An intuitive interpretation is given the decomposition of the
Jacobian into horizontal magnification, vertical magnification, skew distortion, and

rotation:

OF, OF
0Fy  O0Fz 1 0 00 01 0 1
or 0y | — magn, +magn,,, + skew +rot )]

The location-dependent values of this decomposition are shown for two example
PALs in Fig. A2. The rotation component is negligible. Magnification and skew distor-
tions are the only contributions. In general, PALs either magnify or minify the image,
depending on the sign of optical power, both increasing towards the periphery. Addi-
tionally, the image is skewed in different directions in the four quadrants.
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Figure A2.: Distortion components of magnification and skew distortions computed locally for

two example PALs, a negative power lens (Sph -5 dpt) and a positive power lens

(Sph +5 dpt). Axes labels are in visual angle, describing the position in the visual

field. Distortions are computed inside of an ellipse, representing the FoV of a typi-

cal spectacle frame. For the negative lens, the image is minified (magnification <

1), for the positive lens it is magnified, with increasing minification/magnification

towards the periphery. Both lenses lead to skew distortions with changing direc-

tion between the four quadrants in the visual field. The orientation of skew is

opposite between the two lenses.
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While a decomposition in magnification and skew help for a more intuitive under-
standing of PAL distortions, they describe the transformation only locally. For modeling
and quantifying the perceptual effects of PAL distortions, it would be beneficial to de-
scribe the global distortion pattern using a suitable parameterization. This reduced
number of parameters would help in describing the actual degrees of freedom of PAL
distortions in lens design, and allow psychophysical experiments to describe percep-
tion depending on a few parameters. The goal would be to describe perception based
on those parameters.

A decomposition into radial and tangential distortions is usually used for parame-
terizing camera distortions [130, 131]. The displacement vector d = (x4, yq) — (z,y) is
decomposed into a radial component d;,q and a tangential component dian,:

z\ 1 —x\ 1
d= drad -+ dtang - (10)
y)r y Jr
where r = /22 + y2. This decomposition still describes the displacement locally,
but the radial and tangential components can parametrized more easily.

Sph -5 Add 1 Sph 5 Add 3
Radial distortions

45° A 0.50 45° A 0.50
30° 7 025 30°7 0.25

0° - 0.00 0° - 0.00
-30° - -0.25  _ggo | -0.25
-45° . T " . -0.50 -45° . : ; . ~0.50

-60° -40° 0° 40° 60° -60° -40° 0° 40° 60°

Tangential distortions

45° 010  45° - 0.10
30° 1 005 30°7 0.05
0° - 000  0°- 0.00
-30° 4 -0.05 350 -0.05
-45° , , : , § 010 450 . . : . § -0.10

-60° -40° 0° 40° 60° -60° -40° 0° 40° 60°

Figure A3.: PAL distortions expressed as a combination of radial and tangential displacement.
Radial displacement increases radially. The systematic tangential displacement

shows the vertical asymmetry in radial displacement.
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C. Analysis of PAL distortions

Tangential distortions can often be neglected for camera lens calibration. For PAL
distortions, as the decomposition in Fig. A3 shows, there is a not negligible amount
of tangential distortions. Additionally, the radial distortion changes, with a vertical
asymmetry in the displacement caused by the change of curvature along the verti-
cal direction. I suggest modeling this asymmetry as a displacement of the center of
radial distortions, an approach that has been suggested before to improve camera cal-
ibration for possibly misaligned optical elements [192]. An approximation for PAL
distortions could be described by a combination of magnification (as a global linear
scaling factor), additional radial distortions (as a polynomial of the eccentricity), and
one additional parameter for the vertical displacement of the radial distortion center.
This parameterization can be used to describe differences between designs and, at the
same time, the number of parameters is manageable for performing psychophysical
experiments that quantify the relative influence of each parameter. A quantification
of the relative influence of each component of distortions could help in developing a
predictive model to rate lens designs in terms of distortion perception already during
the development process.
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Optical distortions as a visual disturbance are inherent in many optical devices such
as spectacles or virtual reality headsets. In such devices, distortions vary spatially
across the visual field. In progressive addition lenses, for example, the left and right
regions of the lens skew the peripheral parts of the wearers visual field in opposing
directions. The human visual system adapts to homogeneous distortions and the
respective aftereffects are transferred to non-retinotopic locations. This study investigates
simultaneous adaptation to two opposing distortions at different retinotopic locations.
Two oppositely skewed natural image sequences were presented to 10 subjects as
adaptation stimuli at two distinct locations in the visual field. To do so, subjects were
instructed to keep fixation on a target. Eye tracking was used for gaze control. Change
of perceived motion direction was measured in a direction identification task. The point
of subjective equality (PSE), that is, the angle at which a group of coherently moving
dots was perceived as moving horizontal, was determined for both retinal locations.
The shift of perceived motion direction was evaluated by comparing PSE before and
after adaptation. A significant shift at both retinal locations in the direction of the skew
distortion of the corresponding adaptation stimulus is demonstrated. Consequently,
parallel adaptation to two opposing distortions in a retinotopic reference frame was
confirmed by this study.

Keywords: visual adaptation, distortions, motion aftereffect, natural scenes, psychophysics, visual system

1. INTRODUCTION

Many optical devices induce spatial distortions of the visual field as a part of their optical
aberrations. An example is the progressive addition lens (PAL) (Meister and Fisher, 2008). But also
other optical devices like virtual-reality-headsets (Kuhl et al., 2009) cause geometric distortions,
which alter different features of visual perception, such as size, motion, form, and distance of objects
(Faubert, 2002; Lord et al., 2002; Habtegiorgis et al., 2018b). This interference with visual perception
can have negative impacts on day-to-day life in the form of nausea and discomfort (Johnson et al.,
2007), distance misjudgment (Kuhl et al., 2009), or tripping (Timmis et al., 2010). Additional
severity is given by the fact that usually optically induced distortions are not homogeneous but
vary across the visual field. For example, in progressive addition lenses, distortions are oppositely
oriented in the left and right periphery (Meister and Fisher, 2008) or in virtual-reality-headsets they
are radially varying (Kuhl et al., 2009).

The human visual system copes with changes in the perception by visual adaptation. Visual
adaptation is the change of information processing as a response to alterations in visual input
statistics (Clifford et al., 2007; Webster, 2015). Adaptation processes take place over many levels
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of the visual system continuously changing perception as a
reaction to changes of all kinds of visual features from simple
attributes such as orientation (Jin et al., 2005), contrast (Bao and
Engel, 2012), or motion direction (Clifford, 2002; Knapen et al.,
2009), which are processed in early levels of the visual system,
to more complex attributes such as facial features (Leopold
et al,, 2005). Adaptation expresses in a normalization of visual
information, which may be a benefit for the visual system in the
form of efficiency of coding information (Clifford et al., 2007) or
supporting constancy of perception (Foster, 2011).

Optical distortions change multiple visual features at the
same time. Depending on the feature content of the distorted
stimulus, adaptation occurs in multiple cortical areas. The visual
system can adapt to changed orientation of objects, which
could be caused by distortions. The perceived orientation of
test stimuli changes after adaptation to tilted stimuli. This is
known for adaptation with simple rotated geometric patterns
(Gibson and Radner, 1937), as well as natural stimuli with
a preferred orientation (Dekel and Sagi, 2015). Also motion
statistics of a stimulus are altered by distortions. Adaptation
can change perceived motion direction as well as speed of
a test stimulus (Anstis et al., 1998). Furthermore, there are
experiments proving interaction between visual perception of
form and motion features (Mather et al, 2012). Adaptation
to still images depicting motion can evoke motion aftereffects
(Winawer et al., 2008). Vice versa motion signals can influence
the perception of form (Uttal et al, 2000; Apthorp et al,
2011).

In progressive addition lenses skew distortions are the
prominent type of distortion. After adaptation to skew distorted
natural stimuli, the perceived level of image skew of a static
pattern changes (Habtegiorgis et al., 2017) as well as perceived
motion direction of a test stimulus (Habtegiorgis et al., 2019).
The first study also showed that during fixation, the aftereffect is
transferred to retinal locations without adaptation stimulation.
Thus, adaptation to homogeneous skew distortions is, at least
in parts, independent of the retinal location. This result is an
indication for the involvement of higher cortical levels with
larger receptive field sizes and processing mechanisms for
complex form and motion features. It is not clear what kind
of aftereffects will occur when different retinal locations are
exposed simultaneously to adaptation stimuli with different
distortions, similar to the situation of progressive lens wearers.
Spatially localized aftereffects have been shown for several
different adaptation processes: Low and also mid-level visual
features like orientation (Blakemore and Campbell, 1969),
spatial ~ frequency  (Ejima and Takahashi, 1984), perceived
numerosity (Burr and Ross, 2008), or duration perception
(Johnston et al., 2006) presumably have a small receptive field
size, allowing localized aftereffects. With natural stimulus,
content processed in higher visual areas and also the receptive
field size increases leading to the transfer of aftereffects. Even for
simple geometric shapes, transfer of distortion aftereffects has
been shown, leading to a changed perception of elongation or
curvature after brief presentation of elongated or curved shapes
preceding the test stimulus (Suzukiand Cavanagh, 1998).
Consequently, the presence of localized aftereffects in

distortion adaptation with natural stimuli is not clear and
requires investigation.

In this study, we want to examine the rivalry between
global aftereffects, as they would be expected from transfer of
adaptation, and local aftereffects, which would occur for local
independent adaptation. To discriminate between the two cases,
we designed a psychophysical experiment in which the two
types of adaptation would lead to aftereffects with opposite
directions. We use an adaptation stimulus for which the transfer
of aftereffects has been shown and a second adaptation stimulus
is added with the opposite skew direction. Local adaptation to
the second stimulus should lead to a shift of perception in the
direction opposite to the aftereffect from transferred adaptation.
Usually distortions of optical devices are not homogeneous but
vary across the visual field. To cope with the changed visual input
by adaptation, the visual system needs to be able to adapt locally
with a spatial variation of aftereffect directions.

In this experiment, parallel adaptation to two distorted stimuli
at spatially distinct locations is studied. The homogeneously but
oppositely skewed adaptation stimuli in the form of natural
image sequences are shown simultaneously at two distinct
locations in the visual field with the same eccentricity. For the
same skew distorted natural stimulus, both motion and form
aftereffects are known to occur (Habtegiorgis et al., 2017, 2019),
since both motion and form features are altered by skew
distortions. Additionally, because of interaction between the
processes of motion and form adaptation only one type of
aftereffect is used in our experiment as measurement for skew
distortion adaptation. Aftereffects were measured in a motion
direction identification task, at the same retinal locations as the
presentation of adaptation stimuli. Results show a simultaneous
shift of perceived direction in opposing directions for both retinal
test locations after parallel adaptation. Each shift corresponds to
the skew direction of the corresponding adaptation stimulus.

2. METHODS

Adaptation to spatially varying distortions was studied by
presenting oppositely skewed natural image sequences at two
distinct locations in the periphery simultaneously. Gaze was
fixed centrally between the stimulus locations. Aftereffects to
adaptation were measured in a motion direction identification
task at the same two distinct locations.

2.1. Study Approval

The study was approved by the Ethics Committee of the Medical
Faculty of the Eberhard Karls Universitit Tiibingen and the
University Hospital.

2.2. Observers

Nine observers (six male and three female aged between 21 and
28) with normal or corrected-to-normal vision participated in the
study. All but one were naive about the purpose of the study. The
experiment was conducted in accordance with the Declaration of
Helsinki and participants gave their informed written consent.
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2.3. Set-Up

Stimuli were shown on a ViewPixx monitor (VPixx Technologies
Inc., Canada) with a resolution of 1,920 x 1,200 pixels and a
refresh rate of 120 Hz viewed at a distance of 65 cm. The monitor
covered a visual angle of 41° horizontally and 24° vertically.
Gaze of the subjects was controlled by an EyeLink 1000 Plus
eye tracker (SR Research, Canada) at a sampling rate of 1 kHz.
Viewing distance and head position was fixed by using a chin and
forehead rest. The up and down keys on a keyboard were used
by the subjects to respond in the test phase. The experiment was
run with the Psychophysics Toolbox (Brainard, 1997) in Matlab
(Mathworks, USA). Viewing was monocular.

2.4. Stimuli

2.4.1. Adaptation Stimulus

Adapting stimuli were generated by skew distorting natural
image sequences from an open source movie (Baumann, 2010).
The frames of size 1,200 x 720 pixels were skewed using
MATLAB (Mathworks, USA) by mapping the pixel position (x, y)
in the undistorted frame to the new positions (x;, ys) given by

the transformation:
Xs\ _ (x+ytan® 1)
<) \y+xtand

with the angle 6 defining a shear mapping in vertical and
horizontal direction with the same amount. To reduce boundary
effects, the frames were cropped to a size of 650 x 650 pixels and
masked with a Hanning window function

2 m’)
= — 2
w(r) = cos ( N (2)
where r is the distance to the center of the frame and N = 650
pixels is the width of the frame. Two kinds of stimuli, with
opposite skew of & = 25° and § = —25°, were prepared. They
are shown in Figure 1A.

2.4.2. Test Stimulus

To test adaptation aftereffects, a random dot test was used. White
dots with diameter 5 pixels on a black background were randomly
positioned within a circle of diameter 14° visual angle and moved
coherently at a speed of 6.6° visual angle per second. Direction
of motion was diagonally upwards or downwards randomly to
the left or right with an angle to the horizontal chosen randomly
out of £8, £6.5, £5, +3.5, £2, £0.5°. Dots moving outside of the
circle were randomly repositioned at the opposite side of the
circle (p € [90° 4 6,270° + 0]). The dot stimulus was masked
with the same Hanning window function as the adaptation
image sequences.

2.5. Procedure

Subjects were lead into the study room, seated on a chair,
and introduced to the experiment procedure. The room was
darkened and subjects performed a few test trials before the actual
experiment started. Three different phases of the experiment
are illustrated in Figure 1C. In the pre-adaptation phase, the
baseline perception of motion direction was assessed. In repeated

trials, random dots moved on the screen and subjects answered
the perceived direction of motion. The second phase was the
adaptation phase. Two oppositely distorted adaptation stimuli
were shown simultaneously on the screen. The perception after
adaptation was measured in the post-adaptation phase in a
procedure similar to the first phase.

As illustrated in Figure 1, two distinct stimulus locations on
the screen were used for both adaptation and the test stimuli.
They were on the left and right side of the screen with their
centers both at a distance of 9° visual angle to the screen center.
In the middle between the stimulus locations during the whole
experiment, a small dot (14 pixels in diameter, 0.3° visual angle)
indicated the fixation target for the subjects.

In the trials of the pre-phase, the moving dot test was
performed consecutively on the left and right side with the
first position chosen randomly from the two stimulus locations.
The dots moved for 0.3s randomly to the left or right with
an angle to the horizontal chosen randomly form the given
set, after which subjects answered the perceived direction of
motion by clicking up or down on a keyboard. The experiment
continued only after a valid key was pressed. Then, after a
0.5-s break after the key press, the test was repeated at the
opposite stimulus location. Each of these trials was followed by
a short top-up adaptation of 4 s. In the pre-phase, undistorted
image sequences were used and presented simultaneously at both
stimulus locations. After a break of 0.5 s, the next trial started
with a random dot test. In 64 trials, each stimulus angle was
tested 6 times (only 4 times for large angles of £8 and £6.5°)
in a randomized order.

The second phase induced adaptation by presenting the
skewed images sequences for 5 min without interruption. Always
oppositely distorted stimuli were used for the two stimulus
locations, but location was randomly interchanged between
subjects. Also in this phase the fixation point was shown in the
center of the screen.

The third phase, the post-adaptation phase, was similar to the
first phase, but distorted stimuli consistent with the adaptation
phase were used as top-up adaptation.

To ensure that always the same retinal locations were
stimulated, during adaptation and test the subjects’ gaze was
controlled and the adaptation stimuli vanished in <20 ms
(under two monitor refresh cycles Saunders and Woods,
2014) when subjects blinked or their gaze deviated from
the fixation point by more than 2°. The stimuli appeared
back as soon as measured gaze was inside the fixation area
again. In the test trials, the subjects’ gaze was controlled
before presentation of the stimulus and the dots were only
shown when gaze was inside the fixation area. Otherwise,
the current trial was aborted and repeated at the end of
the phase.

3. ANALYSIS

To measure aftereffects following adaptation to skewed natural
image sequences, the change of perceived motion direction
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A Adaptation

C  Procedure
Pre adaptation (64 trials)

Top-up
(4s)

Test 1
(0.35s)

Test 2
(0.3s)

B Motion test

Post adaptation (64 trials)

Top-up
(4s)

Test 1
(0.3s)

Test 2
(0.3 s)

FIGURE 1 | (A) Presentation in the adaptation phase: The figure shows one frame of both skewed stimuli and their placement on the screen together with the fixation
point. The natural image sequence was skewed with angle 6 = 25° for the left and & = —25° for the right stimulus. After skewing, the stimuli were masked with a
Hanning window function. The orange lines indicate how a square of the original video gets transformed by the skew mapping. (B) Test stimulus: Randomly
distributed dots moving coherently in one direction with the angle 6 to the horizontal randomly chosen out of a limited set for each trial. Here, the test for the right
stimulus location is shown. During the experiment, both stimulus locations were tested sequentially. (C) Three phases of the experiment: In the pre- and
post-adaptation phases, the motion direction perception test is presented at both locations on the screen (in a random order) interrupted by top-up adaptation stimuli
in 64 trials each. In the adaptation phase, only the adaptation stimuli are shown for a duration of 5 minutes.

was evaluated by comparing the stimulus level perceived as a
horizontal movement between pre- and post-adaptation phases.

The percentage of trials answered upwards depending on the
stimulus level was determined for both stimulus locations in
the pre- and post-phase. Dots perceived as moving to the left
diagonally downwards correspond to the same axis of motion
(and therefore the same level of skew distortion) as dots moving
to the right but upwards. Thus, to collapse data from trials with
different horizontal motion direction for analysis, answers for
trials with movement to the left were inverted. The obtained
curves of percentage of upwards answers depending on stimulus
level were fitted for every subject with a psychometric function
(cumulative normal distribution function with free but equal
asymptotes) using Psignifit (Schiitt et al., 2016) in Matlab. The
50% point of the fit function is used as a measurement for the
point of subjective equality (PSE), that is, the stimulus level
in degree which is perceived as a horizontal motion. The shift
APSE = PSEjost — PSEpe between pre- and post-adaptation
phases is computed as a measurement of aftereffects.

To collapse data from subjects with positive skew on the left
and negative on the right stimulus location and other subjects

with negative skew on the left and positive skew on the right
stimulus location, in our analysis all subjects were treated as
having positive skew at the left location and negative skew at the
right location by inverting APSE for subjects with the negatively
skewed adaptation stimulus at the left stimulus location. In this
way, for the left stimulus location a positive shift APSE represents
a change of perceived motion direction (into the negative)
opposing the skew direction of the corresponding adaptation
stimulus. For the right stimulus location, APSE is negative if
motion perception changes opposing the adaptation stimulus.

For statistical analysis, one-sample ¢-test was used with APSE
for the left and right stimulus location to test the presence of a
shift in perceived motion direction. A paired ¢-test was conducted
with both APSE to evaluate the significance of the difference
between both stimulus locations.

4. RESULTS

Figure 2 shows the number of upwards answers depending on
the stimulus level and the fits of the psychometric function for
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Left location
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Percentage of upwards responses

0
Stimulus level (°)

FIGURE 2 | Percentage of upwards responses and psychometric fits for one
exemplary subject. The blue data points were obtained in the baseline
measurement in phase one of the experiment and the green data points in the
last phase after adaptation. All four curves were fitted with a psychometric
function. The 50% point of the fit function is taken as the Point of Subjective
Equality (PSE). The PSE for this subject shifted by 2.1° for the left stimulus
location, where the adaptation stimulus was left skewed (negative skewing
angle). For the right stimulus location, this subject’s PSE shifted by —1.0° in
accordance with the positive skewing angle.

one representative example subject. At the left stimulus location,
where the adaptation stimulus was skewed with an positive angle,
the PSE shifted by 2.1°. At the second location at the right
side of the screen, there is a negative shift APSE = —1.0°.
This means that for the left side motion, direction is perceived
by this subject more downwards and on the right side more
upwards. So motion direction perception has shifted away from
the adaptation stimulus at both locations.

This change of perception indicates that the subject saw
both image sequences less distorted after adaptation than in the
beginning of adaptation.

Figure 3 shows APSE for all subjects at both stimulus
locations. On the left side, all subjects but one show a positive
shift PSE (p < 0.01 for APSE}f). On the right side, for all subjects
but one the shift of PSE was negative (p < 0.01 for APSEjgp).
Thus, the shifts of perception were always in opposite directions
for the left and right side (p < 0.001 for APSEje, — APSEjgp).
In average, the shift for the left stimulus position was 1.13° (s =
0.8°) and for the right position —1.4° (s = 0.9°). Skew direction
of the adaptation stimulus was positive for the left and negative
for the right stimulus location. This means the change of motion
direction perception was opposing to the skew direction of the
corresponding adaptation stimulus at both stimulus locations.

[ A PSE o [ ~ PSE g

1 2 3 4 5 6 7 8 9 @
Subject #

FIGURE 3 | Shifts of PSE for the 2 stimulus locations on the screen. For
location one (blue bars), to agree with the right skewed adaptation stimulus, a
positive shift of PSE is expected. For the second location (green bars) with the
oppositely skewed adaptation stimulus, the expected shift in PSE is negative.
The rightmost bars are the mean values of APSE with standard deviation as

error bars.

5. DISCUSSION

This study assessed the parallel presence of spatially separated
aftereffects after adaptation to two spatially distinct opposing
distortions in a psychophysical experiment. Subjects were
exposed to two homogeneously but oppositely skew distorted
natural image sequences shown at two distinct locations in the
visual field at identical eccentricity. Aftereffects were measured
at the identical locations by evaluating the shift of perceived
motion direction measured in a direction identification task.
The results show opposing shifts of PSE at the left and right
side. At both stimulus locations, the direction of aftereffects
opposes the skew direction of the corresponding adaptation
stimulus. This shows that the human visual system is able to
adapt to multiple, spatially separated distortions simultaneously.
Perception is changed locally in the visual field depending on the
distortions present at the test locations. So distortion adaptation
does not only take place globally, but can vary across the
visual field.

Aftereffects result from response changes of neurons tuned
to attributes changed by the adaptation stimulus (Webster,
2015). Adaptation to features processed in lower levels, like tilt
(Mathot and Theeuwes, 2013) or contrast (Gardner et al., 2005),
shows purely retinotopic aftereffects, meaning aftereffects are
present only at locations exposed to the adapting stimulus but
not transferred to non-adapted locations. Neurons in higher
cortical areas have larger receptive field sizes (Van Essen and

Frontiers in Psychology | www.frontiersin.org

November 2020 | Volume 11 | Article 544867



Sauer et al.

Parallel Adaptation to Spatially Distinct Distortions

Anderson, 1995; Suzuki et al., 2005), therefore aftereffects are
at least partially transferred to non-adapted retinal locations,
like it has been shown for adaptation to complex facial features
(Zimmer and Kovacs, 2011). For this face aftereffect (FAE),
it has also been shown that the effect size decreases in case
of simultaneous presentation of conflicting stimuli (Afraz and
Cavanagh, 2008). For distortion adaptation with natural stimuli
also higher cortical levels are involved, since it has been shown
that distortion adaptation aftereffects are transferred to non-
adapted locations (Habtegiorgis et al., 2017). The presence
of multiple opposing aftereffects in our experiment again
suggests involvement of lower areas, where different neuron
populations are able to adapt differently for different retinal
locations. The question arises whether adaptation is aggravated
in case of simultaneous adaptation with two opposing stimuli.
This could be seen in a smaller effect size when comparing
aftereffects in our experiment to a condition with only one
adaptation stimulus. If we take the change in angle of perceived
motion direction as a direct measurement for perceived skew
distortion, meaning the skew angle 6 corresponds to APSE,
the effect size in our experiment is comparable to the previous
study showing global adaptation aftereffects (Habtegiorgis et al.,
2017).

The motion direction aftereffect is known to be retinotopic,
also with locally opposing aftereffects (Wenderoth and Wiese,
2008). So the results of our experiment could be explained by
adaptation to changed motion direction alone. But the natural
image sequence used in this experiment as adaptation stimulus
contains a variety of motion as well as form features. It is well-
known that form adaptation influences motion perception and
vice versa (Winawer et al., 2008; Mather et al.,, 2012; Pavan
et al., 2013). So the change of orientation content by distorting
the adapting stimulus can induce motion direction aftereffects.
At the same time, the altered motion direction statistics of the
natural image sequences can influence the perceived skew after
adaptation. Both types of aftereffects, change of perceived skew as
well as motion direction, are known to occur for skew distorted
natural stimuli (Habtegiorgis et al., 2017, 2019). This all suggests
that the tested motion aftereffect is a measurement for distortion
adaptation. The results show that skew adaptation can take place
simultaneously for two stimuli with opposing skew directions
and not only with a global homogeneous aftereffect.

Another possible explanation of our results is adaptation
to curvature of a three-dimensional surface: Two distorted
adaptation stimuli combined could stimulate detectors for
curvature of a surface covering the area of both stimulus locations
(Suzuki, 2001). Opposite skew distortions, as used in this study,
fit to a parallel projection of the undistorted stimulus on two
oppositely inclined planes. In this geometrical configuration, the
stimuli would then lie on different sides of a three-dimensional
object, with the intersection line of the two inclined planes
between them. Adaptation to the curvature of the surface would
then also lead to a shift of perceived motion direction in opposite
directions. There are some reasons why the stimulation of a
corresponding surface curvature detector is not guaranteed in
our setup: Image skew is ambiguous in the tilt of the three-
dimensional-oriented planar surface, the undistorted image is

projected on, similar to an ellipse which has two interpretations
in 3D (Stevens, 1983). Therefore, a concave as well as convex
configuration of planes could distort the two stimuli in the same
way. Furthermore, our stimulus setup does not show a continues
curvature, meaning the point between the two stimulus locations
where the hypothetical surface inclination would change is in
fact not part of given visual information. It has been shown that
for curvature adaptation such a gap in the adapting stimulus
drastically reduced aftereffects (Gheorghiu et al., 2009). For the
perception of a surface curvature form motion, there needs to
be a change in the second derivative of the optic flow field
(Droulez and Cornilleau-Péres, 1990). But this is not introduced
by skew distortions, as it is a linear transformation of spatial
coordinates. The orientation of the hypothetical rotated planes
could be perceived by motion, but again there is an ambiguity of
the plane tilt because of the linearity of the skew transformation
(Zhong et al., 2006). Combined, it is not clear which role
curvature adaptation plays in the process of adaptation to
opposite skew distortions and requires further investigation.

The process revealed by this study is an important part of
understanding of how the visual system copes with optically
induced distortions. The results show that humans’ visual system
can reduce the amount of perceived spatially varying distortions
by adaptation. Wearers of PALs or VR-glasses benefit from this
process by a decrease of problems like discomfort and nausea. In
the case of optically induced distortions, additional complexity
arises by the fact that varying distortions are in general not
spatially distinct and homogeneous but gradually change across
the visual field. Also the distortions in the visual field are
constantly modulated by eye movements. The distortions are
not fixed relative to the retina, as it is the case in this study,
but mostly relative to the head and therefore change upon
gaze. To reduce the perceived distortions in VR headsets or
PALs, aftereffects would thus have to occur not relative to the
retinal but the spatial coordinates of an adaptation stimulus.
For a single homogeneously distorted adaptation stimulus,
the transsaccadic transfer of aftereffects has been shown in
retinotopic as well as spatiotopic reference frames (Habtegiorgis
et al., 2018a). The spatiotopic adaptation process, in contrast to
purely retinotopic adaptation, requires necessarily involvement
of high level neurons (Duhamel et al, 1992; Nakamura and
Colby, 2002; d’Avossa et al., 2007). Future studies might reveal
the presence of this spatiotopic aftereffects after eye movements
also for multiple opposing distortions.
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SUMMARY

Progressive addition lenses (PALs) are ophthalmic lenses to correct presbyopia
by providing improvements of near and far vision in different areas of the lens,
but distorting the periphery of the wearer’s field of view. Distortion-related dif-
ficulties reported by PAL wearers include unnatural self-motion perception. Vi-
sual self-motion perception is guided by optic flow, the pattern of retinal motion
produced by self-motion. We tested the influence of PAL distortions on optic
flow-based heading estimation using a model of heading perception and a virtual
reality-based psychophysical experiment. The model predicted changes of
heading estimation along a vertical axis, depending on visual field size and
gaze direction. Consistent with this prediction, participants experienced up-
wards deviations of self-motion when gaze through the periphery of the lens
was simulated, but not for gaze through the center. We conclude that PALs
may lead to illusions of self-motion which could be remedied by a careful gaze
strategy.

INTRODUCTION

With increasing age, accommodation capabilities of the human eye decrease and it becomes harder to
focus on nearby objects (Atchison, 1995). Progressive addition lenses (PALs) are a common treatment
method using a special kind of spectacle lens design with complex optical properties. PALs have two re-
gions of different optical power for far and near vision (Meister and Fisher, 2008a) (Figure 1A). The far
zone in the upper area of the lens corrects far vision, whereas the near zone in the lower area of the lens
has additional optical power to reduce accommodative demand when focusing on close objects. Between
these two zones, there is a progressive increase in optical power which inevitably produces unwanted astig-
matism (Sheedy et al., 2005). This causes blur and skew distortions in the periphery. Thus, the wearers of
these lenses have to cope with spatially varying distortions of the visual field. Figure 1B shows a simulation
of a progressive addition lens’ optical distortions.

When wearers of PALs move their eyes, these distortions are not fixed in the visual field but change with
gaze direction. During central view through the upper area of the lens that is designed for far vision, the
distortions are visible mainly in the visual field's periphery. Alternatively, gaze direction through the lower
left or right area of the lens leads to substantial distortions in the visual field center.

Optical distortions can have negative influences on visual perception, including form, motion, and distance
estimations. Many PAL wearers report a perception of unnatural motion of the environment (swim effect)
(Meister and Fisher, 2008b), even causing nausea for some of them (Alvarez et al., 2009). A considerable
number have problems with tripping while wearing PALs (Johnson et al., 2007; Lord et al., 2002). Because
some wearers cannot adapt to the distorted perception, they reject PALs entirely. We wondered whether
the difficulties might be related to distortions of the visual motion experienced during locomotion.

Walking through a rigid environment forms moving patterns of light on the retina of the observer. These
patterns are called optic flow and they contain information about amplitude and direction of motion rela-
tive to the surroundings and about the appearance of the scene (Gibson, 1950). Typically optic flow is
described as a two-dimensional vector field, so-called optic flow field, which carries information about
the retinal placement and direction of each flow element. The human visual system is able to extract infor-
mation from optic flow for the control of self-movement (Warren and Hannon, 1988; Lappe et al., 1999;
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Figure 1. Schematic illustration of a PAL

(A) The lens has a zone optimized for distance vision in the upper and a zone optimized for near vision in the lower part.
The gradient of color represents a progressive change of optical power between the two zones. As a side effect, the
power gradient leads to astigmatic blur in the left and right periphery, indicated by the gray areas.

(B) PALs distort the visual field of the wearer. The blue mesh represents object points in the visual field. PAL distortions
displace the perceived position as illustrated by the red mesh. Prominent distortions are in the lower periphery.

Warren et al., 2001), the perception of the environmental structure (Andersen, 1989), the prevention of colli-
sion (Sidaway et al., 1996), and the estimation of traveled distance (Lappe et al., 2007).

For a pure translational motion of the observer, e.g., walking with gaze fixed on the horizon, optic flow con-
sists of a radial pattern expanding from a single point in the direction of the translation, the focus of expan-
sion (FOE). However, such a static gaze is a rare occurrence during self-motion. During walking, humans
look around, often at the ground in front, in order to check for obstacles and find good locations for
foot placement (Hollands et al., 1995; Patla and Vickers, 1997, Calow and Lappe, 2008; 't Hart and Ein-
hauser, 2012; Matthis et al., 2018), or to adjust gaze toward a new destination when changes on the planned
path occur (Hollands et al., 2002). In such cases, rotational eye movements stabilize the gaze on objects in
the environment via smooth pursuit (Niemann et al., 1999) or eye rotation reflexes (Miles and Busettini,
1992, Lappe et al., 1998; Angelaki and Hess, 2005; Matthis et al., 2018). Because of the rotation of the
eye, the resulting flow structure on the retina is no longer a radial pattern but resembles a spiral with
the center near the fovea (Warren and Hannon, 1990; Lappe and Rauschecker, 1995; Lappe et al., 1999).
Such patterns, despite lacking retinal motion at the visual field's center, contain a large variety of motion
directions at low speed in the parafoveal area. The peripheral visual field, in contrast, features much higher
speeds in more radially distributed directions (Calow and Lappe, 2007). The visual system is able to recover
from such retinal flow (Warren and Hannon, 1990; Lappe et al., 1999; Bremmer et al., 2010). PAL glasses,
however, would produce additional distortions in this pattern, depending on how gaze is directed through
the lens.

When a person aims to fixate a point on the floor during walking, various combinations of head and eye
movements are suitable to execute this task. One possible way to do so is to keep the head orientation
straight in walking direction and direct the eye downward to fixate the ground (Figure 2B, right). Alterna-
tively, one might tilt the head downward while keeping the orientation of the eye straight with respect to
the head (Figure 2B, left). Although these two behaviors result in the same structure of optic flow in normal
eyes, they lead to different distortions for PAL wearers: When the eye is directed downwards but the head
remains level, gaze is through the peripheral, more distorted part of the lens. Therefore, distortion occurs in
the center of the visual field. In contrast, when the head, and therefore the PAL glasses, are moved, gaze is
directed through the less distorted central area of the PAL and the distortion occurs mainly in the visual
periphery.

Distortions alter the optic flow a PAL wearer receives on the retina, possibly resulting in an internal misper-
ception regarding the own movement. Our study aimed to investigate the influence of PAL distortions on
heading perception and to determine differences in perception between the central and peripheral views
in a typical self-motion scenario. We had two goals. First, we wanted to determine how PAL distortions
would be expected to affect heading estimates. For this, we first created PAL distorted flow fields and
then used computer simulations of an established model of heading perception in humans to estimate
the expected effects on heading. Second, we wanted to determine if PAL distortions lead to mispercep-
tions of self-motion in human observers. For this, we tested heading estimation in human participants in
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Figure 2. Experimental setup
(A) Visualization of the self-motion scenario used in this study: Gaze (green) is downwards onto the floor and off to the
side. Self-motion (blue) consists of a translation over the ground. In experimental conditions, translation could also be
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slightly downward or slightly upward with respect to the ground (dashed blue lines).

(B) Two different head orientations while fixating a point on the ground. In the central view condition the observer’s line of
sight is through the center of the lens and the head is tilted downward and to the side. In the peripheral view condition,
the head remains at level and gaze is through the periphery of the lens.

(C) The visible scene of the moving environment is the same in all conditions, but distortions, illustrated by colored
meshes on top, differ between central view and peripheral view. The dashed circle indicates a circular field of view with
radius 50° as presented in the VR experiments.

a virtual reality (VR) simulation of PAL distortions along the axis that provided the strongest predicted
misperception in the model simulations.

RESULTS

Simulations of PAL distortions in retinal flow fields

We simulated a translation across a ground plane while fixating a point on the floor next to the path (Fig-
ure 2A), a scenario that occurs naturally during walking (Hollands et al., 1995; Patla and Vickers, 1997; Calow
and Lappe, 2008; 't Hart and Einhauser, 2012; Matthis et al., 2018). We considered two distortion conditions
corresponding to central view and peripheral view through the PAL (Figure 2C). Optic flow fields were
calculated for the motion scenario with and without distortions using a ray tracing approach in which for
each point in the scene the distorted and undistorted positions in the image plane are calculated followed
by calculation of the (distorted) optical motion in the image plane (see STAR Methods).

Panel Ain Figure 3 shows an example of a superposition of the peripheral view distorted (orange arrows) on
top of the undistorted (green arrows) retinal flow field. In this particular simulation, the direction of self-mo-
tion (heading) was to the left. The overall pattern appears very similar in both cases and exhibits the typical
spiral flow field structure for the fixation of a ground element (Warren and Hannon, 1990; Lappe and Rau-
schecker, 1995; Lappe et al.,, 1999). Differences between the distorted (orange) and undistorted (green)
flow can be seen in the lower left area but appear to be rather small. However, panel B shows how the
distortion changes direction (angle) and speed (ratio) across the visual field and reveals that there are large
areas of systematic differences between the distorted and the undistorted flow. The parafoveal area ex-
hibits directional changes of the flow, clockwise on one side and anti-clockwise on the other side of the
fovea, as well as increases and decreases of speed in the upper and lower parafoveal fields. Owing to
the typically low flow speeds in this area, even a small distortion may already cause a different flow percep-
tion, impacting the spiral structure emerging from the center. Panel C shows the differences in direction
and speed in the central view condition. They exhibit a different retinal distribution than in the peripheral
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Figure 3. Changes in flow fields because of distortions

(A) Example flow fields used in the simulations for a translation parallel to the ground to the left of the fixation point. Green arrows show the undistorted flow,
orange arrows show the flow distorted because of the peripheral view condition.

(B) The top panel shows the angle between flow vectors at all points in the visual field for the peripheral condition. A position colored in the yellow-red
spectrum indicates an anti-clockwise turn from an undistorted vector to the distorted vector there. The bottom panel shows changes in speed as the ratio of
the speed of the distorted vector to the speed of the undistorted vector. Values greater than 1 indicate an increase in speed at that position.

(C) Directional and speed changes because of the central gaze condition. The color scales are limited because of the undistorted flow in the central area
almost vanishing, limiting its validity as a reference there.

view condition and are overall smaller. The quantitative analysis of both distortions shows that they do not
act as random noise to the flow field but impose a systematic and continuous pattern of changes to the
optic flow field. These systematic differences in flow, though small in value, might lead to misestimations
or increased variability in heading estimates. Owing to the complexity of the flow field, however, it is not
immediately clear which or how much distortions of self-motion perception may be expected. We therefore
used computational modeling to better understand the potential implications of the optic flow distortion.

To estimate whether these distortions might influence heading estimation from retinal flow, we presented
distorted flow fields to the method for heading recovery used in an established model of heading percep-
tion in humans (Lappe and Rauschecker, 1993; Lappe et al., 1999; Li et al., 2018). This model implements the
subspace algorithm for heading estimation (Heeger and Jepson, 1992) that computes a likelihood map of
heading space, i.e., a 2D map of potential heading directions in retinal coordinates representing the likeli-
hoods with which each one of them explains a given flow field. Distortions of the flow field might influence
the likelihood distribution in this map. Figure 4 shows an example of the likelihood distribution for a dis-
torted flow field using a gray scale to indicate the likelihood of each heading direction. The model selects
patches of flow (four of them are shown in the left part of panel A) from the flow field, similar to receptive
fields of neurons in the visual motion pathway of the brain (Lappe et al., 1996). It then computes likelihood
maps of the heading for each patch. The four small plots on the left of panel B show the likelihoods for the
four patches in A. Dark areas indicate the most likely heading. Finally, the individual likelihood maps are
averaged to compute a global likelihood map (right plot in panel B), in which the most-likely heading
(red dot) is the model’s heading estimation for the given flow field.

Because the most likely headings (dark area in Figure 4B) cover the true heading (green dots), the results of
the simulation indicate that the heading perceived from this flow field is still close to the true heading. The
vertical spread of the dark area indicates that PAL distortions might create uncertainty along a vertical axis
because of the corresponding headings mainly differing in the vertical component. In case of an undis-
torted flow field the likelihood map would contain a single dark spot coinciding with the true heading
and be colored white elsewhere.

We tested this prediction in a psychophysical experiment with flow fields including the different types of

optical distortions resulting from the two distinct kinds of head orientation behavior, i.e., the central
view condition and the peripheral view condition.
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Figure 4. Visual description of the simulation process

The simulation calculates the map of heading likelihoods for a particular flow field with a defined heading and gaze direction: (A) Circular patches (four
are shown in this example) were placed randomly inside the visual field with area size proportional to eccentricity. A total of 10 points per patch were
selected randomly and their motion vectors were calculated according to the heading and gaze direction. Combining the patches yields the optic flow
field for this heading direction (—20°,20°) in the peripheral distortion condition. (B) The likelihoods of all the heading directions, shown in retinal
coordinates that are considered as an explanation for the small flow fields are presented as a gray-scale map. The darker a direction is displayed the more
likely it is to explain the flow field. The combination of the ratings for the small and locally restricted flow fields yields a global estimate for heading
direction. Red dots mark the most likely heading, i.e., the heading, which according to the model, explains the flow field best. The green dots indicate the
true heading direction.

Virtual reality experiment on distorted self-motion perception in humans

To study human perception under the influence of PAL distortions in an isolated experimental environ-
ment, we developed a simulation of optical distortions in VR (Stein et al., 2021). The PAL distortions of a
Zeiss lens design (Carl Zeiss Vision GmbH, Aalen, Germany) were precomputed by ray tracing for different
gaze directions. The virtual image was distorted to simulate PAL distortions for either the central view or
peripheral view. For comparison, in a third condition the virtual image was undistorted. The self-motion
scenario simulated movement across a virtual ground plane while fixating a point on the floor as in Figure 2.
The self-motion was either parallel to the ground or contained a small upwards or downwards component
between —3.5° and 3.5°. Participants reported their perceived direction of self-motion by indicating their
perception of either sinking in or lifting off in each trial. The three distortion conditions were measured in
one session in randomized trial order.

For each subject and each distortion condition, the vertical translation angle perceived as a motion parallel
to the floor (point of subjective equality - PSE) was determined by fitting a psychometric function to the sub-
jects’ answers depending on the vertical translation angle. Then the difference of PSE between the dis-
torted condition and the undistorted condition was calculated. This relative shift (APSE) provided a mea-
sure for the influence of simulated distortions in the two view conditions.

Figure 5 A shows the answers and psychometric fits for all conditions for one example subject. There is a
clear shift of the psychometric function in the case of simulated gaze through the periphery of the PAL
compared to the undistorted condition. The PSE is 0.73° lower than in the undistorted condition. This sub-
ject perceived the translational movements more upwards than in the undistorted condition. In the central
view condition, the PSE is similar to that of the undistorted condition. Figure 5B shows the change of PSE in
the two distortion conditions relative to the undistorted condition across all subjects. In the peripheral view
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Figure 5. Experimental results

(A) Percentage of upwards responses and psychometric fits for one example subject. The green data points were
obtained in the undistorted trials. The blue and orange data points show the answers in the two distortion conditions for
simulated central view and simulated peripheral view, respectively. All three datasets were fitted with a psychometric
function. The 50% point of the fit function is taken as the point of subjective equality (PSE) (vertical lines).

(B) Difference of the PSEs between the distortion conditions and the undistorted condition for all tested subjects. The
rightmost bars are the mean value of A PSE with standard deviation as error bars. **p < 0.01.

condition, there is a significant deviation (APSE) from the undistorted condition (t test, p<0.01). On
average, the angle perceived as a straight movement was 0.43° smaller than in the undistorted condition,
i.e., the A PSE was negative. Thus, in the peripheral gaze condition participants reported a self-motion
percept that appeared as if they were slightly lifting up from the ground when in fact the motion was par-
allel to the ground. For the simulated gaze through the center of the PAL, there is no significant difference
between the distorted and undistorted cases.

Model simulation of VR experiment

The results of the VR experiment showed that PAL distortions of the optic flow indeed produced misper-
ception of self-motion along the vertical dimension. We next presented the same vertical heading task to
the model in computer simulations to see whether the size of the misperception fitted the distortions of the
flow fields. For these simulations, fifty flow fields with different random distributions of flow vectors were
calculated for each heading direction. Then, these flow fields were distorted to create individual fields
for the different distortion conditions. Next, the most likely heading direction according to the model
was calculated using the subspace algorithm. Finally, to recreate the psychophysical procedure, model
heading estimates were converted from a direction into upwards and downwards answers, depending
on the sign of the vertical component relative to a direction parallel to the ground. In the case that the es-
timate was parallel to the ground, it was counted both for upwards and downwards answers. For each
distortion condition, the percentage of answers upwards was computed for each vertical direction of the
stimulus. Then, for each distortion condition, the vertical heading angle perceived as a motion parallel
to the floor (PSE) was determined by fitting a psychometric function to the answers using the same fitting
procedure as for the experimental analysis. Because the model in the undistorted condition always pro-
duced a PSE of O (i.e., it recovered the correct heading) the shift in PSE (APSE) corresponds directly to
the extracted PSE for the distortion conditions.

For the model simulations, the maximum field of view (FoV) was set to be circular with a radius of 55°. This
matched the specifications of the VR headset we used for the experiment. However, the effective FoV when
wearing an HMD is often smaller because parts of the screen are not visible because of individual adjust-
ments in fitting the HMD on the head. Therefore, we also performed the simulation procedure with slightly
reduced sizes of the FoV.

Figure 6 shows the PSE for the central and peripheral distortion conditions for effective FoV sizes between
40° and 55° radius.

For FoV sizes between 50° and 55°, the results show a negative PSE value for the peripheral view condition
and a small positive value for the central view condition. This is consistent with the experimental findings
which showed a significant negative PSE shift for the peripheral view condition and a much smaller PSE
shift, not different from zero, for the central view condition.
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Figure 6. Simulation results
Shift of PSE in the simulation results for the two distortion conditions for different simulated FoV sizes.

Figure 6 furthermore shows that size and direction of the PSE depend on the size of the FoV. For FoVs
smaller than 50" the PSE in the central view condition further diminishes while the PSE in the peripheral
view condition becomes positive, indicating a self-motion toward the ground. This dependence might
be important in explaining individual data in the experiment and in considerations of the field of view in
real PAL glasses.

DISCUSSION

Summary of results

We investigated the influence of optical distortions of progressive addition lenses (PALs) on heading
perception from optic flow for a translational movement across a ground plane while fixating a point on
the floor, a typical walking scenario. We combined simulations of optic flow-based heading estimation
and a VR-based psychophysical experiment. We compared two distortion conditions: first gaze through
the center of the simulated progressive lens (central view condition) and second gaze through a point in
the periphery of the lens (peripheral view condition). These two cases correspond to different combinations
of gaze and head orientation. For the first condition, the observer would need to tilt the head downward
while looking straight through the lens. For the second condition the head would remain level while the
gaze would be directed downwards.

The resulting distortions of the progressive lens vary between the two scenarios because the periphery of
the lens type we used induces considerably stronger distortions than the central area. In both experimental
data and model simulations, we found that the central view condition produced small, if any, heading er-
rors. The peripheral view condition, in contrast, produced heading estimates that appear as if one would
slightly lift up from the ground.

Discrepancies in experimental results

The experimental results had some variation between subjects in effect size as well as sign of A PSE, with
two of them experiencing a positive shift in heading estimation in both distortion conditions. One might
speculate that these variations could be explained by differences in effective FoV in the HMD, because
model simulations also showed a dependence of the direction of heading estimate in the peripheral
view condition on the size of the FoV. Although the rendered FoV of the HMD nominally spans 107" hori-
zontally and 108" vertically (Musil, 2021), the effective FoV is usually smaller because parts of the screen are
not visible. The FoV has a circular shape with a radius in the range of 45't055. The specific radius depends
on individual factors, like physiological face properties and headset tightness, determining how close the
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eyes are to the HMD's lenses. These factors, together with a dependence of perceived heading on FoV
might explain individual differences in our experiment.

On the other hand, some subject data do not match the effect of FoV in the model simulation. Although a
positive shift of PSE in both distortion conditions fits to simulations with a small FoV, some subjects have a
clear negative PSE in the central view condition - a result not predicted by the model. Experiments testing
differently sized restricted FoVs are needed to better understand the influence of FoV and to possibly
adapt the heading estimation model.

Conclusion for optic flow processing

Participants in psychophysical experiments are able to estimate simulated heading directions from optic
flow fields. How well this task is executed is coupled to the quality of the flow presented. Adding random
noise to the flow increases the estimation errors (van den Berg, 1992; Foulkes et al., 2013). The PAL distor-
tions, even though their influence on the global flow field pattern is subtle, add a form of noise to the flow
fields and induce estimation errors as well. This estimation error is more systematic in the form of a heading
bias along the vertical axis, an effect not reported from the addition of random noise to flow fields.

The PAL distortions led to continuous changes of speed and direction of flow field vectors that vary
throughout the visual field. Regarding the typical spiral flow field structure, more radial in the periphery
but rotational in the central area, the impact of the distortions may differ locally as well. A similar directional
change in local flow in the periphery that is nearly unidirectional does not confound the spiral structure as
much as such a directional change in local flow that curls around a single point in the center.

In our study, we found changes in heading estimations when the FoV changed in size, showing not only the
influence of the extent of the flow field but also the aforementioned local differences in changes of flow
structure. We conclude that for modeling heading estimation, it is necessary to consider location depen-
dent flow processing and the presented model is a first step in establishing a simulation of heading esti-
mation for such flow fields based on the local structures.

Practical implications

Heading illusions as shown in this study would put visual perception in conflict with other self-motion per-
ceptions and might relate to the "swim effect” observed in novice wearers of PAL glasses (Meister and
Fisher, 2008b) and contribute to discomfort and nausea shown by some PAL wearers (Alvarez et al.,
2009). The amount of misperception differed depending on the area of the lens through which gaze was
directed. For normal eye movement behavior with constantly changing gaze direction, this can produce
motion perception characterized by a continuous change of perceived motion direction. In complicated
walking scenarios, e.g., climbing stairs, misperception of heading changing during every eye movement
can lead to complications with foot placement and tripping (Johnson et al., 2007), especially considering
decreased capabilities of elderly people for heading control from optic flow (Berard et al., 2009).

Anillusory, gaze-dependent perception of relative motion of the surrounding area is an often reported side
effect for PAL wearers (swim effect) that still is only vaguely described (Han et al., 2003; Alvarez et al., 2009).
Quantifying the very discomforting motion illusions by evaluating the distorted optic flow field would be a
first step in objectively characterizing the swim effect, and even identifying differences between lenses. A
PAL with large differences in the heading estimate for different gaze directions is expected to cause more
discomfort. Therefore, optic flow-based analysis of PAL distortions might become a tool for lens design to
improve the experience of PAL wearers by presenting distortions for more consistent optic flow
perception.

Independent of design, our results suggest an advantage for heading estimation for the central view con-
dition when distortions are mainly in the periphery. Wearers of progressive lenses should rather use the
lens’ central area while walking to perceive less distorted optic flow in the center of the visual field. This
would lead to increased head movements for PAL wearers compared to other people, a change in behavior
that was already found in a natural scenario (Rifai and Wahl, 2016).

Variable FoV size has to be considered not only in experimental conditions but also as a practical issue. The
part of the visual field covered by a spectacle lens depends on frame size and distance to the eye. For a
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typical vertex distance of 12 mm, nodal point of the eye of 7.3 mm (Jones et al., 2016) and lens width be-
tween 40 mm and 60 mm, the horizontal FoV ranges between 92° and 115°. Points outside of the spectacle
frame are not distorted. As a result there is a frame-dependent border between distorted and undistorted
optic flow in the periphery, which might influence heading perception and might be an additional factor for
discomfort because of inconsistencies in the optic flow pattern. Although our experiment did not investi-
gate it, the FoV dependency of our simulation results suggest that frame size can also indirectly influence
self-motion perception by determining the size of the distorted part of the visual field. To better under-
stand the influence of FoV size, further experiments are needed which test perception for defined restricted
areas in the visual field of changing size.

Most wearers of PAL spectacles, even if they initially experience motion misperceptions, adapt to their
spectacles over a couple of weeks. Such adaptation plays an important role in the acceptance of progres-
sive lenses. It has been shown that humans can adapt to distortions of the visual field. These include not
only local simple geometric transformations (Jin et al., 2005) but also skew distortions as present for pro-
gressive lens wearers (Habtegiorgis et al., 2017) and spatially varying distortions (Sauer et al., 2020).
Furthermore, skew distortion adaptation aftereffects show trans-saccadic transfer (Habtegiorgis et al.,
2018), which is important in the context of distortion changes by eye movements. Aftereffects do not
only appear as altered form features, but also in motion perception and even include interactions in which
exposure to distorted form also influences motion perception (Rifai et al., 2020). Our experiments were de-
signed to study motion misperceptions that occur during novel wearing of PAL glasses. It might be inter-
esting to see how the adaptation process of PAL wearers can influence heading perception in future
experiments.

Outlook

In our simulation, we only considered translational motions as possible candidates for the distorted flow
field. However, distortions might also induce misperceptions of rotational motion components. A
perceived rotation could describe unnatural motion of the environment, reported by many PAL wearers.
Therefore, an extension of our optic flow model to include rotations could help to further understand mo-
tion illusions in PAL wearers. Development of a quantification method of distortion-induced motion
discomfort based on optic flow could help in the future design of progressive lenses.

Limitations of the study

Because of the limited FoV of the VR headset, our experiment could not fully replicate the distortions visible
to PAL wearers. The use of high-FoV headsets in the future could simulate a FoV similar to that covered by
real spectacle frames. The measured effect might increase because of more visible distortions in the pe-
riphery. Regarding the everyday problems of PAL wearers, not only shifts of the most likely heading, but
also other aspects of the optic flow field have to be considered. Distorted vision results in unnatural flow
fields, which becomes clear from the heading likelihood maps: the distribution of likely headings is wide
with no direction fitting perfectly to the distorted flow field. It is not clear to what extent the widened dis-
tribution of heading directions contributes to discomfort of PAL wearers. In addition, when self-motion
does not suffice to explain the flow field entirely, illusory movement of the environment might be perceived
to account for unexplained flow.

Quantification of the naturalness of distorted optic flow and measurements of the discomfort related to it
are needed to cover this aspect. Furthermore, only one type of PAL was tested in this study. Different lenses
with corrections for different refractive errors can differ in their distortions and therefore also in their influ-
ence on self-motion perception. Other distortions of the optic flow field might also induce horizontal head-
ing illusions. Future studies might concentrate on the differences between different correction power or
design parameters influencing the distortions.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Software and algorithms

MATLAB (R2020a) MathWorks RRID: SCR_001622

Unity (2019.4) Unity Technologies

Subspace algorithm Heeger and Jepson (1992) https://doi.org/10.1007/BF00128130

Model for heading estimation This paper https://github.com/MalteScherff/Self-motion-

illusions-from-distorted-optic-flow-in-

multifocal-glasses

RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources should be directed to and will be fulfilled the lead contact,
Yannick Sauer (yannick.sauer@uni-tuebingen.de).

Materials availability

This study did not generate new unique reagents.

Data and code availability

Experimental data and simulation results reported in this paper will be shared by the lead contact upon
request. The model simulation code is accessible on github.com. Any additional information required to
reanalyze the data reported in this paper is available from the lead contact upon request.

METHOD DETAILS

Ray tracing optical distortions

The lens design used for this study is a progressive addition lens (PAL) without optical correction in the far
zone and with addition power 2dpt in the near zone. To simulate the distortions of this lens we calculated
the projection of points on a virtual image plane in front of the lens onto the image plane behind the lens.
The points on the virtual image plane with fixed distance din front of the lens were defined on an equidis-
tant grid. For each point (x,y) the perceived distorted position (x4, yg) through the lens is calculated by ray
tracing. Figure 1 B shows an example of an undistorted image grid and a distorted image grid.

As a mathematical description of the distortion, we define a function F, which transforms a point (x,y) in the
undistorted image plane to the point (xg, y4) in the distorted image, i.e. the point at which it would appear

xa\ _ [ Fx(xy) .
(yd) - (fy(x,y)) (Equation 1)

The two components of F and their derivatives were interpolated from a 21x21 ray traced grid using 2D
linear interpolation in Matlab (The Mathworks Inc, Natick, MA, USA). Individual transformation functions
were prepared based on individual distortion grids for the gaze directions tested in this study. In the central
view condition, the simulated gaze during ray tracing was through the center of the PAL. For the peripheral
view condition, the simulated gaze crossed the lens at 20° vertically downwards and +20° horizontally.

when looking through the lens.

Simulation of heading estimation

Our model simulations follow the subspace algorithm (Heeger and Jepson, 1992) as implemented in the
population heading map model (Lappe and Rauschecker, 1995; Lappe et al., 1996). Here we describe
how this model is applied to distorted flow. We begin by describing how the distorted flow field is calcu-
lated for a given heading and gaze direction and then describe the process and simulation for recovering
heading from such a distorted flow field.
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Calculation of the distorted optic flow field. The undistorted optic flow vector arising from a static
three-dimensional point P=(X,Y,2) due to the movement of a monocular observer is described as

v(P):%(af 0 ;)n(’(fﬁé’;f :Ei;);i/f) {X)Q:(;) (Equation 2)

where T=(Tx, Ty, TZ)T depicts the observer’s translation and Q:(Qx,Qy,Qz)T the rotation of the eye.
This equation is the time derivative of the perspective projection

pr(P)=1(X/Z,Y/2Z)=(xy)
onto animage plane placed perpendicular to the line of sight in distance fand is used regularly to describe
optic flow (Longuet-Higgins and Prazdny, 1980; Heeger and Jepson, 1992; Lappe and Rauschecker, 1995).
Wearing PALs alters the path the light takes in the projection onto the image plane. To account for such
effects we included distortions via the aforementioned functions F into the projection. Taking the deriva-
tive with respect to time of this new type of projection

- (FE8)-(5427)

results in the following equation for distorted optic flow,

0F, O0F,
¢ 0x 0 '
va(P) = ()fd) = y (X) (Equation 3)
ve) | oz, x|\
0x oy

Equations 2 and 3 were used to calculate the flow vector for a point P on the ground plane at image plane
position pr(P) for the undistorted and pr4(P) for the distorted projection.

Heading estimation. The subspace algorithm (Heeger and Jepson, 1992) computes the likelihood of a
set of candidate heading directions, the heading space, as a least-squares residual value for each of the
candidate directions for a given flow field. This value describes how incongruous a particular direction is
with the flow field. Finding the minimum in the residual surface of the heading space leads to the most suit-
able heading direction to explain the given flow field. In the model, the flow field is split into smaller, locally
restricted patches that are evaluated separately. Finding the minimum of the sum of the emerging residual
surfaces increases the robustness and uniqueness of the estimation.

A schematicillustration of the simulation process for a single flow field distorted due to the peripheral gaze
condition can be seen in Figure 4. The flow field consists of four randomly placed patches, each containing
10 flow vectors (Figure 4A). The residual surfaces are calculated per patch and displayed after a logarithmic
transformation for better discriminability (Figure 4B, left). Every single patch carries enough information for
running the subspace algorithm and estimate the most likely heading for these flow vectors. Those head-
ings are marked with red dots in the residual surfaces. The full model sums up all the residual surfaces and
estimates the heading direction based on the summed residual landscape (Figure 4B, right).

The subspace algorithm finds the best-matching heading for a flow field that consists of observer transla-
tion and gaze rotation. It can be constrained to search only for combinations of gaze rotations that result
from fixations of environmental objects or for gaze rotations that are free of torsion (Lappe and Rau-
schecker, 1995). In our simulations we included only the latter constraint.

For application of the subspace algorithm we needed to select points on the ground plane for which the
flow vectors were calculated to constitute the flow field. For this, random locations for the centers of 50
patches in the visual field were selected and the size (area) of each patch set according to the following
equation

A= (1.04"+0.61¢) (Equation 4)

with ¢ being the respective center point’s eccentricity. This increase in patch size with eccentricity is based
on similar findings in the visual system of primates and is well matched to the natural statistics of optic flow
fields (Albright and Desimone, 1987; Calow and Lappe, 2007, 2008). Then, ten locations were chosen
randomly inside each patch. At each location, the optic flow vector was calculated according to Equations
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2 and 3, assuming a point P on the ground plane that is projected onto this location, a translation T as pre-
defined for the simulation, and a rotation Q that nullifies the optic flow at the fixation point in the undis-
torted condition to simulate the tracking motion. Combining all of these vectors from within all patches re-
sults in the full flow field.

Simulation procedure.  Aiming to simulate self-motion estimations based on optic flow we established
the scene by placing a virtual monocular observer on a plane consisting of single points. Gaze was directed
20° downwards onto the fixation point from a simulated eye height of 1.8 m. Translation was initialized 20°
to the left and to the right of that point and parallel to the floor with an added vertical heading angle be-
tween —3.5° and 3.5 in steps of 0.5°. Rotation was calculated such that the gaze remains on the fixation
point. To include the distortions we used the aforementioned functions F.

Candidate and heading directions were defined in retinal coordinates, relative to the gaze direction. Hence
(0°,20°) describes the translation parallel to the floor toward the fixation point and was set to be the center
of the set of candidate directions. That heading space covered an area of 70° x20° in which all directions
sampledin 0.25° steps horizontally and vertically were tested for their compatibility with the flow fields. This
included all heading directions that were actually used in flow field calculations.

The maximum simulated FoV was set to be a circular area with radius 55° in accordance to the specifications
given by the VR-headset manufacturer. To explore differences in heading estimations based on different
FoV sizes we further defined a set of effective FoV sizes to range from a FoV with radius 40° up to one
with radius 55°. These simulations used only patches of the flow field for which all the locations of the vec-
tors in a patch are within the effective FoV.

Overall the complete simulation consisted of 50 separate runs, each containing the evaluation of flow fields
that resulted from 90 combinations of heading directions and distortion conditions.

Experimental methods

To study human perception under the influence of PAL distortions in an isolated environment, we devel-
oped a simulation of optical distortions in VR. In a psychophysical experiment the self-motion scenario
of moving along a virtual ground plane was recreated. PAL distortions were presented in two different con-
ditions representing the two different directions of gaze through the progressive lens. The vertical heading
perception of subjects was tested with a direction discrimination task.

Participants. Thirteen subjects (seven female and six male) aged between 21 and 28 years (mean = 24.0
years) participated in the study. None of the participants reported any ocular complication or any medical
condition that would affect their normal vision or their motion judgements. There was no prior history of
epilepsy or motion sickness.

Ethics. The study adhered to the tenets of the Helsinki Declaration (2013). The ethics authorisation to
perform the measurements was granted by the Medical Faculty Human Research Ethics Committee from
the University of Tuebingen. Prior to data collection, the experiment was explained in detail to the partic-
ipants, and written informed consent was collected from each participant.

Distortion simulation in VR.  The aforementioned ray-tracing function for an optical lens was be used in
our VR framework to simulate the influence of optical distortions in a virtual environment. The distortion
simulation was implemented in the game engine Unity (Unity Technologies, CA, USA) as a post processing
shader (a program part manipulating the rendered image), which geometrically transforms the rendered
image according to the mathematical transformation defined before. The pixel transformation is imple-
mented as a fragment shader. For a pixel position in the output texture, the corresponding position in
the input texture is needed. The inverse transformation function F~', i.e., the mapping from distorted im-
age to undistorted image, is used for this process. ' is approximated using a 2D polynomial fit of the ray
traced distortion data: In Matlab, two functions were fitted, for the x and y component of F, so that
F M xgyd) = xand ]-'y’w(xd,yd) =y, where (x,y) are the defined object points for ray tracing and (x4, y4) cor-
responding distorted points, as perceived through a progressive lens.
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Before applying the function, the Unity texture coordinates (u,v)€ [0,1]X[0,1] had to be scaled and shifted to
points (x,y) in the corresponding image plane considering the virtual cameras horizontal and vertical FoV.
The center of the rendered left and right eye image textures are not exactly the center of visual field, cor-
responding to the center of the ray tracing simulations. This vertical and horizontal displacement is acces-
sible from the projection matrices of the left and right eye virtual cameras in Unity. The coordinates (x,y)
were shifted by this displacement (A, A, ) so that the origin (0,0) corresponds to the center of the simulated
distortion mesh

2(u— 0.5)tan (FOVW)

2

(X) = — (AX) (Equation 5)

A q
Y 2(v — 0.5)tan (%) y

To determine the corresponding pixel position in the undistorted image (x,y), the inverse transformation is

applied to (x4,yq):

(%y) = F (X, Ya) (Equation 6)

The image plane coordinates (x,y) are now mapped back to texture coordinates (u,v) of the original undis-
torted texture:

u= &+0.5 (Equation 7)
2tan (%)
A
v = y+7y+0.5 (Equation 8)

FoVyer
2tan (OT>

Unity then automatically interpolated the value of the pixel (ug,vy) in the output texture from pixels (u,v) in
the input texture. This results in the distorted image.

The shader-based coordinate scaling and pixel transformation was validated by comparing the rendered
output with a distorted texture precomputed in using the same transformation function.

Stimulus creation and VR setup. The virtual environment for the experiment was implemented using
Unity and presented to participants using an HTC Vive Pro Eye VR headset (HTC Corporation, Taoyuan,
Taiwan). The manufacturer claims a FoV of the VR headset of 110°, although the effectively visible FoV is
usually smaller, depending on the individual subject’s eye position and placement of the headset on the
head. Optic flow was induced by a moving virtual ground plane with a perlin noise texture. The background
above the horizon was uniformly gray. To present the same optic flow to each subject, the virtual ground
plane was fixed relative to the subject’s view with the virtual eye height of 1.8 m. The direction of the virtual
camera was 20" downwards and 20 left or right (randomized between subjects) relative to the direction of
motion. The subject’s virtual position relative to the floor and motion direction are illustrated in Figure 2.
Position and orientation tracking of the VR headset was turned off for this experiment, in order for the pre-
sented stimulus not to be influenced by a change of position or orientation of the subject. Apart from the
ground plane, only a dot was shown in the center of the visual field as a fixation target.

Procedure. Subjects were introduced to the experiment procedure before putting on the VR headset.
They performed the experiment in a seated position with their head placed on a chin rest to maintain a sta-
ble head position. At the beginning of a trial, only a centered dot as fixation target was visible, while the
ground plane was not shown yet. Subjects were instructed to fixate the fixation target. Compliance was
controlled by the eye tracker of the Vive Pro Eye headset. Subjects pressed a key on a keyboard to start
the trial. The motion phase of the trial started only if gaze was within 2° to the fixation target. After the key-
press, the ground plane faded in within 0.2s while the fixation point faded out. The fade out of the fixation
point ensured that subjects could perform involuntary tracking motion during the later presented flow
(Miles and Busettini, 1992; Lappe et al., 1998; Angelaki and Hess, 2005). Then the actual motion started.
It simulated a 0.3s translation over the ground plane at a speed of 2ms~" with a vertical component (head-
ing angle) between —3.5" and 3.5 in steps of 0.5,
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Afterward, the ground plane disappeared and subjects reported their perceived vertical heading direction
by pressing the 'up’ key on the keyboard when they felt lifting up and the "down’ key when they felt sinking.
The next trial started after the subjects gave their response. In one session, all three distortion conditions -
undistorted, central view, and peripheral view - were presented. All motion directions were performed 12
times for all distortion conditions leading to 540 trials in total. The order of presented distortions, as well as
heading angles, was randomized.

QUANTIFICATION AND STATISTICAL ANALYSIS

To measure the influence of the distortions on heading perception, the vertical translation angle perceived
as a motion parallel to the floor was determined for each of the three distortion conditions. For each subject
and each distortion condition, first, the percentage of answers upwards was computed depending on the
vertical angle of the simulated motion relative to the ground plane.

These datasets were then fitted with a cumulative normal distribution function with free but equal asymp-
totes using Psignifit (Schiitt et al., 2016). The 50% point of the fit function was used as the point of subjective
equality (PSE). It corresponds to the vertical motion angle that is perceived as a movement parallel to the
floor by the subject in the specific condition.

To identify the influence of the simulated distortions, we compared the PSEs in the two distorted conditions

to the undistorted condition by calculating the difference APSE. As statistical analysis, one-sample t-tests
were used with APSE to test the presence of a significant shift of perceived heading.
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An objective measurement
approach to quantify the perceived
distortions of spectacle lenses

Yannick Saver®%*, David-Elias Kinstle***, Felix A. Wichmann? & Siegfried Wahl*?2

The eye’s natural aging influences our ability to focus on close objects. Without optical correction, all
adults will suffer from blurry close vision starting in their 40s. In effect, different optical corrections are
necessary for near and far vision. Current state-of-the-art glasses offer a gradual change of correction
across the field of view for any distance—using Progressive Addition Lenses (PALs). However, an
inevitable side effect of PALs is geometric distortion, which causes the swim effect, a phenomenon

of unstable perception of the environment leading to discomfort for many wearers. Unfortunately,
little is known about the relationship between lens distortions and their perceptual effects, that is,
between the complex physical distortions on the one hand and their subjective severity on the other.
We show that perceived distortion can be measured as a psychophysical scaling function using a

VR experiment with accurately simulated PAL distortions. Despite the multi-dimensional space of
physical distortions, the measured perception is well represented as a 1D scaling function; distortions
are perceived less with negative far correction, suggesting an advantage for short-sighted people.
Beyond that, our results successfully demonstrate that psychophysical scaling with ordinal embedding
methods can investigate complex perceptual phenomena like lens distortions that affect geometry,
stereo, and motion perception. Our approach provides a new perspective on lens design based on
modeling visual processing that could be applied beyond distortions. We anticipate that future PAL
designs could be improved using our method to minimize subjectively discomforting distortions rather
than merely optimizing physical parameters.

The natural decline in the eye’s accommodative capabilities makes it progressively harder to focus on close
objects. This natural aging process results in the eye’s lens becoming less flexible, losing its ability to change
shape. Approximately 2 billion people worldwide suffer from this condition, termed presbyopia®? without optical
correction, all adults would experience blurry close vision starting in their 40s.

Presbyopes can use reading glasses for sharp near vision, which have to be taken off for looking at distant
objects—in the case of preexisting corrections, this requires constant switching between two pairs of glasses. The
convenient solution combines both lenses: the near correction at the bottom and the far correction at the top of
each lens?. Those so-called bifocal lenses, however, cannot offer correction for intermediate distances and show
a visible, distracting border at the transition between both lens areas. This edge in the lens is also considered to
create a stigma of glasses for “old people”. An obvious refinement is a smooth transition between the near and far
areas by gradually changing the curvature of the lens surface. These Progressive Addition Lenses (PALs) became
available in the second half of the 20th century through technical advances in manufacturing technologies**.
Today, PALs are the state-of-the-art lens in presbyopia correction.

Even though there has been great progress in improving PALs, the gradual increase in optical correction
between far and near areas will always lead to unwanted optical errors, so-called aberrations. This causes blur
or degradation of sharpness in some areas of the lens. Another aberration is geometric distortion, a variation
in the magnification across the visual field, leading straight lines to appear curved when looking through the
lens (Fig. 1). Sadly, for PALs, it is physically impossible to reduce aberrations to zero, as stated by the Minkwitz
theorem®®. What lens designers and manufacturers can do, however, is to change the distribution of aberrations
in the field of view—attempting to find subjectively more benign patterns of aberrations across the visual field.

IUniversity of Tubingen, Tibingen, Germany. 2Carl Zeiss Vision International GmbH, Aalen, Germany. 3Tibingen Al
Center, TUbingen, Germany. “These authors contributed equally: Yannick Sauer and David-Elias Kinstle. *email:
yannick.sauer@uni-tuebingen.de; david-elias.kuenstle@uni-tuebingen.de
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Figure 1. Progressive Addition Lenses (PALs). (A) The upper lens area is designed for far vision, with an optical
power fitting the far refraction of the wearer. The optical power increases vertically towards the near area, which
offers additional power for focusing close objects. The gradient in power will always lead to lateral astigmatism.
(B) Optical distortions of PALs change the size and orientation of objects. Vertical and horizontal edges in a
typical indoor environment appear curved. (C) Perceived motion during a horizontal head movement. The
retinal motion pattern—optic flow—is altered by optical distortions. Points in the visual field move along curved
trajectories instead of straight lines. Lens distortions increase towards the periphery leading to an increase in
optic flow speed (illustrated by the heat map in the background). The unnatural distorted optic flow pattern can
be perceived as an unstable movement of the environment (swim effect).

This flexibility in shifting the aberrations to different areas in PAL design is used to develop specific PALs for
tasks like driving or office work. Such PALs show reduced blur in task-relevant areas, inevitably accompanied
by increased blur in other areas, however.

How to optimize the design for distortions in general is an open question, however, because their influence
on visual perception is poorly understood. The swim effect, a phenomenon of unnatural or unstable perception
of the environment during head or eye movements, causing instability, dizziness, tripping, and nausea®'!, is at
least partly caused by geometric distortions. It is unclear how those effects scale with the physical distortion of
the lens and its distribution across the visual field.

Understanding and quantifying the influence of distortions on human perception can—in future
applications—enable PALs with reduced distortion-induced discomfort. To our knowledge, this study presents
the first rigorous measurements of perceived distortions of PALs.

The main influence on PAL distortions is the optical correction in the far and near area, the optical power
measured in diopters. The correction in the far area, the spherical power Sph, can be positive or negative
(correction for hyperopia or myopia, respectively); in the near area, the additional power Add usually increases
with the age of the wearer, since the eye can accommodate less and less by itself. The optical power changes
progressively from the upper far area to the near area below, allowing vision at intermediate distances. Depending
on the sign of Sph, the general shape follows a pincushion or barrel distortion'?, i.e., curving straight lines more
inwards or outwards. Additionally, distortions show asymmetry between near and far areas, influenced by Sph
and Add. Relating Sph and Add to perceived distortion builds a foundation for understanding PAL-induced
discomfort.

Our suggested measurement is a psychophysical scale, quantifying the relative change of perceived distortion
for different combinations of Sph and Add. This scale indicates how much distorted a lens feels if Sph or Add
changes by a certain amount of diopters. We present distortions of PALs of different near and far correction in a
virtual reality (VR) simulation. Aberrations of ophthalmic lenses have been studied previously using simulations
in screen-based or VR set-ups'*~16, which allow greater control over the stimulus while, in the case of VR,
still allowing natural behavior. In our experiment, subjects can move freely in a virtual indoor environment,
inducing distorted motion perception under natural self-motion. To study the influence of geometric distortions
independent from other typical aberrations of PALs, we simulate only geometric distortions, not the blur caused
by other lens aberrations.

Each trial consecutively presents three out of eleven simulated PAL distortions of various Sph and Add.
Subjects responded which distortions appeared more similar (1 & 2 or 2 & 3). This ordinal data is used to fit
the subject’s perceptual distortion scale with ordinal embedding methods!”. Unlike other studies about PAL
distortions, our embedding method results in an objective scaling function, which can quantify the relative
influence of different lens parameters.

In contrast to screen-based distortion studies , VR technology allows considering stereo and motion
perception like the swim effect. It minimizes the lab-to-reality gap—increases ecological validity**—by recreating
actual lens distortions in realistic environments in which observers can move and experience visual consequences
of their own actions.

In summary, we measure the perception of geometric distortions of PALs in a realistic VR environment with
natural head movements—decoupled from other typical optical aberrations. Using an ordinal comparison-based
experimental paradigm in combination with an analysis by an embedding algorithm, we derive their perceptual
scales individually for every observer. Our statistical modeling predicts perception across subjects well, allowing

(18—23)
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a potential application of our method for improving spectacle lenses by reducing perceived lens distortions for
a generic observer.

Methods

Subjects

Subjects wearing spectacle lenses might already be habituated to certain distortions over the often long time
having worn them. Thus only emmetropic subjects were included in the experiment to exclude this as a possible
confounding factor; we assessed acuity of all subjects with the 6/6 Snellen chart. Seven male and seven female
participants (mean age 24.6 years; SD 4.0 years) were confirmed not to have any known ocular diseases. One
of the male subjects decided to discontinue the experiment because of VR sickness; therefore, the results of 13
subjects were analyzed. The study followed the principles of the Declaration of Helsinki and was approved by
the ethical board committee of the University of Tiibingen (439/2020BO). Informed consent was obtained from
all participants before the measurements.

Stimuli

Subjects looked through simulated spectacles in a 3D-modelled hallway using an XTAL VR headset (VRgineers
Inc, Prague, Czech Republic). The headset’s horizontal FoV of 140 degree allows realistic simulation of spectacle
lens distortions, affecting the part of the FoV covered by real spectacle lenses. The virtual environment was
designed to replicate a scenario where distortions are visible clearly for PAL wearers: an indoor environment
with many horizontal and vertical edges, shown in Fig. 2.

Distortions of ten different PALs were included in the experiment. The far refraction ranged from —5 dpt to
5 dpt in steps of 2.5 dpt. For each of those five Sph values, two lenses with Add power 1 dpt and 3 dpt were used.
All 10 lenses had the same PAL design (ZEISS Smart Life). An additional undistorted condition was included
for reference. The distortions were precalculated using ray tracing based on the lens surface data provided by
the manufacturer®. The precalculated distortions are represented as horizontal and vertical displacement of
image plane coordinates; the displacement vectors are stored pixel-wise as two color channels of a texture. In the
Unity game engine, the texture is used as an input to transform the rendered image by performing a coordinate
transformation in a fragment shader. The procedure is performed independently for left and right eye cameras.
In our experiment, the same Sph and Add corrections were used for both eyes, resulting in horizontally mirrored
distortions.

Similar to the edge of a spectacle frame, we show an ellipse-shaped mask in the FoV that separates the
distorted “lens area” from the undistorted periphery. The XTAL VR headset has an FoV larger than typical
spectacle lenses, which makes it possible to simulate a typical inner frame size of 54 mm by 28 mm with an ellipse
of 116° inner width and a height of 80°. This frame ellipse was rendered on the image for each eye. The monocular
FoV is limited in the nasal direction to 45°. Therefore, the ellipse is cut off in the nasal direction. The combined
binocular perception shows a full ellipse. The ellipse thickness was 2° in visual angle.

Choice 1 Anchor Choice 2

Figure 2. The triplet paradigm of the experiment presents three distortion stimuli consecutively in each trial:
choice 1, anchor, and choice 2. The task for subjects was to answer if the first distortion (choice 1) or the last
distortion (choice 2) is more similar to the second distortion (anchor). This task is equivalent to asking which
of the two transitions between distortions seems smaller. (A) The checkerboard pattern with simple distortion
transformations demonstrates the task during the initial training phase. (B) The experiment simulated PAL
distortions in a virtual indoor environment. While the different distortions were presented, subjects could
look around freely. Distorted motion perceived during dynamic behavior is expected to cause an unnatural or
unstable perception of the environment.
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Experiment procedure

The experiment used a triplet paradigm, presenting three distortion stimuli in each trial. The three distortions—
choice 1, anchor, and choice 2—were all sampled from the predefined set of 11 stimuli (10 distortions and
undistorted). Presentation time for each distortion stimulus was 2's. Between stimuli, a 0.2 s transition was
fading the image first to black and then to the next stimulus. Subjects had to judge the similarity of perceived
distortions. They answered with a button press on a controller, which distortion—choice 1 or choice 2—appeared
more similar to anchor. An alternative but equivalent instruction asks for the smaller transition: from choice
1 to the anchor or from the anchor to choice 2. In the experiment, both variants were used with the subjects.

Subjects were familiarised with this experiment procedure in multiple training phases. To clarify the
experimental paradigm, in the first phase, stimuli were only checkerboard patterns distorted with clearly
distinct transformations to make it easy for subjects to distinguish the distortions. One example is shown in
Fig. 2. In phase two, the stimuli showed the 3D environment of the main experiment but with trivial distortion
combinations (including easy-to-perceive distortions of lenses with Sph 8 dpt or 5 dpt together with clearly less
distorted lenses). During those two training phases, a green or red colored background at the end of each trial
gave feedback to the subjects if their answer was as expected (choosing the two strongly distorted or the two
clearly less distorted lenses as more similar).

In the last training phase, the distortion combinations were similar in difficulty to the main experiment. No
feedback was given after the subject’s answer. This training phase ensured that all subjects had learned the triplet
task and were familiar with the magnitude of (real-world) lens distortions used in the subsequent experiment.

The experiment was performed in a seated position while wearing the VR headset. Subjects could move and
look around freely. To induce the swim effect, subjects were encouraged to move their head. This was done by
tracking head movements during training phases 2 and 3 and only continuing the trials when subjects moved
their head.

The perceived differences between some distortion stimuli can be small, possibly causing frustration.
To increase motivation, the experiment included 20% of trivial trials, where one or two of the stimuli were
exaggeratedly distorted (Sph 8 dpt) and the other was slightly or not distorted. Additionally, these trivial trials
provide some baseline validation of subject performance because the misfitting stimulus of the three distortions
is obvious and should never be chosen when following the experiment instructions correctly. In total, every
subject did 413 trials, of which 83 were trivial. Each triplet combination of the 11 stimuli was presented twice,
with flipped order of choice 1 and choice 2 in the second presentation. The trial order was randomized. Subjects
could repeat the presentation of a trial any number of times if they felt too uncertain to respond, which might be
necessary when there is a great similarity between choice 1 and choice 2 (the number of repetitions per subject
can be found in Supplementary Fig. S1 online).

During the experiment, headset tracking data was recorded for subsequent analysis of head movement
behavior. The SteamVR 2.0 tracking system (Valve Corporation, HTC)? was used with four base stations located
around the participants’ seating positions. Gaze data were captured with 120 Hz sampling frequency using the
VR headset’s included video-based eye tracker, accessed via the VRGineers XTAL Unity Plugin (version 2.08)
and VRGineers XTAL runtime 3.0.0.77. For calibration, the manufacturer’s 5-point calibration was used.

Data analysis

Psychophysical scale

The subject’s perceived distortion was estimated from their trial responses (choice 1 or 2 is more similar to
anchor) using so-called ordinal embedding methods'’. These methods estimate a psychophysical scale that
assigns coordinates to each stimulus so their distances agree with the subject’s similarity judgments. Specifically,
we used the Soft Ordinal Embedding (SOE)? algorithm, implemented in the cblearn Python package. The
dimensionality of the scale has a great influence on how well the subjects’ responses are represented in general.
We chose the lowest dimensional scale that still is a good predictor of unseen triplet responses. This predictive
accuracy is approximated with a cross-validation procedure®. The robustness of our scale can be approximated
by repeated estimates on resampled sets of responses (bootstrapping); low spread across scale samples indicates
that the scale is determined well by the responses.

The perceived distortions in a scale are only a relative measure and not an absolute value—to compare scales
between subjects or to create an “average observer” scale; we aligned all scales using generalized Procrustes
analysis®. This method minimizes the Euclidean distance between scales by iterative similarity transformations
(translation, scaling, and flipping in our case) towards the mean scale. After alignment, we shifted all scales such
that the origin—on average—corresponds to the undistorted lens (Sph 0 dpt and Add 0 dpt). Accordingly, the
average scaling value of the distorted lens Sph 5 dpt Add 3 dpt has a distance 1 to the origin.

Head movement and gaze behavior
From tracking data of headset position and gaze direction, the individual behavior during the experiment
was analyzed. Since the experiment was performed in a seated position, relevant head movements are mainly
rotations. We analyzed the changes in head direction by transforming the tracked headset orientation into yaw,
pitch, and roll angles (Tait-Bryan angles with order y-x-z) as illustrated in Fig. 4A. The movement velocity
was computed independently for each rotation component. We calculated the mean velocity for each subject
over each trial to illustrate changes in motion behavior over time. Aggregated velocity can be used to compare
strategies between subjects.

Eye tracking in the VR headset is implemented independently for the left and right eye. First, the combined
binocular eye gaze direction was calculated as the average of both eyes’ direction vectors for each gaze sample.
We compared gaze behavior between subjects by the area covered in the visual field. To do so, the binocular gaze
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samples were transformed to longitude and latitude coordinates in the FoV. Then, a heatmap of individual gaze
distribution was calculated with a Kernel Density Estimator of bandwidth 2 degrees as a verified upper bound of
eye-tracker precision. We then calculated the solid angle of the 5% percentile, meaning the area in the heatmap,
which includes 95% of the distribution’s mass.

Results

A one-dimensional scaling function models perception of PAL distortions

Although physical descriptions of PAL distortions require many parameters, the perception of lenses can deviate
from this parametrization. In our experiment, we use PALs of different Sph and Add, which influence the physical
distortions differently: Sph influences more the overall shape and strength of distortions, while Add introduces
more asymmetry in the distortion pattern. Multidimensional perception of these multidimensional distortions
seems plausible. Any low-dimensional scale provides insights into which lens parameters dominate our perceived
similarity of lens distortions and whether these parameters are the same in all persons. We measured individual
scales of 13 subjects from triplet responses of 11 lenses of varied Sph and Add; lenses that are judged as more
similar in the responses appear closer in the scale. Indeed, all subject scales are one-dimensional (Fig. 3) and
show a comparable influence of Sph interacting with Add. Additional dimensions do not increase the predictive
accuracy for all subjects (see Supplementary Fig. S5). This may be regarded as surprising, given the two varied
lens parameters Sph and Add and their non-linear spatial effect on distortions. Apparently, the human visual
system perceives the complex PAL distortions along a single dimension only.

The perceived distortion monotonically increases with both Sph and Add. For negative Sph values, an
increase in Add leads to less perceived distortions (closer to undistorted), implying a compensation of perceived
distortions; for positive Sph, an increase in Add only increases perceived distortions further. All in all, if Sph
is strong compared to Add, the shape of distortions is mainly influenced by the sign of Sph, leading to either
pincushion or barrel distortions, which cause different perception as proven by the change of sign of perceived
distortions (with undistorted at 0). The relation between perceived distortions and Sph can be modeled with an
exponential fit of a + b - ¢3P" for each value of Add, shown in Fig. 3 (right), illustrating a higher rate of increase
for positive Sph compared to negative Sph. Fits between Add 1 and Add 3 mainly differ in the offset 4 and slope
b, but barely in the base c. Close to Sph 0, the exponential fits show a similar rate of increase for Sph and Add.
With higher correction values for Sph, the relative influence of Add decreases, indicating that for high-power
lenses, Sph dominates distortions. The individual deviations from this exponential model do not have to be due
to perceptual differences or measurement accuracy alone but can also be explained by behavior—if the distortion
is perceived locally, it makes a difference where the subject looks through the lens and how they move.

Head and gaze tracking reveals subjects’ different behavior
From reports about the swim effect—an unnatural and unpleasant percept of PAL distortions during motion—we
expected that especially dynamic behavior might lead to a heightened perception of distortions and thus help
subjects in discriminating the stimuli. In fact, we introduced subjects to this idea by explaining the possibility
of distortions becoming apparent more clearly during self-motion. Furthermore, during the training phase of
the experiment, head movement was actively enforced by our experimental design. To analyze the participants’
motor behavior in more detail regarding which kind of behavior they would choose to discriminate distortions,
the tracking data of head and eye movements was analyzed. This allows for identifying the strategies subjects
followed to distinguish distortions and test for the possible influence of behavior on the perception of distortions.
Results of the head tracking show that subjects followed two different strategies: one group of 7 subjects
performed continuous head movements, usually a nodding movement (pitch oscillation like in Fig. 4B and C,
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Figure 3. Psychophysical scaling functions of “perceived distortion” depending on the Sph and Add power of
the simulated PALs. The lines in the left and middle plots show individual subjects, while the right plot shows
their mean and standard error along an exponential function fit.
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Figure 4. Head movements analyzed from VR headset tracking data (A) Tracking setup and definition of
head rotation angles. Yaw, pitch, and roll were computed from the tracked orientation of the VR headset. (B)
The three head rotation angles during one example trial. This example subject performed a continuous pitch
movement (head nodding), while the roll and yaw angles stayed relatively stable. (C) The mean rotational
velocities were calculated for each head rotation component over individual trials. Data is shown for one
example subject that consistently followed the same head movement behavior. (D) The overview of mean
angular velocities for all participants shows different head movement strategies: Some observers did not move
their head, while others performed mainly a nodding (pitch) or mainly a horizontal movement (yaw).

some also yaw movements, while the other group of 6 subjects did not move their head or stopped after a few
trials. Since subjects usually followed the same movement type throughout the experiment (head movement
over time can be found in Supplementary Fig. S2), we calculated the mean velocity over the whole experiment
as shown in Fig. 4D.

We grouped subjects in dynamic and static observers based on their mean head movement velocity. If the
mean velocity of any of the three rotation components was higher than the defined threshold of 10° s~! the subject
was classified as dynamic observer; otherwise as static observer. The mean roll rotation velocity never was higher
than the threshold. Dynamic subjects primarily performed horizontal (yaw) or vertical (pitch) movements. The
rotation velocity threshold was chosen in agreement with the examiners’ observation during the experiment.
The static observers had to rely only on static distortion features in the scene for their comparison judgment.
During the training phase, head movements were enforced; consequently, dropping this strategy during the
main experiment either indicates that the movement does not convey relevant cues for the observers or that the
non-moving observers were less motivated to perform well. We compared the consistency of dynamic and static
observers regarding embedding accuracy and catch-trial performance. Accuracy counts the number of triplets
that agree with the estimated embedding and thus measures the general coherence of responses; responses
to catch-trials, however, should be unambiguous, and any error indicates a lack of concentration. There is a
significantly better embedding accuracy (p < 0.05) as well as performance in the catch trials (p < 0.01) for
more static observers using the Mann-Whitney U rank test (see Fig. 5). Consequently, it is unlikely that static
observers were less motivated. Instead, for those subjects, dynamic features contributed less to the perception of
distortions. This result contrasts with the expectation that especially dynamic behavior, associated with the swim
effect, would give a clear cue for distinguishing distortions and more reliable results from dynamic observers.

The distribution of gaze in the FoV for the individual subjects is shown in Fig. 6. The gaze was mainly oriented
along the center vertical axis, with variations in the latitude between individual observers. Some subjects show
a high spread in gaze direction, while others stay in a more defined area of the FoV. This is reflected by the gaze
area measure calculated from the individual gaze distributions. This finding suggests that some subjects, with a
small gaze area, continuously fixated on the same part of PAL distortions, while others looked more at different
parts of the distortion pattern. Next, we want to test if the described differences in behavior also influence the
scaling of perceived distortions.

Distortion perception may not be determined by overt behavior

PAL distortions cause a complex, spatially varying transformation of the visual space, altering static and dynamic
features and therefore the perception of shape, distance, and motion. Our behavior, however, influences which
visual features we perceive; for example, head movements introduce perceived motion. If the various aspects
of distortion perception scale differently with the PAL distortion components, then this should be revealed by
differences in the scaling function between subjects of different behavior. Especially the difference between static
and dynamic observers should show how the swim effect, associated with dynamic situations, contributed to
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Figure 5. Difference in embedding accuracy and performance in the trivial catch trials between dynamic
observers (head movements) and static observers (no head movements).
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Figure 6. Individual gaze distribution of all observers with Gaussian kernel smoothing. Binocular gaze samples
(in head-relative coordinates) of the whole experiment were combined to calculate the gaze distribution in the
observers’ FoV. The grey ellipse represents the virtual frame size, which was visible as a black border during

the experiment. The white contour encompasses 95% of the gaze distribution mass. The area enclosed by this
contour for individual subjects is shown in the bar diagram as percentage of the half-sphere area.

distortion perception. But also, different gaze strategies might cause differences in perceived distortion and thus
in the recovered perceptual scales. Eye tracking results revealed differences in the spread of gaze. A wider area
of gaze implies that subjects see a higher variability in distortions.

To statistically evaluate this possible influence of behavior on the scaling function, we used a linear model to
predict perceived distortions depending on Sph, Add, and head and gaze behavior. For the two head-movement
groups, we introduced a categorical variable in the model; gaze spread is modeled by the area in the field of view,
covered by gaze (according to 95% KDE distribution mass, see Fig. 6). The model’s fixed effects include Sph,
Add, head-movement group, gaze area, and all their interactions. The preceding Procrustes analysis aligned the
subjects’” individual scales already by shifting and scaling so that random effects for slope or intercept do not
have to be considered in the linear model.

To fit the linear model, we used statsmodels’s ols function in Python. Sph and Add both show significant
effects on perceived distortions (p < 0.001). No other effects or interactions are significant. The differences
in head movement and gaze behavior did not lead to significantly different perceptions of distortions, which
indicates that perceptual effects of both static and dynamic features scale similarly with the amount of PAL
distortions.

This result is, from a practical point of view, very good news: It implies that the general scaling of distortion
perception is similar for all observers, independent of their specific and often idiosyncratic head and eye
movements; different behavior does not lead to differently perceived distortions, which in turn allows a general
quantification of perceived distortions for a specific PAL.
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A non-linear fit of scales predicts perception of PAL distortions

Only if we can make predictions about the distortion perception of unmeasured subjects—based on scales
measured from other subjects— is there a possibility that perception models can actually be used to improve
lens designs beyond individual designs. We assessed the predictive ability of three differently complex regression
models in a leave-one-subject-out procedure: the models are trained on all but one subject’s scaling functions
and subsequently tested on the omitted subject. We found that the perception of most subjects follows the same
regularities, well captured by an exponential model.

The assessed models include the exponential fit from Fig. 3 along with baseline and ceiling performance
models to provide a reference. The baseline model is a linear regression, and the ceiling model is a random
forest regressor®’, known for excellent out-of-the-box performance in non-linear problems. R? scores in Fig. 7
show an overall high predictability in all but the baseline model, indicating that most of the subjects’ scales can
be predicted accurately. Inspecting the scales with lowest R? scores (compare Supplementary Fig. $4), we see
some individual differences. In the extremes, subject 1 shows a noticeably higher influence of Add and a more
pronounced flattening in negative Sph, while the Add parameter has almost no influence in the scale of subject
13. The responses of subjects 4 and 11 during the experiment seem less consistent, resulting in higher variations
of the scaling estimates. For these subjects, the collection of additional trials might improve the agreement with
other subjects and, therefore, improve predictability.

For most subjects, the exponential and random forest models substantially increase prediction over the
linear model, again underlining the non-linear influence of Sph and Add. The random forest, however, can use
its greater flexibility with only one subject to predict the scale better—an exponential model actually seems to
describe the relationship between perceived distortions and lens parameters very well.

General discussion

We performed a VR experiment to determine a psychophysical scale of perceived optical distortions of PALs.
Distortions were simulated in VR based on precalculated ray tracing of real PAL designs. A triplet paradigm
was used to retrieve ordinal data of the relative perceived distance of distortions. The approach was tested with
a set of PALs of varying Sph power (far correction) and Add power (near correction). In our explorative study,
observers could move their heads and eyes freely to induce the perception of unnatural motion (swim effect)
associated with the distortions of progressive lenses.

The scaling functions retrieved by fitting the ordinal data show a similar trend for all observers: perceived
distortions increase with spherical power. For positive Sph, increasing the Add power results in stronger
distortions. In contrast, the positive Add power in combination with negative Sph power reduces the perceived
distortions (closer to undistorted), suggesting an advantage for short-sighted PAL wearers. For very high or
very low Sph, the relative influence of Add on perceived distortions seems less relevant; close to Sph 0, Add and
Sph seem to have a similar influence on perceived distortions. The relationship is very well modeled by a simple
exponential function.

Behavior measurements of head and eye movements show that observers followed different strategies in the
experiment. The most apparent strategy difference is the head movement behavior, which also leads to differences
in the performance in catch trials. Some subjects moved their head continuously (nodding or shaking motion)
while others kept their head stable, despite being instructed in the training of the experiment to perform head
movements. This indicates that some observers might be less sensitive to perceive distortions from optic flow.
This also agrees with the experience of PAL wearers: some individuals are more sensitive to the swim effect than
others'!. A speculative explanation would be that subjects who relied on head movements perceive the influence
of distortions on optic flow more clearly and might suffer more from the swim effect.

However, no influence was found by head movement or gaze behavior for the psychophysical scaling function.
We conclude that the global distortion pattern, not only the local distortions, influences the perception of
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Figure 7. Performance in predicting a subject’s perceived distortion with models that are trained on the
remaining subjects’ scales along Sph and Add. The linear and random forest models indicate baseline and ceiling
performance. Exponential functions of Sph, grouped by same Add, predict similarly well as the much more
general random forest model.
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distortions with static and dynamic features. For our virtual scene, distortions perceived from static or dynamic
features scale similarly to the PAL parameters. Additionally, the scales generalize well to new observers,
confirming that our psychophysical scale can be used as an objective quantification method for PAL distortions.
The remaining differences between subjects’ scaling functions (for example, differences in the relative influence of
Add power) could result from individual differences in perception or behavior. We suggest follow-up experiments
focusing on increased stimulus and behavioral control. One aspect of our experiment that would be worth
investigating in a more controlled setting is the significance of binocular vision for the swim effect. VR technology
offers the opportunity to control binocular vision, which helps in investigating the influence of distortions on
depth and surface curvature perception. It might be vital to perform binocular tests to ensure suitable participant
recruitment. In any of those potential follow-up experiments, an increased number of participants would provide
valuable information to identify potential patterns in the perception of observer groups, which could be included
in our perceived distortion model.

Further research should investigate static versus dynamic effects in detail as well as extend our inquiry to other
lens aberrations. Our study concentrates on the influence of distortions on perception. For real PALs, spherical,
astigmatic, and higher-order aberrations negatively impact vision. The possible influence of those aberrations and
the interaction with distortion perception could be studied in future experiments by including realistic blur in
our VR simulation®. In more realistic viewing conditions, PAL wearers will adapt their behavior to gaze through
the clear areas of the lens®?. This development of a “head-mover” behavior®® should not be confused with the
dynamic movement strategy of one part of our subjects. In our experiment, the subjects’ behavior reflects their
strategy to distinguish differences in the distortions, while in everyday life, PAL wearers would likely follow an
approach that minimizes discomfort. The gaze distribution would be determined by the current activity. For
instance, during walking, the gaze would be directed downwards. In that sense, our results for behavior do not
reflect the influence of PALs in everyday life but individual strategies for distinguishing between distortions.

Conclusion

In this study, we introduced a new measurement method for determining a psychophysical scale of optical
distortions. Our measurements show a high agreement between subjects, allowing predictions of PAL distortion
perception in general. These results reveal the potential of using psychophysical methods for understanding
the swim effect and could help to improve future optical designs of PALs. As stated by the Minkwitz theorem,
a total reduction of aberrations in the lens is impossible. Design choices for a given correction power can only
change the spatial distribution of aberrations. Choosing a design with a lower amount of perceived distortions
can contribute to reducing distortion-related discomfort for PAL wearers and increase satisfaction. To quantify
different designs for their perceived distortion, it is required to repeat our experiment to measure perception
not only depending on the correction power (Sph and Add) but directly on parameters describing the possible
differences in PAL designs for a given correction. With a model based on the results of this suggested experiment,
an arbitrary PAL design could be quantified for perceived distortions purely based on ray-traced distortion data
without testing it in an additional experiment. As a completely new approach to lens design, this perception-
focused optimization might lead to a realignment of current lens design processes.

Data availability
The dataset generated during this study as well as the analysis code is available on GitHub (https://github.com/
ZeissVisionScienceLab/PAL-distortion-scaling).
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Figure S1: Individual distributions of number of repeated trials per subject.
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Figure S2: Individual head-movement components for each subject over all trials.
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Figure S3: Individual gaze distribution in the scene. The gaze target in the 3D scene is determined by head position
and gaze direction. During runtime, the intersection point of the binocular gaze vector and the 3D environment was
calculated using a ray cast originating at the headset position. Those 3D points were recorded additionally to all
gaze vector samples. From the 3D points we can analyse the 3D gaze distribution in the scene. For visualization, an
image of the scene from a fixed viewpoint (the seating position of subjects in the scene) is overlayed with the 3D gaze
samples mapped into the scene for the defined viewpoint and smoothed using a Gaussian kernel.
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Figure S4: Scales per subject (opaque markers) with bootstrapped variants (transparent markers and lines). The

bootstrapped variants are scale estimates based not on all triplets but a random subset of 95% to increase variability.
These resamples ought to test the stability of the estimate by simulating how much the scale estimates would change
if different triplet questions were asked. For most subjects, these bootstrapped scales are very close to the scale of all
triplets, indicating that collecting additional trials would not substantially change the estimate.
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Figure S5: Embedding accuracy depending on embedding dimensionality.
where the response can be predicted from the scale, which was fitted with different dimensionality. The embedding
accuracies for all subjects do not increase with the dimensionality, which indicates that a 1D scale already fits the

responses sufficiently.

The line and bands show the accuracy mean and standard deviation of 10 so-called cross-validation splits, where the
scale was fitted on 90% of the trials (“Training”) and validated on the remaining 10% trials. The accuracy of the
validation trials ought to approximate the predictive performance for unseen responses. Additionally, the validation
accuracy can be understood as an indicator of how consistently subjects respond—subjects 4 and 11 show more

inconsistencies than the others.
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